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510(k) Summary

NAME OF SPONSOR: Ortho Development Corporation
12187 South Business Park Drive
Draper, Utah 84020

510(k) CONTACT: Tom Haueter OCr 2013
Regulatory Affairs Manager .

Telephone: (801) 553-9991
Facsimile: (801) 553-9993
Email: thaueter@orthodevelopment.com

DATE PREPARED: April 24, 2013

PROPRIETARY NAME: Balanced KneeO System High Flex Vitamin E PS Tibial Insert and
Patella

COMMON NAME: Total Knee Replacement Prosthesis

CLASSIFICATION: 21 CFR 888.3560, Knee joint, patellofemorotibial,
polymer/metal/polymer semi-constrained cemented prosthesis,
Class 11 device

DEVICE PRODUCT CODE: OWY, JWH-

PREDICATE DEVICES: Balanced KneeO System (K994370), Ortho Development Corp.

Balanced KneeO System High Flex PS (K1234S7), Ortho Development
Corp.

Highly Cross-Linked Vitamin E UHMWPE Tibial Insert (K(091956), DIG
Surgical/Encore Medical

High Flex Vit E 510(k) Section 5, 510(k) Summary
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-- - -- -- -Device Description

The Balanced KneeO System High Flex Vitamin E (High Flex Vit E) FS tibial insert and patella are machined
from extensively crosslinked, compression molded, Vitamin E UHMWPE. Both components are single
use only. The High Flex Vit E PS tibial insert must be used in conjunction with the High Flex PS femoral
component (K(123457). Used together, these components are designed to accommodate increased
range of motion up to 1500 of flexion. The High Flex Vit E patella may be used in conjunction with the
Balanced KneeO System (BKG) femoral conmponents (K(994370), the BKS modular femoral components
(K(060569), or the High Flex PS femoral components (K(123457). Both the High Flex Vit E PS tibial insert
and patella may be used in conjunction with the BKS standard and modular tibial trays, tibial augments,
and stems to complete the semi-constrained modular knee prosthesis. The tibial trays, tibial augments,
and stems were approved under K(994370 and K(031201.

Intended Use

The Balanced 1(neeO System High Flex Vitamin E PS tibial insert and patella are intended for use in
cemented total knee arthroplasty procedures with the following indications:

1. Loss of knee joint configuration and joint function.

2. Osteoarthritis of the knee joint.
3. Rheumatoid arthritis of the knee joint.
4. Post-traumatic arthritis of the knee joint.

5. Valgus, varus, or flexion deformities of the knee joint.

6. Revision procedures where other treatments or devices have failed.

Technological Characteristics

Feature Equivalent Device
.Indication~s for Use and Design Ortho Development: Balanted.KneeO System (K(994370)-

Ortho Development: Balanced Kni SystemHigFlxS(K247
Material: Extensively Crosslinked Vitamin E DJO Surgical/Encore Medical: Vit E UHMWPE ibial Insert (K091956)
Polyethylene UHMWPE (a-tocopherol)

There is only one difference between the High Flex Vit E PS insert when compared to the BKS High Flex
PS insert: the implementation of a different material, crosslinked Vitamin E UHMWJPE. Likewise, the

High Flex Vit E patella is identical to the B1(S patella except for the crosslinked Vitamin E UHMWPE

material. The indications for use for the High Flex Vit E PS tibial insert and patella are identical to the

indications for use for the 81(5 High Flex. The crosslinked Vitamin E UHMWPE for the High Flex Vit E PS

insert and patella undergoes substantially equivalent fabrication and final processing as its predicate,

WaO/Encore's Vitamin E UHMWPE tibial insert.

High Flex Vit E 510(k) Section 5,5S10(k) Summary
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Performance Data

The following non-clinical testing was performed to determined substantial equivalence to the predicate

devices:

Property Result

Rang oea Motion Upto 150*fiexion; Substantially Equivalent to, predicate device, 81<5Highr
Flex _______

Feniorotibial Substantially Equivalent to predicate device, 81<5 High Flex
Constraint

I Cnontbae Substantially Equivalent to predicate device, 816K High Flex

Pate flofemoral Substantially Equivalent to predicate device, 81<5 High Flex
Constraint

I Paelifefiorl - Substantially Equivalent to predicate device, 6K5 High Flex
contact Area -

PS Spine Fatigue Substantially Equivalent

SusatalEquivalent-

Crosslinking
Characterization of Substantially equivalent or better than AIKS
High Flex Vit ELVitamrin E
Characterization of -Substantially equivalent or better than BIKS

tigh Flex Vit.E
High Flex Knee Wear Decrease in wear over 81<5

Basis for Substantial Equivalence

Ortho Development believes that the High Flex Vit E PS tibial insert and patella are substantially

equivalent to the previously cleared predicate devices based an similarities in intended use, design,

materials, manufacturing methods, packaging, and mechanical performance.

High Flex Vit E 510(k) Section 5, 510(k) Summary
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DEPARTMN1ENT OF HEALTI I& HUM AN SERVICES Public Health Scicc

Nood and Drug; Administration
090) Not I latupsliire Avenue

Ikcumnt Control Center - W066.(6609
Si'er Spring. NI!) 20993-0002

October 11,.2013

Ortho Development Corporation
Mr. Tom FlIaucter
Regulatory Affairs Manager
12187 South Business Park Drive
Draper, Utah 84020

Re: K 131337
Trade/Device Name: Balanced Knc& t System H igh Flex Vitamin E PS Tibia! Insert and

Patella
Regulation Number: 21 CFR 888.3560
Regulation Name: Knee joint pate]llofemnorot ibial polymer/metal/polyrncer semi -constrained

cemented prosthesis
Regulatory Class: Class!!1
Product Code: JWH. Oh'
Dated: September 6, 2013
Received: September 9. 2013

Dear Mr. I-latieter:

We have reviewed your Section 51W(k) prernarket notification of intent to market the device
referenced above and have determined the device is substantially equivalent (for the indications
for use stated in the enclosure) to legally marketed predicate devices marketed inl interstate
commerce prior to May 28. 1976. the enactment date ofthe Medical Device Amendments, or to
devices that have been reclassified in accordance with the provisions of the Federal Food, Drug.
and Cosmetic Act (Act) that do not require approval ofa preniarket approval application (PMA).
You may. therefore, market the device, subject to the general controls provisions of the Act. The
general controls provisions of the Act include requirements for annual registration. listing of
devices, good manufacturing practice, labeling, and prohibitions against misbranding and
adulteration. Please note: CDRH does not evaluate information related to contract liability
warranties. We remind you; however, that device labeling mnust be truthful and not misleading.

If your device is classified (see above) into either class 11 (Special Controls) or class Ill (PMA), it
may be subject to additional controls. Existing major regulations affecting your device can be
f'ound in the Code of Federal Regulations, Title 2 1, Parts 800 to 898. In addition. FDA may
publish further announcements concerning your device in the Federal Reizister.

Please be advised that FDA's issuance of a substantial equivalence determination does not mean
that FDA has made a determination that your device complies with other requirements of the Act
or any Federal statutes and regulations administered by other Federal agencies. YOU Must
comply wvith all the Act's requirements. including, but not limited to: registration and listing (21
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Page 2 - Mr. Torn HaUcter

CFR Part 807); labeling (2 1 CFR Part 80 1): medical device reporting (reporting ofinedieal
device-related adverse events) (2 1 CFR 803): good manufacturing practice requirements as set
forth in the quality systems (QS) regulation (21 CFR Part 820): and if applicable, the electronic
product radiation control provisions (Sections 531-542 of the Act); 21 CFR 1000- 1050.

lf you desire specific advice for Your device on our labeling regulation (21 CFR Part 80 1). please
contact the Division or Small Manufacturers. International and Consumer Assistance at its toll-
free number (800) 638-204 1 or (3 0 1) 796-7100 or at its Internet address
http://www.fda~gov/Medica]Devices/ResourcesforYou/Industry/default.htm. Also, please note
the regulation entitled. "Misbranding by reference to premarket noti fication" (2l1CrR Part
807.97). For questions regarding the reporting of adverse events under the MDR regulation (21
CFR Part 803). please go to
htt[D://www.fda.gov/MedicalDevices/Safetv/ReortaProblem/default.htm for the CDRH's Off-ice
of Surveillance and Bionietrics/Division of Postmarkct Surveillance.

You may obtain other general information on your responsibilities under the Act from the
Division of Small Manufacturers, International and Consumer Assistance at its toll-free number
(800) 638-2041 or (301) 796-7100 or at its Internet address
http://wvww. fda~gov/MediealDevices/ResourcesforYou/Industry/default.hitm.

Sincerely yours,

for E. r V et
Mark N. Melkerson
Director
Division of Orthopedic Devices
Office of Device Evaluation
Center for Devices and

Radiological Health

Enclosure
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Indication for Use Form
Ortho Development

Balanced Knee® System High Flex Vitamin E
PS Tibial Insert and Patella 510(k)

510(k) Number (if known): _K131337_____

Device Name: Balanced KneeO System High Flex Vitamin E PS Tibial Insert and Patelia

Indications for Use:

The Balanced kneeO System High Flex Vitamin E PS tibial insert and patella are intended for use in
cemented total knee arthropiasty procedures with the followingindications:

1. Loss of knee joint configuration and joint function.
2. Osteoarthritis of the knee joint.
3. Rheumatoid arthritis of the knee joint.
4. Post-traumatic arthritis of the knee joint.
5. Valgus, varus, or flexion deformities of the knee joint.
6. Revision procedures where other treatments or devices have failed.

Prescription Use X ADOkOver-The-Counter Use ____

(Part 21 CFR 801 Subpart D) ADOt(21 CFR 801 Subpart C)

(PLEASE DO NOT WRITE BELOW THIS LINE-CONTINUE ON ANOTHER PAGE IF NEEDED)

Concurrence of CDRH, Office of Device Evaluation (ODE)

CahP "an

MAWIR "Of.. aA~C~
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DEPARTMNIENT OF tiEALtTt &I IIIMAN SERVICES. Public I ealth Se,ie

load and lDrug Adininistriion

D~ocument Control Center - W0O664;i609
Sihter Spring. Nil) 20993-0002

October 11, 2013.

Ortho Development Corporation
Mr. Tom Hlaucter
Regulatory Affairs Manager
12187 South Business Park Drive
Draper. Utah 84020

Re: K131337
Trade/Device Name: Balanced Knee' Sysem I111gh Flex Vitamin E PS Tibial Insert and

Patella
Regulation Number: 21 CFR 888.3560
Regulation Name: Kneejoint patelilfemorotibial polymer/metal/polymer semi -constrained

cemented prosthesis
Regulatory Class: Class 11
Product Code: JWH., OIY
Dated: September 6, 2013
Received: September 9, 2013

Dear Mr. Hlaucter:

We have reviewed your Section 5 10(k) preniarkel notification of intent to market the device
referenced above and have determined [lhe device is substantially equivalent (('or the indications
for use stated in the enclosure) to legally marketed predicate devices marketed in interstate
commerce prior to May 28. 1976, the enactment date of the Medical IDevice Amendments, or to
devices that have been reclassified in accordance with the provisions of the Federal Food, Drug.
and Cosmetic Act (Act) that do not require approval of a preniarket approval application (PMA).
You may, therefore, market the device, Subject to the general controls provisions of the Act. The
general controls provisions of the Act include requirements for annual registration, listing of
devices, good manufacturing practice, labeling, and prohibitions against misbranding and
adulteration. Please note: CDRH does not evaluate information related to contract liability
warranties. We remind you; however, that device labeling must be truthful and not misleading.

If your device is classified (see above) into either class 11 (Special Controls) or class Ill (PMA)7 it
may be subject to additional controls. Existing major regulations affecting your device canl be
found in the Code of Federal Regulations. Title 2 1, Parts 800 to 898. In addition, FDA may
publish further announcements concerning your device in the Federal Register.

Please be advised that FDA's issuance oai~ substantial equivalence determination does not miean
that FDA has made a determination that your device complies with other requirements of the Act
or any Federal statutes and regulations administered by other Federal agencies. You must
comply with all the Act's requirements. including, but not limited to: registration and listing (21
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Page 2 - Mr. Torn Haucter

CFR Part 807); labeling (21 CFR Part 80 1): medical device reporting (reporting of medical
device-related adverse events) (2 1 CFR 803): good manufacturing practice requirements as set
forth in the quality systems (QS) regulation (21 CER Part 820): and if applicable, the electronic
product radiation control provisions (Sections 53 1-542 of the Act); 21 C1FR 1000-1050,

If you desire specific advice for your device on our labeling regulation (21 CFR Part 80 1). please
contact the Division of Small Manufacturers. International and Consumer Assistance at its toll-
free nurnber (800) 638-204 1 or (301) 796-7100 or aL its Internet address
http://www.fda.,gov/MedicalDevices/ResourcesforYou/Industrv/default.htin. Also, please note
the regulation entitled. "Misbranding by reference to premarket notification" (21 CUR Part
807.97). For questions regarding the reporting of adverse events tinder the MDR regtulation (21
CER Part 803). please go to
http://%v%"v.fdajgov/McdicalDevices/Safetv/ReporlaProblem/defatilt.iiiim for the CDRI-Fs Office
of Surveillance and Biometrics/Division of'Postmarkct Surveillance.

You may obtain other general information on your responsibilities under the Act from the
Division of Small Manuilhcturers, International and Consumer Assistance at its toll-free number
(800) 638-2041 or (301) 796-7100 or at its Internet address
http://www.fda.gov/Medical Devices/ResourcesforYOLu/IndLustrv/default.htm.

Sincerely yours,

frEn ntlT hKeith
Mark N. Melkerson
Director
Division of Orthopedic Devices
Office of Device Evaluation
Center for Devices and

Radiological Health

Enclosure
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Concurrence & Template History Page

Full Submission Number: K 131337/S002

For Office of Compliance Contact Information:

httD)://insideportlets.fda.2ov:901I0/nortaI/oape? oaezeid-197.415881 & dad~loortal& schema--PORTAL&orp=3 I

For Office of Surveillance and Biometrics Contact Information:

httn)://insideportIets.fda.pov:901I0/i~ortal/n~age? nageid= 197.41588 1& dad=nortal& schema=PORTAL&org=423

Digital Signature Concurrence Table
Reviewer Sign-Off Michael Owens

Branch Chief Sign-Off Casey Hanley (10/I 11/20 13)

Division Sign-Off Erin 1. i

2013.1 . lA :7- 04'00

f/t:MCO:JNJ:O 10/13:eaf 10/1 11/13
Template Name: K I1(A) - SE after 1996

Template History:

Date of Update B3y Description of Update
7/27/09 Brandi Stuart Added Updates to B~oiler Table
8/7/09 Brandi Stuart Updated lIFZ Table
1/11/10 Diane Garcia Liability/Warranty sentence added at bottom oftI' page
10/4/11 M. McCabe Janicki Removed IFU sheet and placed in Frorms
9/25/12 Edw ena Jones Added digital signature format
12/12/12 M. McCabe Janicki Added an extra l ine between letter signature block and the word

"Enclosure". Also, added a missing digit in 4-digit extension on
________________letterhead zip code: -002- should be "0002"'.

4/2/2013 M. McCabe Janicki Edited sentence that starts "If you desire specific advice for your
device on our labeling regulation (21 CFR Part 801) ... " Replaced
broken Compliance link with general link to DSMICA.

4/12/2013 Margaret McCabe Fixed a typo: Paragraph 1. final sentence, "We remind you,
Janicki however; that device labeling must be truthful..." Replaced

incorrect semicolon wvith a comma.
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Indication for Use Form
Ortho Development

Balanced Knee®9 System High Flex Vitamin E
PS Tibial Insert and Patella 510(k)

510(k) Number (if known): _K131337

Device Name: Balanced Knee* System High Flex Vitamin E PS Tibial Insert and Patella

Indications for Use:

The Balanced Knee* System High Flex Vitamin E PS tibial insert and patella are intended for use in
cemented total knee arthroplasty procedures with the followlng~indlcations:

1. Loss of knee joint configuration and joint function.
2. Osteoarthrltls of the knee joint.
3. Rheumatoid arthritis of the knee joint.
4. Post-traumatic arthritis of the knee joint.
5. Valgus, varus, or flexion deformities of the knee joint.
6. Revision procedures where other treatments or devices have failed.

Prescription Use X ADOkOver-The-Counter Use ___

(Part 21 CFR 801 Subpart 0) AN/R(21 CFR 801 Subpart C)

(PLEASE DO NOT WRITE BELOW THIS LINE-CONTINUE ON ANOTHER PAGE IF NEEDED)

Concurrence of CDRH, Office of Device Evaluation (ODE)

Casj74Iiieh~(X
DLvWW 2-! g4~C
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Question Response 510(k) Section Question Response 510(k) Section
1 Yes Section 3 10a N/A N/A
2 Yes Section 3 10b Yes Section 18
3 N/A -- 11a Yes Sections 11 & 13
4 Yes Section 3 11b Yes Sections 11 & 13
5 No -- 11c Yes Sections 11 & 13
6 No -- 12 Yes Section 11

13a Yes Section 11
13b Yes Section 11

Question Response 510(k) Section 13c Yes Section 11
a Yes Table of Contents
b Yes All
c Yes All Question Response 510(k) Section
d Yes Section 2 14 Yes Section 12

14a Yes Section 12
14b Yes Sections 5 & 12

Question Response 510(k) Section 15a Yes Section 12
1 Yes All 15b Yes Section 12
2 Yes Section 2 16 Yes Section 12

2a Yes Section 2
2b Yes Section 2
2c Yes Section 2 Question Response 510(k) Section
3 Yes Section 4 17 Yes Section 13
4 Yes Section 5 17a Yes Sections 4, 5 & 13

4a Yes Section 5 17b Yes Section 13
4b N/A N/A 18 Yes Section 13
5 Yes Section 6 19a Yes Section 13
6 N/A N/A 19b N/A N/A
7 N/A N/A 20a N/A N/A

7a N/A N/A 20b Yes Section 13
7b N/A N/A 20c N/A N/A
8 Yes Section 9 21 N/A N/A
9 Yes Section 3

9a N/A N/A

C. Substantial Equivalence Discussion

D. Proposed Labeling

Acceptance Checklist for Traditional 510(k)s

Date Prepared: April 24, 2013
Device Name: Balanced Knee® System High Flex Vitamin E PS Tibial Insert and Patella

Preliminary Questions B. Device Description

Organizational Elements

A. Administrative

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015
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Question Response 510(k) Section Question Response 510(k) Section
E "sterile" Section 14 36 Yes Section 18

22a Yes Section 14 37a N/A N/A
22b Yes Section 14 37b Yes Section 18
22c Yes Section 14 37c N/A N/A
23a Yes Section 14 38a Yes Section 18
23b Yes Section 14 38b Yes Section 18
23c Yes Section 14 39 N/A N/A
23d Yes Section 14
23e Yes Section 14
24a Yes Section 14 Question Response 510(k) Section
24b Yes Section 14 K "is not" Section 10
24c Yes Section 14
24d Yes Section 14
25a N/A N/A
25b Yes Section 14
25c N/A N/A

Question Response 510(k) Section
26 Yes Section 14
27 Yes Section 14
28 Yes Section 14

Question Response 510(k) Section
G "are" Section 15
29 Yes Section 11
30 Yes Section 15
31 Yes Section 15

Question Response 510(k) Section
H "does not" Section 10

Question Response 510(k) Section
I "does not" Section 10

F. Shelf Life

I. EMC and Electrical Safety

E. Sterilization J. Performance Data - General

K. Performance Characteristics

G. Biocompatibility

H. Software
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Section 1 
Medical Device User Fee Cover Sheet  
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Section 2 
CDRH Premarket Review Submission Cover Sheet  
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Standards for which Declarations of Conformity are provided 

(Continued from CDRH Premarket Review Submission Cover Sheet) 
Standard 
Number 

Standard 
Organization Standard Title Version Date 

F1223 ASTM Standard Test Method for Determination of Total Knee Replacement 
Constraint 

08 2008 

F1672 ASTM Standard Specification for Resurfacing Patellar Prosthesis 95 2011 
F1886 ASTM Standard Test Method for Determining Integrity of Seals for Flexible 

Packaging by Visual Inspection 
09 2009 

F1980 ASTM Standard Guide for Accelerated Aging of Sterile Barrier Systems for 
Medical Devices 

07 2011 

F2003 ASTM Standard Practice for Accelerated Aging of Ultra-High Molecular Weight 
Polyethylene after Gamma Irradiation in Air 

02 2008 

F2083 ASTM Standard Specification for Total Knee Prosthesis 11 2011 
F2096 ASTM Standard Test Method for Detecting Gross Leaks in Medical Packaging by 

Internal Pressurization (Bubble Test) 
11 2011 

F2102 ASTM Standard Guide for Evaluating the Extent of Oxidation In Ultra-High-
Molecular-Weight Polyethylene Fabricated Forms for Surgical Implants 

06e1 2006 

F2183 ASTM Standard Test Method for Small Punch Testing of Ultra-High Molecular 
Weight Polyethylene 

02 2008 

F2214 ASTM Standard Test Method for In Situ Determination of Network Parameters of 
Crosslinked Ultra High Molecular Weight Polyethylene 

02 2008 

F2381 ASTM Standard Test Method for Evaluating Trans-Vinylene Yield in Irradiated 
Ultra-High-Molecular-Weight Polyethylene 

10 2010 

F2565 ASTM Standard Guide for Extensively Irradiation-Crosslinked Ultra-High 
Molecular Weight Polyethylene Fabricated Forms for Surgical Implant 
Applications 

06 2006 

F2625 ASTM Standard Test Method for Measurement of Enthalpy of Fusion, Percent 
Crystallinity, and Melting Point of Ultra-High-Molecular-Weight 
Polyethylene by Means of Differential Scanning Calorimetry 

10 2010 

TIR30 AAMI A compendium of processes, materials, test methods and acceptance 
criteria for cleaning reusable medical devices 

 2011 

ST79 ANSI/AAMI Comprehensive guide to steam sterilization and sterility assurance in 
health care facilities 

 2006 

10993-5 ISO Biological evaluation of medical devices - Part 5: Tests for in vitro 
cytotoxicity 

 2009 

10993-6 ISO Biological Evaluation of medical devices - Part 6: Tests for local effects 
after implantation 

 2007 

10993-7 ISO Biological evaluation of medical devices - Part 7: Ethylene oxide 
sterilization residuals 

 2008 

10993-10 ISO Biological evaluation of medical devices - Part 10: Tests for irritation and 
skin sensitization 

 2010 

11135-1 ISO Sterilization of health care products - Ethylene oxide - Part 1: 
Requirements for development, validation and routine control of a 
sterilization process for medical devices 

 2007 

11607-1 ISO Packaging for Terminally Sterilized Medical Devices - Part 1: Requirements 
for materials, sterile barrier systems and packaging systems 

 2006 

14243-1 ISO Implants for surgery - Wear of total knee-joint prostheses - Part 1: Loading 
and displacement parameters for wear-testing machines with load control 
and corresponding environmental conditions for test 

 2009 

14243-2 ISO Implants for surgery - Wear of total knee-joint prostheses - Part 2: 
Methods of measurement 

 2009 

17664 ISO Sterilization of Medical Devices- Information to be provided by the 
manufacturer for the processing of resterilizable medical devices 

 2004 

17665 ISO Sterilization of health care products - Moist heat - Part 1: Requirements 
for the development, validation, and routine control of a sterilization 
process for medical devices 

 2006 
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Section 3 
510(k) Cover Letter  
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Section 4 
Indications for Use Statement 
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Indication for Use Form 
Ortho Development  

Balanced Knee® System High Flex Vitamin E  
PS Tibial Insert and Patella 510(k)  

 

510(k) Number (if known): ___________ 

Device Name:  Balanced Knee® System High Flex Vitamin E PS Tibial Insert and Patella 

Indications for Use: 

The Balanced Knee® System High Flex Vitamin E PS tibial insert and patella is intended for use in 
cemented total knee arthroplasty procedures. 

Total knee arthroplasty is indicated for the following conditions: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 

   
Prescription Use ____X___ 
(Part 21 CFR 801 Subpart D) AND/OR Over-The-Counter Use _______ 

(21 CFR 801 Subpart C)             

(PLEASE DO NOT WRITE BELOW THIS LINE-CONTINUE ON ANOTHER PAGE IF NEEDED) 

 

Concurrence of CDRH, Office of Device Evaluation (ODE) 
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Section 5 
510(k) Summary 
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510(k) Summary 

 

NAME OF SPONSOR: Ortho Development Corporation 
12187 South Business Park Drive  
Draper, Utah 84020 
 

510(k) CONTACT: Tom Haueter 
Regulatory Affairs Manager 
Telephone: (801) 553-9991  
Facsimile: (801) 553-9993  
Email: thaueter@orthodevelopment.com 
 

DATE PREPARED: April 24, 2013 
 

PROPRIETARY NAME: Balanced Knee® System High Flex Vitamin E PS Tibial Insert and 
Patella 
 

COMMON NAME: Total Knee Replacement Prosthesis 
 

CLASSIFICATION: 21 CFR 888.3560, Knee joint, patellofemorotibial, 
polymer/metal/polymer semi-constrained cemented prosthesis, 
Class II device 
 

DEVICE PRODUCT CODE: JWH 
 

PREDICATE DEVICES: Balanced Knee® System (K994370), Ortho Development Corp. 
 
Balanced Knee® System High Flex PS (K123457), Ortho Development 
Corp. 
 
Highly Cross-Linked Vitamin E UHMWPE Tibial Insert (K091956), DJO 
Surgical/Encore Medical 
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Device Description 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) PS tibial insert and patella are machined 
from extensively crosslinked, compression molded, Vitamin E UHMWPE.  Both components are single 
use only.  The High Flex Vit E PS tibial insert must be used in conjunction with the High Flex PS femoral 
component (K123457).  Used together, these components are designed to accommodate increased 
range of motion up to 150° of flexion.  The High Flex Vit E patella may be used in conjunction with the 
Balanced Knee® System (BKS) femoral components (K994370), the BKS modular femoral components 
(K060569), or the High Flex PS femoral components (K123457).  Both the High Flex Vit E PS tibial insert 
and patella may be used in conjunction with the BKS standard and modular tibial trays, tibial augments, 
and stems to complete the semi-constrained modular knee prosthesis.  The tibial trays, tibial augments, 
and stems were approved under K994370 and K031201.  
 

 

Intended Use 

The Balanced Knee® System High Flex Vitamin E PS tibial insert and patella are intended for use in 
cemented total knee arthroplasty procedures with the following indications: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 

 

Technological Characteristics 

Feature Equivalent Device 
Indications for Use and Design 
 

Ortho Development: Balanced Knee® System (K994370) 
Ortho Development: Balanced Knee® System High Flex PS (K123457) 

Material: Extensively Crosslinked Vitamin E 
Polyethylene UHMWPE (α-tocopherol) 

DJO Surgical/Encore Medical: Vit E UHMWPE Tibial Insert (K091956) 

 

There is only one difference between the High Flex Vit E PS insert when compared to the BKS High Flex 
PS insert: the implementation of a different material, crosslinked Vitamin E UHMWPE.  Likewise, the 
High Flex Vit E patella is identical to the BKS patella except for the crosslinked Vitamin E UHMWPE 
material.  The indications for use for the High Flex Vit E PS tibial insert and patella are identical to the 
indications for use for the BKS High Flex.  The crosslinked Vitamin E UHMWPE for the High Flex Vit E PS 
insert and patella undergoes substantially equivalent fabrication and final processing as its predicate, 
DJO/Encore’s Vitamin E UHMWPE tibial insert.  

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



Performance Data 

The following non-clinical testing was performed to determined substantial equivalence to the predicate 
devices: 

 

Property Result 

Range of Motion Up to 150° flexion; Identical to predicate device, BKS High Flex 

Femorotibial 
Constraint 

Identical to predicate device, BKS High Flex 

Femorotibial 
Contact Area 

Identical to predicate device, BKS High Flex 

Patellofemoral 
Constraint 

Identical to predicate device, BKS High Flex 

Patellofemoral 
Contact Area 

Identical to predicate device, BKS High Flex 

PS Spine Fatigue Sufficient strength to survive in-vivo loading 

Insert Assembly/ 
Disassembly 

Sufficient strength to survive in-vivo loading 

Crosslinking 
Characterization of  
High Flex Vit E 

Substantially equivalent or better than BKS 

Vitamin E 
Characterization of  
High Flex Vit E 

Substantially equivalent or better than BKS 

High Flex Knee Wear 56% decrease in wear over BKS 

 

 

Basis for Substantial Equivalence 

Ortho Development believes that the High Flex Vit E PS tibial insert and patella are substantially 
equivalent to the previously cleared predicate devices based on similarities in intended use, design, 
materials, manufacturing methods, packaging, and mechanical performance. 
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Section 6 
Truthful and Accurate Statement 
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Section 7 
Class III Summary and Certification 

 
This section does not apply to the current submission. 
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Section 8 
Financial Certification or Disclosure Statement 

 
This section does not apply to the current submission. 
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Section 9 
Declarations of Conformity and Summary Reports 
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SECTION # SECTION TITLE CONFORMANCE? 

4 Classification  Yes  No  N/A 
TYPE OF DEVIATION OR OPTION SELECTED 

Device is classified as a semi-constrained prosthesis. 
DESCRIPTION 

The Balanced Knee System High Flex PS is a posterior stabilized total knee prosthesis. 
JUSTIFICATION 

The Balanced Knee System High Flex PS design best fits the description of the semi-constrained 
description. 
 
SECTION # SECTION TITLE CONFORMANCE? 

6 
(subsectio
n 6.2.1.1) 

Performance Requirements  Yes  No  N/A 

TYPE OF DEVIATION OR OPTION SELECTED 

Tibial tray testing was not performed. 
DESCRIPTION 

"Tibial Tray components shall be evaluated in accordance with Test Method ASTM F1800." 
JUSTIFICATION 

No new Tibial Tray components are introduced for use with the High Flex PS System. 
 

  

(b)(4) 
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TEST LABORATORIES INVOLVED WITH CONFORMANCE 

SECTION # SECTION TITLE CONFORMANCE? 

6 Biocompatibility  Yes  No  N/A 
TYPE OF DEVIATION OR OPTION SELECTED 

Option: No additional biocompatibility testing 
DESCRIPTION 

No additional biocompatibility testing was done from the standards and practices listed in Section 6. 
JUSTIFICATION 

Biocompatibility has been addressed under Section 15 of this 510(k) submission. 

(b)(4) 
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Section 10 
Executive Summary 
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Balanced Knee® System High Flex  

Vitamin E PS Tibial Insert and Patella 

510(k) Submission Executive Summary 

 

 

1. General Overview 

Ortho Development is submitting a 510(k) for its Balanced Knee® System High Flex Vitamin E PS Tibial 
Insert and Patella. This document provides a summary of the testing completed and standards used to 
establish a claim of substantial equivalence. The detailed data supporting the claim of substantial 
equivalence is found within the labeled sections of this submission.  

Trade Name:    Balanced Knee® System High Flex Vitamin E PS Tibial Insert and Patella  

Device:    Prosthesis, Knee, Patellofemorotibial, Semi-constrained, Cemented, 
Polymer/Metal/Polymer 

Regulation Description: 21 CFR 888.3560, Knee joint, patellofemorotibial, 
polymer/metal/polymer semi-constrained cemented prosthesis 

Regulation Medical Specialty: Orthopedic 

Review Panel: Orthopedic 

Product Code: JWH 

Submission Type: 510(k) 

Regulation Number: 888.3560 

Device Class: II 

 
2. System Description 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) PS tibial insert and patella are machined 
from extensively crosslinked, compression molded, Vitamin E UHMWPE.  Both components are single 
use only.  The High Flex Vit E PS tibial insert must be used in conjunction with the High Flex PS femoral 
component (K123457).  Used together, these components are designed to accommodate increased 
range of motion up to 150° of flexion.  The High Flex Vit E patella may be used in conjunction with the 
Balanced Knee® System (BKS) femoral components (K994370), the BKS modular femoral components 
(K060569), or the High Flex PS femoral components (K123457).  Both the High Flex Vit E PS tibial insert 
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and patella may be used in conjunction with the BKS standard and modular tibial trays, tibial augments, 
and stems to complete the semi-constrained modular knee prosthesis.  The tibial trays, tibial augments, 
and stems were approved under K994370 and K031201. The High Flex Vit E PS system is designed for 
cemented use only.  A basic configuration of the High Flex Vit E PS system is shown below.  Table 1 
provides a description of each component in the system. 
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Table 1. Component Descriptions 
High Flex Vitamin E PS Tibial Insert 

Material Extensively Crosslinked, Vitamin E UHMWPE 
 

Sizes 1-7, 7-20mm thicknesses 
Sterilization Ethylene Oxide    ISO 11135      SAL 10-6  
  

High Flex Vitamin E Patella  
Material Extensively Crosslinked, Vitamin E UHMWPE 

 
Sizes 5 sizes, 29-41mm diameters 
Sterilization Ethylene Oxide    ISO 11135      SAL 10-6  

 

3. Intended Use 

The Balanced Knee® System High Flex Vitamin E PS tibial insert and patella are intended for use in 
cemented total knee arthroplasty procedures with the following indications: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 
 
 

4. Predicate Devices 
 
Balanced Knee® System (K994370)  
Ortho Development Corp. 

Balanced Knee® System High Flex PS (K123457)  
Ortho Development Corp. 

Highly Cross-Linked Vitamin E UHMWPE Tibial Insert (K091956)  
DJO Surgical/Encore Medical 
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5. Basis for Substantial Equivalence 
 

Table 2. High Flex Vit E PS Tibial Insert 

Design Feature Equivalent Device 
Indications for Use 
 

Ortho Development: Balanced Knee® System High Flex (K123457) 

Design 
(size, thickness, dimensions) 

Ortho Development: Balanced Knee® System High Flex PS (K123457) 

Material: Extensively Crosslinked Vitamin 
E Polyethylene UHMWPE (α-tocopherol) 

DJO Surgical/Encore Medical: Vit E UHMWPE Tibial Insert (K091956) 

 
 

Table 3. High Flex Vit E Patella 

Design Feature Equivalent Device 
Indications for Use 
 

Ortho Development: Balanced Knee® System (K994370) 
Ortho Development: Balanced Knee® System High Flex PS (K123457) 

Design 
(size, thickness, dimensions) 

Ortho Development: Balanced Knee® System (K994370) 

Material: Extensively Crosslinked Vitamin 
E Polyethylene UHMWPE (α-tocopherol) 

DJO Surgical/Encore Medical: Vit E UHMWPE Tibial Insert (K091956) 

 

The key features for the High Flex Vit E PS tibial insert and patella are: 

1) Accommodation of flexion angles up to 150° (equivalent to High Flex (K123457)), and  
2) The addition of an extensively crosslinked, vitamin E UHMWPE material (substantially equivalent 

to DJO/Encore’s Crosslinked Vitamin E UHMWPE (K091956)). 
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6. Device Comparison Tables 
 

Table 4. Tibial Insert Substantial Equivalence Table 

 High Flex Vitamin E  
PS Tib Insert 

High Flex (CM Poly) 
PS Tib Insert 

Balanced Knee® 
System PS Tib Insert 

Manufacturer Ortho Development Ortho Development Ortho Development 
510k Number Pending K123457 K994370 
Application/ 
Product code JWH JWH JWH 

Size Range 

Size Compatibility 
with Femoral One Up, One Down One Up, One Down One Up, One Down 

Ethylene Oxide Gamma Irradiation in N2 Gamma Irradiation in N2 

Range of Motion Flexion up to 150° Flexion up to 150° Flexion up to 113° 
Femorotibial 
Constraint Identical to High Flex PS See 510(k) 

K123457 
See 510(k) 
K994370 

Femorotibial 
Contact Area Identical to High Flex PS See 510(k) 

K123457 
See 510(k) 
K994370 

Indications Loss of joint configuration 
and joint function 

Loss of joint configuration 
and joint function 

Loss of joint configuration 
and joint function 

Osteoarthritis Osteoarthritis Osteoarthritis 

Rheumatoid arthritis Rheumatoid arthritis Rheumatoid arthritis 

Post-traumatic arthritis Post-traumatic arthritis Post-traumatic arthritis 

Valgus, varus, or flexion 
deformities 

Valgus, varus, or flexion 
deformities 

Valgus, varus, or flexion 
deformities 

Revision procedures where other 
treatments or devices have failed 

Revision procedures where other 
treatments or devices have failed -- 
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Table 5. Patella Substantial Equivalence Table 

 High Flex 
Vitamin E Patella 

High Flex PS 
(used w/patella from K994370) 

Balanced Knee® System 
(BKS) 

Manufacturer Ortho Development Ortho Development Ortho Development 
510k Number Pending K123457 K994370 
Application/ 
Product code JWH JWH JWH 

Size Range 
(diameter) 

Sizes 29-41mm Sizes 29-38mm Sizes 29-38mm 

3 peg 3 peg 3 peg 
Size Compatibility 
with Femoral 

Compatible with 
any size femoral, 
BKS or High Flex 

Compatible with 
any size femoral, 
BKS or High Flex 

Compatible with 
any size femoral, 

BKS 

Sterilization Ethylene Oxide Gamma Irradiation in N2 Gamma Irradiation in N2 

Patellofemoral 
Constraint 

Identical to BKS or High Flex PS, 
depending on mating femoral 

See 510(k) 
K123457 

See 510(k) 
K994370 

Patellofemoral 
Contact Area 

Identical to BKS or High Flex PS, 
depending on mating femoral 

See 510(k) 
K123457 

See 510(k) 
K994370 

Indications Loss of joint configuration 
 and joint function 

Loss of joint configuration  
and joint function 

Loss of joint configuration  
and joint function 

Osteoarthritis Osteoarthritis Osteoarthritis 

Rheumatoid arthritis Rheumatoid arthritis Rheumatoid arthritis 

Post-traumatic arthritis Post-traumatic arthritis Post-traumatic arthritis 

Valgus, varus, or flexion deformities Valgus, varus, or flexion deformities Valgus, varus, or flexion deformities 

Revision procedures where other 
treatments or devices have failed 

Revision procedures where other 
treatments or devices have failed -- 
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Table 6. Vitamin E Material Substantial Equivalence Table 

 
High Flex Vitamin E  

PS Tib Insert and Patella 
Crosslinked Vit E  

Tib Insert 
Manufacturer Ortho Development DJO Surgical/Encore Medical 

510k Number Pending K091956 

Application/ 
Product code 

JWH JWH, OIY, MBH 
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7. Performance Testing 
(b)(4) Testing
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(b)(4) Testing
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8. Biocompatibility 

The following tests were performed for the Balanced Knee® System High Flex Vitamin E PS tibial insert 
and patella. 

Test Standard Results 
Cytotoxicity ISO 10993-5 
Implantation ISO 10993-6 

Irritation ISO 10993-10 
Sensitization ISO 10993-10 

 

9. Other Considerations 

Device does not contain software/firmware. 

Device does not require EMC and Electrical Safety evaluation. 

Device is not an in-vitro diagnostic device (IVD). 
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Section 11 
Device Description 
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Device Description 

1. Overview 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) PS tibial insert and patella are machined 
from extensively crosslinked, compression molded, Vitamin E UHMWPE.  Both components are single 
use only.  The High Flex Vit E PS insert must be used in conjunction with the High Flex PS femoral 
component (K123457).  Used together, these components are designed to accommodate increased 
range of motion up to 150° of flexion.  The High Flex Vit E patella may be used in conjunction with the 
Balanced Knee® System (BKS) femoral components (K994370), the BKS modular femoral components 
(K060569), or the High Flex PS femoral components (K123457).  Both the High Flex Vit E PS  insert and 
patella may be used in conjunction with the BKS standard and modular tibial trays, tibial augments, and 
stems to complete the semi-constrained modular knee prosthesis.  The tibial trays, tibial augments, and 
stems were approved under K994370 and K031201. The High Flex Vit E PS system is designed for 
cemented use only.  A basic configuration of the High Flex Vit E PS system is shown below.  Part 
numbers for all implants are found in Appendix A and drawings of representative sizes of each 
component are found in Appendix B of this section. 

(b)(4) 
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2. Intended Use 
The Balanced Knee® System High Flex Vitamin E PS tibial insert and patella are intended for use in 
cemented total knee arthroplasty procedures with the following indications: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 
 

3. Design Requirement 

4. High Flex Vit E PS Tibial Insert 

High Flex Vit E PS  inserts are manufactured from Compression Molded Vitamin E Ultra High Molecular 

The High Flex Vit E PS  inserts are available in identical sizes to the High Flex PS  inserts (K123457).  The 
seven insert sizes match each respective size of tibial tray. The insert is symmetric, not left/right specific.  
It is supplied in thicknesses of 7, 8, 9, 10, 11, 12, 13, 14, 16, 17, 18, and 20mm.  Minimum polyethylene 
thickness, at the thinnest measurement point, is 7mm for every size of tibial insert.  The 
anterior/posterior and medial/lateral dimensions are outlined for each size in the following table.  

(b)(4) 

(b)(4) 
(b)(4) 
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5. High Flex Vit E Patella 

High Flex Vit E patellae are manufactured from Compression Molded Vitamin E Ultra High Molecular 
Weight Polyethylene

The patella is available in five sizes.
patella will work on either right or left knees; it is not side-specific.  It is supplied in diameters of 29, 32, 
35, 38 and 41 mm

(b)(4) 

(b)(4) 

(b)(4) 
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The diameter and thickness dimensions are outlined for each size in the following table. 

 

 

6. Size Compatibility 

The High Flex Vit E PS  inserts and High Flex PS femoral components (K123457) can be sized together 
according to the table below.  The insert is matched to the tibial tray size, one-to-one. 

 

(b)(4) 
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7. System Compatibility 

510(k) Number 
K123457 
K994370 
K031201 

510(k) Number 
K994370 
K123457 
K060569 

8. Surgical Instruments 

All instruments are standard for the placement of total knee implants and do not represent new or 
novel technologies.  Instrumentation is provided with the High Flex Vit E PS  insert and patella for trialing 
the implants and preparing the patella.  A summary of new instruments included in the system is 
provided in the table below.  All other necessary instruments used with this system have been cleared in 
K994370, K031201, K060569, and K123457.   

Patient Material 
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Appendix B, Representative Component Drawings 
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Section 12 
Substantial Equivalence Discussion 
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Substantial Equivalence Discussion 

 

For clarity, the Balanced Knee® System High Flex Vitamin E PS tibial insert and patella 
substantial equivalence discussion has been divided into three sections: 1) PS insert design, 2) 
patella design, and 3) vitamin E material. 

 

Table 1. Substantial Equivalence Summary for Tibial Insert 

Design Feature Equivalent Device Section 
Indications for Use 
 

Ortho Development: Balanced Knee® System High Flex PS 
(K123457) 

1 

Design 
(size, thickness, dimensions) 

Ortho Development: Balanced Knee® System 
(K994370) 
Ortho Development: Balanced Knee® System High Flex PS 
(K123457) 

1 

Material: Extensively Crosslinked 
Vitamin E Polyethylene UHMWPE  
(α-tocopherol) 

DJO Surgical/Encore Medical: Vit E UHMWPE Tibial Insert 
(K091956) 

3 

 
 
 

Table 2. Substantial Equivalence Summary for Patella 

Design Feature Equivalent Device Section 
Indications for Use 
 

Ortho Development: Balanced Knee® System 
(K994370) 
Ortho Development: Balanced Knee® System High Flex PS 
(K123457) 

2 

Design 
(size, thickness, dimensions) 

Ortho Development: Balanced Knee® System 
(K994370) 

2 

Material: Extensively Crosslinked 
Vitamin E Polyethylene UHMWPE  
(α-tocopherol) 

DJO Surgical/Encore Medical: Vit E UHMWPE Tibial Insert 
(K091956) 

3 
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1. Balanced Knee® System High Flex Vitamin E PS Insert Design 

 

Predicate Devices: 

Balanced Knee® System (K994370)  
Ortho Development Corp. 

Balanced Knee® System High Flex PS (K123457)  
Ortho Development Corp. 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) PS tibial insert has substantially the 
same intended use, indications for use, dimensions, performance, and principles of operation as the 
predicate devices.  A detailed comparison table is found on the following page
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Table 3. Tibial Insert Substantial Equivalence Table 

 High Flex Vitamin E  
PS Tib Insert 

High Flex (CM Poly) 
PS Tib Insert 

Balanced Knee® 
System PS Tib Insert 

Manufacturer Ortho Development Ortho Development Ortho Development 
510k Number Pending K123457 K994370 
Application/ 
Product code JWH JWH JWH 

Size Range Sizes 1-7, 7-20mm Sizes 1-7, 7-20mm Sizes 1-6, 7-14mm 

Size Compatibility 
with Femoral One Up, One Down One Up, One Down One Up, One Down 

Sterilization Ethylene Oxide Gamma Irradiation in N2 Gamma Irradiation in N2 

Range of Motion Flexion up to 150° Flexion up to 150° Flexion up to 113° 
Femorotibial 
Constraint Identical to High Flex PS See 510(k) 

K123457 
See 510(k) 
K994370 

Femorotibial 
Contact Area Identical to High Flex PS See 510(k) 

K123457 
See 510(k) 
K994370 

Indications Loss of joint configuration 
and joint function 

Loss of joint configuration 
and joint function 

Loss of joint configuration 
and joint function 

Osteoarthritis Osteoarthritis Osteoarthritis 

Rheumatoid arthritis Rheumatoid arthritis Rheumatoid arthritis 

Post-traumatic arthritis Post-traumatic arthritis Post-traumatic arthritis 

Valgus, varus, or flexion 
deformities 

Valgus, varus, or flexion 
deformities 

Valgus, varus, or flexion 
deformities 

Revision procedures where other 
treatments or devices have failed 

Revision procedures where other 
treatments or devices have failed -- 
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Tibial Insert Substantial Equivalence Discussion 

The High Flex Vit E PS insert is substantially equivalent to the High Flex PS insert.  The indications for use 
of each device are identical.   Although the High Flex Vit E PS insert device is nearly identical to the High 
Flex PS insert, the BKS PS insert is included in this submission because it has been used as a predicate for 
testing. 

The High Flex Vit E PS inserts are identical to the High Flex PS inserts in the following ways: 
1.  
2. Accommodation of up to 150° of flexion when used as indicated with the High Flex PS femoral 

component. 
 
The High Flex Vit E PS insert is different from the High Flex PS insert in the following ways: 

2. The High Flex Vit E PS insert is EO sterilized while the High Flex PS insert is gamma sterilized in 
inert gas packaging. 

 
The key design feature for both the High Flex Vit E PS and High Flex PS inserts is the accommodation of 
flexion angles up to 150°.    
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2. Balanced Knee® System High Flex Vitamin E Patella  

 

Predicate Devices: 

Balanced Knee® System (K994370)  
Ortho Development Corp. 

Balanced Knee® System High Flex PS (K123457)  
Ortho Development Corp. 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) patella has substantially the same 
intended use, indications for use, dimensions, performance, and principles of operation as the predicate 
devices.  A detailed comparison table is found on the following page.  The same predicate patella design 
is indicated for use with both the Balanced Knee® System and the Balanced Knee® System High Flex, so 
both systems have been included in the table.  The patella was approved under K994370 and described 
with a new femoral component in K123457. 

While the comparison indicates that in certain instances the predicate devices differ slightly in size and 
material, the High Flex Vit E patella has been thoroughly examined to ensure that no new issues of 
strength, safety, or effectiveness are raised by the design or material.  
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Table 4. Patella Substantial Equivalence Table 

 High Flex 
Vitamin E Patella 

High Flex PS 
(used w/patella from K994370) 

Balanced Knee® System 
(BKS) 

Manufacturer Ortho Development Ortho Development Ortho Development 
510k Number Pending K123457 K994370 
Application/ 
Product code JWH JWH JWH 

Peg Design 3 peg 3 peg 3 peg 
Size Compatibility 
with Femoral 

Compatible with 
any size femoral, 
BKS or High Flex 

Compatible with 
any size femoral, 
BKS or High Flex 

Compatible with 
any size femoral, 

BKS 

Ethylene Oxide Gamma Irradiation in N2 Gamma Irradiation in N2 

Patellofemoral 
Constraint 

Identical to BKS or High Flex PS, 
depending on mating femoral 

See 510(k) 
K123457 

See 510(k) 
K994370 

Patellofemoral 
Contact Area 

Identical to BKS or High Flex PS, 
depending on mating femoral 

See 510(k) 
K123457 

See 510(k) 
K994370 

Indications Loss of joint configuration 
 and joint function 

Loss of joint configuration  
and joint function 

Loss of joint configuration  
and joint function 

Osteoarthritis Osteoarthritis Osteoarthritis 

Rheumatoid arthritis Rheumatoid arthritis Rheumatoid arthritis 

Post-traumatic arthritis Post-traumatic arthritis Post-traumatic arthritis 

Valgus, varus, or flexion deformities Valgus, varus, or flexion deformities Valgus, varus, or flexion deformities 

Revision procedures where other 
treatments or devices have failed 

Revision procedures where other 
treatments or devices have failed -- 
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Patella Substantial Equivalence Discussion 

The High Flex Vit E patella is substantially equivalent to the Balanced Knee® System/High Flex PS patella.  
Each indication for the High Flex Vit E patella can be found in the indications for both predicates.   

 
The High Flex Vit E patella is identical to the Balanced Knee® System patella in overall dimensions (size-
to-size) for sizes 29-38mm.  The High Flex Vit E patella is different from the Balanced Knee® System 
patella in following ways: 

3. The High Flex Vit E patella is EO sterilized while the Balanced Knee® System patella is gamma 
sterilized in inert gas packaging. 
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3. Balanced Knee® System High Flex Vitamin E Material 

 

Predicate Devices: 

Highly Cross-Linked Vitamin E UHMWPE Tibial Insert (K091956)  
DJO Surgical/Encore Medical 

The Balanced Knee® System High Flex Vitamin E PS (High Flex Vit E PS) tibial insert and patella have 
substantially the same intended use, materials, performance, and principles of operation as the 
predicate device.  A detailed comparison table is found below.  While the comparison indicates that in 
certain instances the predicate devices differ slightly in characteristics, all High Flex Vit E components 
have been thoroughly examined to ensure that no new issues of strength, safety, or effectiveness are 
raised by the material.  

 

 

Table 5. High Flex Vitamin E Material Substantial Equivalence Table 

 
High Flex Vitamin E  

PS Tib Insert and Patella 
Crosslinked Vit E  

Tib Insert 
Manufacturer Ortho Development DJO Surgical/Encore Medical 

510k Number Pending K091956 

Application/ 
Product code 

JWH JWH, OIY, MBH 

Sterilization Ethylene Oxide Gas plasma 
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Vitamin E Material Substantial Equivalence Discussion 

The High Flex Vit E PS insert and patella are manufactured from UHMWPE that is substantially 
equivalent in both raw material and process to the DJO/Encore crosslinked Vit E insert. 

 
The material properties of the High Flex Vit E PS insert and patella are substantially equivalent to the 
material properties of the DJO/Encore crosslinked Vit E insert. 
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surgical

Summary of Safety and Effectiveness

Preparation Date: September 22, 201 0

Applicant/Sponsor: Encore Medical (d.b.a. DJO Surgical)
9800 Metric Blvd
Austin, TX 78758

Contact Person: Elizabeth Pugh

Regulatory Affairs Specialist

Device Name: Highly Cross-Linked Vitamin E UHMWYPE Tibia] Insert

Classification Name: Knee joint patellofemorotibial polymer/metal/polymer
semi-constrained cemented prosthesis (888.3560), OIY,
JWH, MBH

Legally Marketed Devices to Which Substantial Equivalence is Claimed:
3DKnee K0201 14 Encore Medical
E-Poly Tibial Bearings K080528 Biomet

Device Description:
The Highly Cross-Linked Vitamin E UHMWPE (HXL VE) Tibial Inserts are
manufactured from ultra high molecular weight polyethylene (UHMWPTE) powder that is
blended with pure liquid pharmaceutical grade alpha-tocopheral, compression molded
and then highly cross-linked. The tibial inserts are available in 9 sizes (2- 12) and 5
thicknesses (9-19) and are provided in right and left orientations. The HXL VE Tibial
Insert design is identical to the 3DKnee Tibial Insert cleared via K0201 14. This insert is
intended to more closely match the kinematics of the knee, allowing some rotation along
the medial condyle and increased congruency along the lateral condyle. The baseplate
attachment mechanism is the same as the previously cleared 3DKnee System inserts.

Cornpatible Systems Clearance Cemented/Cementless
3DKnee System K020114 ICemented
3DKnee Porous Coated Femoral K032905 Cementless
Coinponent

Indications for Use:
Total joint replacement is indicated for patients suffering from disability due to:

* degenerative, post-traumatic or rheumatoid arthritis;
* avascular necrosis of the femnoral condyle;
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* post-traumatic loss of joint configuration, particularly when there is
patellofemoral erosion, dysfunction or prior patellectomy;

* moderate valgus, varus or flexion deformities;

This device may also be indicated in the salvage of previously failed surgical attempts.
This device is intended to be used with the 3DKnee System for cemented or uncemented
applications.

Intended Use:
DJO Surgical knee devices are intended for treatment of patients who are candidates for
knee arthroplasty per the indications for use: While total knee replacements are not
intended to withstand activity levels and loads of normal healthy bone, they are a means
of restoring mobility and reducing pain for many patients.

Summary of Technologies:

Substantial Equivalence Table
Design Feature, Equivalent llkvice

Highly Cross-Linked Vitamin E E-Poly Tibial Bearings - Biornet
Polyethylene Material K858
UHM[WPe (a-tocopherol)(K82)

Indications for Use J~DKnee Tibia] Insert - Encore
Indications for Use Medical (KO201 14)

esign (size, thickness, configuration, 3DKnee Tibia] Insert - Encore
diesios)Meical (K0201 14)

Non-Clinical Testing:
The following non-clinical laboratory testing was performed to determine substantial

equivalence: mechanical material characterization (Tensile, Small Punch, Izod Impact,
and crack propagation), physical and chemical characterization ( Oxidation Index,
Compressive Modulus, Poisson's Ratio, Surface Roughness, Density, Onset Melting
Temperature, Peak Melting Temperature, Delta H, Degree of Crystallinity, Crosslink
Density, Swell Ratio, Molecular Weight, Polydispersity Index, Lamallae Thickness, Free
Radical Concentration, Vitamin E Concentration, Vitamin E Consolidation, Vitamin E
Elution/Extraction, Trans-vinylene Index), tibial insert peel-out strength, wear testing,
and biocompatibility. All testing has demonstrated the device is substantially equivalent
to the predicate devices.

Clinical Testing:
None provided as a basis for substantial equivalence.
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DEPARTMENT OF HEALTH & HUMAN SERVICES Public Hlealth Service

Food and Drug Administration
10903 New IHampshire Avenue
Document Control Room -W066-0609
Silver Spring, IMD 20993-0002

Encore Medical, L.P.
% Mrs. Beth Pugh
Regulatory Affairs Specialist SEZ010
9800 Metric Boulevard SP28
Austin, Texas 78758

Re: K091956
Trade/Device Name: Highly Cross-linked Vitamin E UHMWPE Tibial Inserts
Regulation Number: 21 CFR 888.3560
Regulation Name: Knee joint patellofemorotibial polymer/metal!/polymer semi-constrained

cemented prothesis
Regulatory Class: Class 1I
Product Code: 01Y, JWH, MBH
Dated: July 29, 201 0
Received: July 3 0, 20 10

Dear Mrs. Pugh:

We have reviewed your Section 5 10(k) premnarket notification of intent to market the device
referenced above and have determined the device is substantially equivalent (for the indications
for use stated in the enclosure) to legally marketed predicate devices marketed in interstate
commerce prior to May 28, 1976, the enactment date of the Medical Device Amendments, or to
devices that have been reclassified in accordance with the provisions of the Federal Food, Drug,
and Cosmetic Act (Act) that do not require approval of a premarket approval application (PMIA).
You may, therefore, market the device, subject to the general controls provisions of the Act. The
general controls provisions of the Act include requirements for annual registration, listing of
devices, good manufacturing practice, labeling, and prohibitions against misbranding and
adulteration. Please note: CDRH does not evaluate information related to contract liability
warranties. We remind you, however, that device labeling must be truthfuil and not misleading.

If your device is classified (see above) into either class II (Special Controls) or class III (PMA), it
may be subject to additional controls. Existing major regulations affecting your device can be
found in the Code of Federal Regulations, Title 2 1, Parts 800 to 898. In addition, FDA may
publish further announcements concerning your device in the Federal Register.

Please be advised that FDA's issuance of a substantial equivalence determination does not mean
that FDA has made a determination that your device complies with other requirements of the Act
or any Federal statutes and regulations administered by other Federal agencies. You must
comply with all the Act's requirements, including, but not limited to: registration and listing (21
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CFR Part 807); labeling (21 CFR Padt 801); medical device reporting (reporting of medical
device-related adverse events) (21 CFR 803); good manufacturing practice requirements as set
forth in the quality systems (QS) regulation (21 CFR Part 820); and if applicable, the electronic
product radiation control provisions (Sections 53 1-542 of the Act); 21 CFR 1000-1050.

If you desire specific advice for your device on our labeling regulation (21 CER Part 801), please
go to http://www.fda.pov/AboutPDA/CentersOffices/CDRH/CDRH-Offices/ucm 115809.htm for
the Center for Devices and Radiological Health's (CDRH-'s) Office of Compliance. Also, please
note the regulation entitled, "Misbranding by reference to premarket notification" (2 1 CER Part
807.97). For questions regarding the reporting of adverse events under the MDR regulation (21
CFR Part 803), please go to
hittp://www.fda.gov/MedicalDevices/Safety/ReportaProblem/default.htm for the CDRH 's Office
of Surveillance and Biometrics/Division of Postmarket Surveillance.

You may obtain other general information on your responsibilities under the Act from the
Division of Small Manufacturers, International and Consumer Assistance at its toll-free number
(800) 638-2041 or (301) 796-7100 or at its Internet address
http://www.fda.gov/MedicalDevices/ResourcesforYou/lndustrv/default.htm.

SicV yours,

Mark N. Melkerson
Director
Division of Surgical, Orthopedic

and Restorative Devices
Office of Device Evaluation
Center for Devices and

Radiological Health

Enclosure
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SEP 2 82010
5 1 0(k) Number (if known): K091956

Device Name: Highly Cross-Linked Vitamin E UHMWPE Tibial Insert

Indications for Use:

Joint replacement is indicated for patients suffering from disability due to:
* degenerative, post-traumatic or rheumatoid arthritis;
* avascular necrosis of the femoral condyle;
* post-traumatic loss of joint configuration, particularly when there is

ipatellofemoral erosion, dysfunction or prior patellectomny;
* moderate valgus, varus or flexion deformities;

This device may also be indicated in the salvage of previously failed surgical attempts.
This device is intended to be used with the 3DKnee System for cemented or uncemented
applications.

Prescription Use X AND/OR Over-The-Counter Use ___

(Part 21 CFR 801 Subpart D) (21 CFR 801 Subpart C)'

(PLEASE DO NOT WRITE BELOW THIS LINE-CONTINUE ON ANOTHER PAGE
OF NEEDED)

Concurrence of CDRH, Office of Device Evaluation (ODE)

Division of Surgical, Orth6eic.
and Restorative Devices

5l0(k)Number Ko9 105t(

Page 1 of 1
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510(k) Summary

NAME OF SPONSOR: Ortho Development Corporation
12187 South Business Park Drive
Draper, Utah 84020

510(k) CONTACT: Tom Haueter
Regulatory Affairs Manager
Telephone: (801) 553-9991
Facsimile: (801) 553-9993
Email: thaueter@orthodevelopment.com

DATE PREPARED: October 29, 2012

PROPRIETARY NAME: Balanced Knee System High Flex PS

COMMON NAME: Total Knee Replacement Prosthesis

CLASSIFICATION: 21 CFR 888.3560, Knee joint, patellofemorotibial,
polymer/metal/polymer semi-constrained cemented prosthesis,
Class 11 device

DEVICE PRODUCT CODE: JWH

PREDICATE DEVICES: Balanced Knee System (K994370), Ortho Development Corp.

LPS-Flex Fixed Bearing Femoral and Articular Surface Components
(K991581), Zimmer

Device Description

The Balanced Knee System High Flex PS (High Flex PS) is designed to accommodate increased range of
motion up to 1500 of flexion. The High Flex PS includes a highly polished Co-Cr-Mo PS femoral
component and a compression molded UHMWPE PS tibial insert component. The High Flex PS femoral
and insert components may be used in conjunction with the Balanced Knee System (BKS) standard and
modular tibial trays, tibial augments, stems, and patellae to complete the semi-constrained modular
knee prosthesis.

High Flex PS5510(k) Page 1 of 2 Section 5, 510(k) Summary
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Intended Use

The Balanced Knee System High Flex PS is intended for use in cemented total knee arthroplasty
procedures with the following indications:

1. Loss of knee joint configuration and joint function.
2. Osteoarthritis of the knee joint.
3. Rheumatoid arthritis of the knee joint.

4. Post-traumatic arthritis of the knee joint.
5. Valgus, varus, or flexion deformities of the knee joint.

6. Revision procedures where other treatments or devices have failed.

Performance Data

Property Result

Range of Motion Up to 150- flexion; similar to predicate device, IPS-Flex

Femorl Faigueimproved Fatigue Strength over predicate device, 81(5;
Femorl Faiguesufficient strength to survive in-viva loading

Femarotibial Similar to predicate device, 81(5
Constraint

FemootiialSimilar to predicate device, 81(5
Contact Area

Patellofemoral Similar to predicate device, 81(5
Constraint

Patellafernoral Similar to predicate device, 81(5
Contact Area

PS Spine Fatigue Sufficient strength to survive in-viva loading

Basis for Substantial Equivalence

Ortho Development believes that the Balanced Knee System High Flex PS is substantially equivalent to
the previously cleared predicate devices based on similarities in intended use, design, materials,
manufacturing methods, packaging, and mechanical performance.

High Flex PS 510(k) Page 2 of 2 Section 5, 510(k) Summary
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DEPARTMENT OF HEALTH & HUMAN SERVICES Public Health Service

193NwHampshire Avenue
DouetControl Center - W066-0609

SivrSrnMD 20993-0002

March 22, 2013

Ortho Development Corporation
% Mr. Tom Haueter
Regulatory Affairs Manager
12187 South Business Park Drive
Draper, Utah 84020

Re: K123457
Trade/Device Name: Balanced Knee® System High Flex PS
Regulation Number: 21 CFR 888.3560
Regulation Name: Knee joint patellofemorotibial polymner/metal/polymer semi-constrained

cemented prosthesis
Regulatory Class: 1I
Product Code: JWH
Dated: February 8, 2013
Received: February 21, 2013

Dear Mr. Haucter:

We have reviewed your Section 5 10(k) premarket notification of intent to market the devicereferenced above and have determined the device is substantially equivalent (for the indicationsfor use stated in the enclosure) to legally marketed predicate devices marketed in interstatecommerce prior to May 28, 1976, the enactment date of the Medical Device Amendments, or todevices that have been reclassified in accordance with the provisions of the Federal Food, Drug,and Cosmetic Act (Act) that do not require approval of a premnarket approval application (PMA).You may, therefore, market the device, subject to the general controls provisions of the Act.The general controls provisions of the Act include requirements for annual registration, listing ofdevices, good manufacturing practice, labeling, and prohibitions against misbranding andadulteration. Please note: CDRH does not evaluate information related to contract liabilitywarranties. We remind you, however, that device labeling must be truthful and not misleading.
If your device is classified (see above) into either class 11 (Special Controls) or class ILI (PMA), itmay be subject to additional controls. Existing major regulations affecting your device can befound in the Code of Federal Regulations, Title 2 1, Parts 800 to 898. In addition, FDA maypublish further announcements concerning your device in the Federal Register.

Please be advised that FDA's issuance of a substantial equivalence determination does not meanthat FDA has made a determination that your device complies with other requirements of the Actor any Federal statutes and regulations administered by other Federal agencies. You mustcomply with all the Act's requirements, including, but not limited to: registration and listing (21
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CFR Part 807); labeling (21 CFR Part 801); medical device reporting (reporting of medical
device-related adverse events) (21 CER 803); good manufacturing practice requirements as set
forth in the quality systems (QS) regulation (21 CFR Part 820); and if applicable, the electronic
product radiation control provisions (Sections 53 1-542 of the Act); 21 CFR 1000-1050.

If you desire specific advice for your device on our labeling regulation (21 CER Part 801), please
go to http://www.fda.gzov/AboutFDA/CentersOffices/CDR1H/CDRHOffices/ucm 15809.htm for
the Center for Devices and Radiological Health's (CDRH's) Office of Compliance. Also, please
note the regulation entitled, "Misbranding by reference to premarket notification" (21ICFR Part
807.97). For questions regarding the reporting of adverse events under the MDR regulation (21
CFR Part 803), please go to
http)://www.fda.gov/Medicalflevices/Safeyv/ReportaProblem/default.htm for the CDRH's Office
of Surveillance and Biometrics/Division of Postmarket Surveillance.

You may obtain other general information on your responsibilities under the Act from the
Division of Small Manufacturers, International and Consumer Assistance at its toll-free number
(800) 638-2041 or (301) 796-7 100 or at its Internet address
http://www.fda.gov/MedicalDevices/ResourcesforYou/lndustrv/default.htm.

Sincerely yours,

Mark N. Melkerson
Director
Division of Orthopedic Devices
Office of Device Evaluation
Center for Devices and

Radiological Health

Enclosure
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Indication for Use Form
Ortho Development

Balanced Knee®' System High Flex PS 510(k)

510(k) Number (if known): K123457

Device Name: Balanced Knee® System High Flex PS

Indications for Use:

The Balanced KneeO System High Flex PS is intended for use in cemented total knee arthroplasty
procedures.

Total knee arthroplasty is indicated for the following conditions:

1. Loss of knee joint configuration and joint function.
2. Osteoarthritis of the knee joint.
3. Rheumatoid arthritis of the knee joint.
4. Post-traumatic arthritis of the knee joint.
5. Valgus, varus, or flexion deformities of the knee joint.
6. Revision procedures where other treatments or devices have failed.

Prescription Use X AN/ROver-The-Counter Use ___

(Part 21 CFR 801 Subpart D) AN/R(21 CFR 801 Subpart C)

(PLEASE DO NOT WRITE BELOW THIS LINE-CONTINUE ON ANOTHER PAGE IF NEEDED)

Concurrence of CORH, Office of Device Evaluation (ODE)

Divisio o1rff W,~ic~vie
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Section 13 
Proposed Labeling 
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351-1-10429, Product Label 4.75 x 4 Document No.: LM-See Table
Revision: A
  CO No.: 8275
      Page: 1 of 2

1. Verify label stock P/N is correct.
2. Replace "164-50YY" with the LM Number from table.
3. Replace "SSmm" with the Size from table.
4. Replace "XXXXXXXXX" with the Lot Number.
5. Replace date under Sterile Date Symbol with expiration date. 
6. Use : Patella

TABLE:
LM Number

164-5029
164-5032
164-5035
164-5038
164-5041

Ortho Development Label Master

Label Format

NOTES:

Size

Label Type:

32mm
35mm
38mm

29mm

41mm

(b)(4) 
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351-1-10428, St Pd Tyvek/Chart Label Document No.: LM-See Table
Revision: A

CO No.: 8275
Page: 2 of 2

NOTES:
1. Verify label stock P/N is correct.
2. Replace "164-50YY" with the LM Number from table.
3. Replace "SSmm" with the Size from table.
4. Replace "XXXXXXX" with the Lot Number.
5. Replace date next to Sterile Date symbol with expiration date.
6. Use 

TABLE:
LM Number

164-5029
164-5032
164-5035
164-5038
164-5041

Ortho Development Label Master

32mm
29mm

Label Format

35mm

Label Type:

38mm

Size

41mm

(b)(4) 
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351-1-10429, Product Label 4.75 x 4 Document No.: LM-166-5YYY
Revision: A
  CO No.: 8275
      Page: 1 of 3

1. Verify label stock P/N is correct.
2. Replace "166-5YYY" with LM Number from Table.
3. Replace "Size S ZZmm" with Size from Table.
4. Replace "XXXXXXXXX" with the Lot Number.
5. Replace date under Sterile Date Symbol with the expiration date.
6. Use 

TABLE:
LM Number Size LM Number Size LM Number Size

166-5107 Size 1 7mm 166-5212 Size 2 12mm 166-5320 Size 3 20mm
166-5108 Size 1 8mm 166-5213 Size 2 13mm 166-5407 Size 4 7mm
166-5109 Size 1 9mm 166-5214 Size 2 14mm 166-5408 Size 4 8mm
166-5110 Size 1 10mm 166-5216 Size 2 16mm 166-5409 Size 4 9mm
166-5111 Size 1 11mm 166-5218 Size 2 18mm 166-5410 Size 4 10mm
166-5112 Size 1 12mm 166-5220 Size 2 20mm 166-5411 Size 4 11mm
166-5113 Size 1 13mm 166-5307 Size 3 7mm 166-5412 Size 4 12mm
166-5114 Size 1 14mm 166-5308 Size 3 8mm 166-5413 Size 4 13mm
166-5116 Size 1 16mm 166-5309 Size 3 9mm 166-5414 Size 4 14mm
166-5118 Size 1 18mm 166-5310 Size 3 10mm 166-5416 Size 4 16mm
166-5120 Size 1 20mm 166-5311 Size 3 11mm 166-5418 Size 4 18mm
166-5207 Size 2 7mm 166-5312 Size 3 12mm 166-5420 Size 4 20mm
166-5208 Size 2 8mm 166-5313 Size 3 13mm 166-5507 Size 5 7mm
166-5209 Size 2 9mm 166-5314 Size 3 14mm 166-5508 Size 5 8mm
166-5210 Size 2 10mm 166-5316 Size 3 16mm 166-5509 Size 5 9mm
166-5211 Size 2 11mm 166-5318 Size 3 18mm 166-5510 Size 5 10mm

Ortho Development Label Master
Label Type:

NOTES:

Label Format

(b)(4) 
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351-1-10429, Product Label 4.75 x 4 Document No.: LM-166-5YYY
Revision: A
  CO No.: 8275
      Page: 2 of 3

TABLE CONT:
LM Number Size 

166-5511 Size 5 11mm
166-5512 Size 5 12mm
166-5513 Size 5 13mm
166-5514 Size 5 14mm
166-5516 Size 5 16mm
166-5518 Size 5 18mm
166-5520 Size 5 20mm
166-5607 Size 6 7mm
166-5608 Size 6 8mm
166-5609 Size 6 9mm
166-5610 Size 6 10mm
166-5611 Size 6 11mm
166-5612 Size 6 12mm
166-5613 Size 6 13mm
166-5614 Size 6 14mm
166-5616 Size 6 16mm
166-5618 Size 6 18mm
166-5620 Size 6 20mm
166-5707 Size 7 7mm
166-5708 Size 7 8mm
166-5709 Size 7 9mm
166-5710 Size 7 10mm
166-5711 Size 7 11mm
166-5712 Size 7 12mm
166-5713 Size 7 13mm
166-5714 Size 7 14mm
166-5716 Size 7 16mm
166-5718 Size 7 18mm
166-5720 Size 7 20mm

Ortho Development Label Master
Label Type:
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351-1-10428, St Pd Tyvek/Chart Label Document No.: LM-166-5YYY
Revision: A

CO No.: 8275
Page: 3 of 3

NOTES:
1. Verify label stock P/N is correct.
2. Replace "166-5YYY" with LM Number from Table.
3. Replace "Size S ZZmm" with Size from Table.
4. Replace "XXXXXXXXX" with the Lot Number.
5. Replace date under Sterile Date Symbol with the expiration date.
6. Use 

Table:
LM Number Size LM Number Size 

166-5107 Size 1 7mm 166-5413 Size 4 13mm
166-5108 Size 1 8mm 166-5414 Size 4 14mm
166-5109 Size 1 9mm 166-5416 Size 4 16mm
166-5110 Size 1 10mm 166-5418 Size 4 18mm
166-5111 Size 1 11mm 166-5420 Size 4 20mm
166-5112 Size 1 12mm 166-5507 Size 5 7mm
166-5113 Size 1 13mm 166-5508 Size 5 8mm
166-5114 Size 1 14mm 166-5509 Size 5 9mm
166-5116 Size 1 16mm 166-5510 Size 5 10mm
166-5118 Size 1 18mm 166-5511 Size 5 11mm
166-5120 Size 1 20mm 166-5512 Size 5 12mm
166-5207 Size 2 7mm 166-5513 Size 5 13mm
166-5208 Size 2 8mm 166-5514 Size 5 14mm
166-5209 Size 2 9mm 166-5516 Size 5 16mm
166-5210 Size 2 10mm 166-5518 Size 5 18mm
166-5211 Size 2 11mm 166-5520 Size 5 20mm
166-5212 Size 2 12mm 166-5607 Size 6 7mm
166-5213 Size 2 13mm 166-5608 Size 6 8mm
166-5214 Size 2 14mm 166-5609 Size 6 9mm
166-5216 Size 2 16mm 166-5610 Size 6 10mm
166-5218 Size 2 18mm 166-5611 Size 6 11mm
166-5220 Size 2 20mm 166-5612 Size 6 12mm
166-5307 Size 3 7mm 166-5613 Size 6 13mm
166-5308 Size 3 8mm 166-5614 Size 6 14mm
166-5309 Size 3 9mm 166-5616 Size 6 16mm
166-5310 Size 3 10mm 166-5618 Size 6 18mm
166-5311 Size 3 11mm 166-5620 Size 6 20mm
166-5312 Size 3 12mm 166-5707 Size 7 7mm
166-5313 Size 3 13mm 166-5708 Size 7 8mm
166-5314 Size 3 14mm 166-5709 Size 7 9mm
166-5316 Size 3 16mm 166-5710 Size 7 10mm
166-5318 Size 3 18mm 166-5711 Size 7 11mm
166-5320 Size 3 20mm 166-5712 Size 7 12mm
166-5407 Size 4 7mm 166-5713 Size 7 13mm
166-5408 Size 4 8mm 166-5714 Size 7 14mm
166-5409 Size 4 9mm 166-5716 Size 7 16mm
166-5410 Size 4 10mm 166-5718 Size 7 18mm
166-5411 Size 4 11mm 166-5720 Size 7 20mm
166-5412 Size 4 12mm

Ortho Development Label Master

Label Format

Label Type:

(b)(4) 
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Instructions for Use 
Balanced Knee® System 
 
Manufacturer 
Ortho Development® Corporation 
12187 South Business Park Drive 
Draper, UT 84020 
Phone 801-553-9991 
Fax 801-553-9993 
www.orthodevelopment.com 
 
For cemented use only 
 
DESCRIPTION 
The Balanced Knee® System and the Balanced Knee® System Revision are a multi-compartmental total knee 
replacement providing a system of components for posterior cruciate ligament retaining and substituting 
procedures.  The Balanced Knee® System and the Balanced Knee® System Revision are indicated for 
cemented use only.  Choice of specific femoral and tibial components depends on whether the posterior 
cruciate ligament is retained or excised, and the extent and nature of anterior/posterior (A/P) and medial/lateral 
(M/L) stabilization.  
 
Cobalt Chromium Alloy Femoral Component 
The femoral components are cobalt chromium (Co-Cr-Mo, ASTM F-75).  
 

Component 510(k) Number 
BKS Cruciate Retaining (CR) K994370 
BKS Posterior Stabilized (PS) K994370 
High Flex Posterior Stabilized (High Flex PS) K123457 
Modular Femoral  K060569 

 
Femoral components with porous coating are porous coated with cobalt chromium (Co-Cr-Mo, ASTM F-75).  
 
The semi-constrained posterior stabilizing femoral components are designed to provide anterior/posterior (A/P) 
stability, but rely on collateral ligament balancing techniques for medial/lateral (M/L) stability.  
 
The cruciate retaining femoral components are designed for use with a functional posterior cruciate ligament.  
These components also rely on collateral ligament balancing techniques for medial/lateral (M/L) stability.  
 
The modular femoral components are posterior stabilized with the option of intramedullary stem extensions 
and are designed to provide additional anterior/posterior (A/P) and medial/lateral (M/L) stability if needed or 
desired. 
 
Titanium Tibial Tray 
The titanium tibial tray (Ti-6Al-4V ELI, ASTM F-136) is available either with or without porous coating of 
commercially pure titanium (CP Ti, ASTM F-1580).   
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Component 510(k) Number 
BKS Non-Porous Tray K994370 
BKS Porous Tray K994370 
BKS Porous Pegged Tray K020383 
Modular Tray K031201 
Offset Tray K103837 

 
The porous coated tibial trays are available in two options. The first option is supplied with removable 
polyethylene screw hole plugs (UHMWPE, ASTM F-648) for optional screw fixation using cancellous bone 
screws. The second porous coated option is offered with titanium pegs (Ti-6Al-4V ELI, ASTM F-136) instead of 
screw holes.  
 
The modular tibial trays (Ti-6Al-4V ELI, ASTM F-136) are supplied with a titanium keel cap (Ti-6Al-4V ELI, 
ASTM F-136) which is removable in cases where a stem extension is needed. 
 
The offset tibial trays (Ti-6Al-4V ELI, ASTM F-136) are used with an offset adapter, offset screw, and stem 
extension to accommodate various tibial anatomies. 
 
Polyethylene Tibial Insert 
The polyethylene tibial inserts are available in five variations: 
 

Component 510(k) Number 
BKS Cruciate Retaining (CR) K994370 
BKS Posterior Stabilized (PS) K994370 
BKS Ultra Congruent (UC) K090705 
High Flex Posterior Stabilized (HFPS) K123457 
High Flex Crosslinked Vitamin E Posterior Stabilized  
(HFVPS) TBD 

Semi-Constrained Posterior Stabilized (SCPS) K060569 
 
The PS, CR, UC, and High Flex PS variations are made of polyethylene (UHMWPE, ASTM F-648) and are to 
be used with the matching femoral component variation (i.e., PS femoral for PS insert, CR femoral for CR or 
UC insert, High Flex PS femoral for High Flex PS insert). 
 
The High Flex Vitamin E PS is made of crosslinked Vitamin E polyethylene (Vitamin E UHMWPE, ASTM F-
648) and is to be used with the matching femoral component variation (i.e. High Flex PS femoral with High Flex 
Vitamin E PS insert). 
 
The SCPS variation is made of polyethylene (UHMWPE, ASTM F-648) and includes a titanium (Ti-6Al-4V ELI, 
ASTM F-136) reinforcement pin for added stability.  The SCPS tibial insert is to be used with the matching 
femoral component (i.e., modular) when additional medial/lateral (M/L) stability is required.  The SCPS tibial 
insert must also be used with the matching modular tibial tray or offset tibial tray. 
 
Patella 
The patellae are available in two variations: 
 

Component 510(k) Number 
Compression Molded Polyethylene Patella K994370 
Crosslinked Vitamin E Polyethylene Patella TBD 
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The compression molded polyethylene patella (UHMWPE, ASTM F-648) is a resurfacing patellar prosthesis. 
510(k) Number: K994370. 
 
The Crosslinked Vitamin E Polyethylene Patella (Vitamin E UHMWPE, ASTM F-648) is a resurfacing patellar 
prosthesis.  510(k) Number: TBD. 
 
Titanium Femoral Augments 
The titanium femoral augments (Ti-6Al-4V ELI, ASTM F-136) are provided with a locking screw (Ti-6Al-4V ELI, 
ASTM F-136) and a locking ring (Ti-6Al-4V ELI, ASTM F-136).  Femoral augments may only be used with the 
Balanced Knee® System Revision modular femoral components. 510(k) Number: K060569. 
 
Femoral augments are provided for optional use in order to augment either the distal and/or posterior femur 
with bony deficiencies. Femoral augments are provided in assorted stepped configurations to facilitate surgeon 
selection for addressing typical bony defects. 
 
Titanium Tibial Augments 
The titanium tibial augments (Ti-6Al-4V ELI, ASTM F-136) are provided with a locking screw (Ti-6Al-4V ELI, 
ASTM F-136) and a locking ring (Ti-6Al-4V ELI, ASTM F-136).  Tibial augments may only be used with the 
Balanced Knee® System Revision modular or offset tibial tray components. 510(k) Number: K031201. 
 
Tibial augments are provided for optional use in order to augment a tibial plateau with bony deficiencies.  Tibial 
augments are provided in assorted hemispherical stepped and angled configurations to facilitate surgeon 
selection for addressing typical bony defects. 
 
Titanium Cemented and Fluted Stem Extensions 
The titanium cemented and fluted stem extensions (Ti-6Al-4V ELI, ASTM F-136) are provided for optional use 
with the Balanced Knee® System Revision femoral components and tibial trays to provide increased stability. 
The stem extensions attach into the modular femoral junction box, the modular tibial tray, or the offset adapter 
as needed. 510(k) Number: K031201. 
 
Cobalt Chromium Alloy Junction Box 
The junction box is manufactured from forged cobalt chromium (Co-Cr-Mo, ASTM F-799) and is used with the 
modular femoral component when a stem extension is needed. The junction box is available in 5° and 7° 
options. 510(k) Number: K060569. 
 
Titanium Offset Adapter 
The titanium offset adapters (Ti-6Al-4V ELI, ASTM F-136) are provided with one screw (Ti-6Al-4V ELI, ASTM 
F-136).  Offset adapters must be used with the Balanced Knee® System Revision offset tibial tray and stem 
extension components.  One screw is required for sufficient fixation of the offset adapter. 510(k) Number: 
K103837. 
 
Titanium Offset Screw 
The titanium offset screws (Ti-6Al-4V ELI, ASTM F-136) are provided for optional use beyond the single screw 
that is required with the offset adapter.  Offset screws may only be used with the Balanced Knee® System 
Revision offset tibial tray and offset adapter components. 510(k) Number: K103837. 
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INTENDED USE/INDICATIONS 
1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 
 
The Balanced Knee® System and Balanced Knee® System Revision are intended for total knee arthroplasty 
procedures. 
 
The Balanced Knee® System is indicated in the salvage of previously failed surgical attempts where femoral 
bone loss does not require the use of augments or stem extensions and where collateral ligaments may be 
relied upon for medial/lateral (M/L) stability. 
 
The Balanced Knee® System Revision is indicated in the salvage of previously failed surgical attempts where 
femoral bone loss may require the use of augments or stem extensions. 
 
The Balanced Knee® System Revision SCPS Tibial Insert is indicated for use with the Balanced Knee® 
System Revision modular femoral and modular or offset tibial components where collateral ligament may not 
be relied upon for medial/lateral (M/L) stability. 
 
The Balanced Knee® System Revision Offset Tibia is intended for use in the salvage of previously failed 
surgical attempts where bone loss may require the use of augments or stem extensions, or in difficult primary 
surgical cases where a long extension stem is necessary. 
 
CONTRAINDICATIONS 
1. Any patient not experiencing a compromised quality of life by loss of joint function and/or joint configuration, 
or pain from arthritis disease. 
2. Any patient whose knee cannot be returned to normal function and normal stability through reconstructive 
procedures, including ligamentous balancing. 
3. Active infection in or near the knee joint, fever and/or local inflammation signs, and elevation of 
sedimentation rate unexplained by other diseases should not be treated unless preoperative infection is ruled 
out. 
4.  Distant foci of infection, such as genitourinary, pulmonary, skin (chronic lesions or ulcerations), and other 
sites, that may result in hematogenous spread to the implant site. 
5. Rapid joint destruction or bone absorption apparent on roentgenograms. 
6.  Neuromuscular disorders in which the potentially adverse effects on prosthesis function are not outweighed 
by the benefits gained by the patient from usage of the prosthesis. 
7. Mental disorders that would compromise essential patient post-operative care. 
8. A painless, stable arthrodesis in a functional position. 
9. Allergic reactions to implant materials and/or tissue reactions to the products of corrosion or wear. 
10. Skeletal immaturity. 
 
INFORMATION FOR USE 
To ensure proper placement and fit, only Balanced Knee® System and the Balanced Knee® System Revision 
instruments and trials manufactured by Ortho Development® Corporation should only be used to implant the 
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Balanced Knee® System and the Balanced Knee® System Revision components. 
 
Components, trials, and instruments from other knee systems must not be used with components, trials, and 
instruments from the Balanced Knee® System and the Balanced Knee® System Revision and vice versa, 
unless specifically labeled for such use.  Different engineering specifications and dimensional incompatibilities 
among the various systems may cause premature wear or loosening of the implant. 
 
Components of the Balanced Knee® System and the Balanced Knee® System Revision are not compatible 
with the components of any other knee system. 
 
Optimal fixation and implant stability are achieved by maximizing bone coverage.  Components are provided in 
a variety of sizes.  The largest available components should be chosen that cover, but do not overhang, the 
femur, tibia, or patella. 
 
Several thicknesses and styles of polyethylene tibial inserts are supplied separately from the tibial tray, but in 
corresponding sizes to the tibial tray.  The surgeon should choose an insert of appropriate thickness and style 
to restore the original joint line and to achieve proper ligament tension. 
 
PRECAUTIONS 
Preoperative: 
The surgeon should thoroughly understand all aspects of the surgical procedure and limitations of the device.  
The surgeon should instruct patients as to the limits of the prosthesis and the impact of excessive loading 
through patient weight or activity.  Patients should also be taught to govern and/or restrict their activities 
accordingly. 
 
Strict adherence to the indications, contraindications, precautions, and warnings for this product is essential to 
potentially maximize the success of the procedure and the service life of the implant.  
 
Intraoperative: 
If the implant site has been improperly prepared or excessive force is used to seat the implant, fracture of the 
proximal tibia or femoral condyles may occur. 
 
Polyethylene tibial inserts can be removed after they have been snapped into place.  Once removed, however, 
they must be discarded, as the removal process deforms the plastic and reduces attachment strength.  Use 
trials to determine proper tibial insert sizing. 
 
An implant should never be reused.  Any implant, once used, should be discarded.  Though it appears 
undamaged, it may have small defects and internal stress patterns that may eventually lead to failure.  
Likewise, care must be taken in handling new implants to avoid damage that could compromise the 
mechanical integrity of the device and cause early failure or loosening, such as marring, nicks, or notches 
caused by contact with metal or abrasive objects. 
 
The SCPS polyethylene insert can only be used with the modular tibial tray or offset tibial tray. It is not 
compatible with the primary porous coated, non-coated or pegged tibial trays. The modular femoral component 
with augments and stem may be used with the primary tibial trays only if a standard tibial insert is used. 
 
If loose fragments of bone cement become detached, they can act as an abrasive on the contact surfaces of 
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the implant, greatly accelerating the wear rate of the prosthesis.  Care should be taken to remove all excess 
cement from around the implant and its surfaces. 
 
WARNINGS  
Components of the Balanced Knee® System and/or the Balanced Knee® System Revision are not compatible 
with the components of any other knee system. Different specifications and dimensional compatibilities among 
the various systems may cause premature wear or loosening of the implant.  
 
1.  Use only Balanced Knee® System and/or the Balanced Knee® System Revision femoral components with 
Balanced Knee® System and/or the Balanced Knee® System Revision tibial inserts and tibial trays. 
2.  Use only Balanced Knee® System and/or the Balanced Knee® System Revision patella prostheses with 
Balanced Knee® System and/or the Balanced Knee® System Revision femoral components. 
3.  If optional screw fixation is desired with the porous coated tibial tray, use only Ortho Development® 
Corporation cancellous bone screws. 
4.  Components that are labeled as PS should be used only with other PS components.  Likewise, CR 
components should be used only with CR or UC components.  In addition components that are marked SCPS 
should be used only with other SCPS components.  If no specification is made, the part can be used with either 
system.  
5.  The High Flex femoral component can only be used with the High Flex PS inserts. 
6.  The correct selection of the implant is extremely important.  The potential for success in total joint 
replacement is increased by the selection of the proper size, shape, and design of the implant.  The Balanced 
Knee® System and the Balanced Knee® System Revision have interchangeable part sizes as described by 
the following chart, where the number in the shaded box refers to the tibial insert size: 
 

 

 
6.  The compatibility of the implants vary by what implant is being used. Correct implant choice is crucial in a 
successful joint replacement. Below is a compatibility chart which refers to the proper implants to be used: 
 

  TIBIAL INSERT AND TRAY  

  BKS Tray Modular and Offset Tray 

  CR UC HFPS 
HFVPS PS CR UC HFPS 

HFVPS PS SCPS ←Insert Type 

FE
M

O
RA

L BKS CR ● ●     ● ●        
High Flex PS     ●       ●     
BKS PS       ●       ●   
Modular Femoral       ●       ● ● 

● = compatible 

 
ADVERSE EFFECTS 
Short-term complication rates may be similar to those occurring with any femoral joint replacement such as: 
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1.  Changes in position and loosening of the implant.   
2.  Dislocation of implant.     
3.  Infection.   
4.  Reduced range of motion.   
5.  Heterotopic bone formation.   
6.  Incomplete pain relief.   
 
MAGNETIC RESONANCE (MR) 
The Balanced Knee® System and Balanced Knee® System Revision have not been evaluated for safety and 
compatibility in the MR environment. The Balanced Knee® System and Balanced Knee® System Revision 
have not been tested for heating or migration in the MR environment. 
 
PACKAGING AND STERILITY 
All implants are sterilized to Sterility Assurance Level 10-6. All implants, except for the Vitamin E polyethylene 
components, are sterilized by a minimum of 25 kGy gamma irradiation.  All Vitamin E polyethylene 
components are ethylene oxide sterilized. 
 
All gamma irradiated polyethylene tibial inserts and polyethylene patellae are sterilized in an oxygen-
free/nitrogen-rich environment.   
 
Sterile product packaging should be inspected for flaws before and after opening.  In the presence of a flaw, 
assume the product is non-sterile and do not implant it into a patient.   
 
INSTRUMENT STERILITY 
All Instruments should be thoroughly cleaned prior to sterilization. Please refer to Ortho Development 
Reusable Instrument Care Manual for instrument cleaning and sterilization details. 
 
Unless otherwise indicated on the case labeling, the following Steam Sterilization Cycles must be followed in 
order to ensure sterility:  
 
 

 Temperature Cycle Time (minutes) Dry Time (minutes) 
Prevacuum 270 °F (132°C) 4 60 
Gravity 270 °F (132°C) 30 90 

 
Exceptions by Kit Number: 

Kit Number Description Prevac Prevac Dry Gravity Gravity Dry 

261-9301 BKS Femoral 1 6 45 30 90 
261-9304(A) BKS Tibial 1 5 50 30 50 

 
PRODUCT HANDLING 
Always store implants unopened in their respective protective packages.  Prior to use, inspect the packaging 
for damage, which may compromise sterility.  When removing the implant from its packaging, observe relevant 
aseptic techniques.  Protect the prosthesis from contact with objects that may damage the surface finish.  
Inspect each implant prior to use for visual damage. 
 
PRODUCT COMPLAINTS 
Any complaint or dissatisfaction with product quality, performance, labeling, and/or safety should be reported to 
Ortho Development® Corporation. If any of the implants or instruments “malfunction” (i.e., do not meet any of 
their performance specifications or do not perform as intended), and/or are suspected to have caused or 
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contributed to the death or serious injury of the patient, Ortho Development Corporation should be notified 
immediately by phone, fax or written correspondence.  
 
When filing a complaint, please provide the product description, product number, lot number, complainant’s 
name and address, and the nature of the complaint. 
 
 
 
CAUTION 
Federal Law (USA) restricts this device to sale, distribution, and use by or on the order of a physician. 
 
351-1-10627 04/2013 
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Ortho Development Reusable Instrument Care Manual 
for Balanced Knee® System, Balanced Knee® System Revision, and Balanced Knee® System High Flex 

INSTRUMENT CARE 

Considerations 

• This guide includes processing instructions for Ortho Development (ODEV) reusable devices only.   
• New and used instruments must be thoroughly cleaned per these instructions prior to sterilization and use. 

Warnings and Precautions 

• Universal precautions should be observed by all hospital personnel that work with contaminated medical devices.  Caution should be 
exercised when handling devices with cutting edges or sharp points. 

• Personal protective equipment (PPE) should be worn when handling or working with contaminated or potentially contaminated 
devices.  PPE includes gown, mask, goggles or face shield, gloves and shoe covers. 

• Do not place heavy instruments on top of more delicate instruments. 
• Do NOT use metal brushes or scouring pads during manual cleaning.  These will damage the surface and finish of instruments.  Only 

soft-bristled, nylon brushes and pipe cleaners should be used. 
• Do NOT allow contaminated devices to dry prior to reprocessing.  All subsequent cleaning is facilitated by not allowing blood, body 

fluid, bone and tissue debris, saline or disinfectants to dry on used devices. 
• Saline, and cleaning/disinfection agents containing active chlorine, aldehyde, bromide, bromine, chloride, mercury, iodine or iodide 

are corrosive and should not be used. 
• Mineral oil or silicone lubricants should not be used because they are difficult to remove, prevent direct contact of the surface with 

steam during sterilization and coat microorganisms. 

Limitations and Restrictions 

• Automated cleaning using a washer/disinfector alone may not be effective for cleaning orthopedic instruments.  A thorough manual 
or combination manual/automated cleaning process is recommended. 

• Neutral pH enzymatic and cleaning agents are recommended.   
• Instrument trays, cases and lids must be cleaned separately.  Non-sterile, single use implants are an exception as they may remain in 

the tray or caddy for reprocessing. 
• Repeated processing has minimal effect on ODEV reusable instruments unless otherwise noted.  End of life for stainless steel or 

other metal surgical instruments is normally determined by wear and damage due to the intended use and not reprocessing. 
• Use of hard water should be avoided.  Softened tap water may be used for initial rinsing.  Reverse Osmosis (RO) or Deionized (DI) 

water should be used for final rinsing of the instruments. 

CLEANING INSTRUCTIONS 

Point of Use 

• Remove excess body fluids and tissue from instruments with a disposable, non-shedding wipe.  Place devices in a tray of distilled 
water or cover with damp towels. 

• Instruments should be cleaned within 30 minutes of use to minimize the potential for drying prior to cleaning. 
• Used instruments must be transported to the central supply in closed or covered containers to prevent unnecessary contamination 

risk. 

Preparation Before Cleaning 

• All cleaning agents should be prepared according to the manufacturer.  Softened tap water may be used to prepare cleaning agents.  
Use of manufacturer recommended temperatures is important for optimal performance of the cleaning agents. 

• NOTE:  Fresh cleaning solutions should be prepared when the existing solutions become grossly contaminated (turbid and/or 
bloody). 
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Table 1. Cleaning/Disinfection Options 

Method Description 
Manual (Table 2) Enzymatic soak and scrub followed by sonication 
Combination Manual/Automated (Table 3) Enzymatic soak and scrub followed by an 

automated washer/disinfector cycle. 
Automated (washer/disinfector) Automated cycle – Not recommended without 

manual pre-cleaning. 
 

Manual Cleaning/Disinfection Procedure 

Table 2. Manual Cleaning Steps     

Step 1 Use a lint-free cloth dampened in tap water to remove gross soil.  While wiping, actuate the instrument through the full range of 
motion.   

Step 2 Prepare an enzymatic detergent according to manufacturer’s recommendations using lukewarm tap water.   
Step 3 Fully immerse the instruments in the detergent and soak for a minimum of 20 minutes.  While soaking, the instrument(s) should be 

actuated to ensure complete penetration of the detergent.  Using a soft bristled brush (e.g. M16) and as necessary, lumen brushes 
(e.g. 45-541, 45-545), remove all visible soil paying attention to crevices and hard to reach areas. 

Step 4 Rinse the instrument(s) under running RO/DI water for a minimum of 3 minutes to remove detergent residue.  While rinsing, 
actuate the instrument through its full range of motion.   

Step 5 Prepare an enzymatic detergent according to manufacturer’s recommendations using lukewarm tap water in an ultrasonic cleaner. 
Step 6 Fully immerse the instrument(s) and sonicate for a minimum of 10 minutes. 
Step 7 Rinse the instrument(s) under running RO/DI water for a minimum of  5 minutes to remove all evidence of detergent residue.  While 

rinsing, actuate the instrument through its full range of motion. 
Step 8 Visually inspect the instrument for soil.  Dry using a clean, soft cloth and filtered pressurized air (<40psi).  If soil is visible, repeat the 

process.  
NOTE:  Use of a sonicator at 45-50 kHz will aid in thorough cleaning of the devices.   
NOTE:  Use of a syringe or water jet will improve flushing of difficult to reach areas and closely mated surfaces. 

Table 3. Combination Manual/Automated Cleaning Steps 

Step 1 Use a lint-free cloth dampened in tap water to remove gross soil.  Actuate the instrument through the full range of motion.   
Step 2 Prepare an enzymatic detergent according to manufacturer’s recommendations using lukewarm tap water.  
Step 3 Fully immerse the instruments in the detergent and soak for a minimum of 20 minutes.  While soaking, the instrument(s) should be 

actuated to ensure complete penetration of the detergent.  Using a soft bristled brush (e.g. M16), remove all visible soil paying 
attention to crevices and hard to reach areas. 

Step 4 Rinse the instruments under running RO/DI water for a minimum of 3 minutes to remove detergent residue.  While rinsing, actuate 
the instrument through its full range of motion. 

Step 5 Prepare an enzymatic detergent according to manufacturer’s recommendations using lukewarm tap water in an ultrasonic cleaner. 
Step 6 Fully immerse the instrument(s) and sonicate for a minimum of 10 minutes. 
Step 7 Rinse the instrument(s) under running RO/DI water for a minimum of 5 minutes to remove all evidence of detergent residue.  While 

rinsing, actuate the instrument through its full range of motion. 
Step 8 Place instruments into the associated tray, then place into a washer/disinfector with the cover and upper tray(s) separate from the 

lower tray and main case. 
Step 9 Remove from the washer and visually inspect for visible soil.  If soil is visible, repeat the process. 
NOTE:  Use of a sonicator at 45-50 kHz will aid in thorough cleaning of the devices.   
NOTE:  Use of a syringe or water jet will improve flushing of difficult to reach areas and closely mated surfaces. 

Table 4. Recommended Automated Washer/Disinfector Cycle Steps 

Step 1 Pre-Wash; Cold Softened Tap Water; 1 minute 
Step 2 Enzyme Wash; Hot Softened Tap Water; 1 minute 
Step 3 Detergent Wash; Hot Softened Tap Water (66°C set point); 2 minutes  
Step 4 Rinse; Hot Softened Tap Water; 1 minute 
Step 5 Hot Air Dry (115°C); 7 minutes 
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Inspection, Maintenance and Testing 

• Carefully inspect each device to ensure all visible contamination has been removed.  If contamination is noted, repeat the 
cleaning/disinfection process. 

• Check the action of moving parts to ensure smooth operation throughout the full range of motion. 
• Hinged, rotating or articulating instruments should be lubricated with a water soluble product intended for surgical instruments that 

must be sterilized.  Some water-based instrument lubricants contain bacteriostatic agents which are beneficial.  Manufacturer’s 
expiration dates should be adhered to for both stock and use-dilution concentrations. 

STERILIZATION INSTRUCTIONS 

• Trays and cases with lids may be wrapped in standard medical grade, steam sterilization wrap using the AAMI double wrap method or 
equivalent. 

• NOTE:  Areas designated for specific devices shall contain only devices specifically intended for these areas. 
• NOTE:  These validated reprocessing instructions are not applicable to Ortho Development trays that include devices that are not 

manufactured and/or distributed by Ortho Development.  Instrument trays and cases without defined, preconfigured layouts or 
containing undefined universal spaces or compartments should only be used under the following conditions: 

• All devices must be arranged to ensure steam penetration to all instrument surfaces.  Instruments should not be stacked or placed in close 
contact. 

• The user must ensure that the instrument case is not tipped or the contents shifted once the devices are arranged in the case.  Silicone 
mats may be used to keep devices in place. 

• Only devices manufactured and/or distributed by Ortho Development should be included in Ortho Development instrument trays.  Ortho 
Development validated reprocessing instructions are not applicable to Ortho Development trays that include devices that are not 
manufactured and/or distributed by Ortho Development.  

Sterilization 

• Disinfection is only acceptable as a precursor to full sterilization for reusable surgical instruments.  Refer to the table below for 
recommended minimum sterilization parameters that have been validated by Ortho Development to provide a 10-6 sterility assurance 
level (SAL). 

• The hospital is responsible for in-house procedures for the reassembly, inspection and packaging of the instruments after they are 
thoroughly cleaned in a manner that will ensure steam sterilization penetration and adequate drying.  Provisions for protection of any 
sharp or potentially dangerous areas of the instruments should also be recommended by the hospital. 

• Moist heat/steam sterilization is the preferred and recommended method for Ortho Development orthopedic instrument sets. 
• Sterilizer manufacturer recommendations should always be followed.  When sterilizing multiple instrument sets in one sterilization cycle, 

ensure that the manufacturer’s maximum load is not exceeded. 
• Instrument sets should be properly prepared and packaged in trays and/or cases that will allow steam to penetrate and make direct 

contact with all surfaces. 
• Ethylene oxide or gas plasma sterilization methods should not be used unless package inserts for the applicable product specifically 

provide instructions for sterilization using these methods. 
• Gravity displacement sterilization cycles are not recommended because cycle times are too long to be practical.  However, they are still 

provided. 

Storage 

• Sterile, packaged instruments should be stored in a designated, limited access area that is well ventilated and provides protection from 
dust, moisture, insects, vermin, and temperature/humidity extremes. 

 
Hospital Responsibilities for Ortho Development Loaner Instruments 
 
• Orthopedic instruments generally have a long service life; however, mishandling or inadequate protection can quickly diminish their life 

expectancy.  Instruments which no longer perform properly because of long use, mishandling, or improper case should be returned to 
Ortho Development to be discarded.  Notify your Ortho Development representative of any instrument problems. 

• Loaner sets should undergo all steps of decontamination, cleaning, disinfection, inspection, and terminal sterilization before being 
returned to Ortho Development.  Documentation of decontamination should be provided with instruments being returned to Ortho 
Development. 
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All instruments should be thoroughly cleaned prior to sterilization.  Unless listed below, the following Steam Sterilization Cycles must be 
followed to ensure sterility: 

 Temperature Cycle Time (minutes) Dry Time (minutes) 
Prevacuum 270 °F (132°C) 4 60 
Gravity 270 °F (132°C) 30 90 

 

Exceptions by Kit Number:   

Kit Number Description Prevac Prevac Dry Gravity Gravity Dry 

261-9301 BKS Femoral 1 6 45 30 90 
261-9304(A) BKS Tibial 1 5 50 30 50 
 

Important Notice 

• The instructions provided have been validated by Ortho Development as being capable of preparing orthopedic instruments for use.  It is 
the responsibility of the hospital to ensure that the reprocessing is performed using the appropriate equipment and materials and the 
personnel in the reprocessing facility have been adequately trained in order to achieve the desired result.  Equipment and processes 
should be validated and routinely monitored.  Any deviation by the processor from these instructions should be properly evaluated for 
effectiveness to avoid potential adverse consequences. 
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Section 14 
Sterilization and Shelf Life 
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Sterilization and Shelf Life 

 

 

14.1 Sterilization:   

 14.1.1 Implant Sterility: 

The implants are sterilized by ethylene oxide in accordance with ISO 11135-1.  Each 
lot is processed in a validated cycle to achieve a sterility assurance level (SAL) of 10-6. 

Residual exposure limits for ethylene oxide and ethylene chlorohydrin comply with 

The sterilization validation method is conducted per ISO 11135-1.  Sterilization is 
  The responsibility of both 

parties is defined in a signed contract, consistent with FDA guidance on contract 
sterilization.   

Ortho Development does not certify the sterile packaged device as pyrogen-free. 

Refer to Section 14.2 for a description of the packaging used to maintain sterility.  
Refer to Section 13 for a copy of the labels identifying the product as STERILE. 

 14.1.2 Instrument Sterility: 

Surgical instruments will be supplied non-sterile and are intended for sterilization or 
re-sterilization by the user. 

(b)(4) 

(b)(4) 
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 14.1.3 Instrument Kit Sterility: 

Surgical instrument kits will be supplied as non-sterile and are intended for 
sterilization or re-sterilization by the user.  The validated steam sterilization cycles 
given below must be followed in order to ensure sterility. 

Instrument kits pertaining to Balanced Knee® System High Flex Vitamin E have been 
either revalidated or justified with a steam sterilization cycle, sterility assurance 
level (SAL) of 10-6.  Refer to the re-sterilization instructions in the IFU in Section 13. 

 14.1.4 Instrument Cleaning: 

The IFU contains a statement that “all instruments shall be cleaned prior to 
sterilization” and provides cleaning instructions for reusable ODEV instruments.  All 
the instruments pertaining to Balanced Knee® System High Flex Vitamin E are similar 
in material and similar or less complex than other instruments which have been 
validated for cleaning by Ortho Development and do not present new worst case 
instruments. 

14.2 Implant Packaging: 

14.2.1 The packaging configuration used for High Flex Vit E patella is identical to the 
packaging configuration used for BKS Revision tibial augments (K031201).  The 
packaging configuration used for High Flex Vit E PS tibial inserts is identical to that 
used for the largest BKS High Flex femoral component (K123457).  

(b)(4) 

(b)(4) 
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14.3 Packaging Shelf Life: 

 

 

(b)(4) 

(b)(4) 
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Section 15 
Biocompatibility 
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Biocompatibility 

 

The following tests were performed on the Balanced Knee® System High Flex Vitamin E PS tibial insert 
and patella.  Detailed protocols and reports follow this summary.   

1.  R-12-0128 Biocompatibility Testing of the High Flex Vitamin E 
 

Test Standard Results 
Cytotoxicity ISO 10993-5 
Implantation ISO 10993-6 

Irritation ISO 10993-10 
Sensitization ISO 10993-10 

 

In accordance with the AAMI/ISO 10993-1 Standard, the contact duration for the implants is designated 
as permanent (>30 days). 

The instrument materials used as part of the High Flex Vitamin E are the same as those for Escalade® 
Acetabular Cup System (K103384). The contact duration per the AAMI/ISO 10993-1 standard is 
designated as limited (<24 hours).  These materials are stainless steel and Radel®.   

(b)(4) 
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Section 16 
Software 

 
This section does not apply to the current submission. 
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Section 17 
Electromagnetic Compatibility and Electrical Safety 

 
This section does not apply to the current submission. 
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Section 18 
Performance Testing – Bench 
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Performance Testing - Bench 

 

The following tests were performed on the Balanced Knee® System High Flex Vitamin E (High Flex Vit E) 
PS tibial insert and patella. Each section summarizes the tests performed, results, standards used, and a 
discussion of the data. Detailed protocols and reports follow this summary.  

 

1. P-12-0011 Range of Motion Analysis of High Flex Primary Knee System 
 
Standards: ASTM F2083-10 Standard Specification for Total Knee Prosthesis 

(b)(4) Testing
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(b)(4) Testing
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2. P-12-0004 High Flex Knee System Femorotibial Constraint Test  

Standards: ASTM F2083-11 Standard Specification for Total Knee Prosthesis and ASTM 
F1223-08 Standard Test Method for Determination of Total Knee Replacement Constraint 

  RESULTS 

Rotary/Laxity Test High Flex PS was substantially equivalent to the benchmark BKS PS 

Anterior/Posterior Draw Test High Flex PS was substantially equivalent to the benchmark BKS PS 

Medial/Lateral Shear Test High Flex PS was substantially equivalent to the benchmark BKS PS 

 

  

(b)(4) Testing
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3. P-12-0104  High Flex Knee System Femorotibial Contact Area Test  
 
Standards: ASTM F2083-11 Standard Specification for Total Knee Prosthesis 
 

RESULTS 

High Flex PS was substantially equivalent to the benchmark BKS PS 

 

(b)(4) Testing
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4. P-12-0005 High Flex Knee System Patellofemoral Constraint Test  
 
Standards: ASTM F1672-95 (2005) Standard Specification for Resurfacing Patellar Prosthesis 
 

RESULTS 

High Flex PS was substantially equivalent to the benchmark BKS PS 

 

  

(b)(4) Testing
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5. P-12-0006 High Flex Knee System Patellofemoral Contact Area Test  
 
Standards: ASTM F1672-95 (2005) Standard Specification for Resurfacing Patellar Prosthesis 

RESULTS 

High Flex PS was substantially equivalent to the benchmark BKS PS 

(b)(4) Testing
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6. P-12-0010A BKS High Flex Vitamin E PS Spine Fatigue Test along with  
R-13-0010 Physiologically-Loaded Knee PS Spine Strength Loading Scheme 
 
Standards: FDA Guidance Class II Special Controls Guidance Document: Knee Joint 
Patellofemorotibial Metal/Polymer Porous-Coated Uncemented Prostheses: Guidance for 
Industry and FDA 

 

 

 

 

 

 

a D. D’Lima, S. Patil, N. Steklov, S. Chien, C. Colwell Jr., “In vivo knee moments and shear after total knee arthroplasty,” Journal of 
Biomechanics, Volume 40 (2007), Pages S11-S17.   

(b)(4) Testing
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7. P-12-0007 BKS High Flex Vitamin E Tibial Insert Assembly/Disassembly Locking Mechanism  
Standards: FDA Guidance Class II Special Controls Guidance Document: Knee Joint 
Patellofemorotibial Metal/Polymer Porous-Coated Uncemented Prostheses: Guidance for 
Industry and FDA 

  

(b)(4) Testing
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8. P-11-0093 Initial process and testing of knee EXLPE, along with  
P-12-0098 BKS knee sterilized GUR 1050 UHMWPE material property testing 
Standards: 
ASTM D638, Standard Test Method for Tensile Properties of Plastics 

(b)(4) Testing
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9. P-12-0106 Properties of High Flex EXLPE, Part 1, Crosslinking Characterization 
Standards:  
ASTM F2565 Standard Guide for Extensively Irradiation-Crosslinked Ultra-High Molecular Weight Polyethylene 
Fabricated Forms of Surgical Implant Applications 
ASTM F648 Standard Specification for Ultra-High-Molecular-Weight Polyethylene Powder and Fabricated Form 
for Surgical Implants  
ASTM F2183 Standard Test Method for Small Punch Testing of Ultra-High Molecular Weight Polyethylene Used in 
Surgical Implants 
ASTM F2102 Standard Guide for Evaluating the Extent of Oxidation in Ultra-High-Molecular-Weight Polyethylene 
Fabricated Forms Intended for Surgical Implants 
ASTM F2381 Standard Test Method for Evaluating Trans-Vinylene Yield in Irradiated Ultra-High-Molecular-
Weight Polyethylene Fabricated Forms Intended for Surgical Implants by Infrared Spectroscopy 
ASTM F2625 Standard Test Method for Measurement of Enthalpy of Fusion, Percent Crystallinity, and Melting 
Point of Ultra-High-Molecular Weight Polyethylene by Means of Differential Scanning Calorimetry 
ASTM F2003 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight Polyethylene after Gamma 
Irradiation in Air 

(b)(4) Testing
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10. P-12-0107 Properties of High Flex EXLPE, Part 2, Crosslinking Characterization 
Standards:  
ASTM F2565 Standard Guide for Extensively Irradiation-Crosslinked Ultra-High Molecular 
Weight Polyethylene Fabricated Forms of Surgical Implant Applications 
ASTM E647 Standard Test Method for Measurement of Fatigue Crack Growth Rates 
ASTM D695 Standard Test Method for Compressive Properties of Rigid Plastics 
ASTM D6068 Standard Test Method for Determining J-R curves of Plastic Materials 
ASTM F2214 Standard Test Method for In Situ Determination of Network Parameters of 
Crosslinked Ultra High Molecular Weight Polyethylene (UHMWPE) 
ASTM D1505 Standard Test Method for Density of Plastics by the Density-Gradient 
Technique 
ASTM F2003 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight 
Polyethylene after Gamma Irradiation in Air 

(b)(4) Testing
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Varadarajan, R., “On the nature of static and cyclic fracture resistance of ultra high molecular 
weight polyethylenes used in total joint replacements,” Ph.D. Dissertation, Case Western 
University, 2007. 

Haider, H., Weisenburger, J.N., Kurtz, S.M., Rimnac, C.M., Freedman, J., Schroeder, D.W., and 
Garvin, K.L., “Does vitamin E-stabilized ultrahigh-molecular-weight polyethylene address concerns 
of cross-linked polyethylene in total knee arthroplasty?” J Arthroplasty, 5(3), p. 461-469, 2011. 
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11. P-12-0117 Properties of High Flex EXLPE, Part 3, Vitamin E Characterization 
Standards: 
ASTM F648 Standard Specification for Ultra-High-Molecular-Weight Polyethylene Powder 
and Fabricated Form for Surgical Implants 
ASTM F2102 Standard Guide for Evaluating the Extent of Oxidation in Ultra-High-Molecular-
Weight Polyethylene Fabricated Forms Intended for Surgical Implants 
ASTM F2003 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight 
Polyethylene after Gamma Irradiation in Air 

Gul, R.M., McGarry, F.J., Bragdon, C.R., Muratoglu, O.K., and Harris, W.H., “Effect of consolidation 
on adhesive and abrasive wear of ultra high molecular weight polyethylene,” Biomaterials, 24(19), 
p. 3193-3199, 2003. 

(b)(4) Testing
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12. P-12-0103 High Flex Knee System Wear Testing 
Standards:  
ISO 14243-1 Implants for surgery – Wear of total knee joint prostheses – Part 1: Loading and 
displacement parameters for wear-testing machines with load control and corresponding 
environmental conditions for test 
ISO 14243-2 Implants for surgery – Wear of total knee joint prostheses – Part 2: Methods of 
measurement 
ASTM F2003 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight 
Polyethylene after Gamma Irradiation in Air 

(b)(4) Testing
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13. P-12-0118 Properties of High Flex EXLPE, Part 4, Post-wear-test material analysis 
Standards: 
ASTM F2102 Standard Guide for Evaluating the Extent of Oxidation in Ultra-High-Molecular-
Weight Polyethylene Fabricated Forms Intended for Surgical Implants 
ASTM F2003 Standard Practice for Accelerated Aging of Ultra-High Molecular Weight 
Polyethylene after Gamma Irradiation in Air 
ASTM F2183 Standard Test Method for Small Punch Testing of Ultra-High Molecular Weight 
Polyethylene Used in Surgical Implants 

(b)(4) Testing
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(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Master File(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



(b)(4) Testing

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015
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Abstract: Crosslinked ultrahigh molecular weight polyeth-
ylene (UHMWPE) has been recently approved by the Food
and Drug Administration for use in orthopedic implants.
The majority of commercially available UHMWPE orthope-
dic components are crosslinked using e-beam or gamma
radiation. The level of crosslinking is controlled with radia-
tion dose and free radicals are eliminated through heat
treatments to prevent long-term degradation associated
with chain scission or oxidation mechanisms. Laboratory
studies have demonstrated a substantial improvement in the
wear resistance of crosslinked UHMWPE. However, a con-
cern about the resistance to fatigue damage remains in the
clinical community, especially for tibial components that
sustain high cyclic contact stresses. The objective of this
study was to investigate both the initiation and propagation
aspects of fatigue cracks in radiation crosslinked medical-

grade UHMWPE. This work evaluated three levels of radi-
ation, which induced three crosslink densities, on the fatigue
crack propagation and total fatigue life behavior. Both as-
received UHMWPE, as well as those that underwent an
identical thermal history as the crosslinked UHMWPE were
used as controls. Fractured crack propagation specimens
were examined using scanning electron microscopy to elu-
cidate fatigue fracture mechanisms. The results of this work
indicated that a low crosslink density may optimize the
fatigue resistance from both a crack initiation and propaga-
tion standpoint. © 2003 Wiley Periodicals, Inc. J Biomed
Mater Res 66A: 146–154, 2003

Key words: ultrahigh molecular weight polyethylene (UH-
MWPE); fatigue; crosslinking; initiation; propagation

INTRODUCTION

Crosslinked ultrahigh molecular weight polyethyl-
ene (UHMWPE) shows great promise for the improve-
ment of wear resistance and longevity of orthopedic
devices.1–4 Although crosslinked components have
been implanted for more than 25 years now,5 only
over the past few years have the crosslinking proce-
dures been performed in a controlled manner. Of the
utmost importance in this controlled crosslinking
methodology has been the remelting or annealing of
the polyethylene to annihilate free radicals.6 This pro-
cess results in a crosslinked resin that is not suscepti-
ble to long-term oxidation or scission-based degrada-

tion. Furthermore, recent studies developed in the
orthopedics community show that optimum wear
behavior of UHMWPE is obtained using a minimum
of 50 –150 kGy (5–15 Mrad) of gamma or e-beam
radiation; it can also be achieved via chemical
crosslinking by a minimum of 0.3– 0.5% peroxide.2

A higher degree of crosslinking results in a restric-
tion of chain mobility in the amorphous region and,
as a result, these processes reduce the overall plas-
ticity mechanisms available to the polymer. Plastic
deformation has been shown to be the underlying
mechanism responsible for stress-induced orienta-
tion and concomitant strain hardening behavior ob-
served in non-crosslinked UHMWPE.7 This micro-
structural evolution associated with peak stresses
acting on the polymer has been termed the “plastic-
ity induced damage layer” by Edidin et al.4 and has
been observed in the subsurface layers of polymer
orthopedic devices to depths of several microns.
This plasticity induced damage has significant clin-
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ical relevance in that it has been linked to the wear
processes in UHMWPE orthopedic devices.7

Crosslinking minimizes the texture development
through reduced chain mobility and, although these
polymers are still susceptible to strain hardening
behavior,8,9 they show substantial improvement in
wear resistance when articulated against standard
orthopedic alloys such as Co-Cr or Ti-based sys-
tems.

Much of the recent focus of crosslinked UHMWPE
has been on the optimization of radiation dose rather
than optimization of peroxide chemistry. Both pro-
cesses result in improved wear resistance, but there
are concerns about the long-term stability of the per-
oxide crosslinked polymer.10 Recent work11 has
shown that accelerated aging (75°C, 10 atm O2, 21
days) produced an embrittled polymer, and even
milder aging conditions have resulted in a reduction
in fatigue crack propagation resistance for the chemi-
cally crosslinked UHMWPE.12 Radiation crosslinked
UHMWPE, however, did not experience any degrada-
tion due to accelerated aging. As a result of the im-
proved resistance to wear and improved long-term
stability under in vitro conditions, several crosslinking
procedures involving ionizing irradiation and anneal-
ing have been developed, patented, and used to pro-
duce components that are now being implanted in
total hip replacements and, more recently, total knee
replacements. An overview of some of the processing
techniques and resulting commercially available
crosslinked polyethylenes have been described in de-
tail elsewhere.13,14

Crosslinking of UHMWPE resins has been viewed
as a solution to the device failure problem due to
improved wear characteristics; however, the fatigue
and fracture resistance of the crosslinked polymer in
cyclic loading applications remains an area of ques-
tion. For example, it is well established that
crosslinking results in a decrease in strain to failure
in the resin. This decreased plasticity in the
crosslinked resins which is beneficial to wear resis-
tance has been shown to reduce the toughness9 and
fatigue crack propagation resistance12 in crosslinked
UHMWPE. This creates apprehension in the ortho-
pedics community about the use of crosslinked UH-
MWPE because of the known propensity for fatigue
and delamination wear in total knee components,
for example. Fatigue of the polymer used in the
tibial plateau is problematic because of the cyclic
nature of the physiological loading and the large
values of contact stresses acting along the articulat-
ing surface.15 To date, there has been a plethora of
studies addressing the beneficial effects of crosslink-
ing on the wear behavior of UHMWPE but studies
addressing the role of crosslinking on the fatigue
behavior remain limited.12,16,17 A further complicat-
ing factor in the assessment of the fatigue resistance

of crosslinked polyethylene lies in the apparent di-
chotomy of the results reported in the fatigue stud-
ies. For example, O’Connor et al.16 reported that no
failures were observed in their crosslinked speci-
mens after 20 million fatigue cycles, whereas Baker
et al.12 reported that crosslinking resulted in a sig-
nificant decrease in the resistance to fatigue crack
propagation. This apparent conflict results from a
difference in the philosophical approach used in the
assessment of fatigue resistance. The study by
O’Connor et al.16 utilized a total life approach that
involved the cyclic loading of specimens without
stress concentrations. In this case, no failures were
reported at 20 million cycles. However, a lack of
failure does not preclude that small flaws could
have been generated because of cyclic damage, and
such damage remains a clinical concern. The study
by Baker et al.12 applied a defect tolerant philosophy
that involved the cyclic loading of notched speci-
mens containing a small mode I crack at the notch
tip. This conservative analysis involved a fracture
mechanics approach and measured the resistance to
fatigue crack propagation. The conflicting results
from these two studies are attributable to the differ-
ences in methodology: the first is an initiation study
that measures the resistance of the material to the
initiation of a flaw and the second is a propagation
study that measures resistance to crack growth.
Both studies contribute to the understanding of the
material fatigue resistance; however, the philosoph-
ical difference between them is critical to the design
and prediction of the performance of the orthopedic
device. Life predictions based on the results of a
total life study are premised on the assumption that
an orthopedic device is initially defect free or that it
contains flaws that will spend the majority of their
life in the initiation process. A more conservative
life prediction is based on a fracture mechanics phi-
losophy that assumes the device contains defects or
flaws that are capable of propagation under cyclic
loading.

This work examined both the fatigue initiation
and propagation resistance of radiation crosslinked
orthopedic-grade UHMWPE at varying crosslink
doses. The crosslinking was performed with three
different dosages of gamma radiation followed by
melting to eliminate most of the residual free radi-
cals. Two fatigue evaluation methods were used, a
stress-based total life and a fracture mechanics ap-
proach to determine how the degree of crosslinking
affects resistance to crack initiation and propaga-
tion, respectively, in UHMWPE. Electron micros-
copy was used to examine micromechanisms and
microstructural evolution associated with the fa-
tigue processes in the crosslinked polymers. The
aim of this work was to assess the role of degree of
crosslinking on both the initiation and propagation
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of cracks in UHMWPE, and to provide an assess-
ment of optimized crosslinking level for orthopedic
implant design.

MATERIALS AND METHODS

Materials

The base material used in this study was GUR 1050 resin
(Hoechst Celanese/Ticona) provided in extruded rod stock
from PolyHi Solidur. Crosslinking was performed by Iso-
medix Inc., using gamma radiation. Subsequent melt stabi-
lization was performed at 170°C for 4 h with addition an-
nealing at 125°C for 2 days. The material was then cooled
slowly to room temperature. Three doses of gamma radia-
tion were used to create different levels of crosslink densities
in the polymer: 50, 100, and 200 kGy. Two nonirradiated
groups were examined as controls. These included both an
untreated rod stock and annealed rod stock. The annealed
rod stock was subjected to the same thermal history as the
crosslinked specimens in order to evaluate the role of heat
treatment. In total, five material groups were examined.

Structural characterization

The structural and mechanical properties of the materials
used in this study are provided in Table I.9 Material char-
acterization was performed using differential scanning cal-
orimetry (DSC), small-angle X-ray scattering and quasi-
static mechanical testing. DSC was performed using a
Perkin-Elmer DSC-7 instrument in order to measure sample
crystallinity. Samples of 3-mm diameter and 0.5-mm thick-
ness, sectioned from each rod-stock, were used for all DSC
measurements. The degree of crystallinity was calculated
using a heat of fusion of 293 J/g for the polyethylene crystal.
Small-angle X-ray scattering was performed on 2-mm-thick
specimens using a Rigaku CuK� X-ray source at 40 kV and
30 mA to determine the long period. Mechanical properties,
including yield stress, true stress at break, and modulus,
were determined from tensile tests according to ASTM D638
using an Instron 4201 with a crosshead speed of 500 mm/
min. A minimum of five specimens per group were used for
all mechanical tests.

Fatigue crack propagation studies

The five material groups were subject to fatigue crack
propagation studies (fracture mechanics analysis). All fa-
tigue tests were performed on an Instron 8511 servohydrau-
lic materials testing machine in room temperature air at 5 Hz
with sinusoidal loading. Previous work18 has established
that a test frequency of 5 Hz does not result in hysteretic
heating or thermal fatigue of the UHMWPE specimens.
Compact tension specimens were used to characterize crack
propagation resistance. The specimen had the following ge-
ometry: width, W � 15.24 mm; length, L � 19.05 mm; height,
2H � 19.05 mm; initial notch length, a � 5.334 mm; notch
width, t � 1.588 mm; included notch angle, � � 60 degrees;
notch root radius, � � 0.127 mm; hole diameter, d � 3.175
mm; distance between holes � 10.16 mm; and thickness, T �
4.76 mm. A schematic of the compact tension geometry is
shown in Figure 1. All specimens were machined such that
the crack growth would be perpendicular to the extrusion
direction. Sharp cracks were introduced before the tension
tests and measured optically with an Olympus BH-2 micro-
scope with a resolution of 0.2 �m. The tension fatigue frac-
ture tests were run with a load ratio R � 0.1. Crack length
was monitored with number of cycles to determine crack
propagation rates, da/dN, as a function of stress intensity
range, �K. For the crack propagation studies, the stress
intensity range necessary to generate crack growth at a rate
of 10�6 mm/cycle was measured to define �Kincep. Scanning
electron microscopy was performed on the fractured com-
pact tension specimens to examine morphological features
associated with the fatigue fracture process. Fractured spec-
imens from each of the five groups were sputter-coated with
gold and examined using a JEOL 6500 scanning electron
microscope.

Fatigue crack initiation (stress-life analysis)

Stress-life fatigue tests were performed on the five mate-
rial groups with an Instron 8511 servohydraulic materials
testing machine in room temperature air at 5 Hz with sinu-
soidal loading. Small dogbone specimens were used in the
stress-life analysis. The specimens were 31.75 mm in height,
2.7-mm wide through the gage length, and 2-mm thick. A
schematic of the dogbone specimen is given in Figure 1. All
testing was performed in load control with a load ratio of

TABLE I
Physical Properties of the Crosslinked UHMWPE

Control 50 kGy 100 kGy 200 kGy

Crystallinity (%) 50.1 � 0.5 45.6 � 0.7 46.3 � 0.8 47.1 � 0.4
SAXS long period (nm) 40.0 � 1.3 39.8 � 1.1 40.3 � 1.4 40.6 � 1.1
Lamellar thickness (nm) 20.0 18.1 18.7 19.1
Modulus (MPa) 495 � 56 412 � 50 386 � 23 266 � 30
Yield stress (MPa) 20.2 � 1.0 19.9 � 0.8 18.9 � 0.7 20.2 � 1.0
True stress at break (MPa) 315.5 � 31.6 237.6 � 12.3 185.7 � 7.5 126.0 � 14.0
Decrease in true stress at break — 24% 41% 60%

SAXS, small-angle X-ray scattering.
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R � 0.1. For the stress-life fatigue tests, failure of the speci-
men was based on plastic deformation associated with the
material’s yielding criteria. Therefore, the number of cycles
to the onset of yield was monitored as a function of nominal
stress range to determine the S-N curve.

RESULTS

Fatigue crack propagation results for all the material
groups are presented in Figure 2(a). It is apparent that
radiation crosslinking resulted in decreased crack
propagation inception value, �Kincep, as compared
with the nonradiated specimens. Also, the �K incep-
tion value continued to decrease as radiation dose or
crosslink density was increased. Figure 2(b) shows the
�Kincep value plotted as a function of radiation dose.
The annealed UHMWPE exhibited a similar �Kincep as
the nonannealed UHMWPE, 1.43 and 1.41 MPa	m,
respectively, but with slightly different propagation
behavior in the Paris regime (the regime where the
crack propagation rate is linearly proportional to the
stress intensity range on a logarithmic scale). The
crosslinking procedures resulted in a decreased �Kin-

cep to 0.91, 0.69, and 0.55 MPa	m for the 50-, 100-, and
200-kGy specimens, respectively. A summary of the

�Kincep and slope, m, values for all five material
groups is given in Table II. For clinical comparison, the
�Kincep and slope, m, values for gamma air sterilized
and accelerated aging conditions for a GUR 1050 res-
in19 are also included. Note the similar relative de-
creases in the crack growth inception values for the
gamma sterilized and gamma sterilized, aged condi-
tions.

The stress-life results are presented in Figure 3,
where life corresponds to cycles to yield. As with the
crack propagation tests, the annealed and nonan-
nealed non-crosslinked controls exhibited similar fa-
tigue behavior. An initial crosslink dose of 50 kGy
resulted in a reduction in the yield stress range over
the two controls. However, the observed trend was
that as crosslink radiation dose was increased, the
cycles to yield increased for a given stress range. This
continued such that the 200-kGy radiation crosslinked
specimens exhibited similar stress-life behavior as the
nonirradiated specimens. Constants for the Basquin
relation, defined as S � ANf

B where S is the stress
range and Nf is the cycles to failure (yield), are given
in Table II. Note, for some of the highly crosslinked
specimens, early fractures initiated at the pin holes
upon loading. These were not included in the total life
study, but these findings do stress the importance of

Figure 1. Schematic of the compact tension (top right) and dogbone specimens (top left) used in the fatigue studies. The
compact tension specimen had the following geometry: width, W � 15.24 mm; length, L � 19.05 mm; height, 2H � 19.05 mm;
initial notch length, a � 5.334 mm; notch width, t � 1.588 mm; included notch angle, � � 60 degrees; notch root radius, � �
0.127 mm; hole diameter, d � 3.175 mm; distance between holes � 10.16 mm; and thickness, T � 4.76 mm. The small dogbones
were 31.75 mm in height, 2.7-mm wide through the gage length, and 2-mm thick.
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stress concentration in the assessment of fatigue resis-
tance.

A representative scanning electron micrograph of
the fatigue crack propagation fracture surface for the
non-crosslinked controls is shown in Figure 4(a). This
image clearly displays the criss-cross patterns associ-
ated with ductile tearing in pristine UHMWPE. Figure
4(b) shows the same crack propagation regime for the
50-kGy radiation crosslinked specimen. There was a
distinct reduction of ductile features compared with
the non-crosslinked controls. This decrease in ductility
became more apparent as the degree of crosslinking

was increased. Figure 5(a) shows the Paris regime
fracture surface for the 100-kGy dose. Note that a
five-fold increase in magnification is required to detect
the ductile tearing mechanisms in the polymer for the
100 kGy [Fig. 5(b)] as compared with the non-
crosslinked control [Fig. 4(a)]. This suggests that a
characteristic microstructural length scale associated
with fracture is reduced through crosslinking. At 200-
kGy radiation, the fracture mechanism was altered
and the fracture surface resembled that of a glassy
polymer.20 Figure 6(a,b) shows the Paris regime frac-
ture surface for the 200-kGy specimen. A much higher

Figure 2. (a) Fatigue crack propagation results for all five material groups and (b) �Kincep, value plotted as a function of
radiation dose.
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magnification [Fig. 6(b)] was required to detect any
type of tearing mechanism. This suggests that the high
dose of crosslinking substantially altered the fracture
process to that of a brittle mechanism for the UHM-
WPE.

DISCUSSION

The results of this study indicate that the high de-
gree of crosslinking (�100 kGy) is extremely detri-
mental to fatigue propagation resistance but is seem-

ingly not detrimental to the flaw initiation resistance.
Whereas the yield stress did not change substantially
for the specimens used in the investigation, the true
ultimate stress to fracture (Table I) decreases with
increased crosslink density in a similar manner to the
decreases observed in �Kincep. The limited ductility in
the highly crosslinked UHMWPE reduces strain to
failure and limits the polymer’s ability to accommo-
date plasticity at the crack tip. This is extremely im-
portant for fatigue crack propagation as the decreased
plasticity at the crack tip enables more of the crack
driving force to be utilized in crack advance rather
than dissipated through plastic work. The findings
from this study show that with increasing crosslink
density there is a concomitant decrease in propagation
resistance as indicated by the decreasing values of
�Kincep, as shown in Figure 2(b). The �Kincep is seen to
decrease by approximately 35, 50, and 60% below the
control (non-crosslinked) UHMWPE with the 50-,
100-, and 200-kGy radiation dosages, respectively.

The similar slopes, m, of the crosslinked specimens
as reported in Table II indicate that once the crack
inception process has occurred, similar mechanisms
likely control the fatigue crack growth rate. The
crosslinked specimens exhibit a continual reduction in
�Kincep with increased radiation dose. It is expected
that the critical stress intensity (fracture toughness)
will exhibit a similar reduction as m remains relatively

TABLE II
Summary of Fatigue Crack Propagation and Total Life Fatigue Data

(a) Fatigue Crack Inception and Propagation Data for the Crosslinked Resins and Their Control Groups

Paris Regime Fatigue
da/dN � C (�K)m Control Annealed 50 kGy 100 kGy 200 kGy

�Kincep (MPa	m) 1.41 1.43 0.91 0.69 0.55
Decrease in �Kincep (%) — — 35 51 61
Slope, m 11.74 19.40 10.77 9.07 8.92
R2 0.96 0.99 0.97 0.84 0.98

(b) Fatigue Crack Inception Data for Gamma Radiation Sterilized GUR 1050, Gamma Irradiated GUR 1050 Subjected to
Accelerated Aging, and Nonsterile 1050 Control

Paris Regime Fatigue
da/dN � C(�K)m Controla 25-kGy Aira 25-kGy Ageda

�Kincep (MPa	m) 2.01 1.51 0.90
Decrease in �Kincep (%) — 24 55
Slope, m 21.4 24.3 —

aNote, these data are generated in a previously published article.19 Data are provided here to show the relative decreases
in fatigue resistance caused by gamma radiation sterilization and accelerated aging.

(c) Total Life Fatigue Data for the Crosslinked Resins and Their Control Groups

Basquin Relation
S � ANf

B Control Annealed 50 kGy 100 kGy 200 kGy

A 26.24 25.81 23.52 25.95 27.54
B �0.044 �0.039 �0.043 �0.050 �0.050
R2 0.99 0.97 0.98 0.96 0.96

Figure 3. Stress-life fatigue results for all five material
groups. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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constant throughout the Paris regime. This is also
predicted by the relation KIc 
 �ult	 lo,

21 where lo is
some characteristic critical flaw size or microstructural
length scale associated with the fracture process. For a
fixed critical flaw size, it is expected that as the ulti-
mate stress decreases, the fracture toughness will de-
crease. As seen in Table I, the true ultimate tensile
strength, defined as the true stress at break, for the
crosslinked UHMWPE, decreases with increased
crosslink density. This relationship is corroborated by
the reduction in critical stress intensity observed in the
fatigue crack propagation analysis.

The scanning electron micrographs provide confir-
mation of the reduction in ductility responsible for the
reduced �Kincep seen in the crosslinked UHMWPE.

The non-crosslinked control, represented in Figure
4(a), exhibited the expected degree of ductile tearing
and criss-cross patterns previously reported for pris-
tine UHMWPE.19,22 Upon exposure to the low level of
ionizing radiation to induce crosslinking (50 kGy), the
number and size of these ductile features significantly
diminished. Substantial increases in magnification
were required to detect ductile features as the degree
of crosslinking increased. The results of the fractogra-
phy suggest a scaling effect of microstructural features
associated with polymer plasticity. It is believed that
the reduction in crystallinity, lamellae size, and ulti-
mate tensile strength brought about through
crosslinking is the source of this reduced plasticity and
decreased resistance to crack growth (Table I).

Figure 4. Representative fracture surface in the (a) Paris
regime for the non-crosslinked control, and (b) Paris regime
of the 50-kGy crosslinked specimens. Crack growth direc-
tion is left to right. Note the degree of ductile tearing is
substantially reduced with crosslinking.

Figure 5. Representative micrograph of the (a) Paris re-
gime and (b) higher magnification in the Paris regime re-
vealing the limited ductility of the 100-kGy crosslinked spec-
imens. Crack growth direction is left to right.
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The total life analysis presented in this study indi-
cates that increasing the crosslink density will increase
the fatigue life to initial yield for a given stress range.
As yielding is expected to occur in the polymer crystal,
via (100) �001 chain slip, it is expected that the de-
creased crystallinity associated with crosslinking
should result in an accompanying change in cyclic
yield stress. It is thought that the crosslinked amor-
phous region may result in a locking mechanism that
induces chain slip at lower strain levels as the
crosslink density increases. However, the mechanism
that drives the 50-kGy-radiated specimens to yield at a
lower cyclic stress range remains unclear and more
microstructural studies are needed to determine this

micromechanism of deformation. Investigation into
this microstructural evolution is currently underway
on the total life specimens using ultra-small X-ray
scattering analysis.23

From a fatigue crack propagation perspective, the
primary hindrance to crack growth is lamellae tearing
and chain disentanglement. With increasing crosslink
density, the mechanisms of lamellae tearing and crys-
talline plasticity are reduced, resulting in lower stress
intensity ranges necessary for crack growth. From an
initiation perspective, the crosslinking can be viewed
as a strengthening of the amorphous phase. Thus,
crosslinking is expected to minimize fatigue-induced
void formation that could lead to flaw generation in
the polymer.24 Further microscopy analysis, along
with thorough X-ray scattering investigations, are nec-
essary before a theoretical understanding of the mi-
cromechanistic processes associated with crack initia-
tion can be provided.

CONCLUSIONS

This study examined the fatigue resistance of UH-
MWPE at varying crosslink densities. Two fatigue
evaluation methods were used, a defect tolerant and a
stress-life approach. The defect tolerant approach
shows that increasing the crosslink densities in the
polymer results in a decreased resistance to crack
propagation. This is attributed to the reduction in
plastic deformation attained ahead of the crack tip as
revealed by fractography. The stress-life analysis re-
sults revealed a slight increase in cycles to yield for a
given stress range as crosslink density increased.
However, because of their increased sensitivity to
flaws, caution should be heeded when utilizing the
highly crosslinked polyethylenes in cyclic applications
where failure could still occur due to a heightened
sensitivity to processing defects, stress concentrations,
and surface scratches. This suggests that a lower de-
gree of crosslinking may be more optimal when de-
signing for both wear and fatigue in total joint replace-
ments.

This work was funded by National Science Foundation
and Office of Naval Research grants to the University of
California at Berkeley, and the Whitaker foundation to
Brigham & Women’s Hospital, Harvard Medical School.
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Abstract

Tibiofemoral loading is very important in cartilage degeneration as well as in component survivorship after total knee arthroplasty.

We have previously reported the axial knee forces in vivo. In this study, a second-generation force-sensing device that measured all six

components of tibial forces was implanted in a 74-kg, 83-year-old male. Video motion analysis, ground reaction forces, and knee forces

were measured during walking, stair climbing, chair-rise, and squat activities. Peak total force was 2.3 times body weight (BW) during

walking, 2.5 �BW during chair rise, 3.0 �BW during stair climbing, and 2.1 �BW during squatting. Peak anterior shear force at the

tibial tray was 0.30 �BW during walking, 0.17 �BW during chair rise, 0.26 �BW during stair climbing, and 0.15 �BW during

squatting. Peak flexion moment at the tray was 1.9% BW�Ht (percentage of body weight multiplied by height) for chair-rise activity

and 1.7% BW�Ht for squat activity. Peak adduction moment at the tray was �1.1% BW�Ht during chair-rise, �1.3% BW�Ht

during squatting. External knee flexion and adduction moments were substantially greater than flexion and adduction moments at the

tray. The axial component of forces predominated especially during the stance phase of walking. Shear forces and moments at the tray

were very modest compared to total knee forces. These findings indicate that the soft tissues around the knee absorbed most of the

external shear forces. Our results highlight the importance of direct measurements of knee forces.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Total knee arthroplasty; Knee forces; In vivo; Knee sheer; Knee moments

1. Introduction

The biomechanics of the knee joint are important in
analyzing activities of daily living that primarily involve the
lower limbs. The loading of the knee joint correlates with
the health of the cartilage, and abnormal loading is
associated with the development of cartilage degeneration
and osteoarthritis (OA). Patient body weight commonly
correlates with OA (Felson et al., 1997). It has been
hypothesized that repeated impulse loading leads to the
stiffening of bone with concomitant increased stresses at
the cartilage (Messier, 1994). Subjects with knee OA walk
with a greater than normal peak external knee adduction
moment (Baliunas et al., 2002). Another hypothesis is that

quadriceps fatigue results in reduced shock absorption of
knee forces and is the reason for the higher risk of OA in
obese women (Syed and Davis, 2000). Regardless of the
precise mechanism, it is commonly believed that knee
biomechanics play a major role in the etiology of OA.
Total knee arthroplasty (TKA) is a widely accepted

treatment for end-stage arthritis. Knee forces have been
shown to affect arthroplasty component survivorship, wear
of articular-bearing surfaces, and integrity of the bone–
implant interface. Excessive knee forces have been im-
plicated in the breakdown of the cement interface or in the
collapse of underlying bone. Knee forces along with
component design also determine the contact stresses on
the bearing surfaces. Contact stresses have been correlated
with the magnitude and distribution of wear. Additionally,
high-flexion knee designs are being introduced to permit
greater knee flexion. These components will allow patients
to engage in common activities that involve deep knee
flexion such as kneeling, squatting, and sitting cross-legged.
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Studies analyzing these activities have estimated high knee
forces (Nagura et al., 2002; Thambyah et al., 2005;
Escamilla, 2001). Therefore, existing knee prosthetic de-
signs may have to be modified to withstand increased
loading.

Almost all studies relating to knee forces have involved
either in vitro measurements (Ellis et al., 1984; Singerman
et al., 1999; Kaufman et al., 1996) or estimates using
mathematical models (Seireg and Arvikar, 1975; Morrison,
1970; Taylor et al., 2004; Lu et al., 1998). We previously
reported the first direct measurement of knee forces in vivo
after TKA (D’Lima et al., 2005, 2006). The tibial
component used in that study was instrumented with four
load cells that measured the axial components of load on
the four quadrants of the tibial tray. This instrumented
implant measured the total axial force and the location of
the center of pressure. However, shear and moments, which
are also important components of knee forces, could not be
measured in that design.

In collaboration with Zimmer, Inc. (Warsaw, IN), we
developed a second-generation, force-sensing device that

measured all components of tibial forces (Kirking et al.,
2005). The stem of this design was instrumented with strain
gauges that measured all six components of forces. In this
study, we report on the first in vivo measurements of shear
and moments in the knee after TKA.

2. Methods

A custom tibial component was manufactured by Zimmer, Inc., based

on the Natural Knee II (NK-II) tibial tray design. The tray and locking

mechanism were identical to the standard design for implantation with a

standard insert. The stem was instrumented with strain gauges to measure

three orthogonal forces and three moments. The stem also housed a

microtransmitter, which performed analog-to-digital conversion, filtering,

and multiplexing before transmitting data via a hermetic glass-feed-

through tantalum antenna. External coil induction was used to power the

implant. Details of the implant design, strain gauges, microtransmitter,

telemetry system, and accuracy have been previously reported (Kirking

et al., 2005).

Appropriate Institutional Review Board approval and patient’s consent

were obtained before implantation in a 74-kg, 83-year-old male (Fig. 1a).

A standard polyethylene insert (NK-II CR Congruent, Zimmer) and a

posterior cruciate-retaining femoral component (NK-II CR, Zimmer)

ARTICLE IN PRESS

 

S 

M 

C 

A 

Direction of Lateral Shear.
Flexion Moment is negative

about this axis 

Direction of Anterior Shear.
Adduction Moment is 

positive about this axis 

Direction of Vertical

Compressive Force.

Fig. 1. (a) Postoperative radiograph showing the instrumented tibial prosthesis: S, hollow strain-gaged portion of the stem; M, location of microprocessor;

C, internal coil; A, transmitting antenna. (b) The center of the right hand orthogonal coordinate system was located at the level of the top surface of the

tray in line with the center of the cylindrical stem of the prosthesis. The forces and moments acting on the tray were recorded in the directions shown here.
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were implanted using a standard anteromedial approach. The tibial bone

cut was made at 901 to the long axis in the coronal plane (01 varus) and at

901 in the sagital plane (01 posterior slope). The distal femoral cut was

made at 61 valgus to the anatomic axis of the femur. The posterior femoral

cut was made at 31 external rotation with reference to the posterior surface

of the posterior condyles. Intramedullary alignment was used for femoral

and tibial bone preparation. The patella was resurfaced with a standard

dome-shaped, all-polyethylene component. All components were cemen-

ted. The patient underwent routine postoperative rehabilitation as per a

standard primary TKA.

Three months after the surgery, knee kinematics, ground reaction

forces, and tibial forces and moments were measured in a motion analysis

laboratory (Center for Human Performance, Children’s Hospital, San

Diego, CA). Knee kinematics were monitored using 6 Vicon cameras and

infrared reflective skin markers (Helen Hayes lower limb marker set)

(Kadaba et al., 1989, 1990). Ground reaction forces were measured using

three force plates (AMTI, Watertown, MA) mounted in the floor of the

walkway. Knee kinematics and moments were computed using commer-

cially available software (OrthoTrak, Motion Analysis Corp, Santa Rosa,

CA). Data were collected synchronously for the following activities.

Walking was studied at a comfortable self-selected pace. Rising from a

chair (sit-to-stand) and sitting down in a chair (stand-to-sit) activities were

performed with the arms folded across the chest using a chair with a seat

height of 44 cm (equal to the joint-to-floor distance of the patient’s knee).

Stair climbing was conducted on stairs with a 17.8 cm (7 in) riser and

with hand-rail support. Squatting was performed with both feet parallel

to each other, up to knee flexion angle that was within the patient’s

tolerance (�801).

3. Results

Forces are reported as multiples of body weight (�BW)
and moments as a percentage of body weight multiplied by
height (% BW�Ht). The direction of forces and moments
were computed in the coordinate system of the tibial tray
(Fig. 1b), which was implanted at 901 to the intramedullary
axis of the tibia in the coronal and the sagittal planes. For
example, the shear generated at the tibial tray by the
femoral component moving in the anterior direction was
denoted as anterior shear. Similarly, the moment generated
at the tibial tray by adduction of the knee was termed as
adduction moment. The peak total tibial forces were
between 2 and 3 �BW for the activities studied (Fig. 2).
The vertical component of force predominated in all

activities (Figs. 3–6). For example, during walking, the
magnitude of the axial component was on average 86% of
the magnitude of the total force. During the stance phase
of walking, the vertical component averaged 98% of the
magnitude of the total force. Peak anteroposterior (AP)
and mediolateral (ML) shear forces were substantially
lower than the axial component for all the activities
studied. Peak anterior shear force was 0.30 �BW during
walking, 0.17 �BW during chair rise, 0.26 �BW during
stair climbing, and 0.15 �BW during squatting. Overall
AP shear was mainly directed anteriorly for all activities.
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Fig. 3. Knee kinematics and forces during one representative walking cycle are shown. The ground reaction force was used to divide the walking cycle into

stance and swing phases. The total force was almost entirely composed of the vertical component of force, especially during the stance phase. Peak anterior

shear forces were small (0.3 �BW). Mediolateral shear forces were also in the same range and were laterally directed during most of the stance phase and

medially directed during most of the swing phase.
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During walking and stair climbing, ML shear was medially
directed during the swing phase and during heel strike,
changing to a lateral direction early in the stance phase
(Figs. 3 and 4).

External knee moments were measured using ground
reaction forces and inverse dynamics. Moments generated
at the tibial tray were measured directly by the instrumen-
ted tibial prosthesis (Fig. 7). External knee flexion
moments increased with knee flexion angle and peaked at
5.7% BW�Ht (flexion ¼ 901) during chair rise and 4.3%
BW�Ht (flexion ¼ 821) during squatting. The ground
reaction forces under the instrumented side averaged
4476% of total ground reaction forces for the chair-rise

activity and 2473% for the squat activity. The moment
generated by the joint reaction force on the tibial tray
peaked at much lower levels: 1.9% BW�Ht for chair-rise
activity and 1.7% BW�Ht for squat activity. However, a
strong linear correlation was noted between the external
knee flexion moment and the flexion moment measured at
the tibial tray (r2 ¼ 0.81 for chair rise and r2 ¼ 0.87 for
squat activity).
Peak external knee adduction moments were 3.4%

BW�Ht for chair-rise activity and 1.8% BW�Ht for
squat activity. External adduction moments were higher at
low flexion angles and decreased with increased knee
flexion (Fig. 7). Adduction moments measured at the tibial
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Fig. 5. Knee kinematics and forces were measured during one representative chair-rise cycle. Forces are plotted against knee flexion angle. Total force and

vertical force components could not be visually differentiated. Peak shear forces were even smaller than for walking and stair climbing (0.17 �BW).

Ground reaction forces under the instrumented limb averaged 4476% of total ground reaction forces.
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Fig. 6. Knee kinematics and forces were measured during one representative squatting cycle. Forces are plotted against knee flexion angle. Peak shear

forces were even smaller than those measuring for walking and stair climbing (0.17 �BW). Ground reaction forces under the instrumented side were lower

than for chair activity (2473% of total ground reaction forces for squat-up and 21711% for squat-down activities), indicating that the patient was

favoring the instrumented knee.

-2%

0%

2%

4%

6%

0 20 40 60 80 100

Knee Flexion (degrees)

%
B

W
x
H

t

External Flexion Moment

External Adduction Moment

Net Joint Reaction Flexion Moment

Net Joint Reaction Adduction Moment

-2%

0%

2%

4%

6%

0 20 40 60 80 100

Knee Flexion (degrees)

%
B

W
x
H

t

External Flexion Moment 

External Adduction Moment

Net Joint Reaction Flexion Moment

Net Joint Reaction Adduction Moment
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reaction force at the tibial tray were substantially lower. a: Chair-rise activity; b: squat activity.
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tray were negative and peaked at �1.1% BW�Ht during
chair rise and �1.3% BW�Ht during squatting. The
external knee adduction moments were poorly correlated
with the net moment generated by the joint reaction force
at the tibial tray (r2 ¼ 0.05 for chair-rise activity and
r2 ¼ 0.11 for squat activity).

4. Discussion

Previously, we measured axial knee forces in vivo after
TKA (D’Lima et al., 2005, 2006). However, shear forces
and moments are also significant components that affect
knee wear and prosthesis survivorship. We therefore
developed a second-generation telemetry-enabled tibial
prosthesis capable of measuring all six components of
force. This is a report of shear and moments measured at
the knee joint 3 months after total knee arthroplasty during
common activities.

The axial component of forces measured at 3 months
peaked between 2 and 3 �BW, which were similar to those
measured with the first-generation instrumented tibial
prosthesis (D’Lima et al., 2005). The axial component of
forces predominated, especially during the stance phase of
the activities studied. Shear forces during walking were
modest (0.3 �BW) compared to total knee forces. The soft
tissues around the knee provide most of the resistance to
shear and the intact posterior cruciate ligament may
explain the low anterior shear recorded at the tibia tray.
Low anteroposterior shear forces during walking
(0.40–0.54 �BW) have also been reported at the tibia in
a patient with an instrumented distal femoral replacement
and a hinged knee design (Taylor et al., 1998). Another
study on the lower limb model in patients with instrumen-
ted hip arthroplasties reported peak contact shear forces
that averaged 0.5 �BW across four patients (Taylor et al.,
2004). The knees in those patients were not implanted.
These shear forces are in the same range as those reported
for younger subjects with normal knees, i.e., peak external
shear forces (computed with inverse dynamics) averaged
0.39 �BW (Nagura et al., 2002) and 0.33 �BW (Costigan
et al., 2002), while peak joint contact shear forces averaged
0.5 �BW (Costigan et al., 2002). However, knee joint
contact shear forces as high as 2 �BW have also been
predicted by mathematical models (Seireg and Arvikar,
1975). Shear forces measured in the mediolateral direction
were also low, which were similar to earlier estimates
(Morrison, 1970).

Peak tibial forces were substantially higher while
climbing stairs (averaging 3 �BW) than for the chair-rise
and squat activities. This was possibly because the latter
two activities involved a double-legged stance throughout
the cycle. For the squat activity, the patient appeared to be
loading the instrumented limb less than the contralateral
side (as evidenced by the distribution of the ground
reaction forces under each foot).

Shear forces were also low for the chair-rise and squat
activities despite the higher flexion angles achieved (greater

than 801 while squatting and greater than 901 during chair
rise). Higher peak external anteroposterior shear forces
have been computed in young, normal subjects averaging
0.47 �BW for stair climbing and 0.58–0.63 �BW for
squatting (Nagura et al., 2002). Even higher peak joint
contact shear forces (1.2 �BW) have also been reported
during stair climbing (Costigan et al., 2002). Our measure-
ment of low shear forces during these activities again
emphasizes the contribution of muscles and ligaments in
resisting tibial shear.
We measured moments at the tibial tray for two

activities that typically generate high external moments at
the knee: rising from a chair and squatting. In young,
normal subjects, knee moments were significantly affected
by the height of the chair (Rodosky et al., 1989). When
compared to normal subjects, osteoarthritic and TKA
patients reduced flexion moments by displacing the center
of mass anteriorly (Su et al., 1998). This compensation was
more pronounced at lower chair heights. At chair seat
heights equal to or greater than 100% of the knee joint-to-
floor height, the differences in kinetics of the sit-to-stand
activity between normal and post-TKA patients cease to
exist. We therefore chose a seat height equal to the knee
joint-to-floor height. The patient was able to rise from the
chair without arm support and demonstrated no significant
difficulty. Elderly subjects with chair-rise difficulties
typically require a seat height of 120% of the knee joint-
to-floor height (Weiner et al., 1993). Patients with
unilateral TKA also tend to shift the center of mass to
the normal limb as an additional compensatory maneuver
(Su et al., 1998). In the present study, the ground reaction
forces under the instrumented side averaged 4476% of
total ground reaction forces, indicating that the center of
mass was not substantially shifted to the contralateral side.
Peak external knee flexion moment while rising from a

chair was moderately high (5.7% BW�Ht). This value
was higher than the moments generated by normal,
osteoarthritic, or post-TKA subjects of similar age range
[3–4% BW�Ht (Su et al., 1998)]. The peak external knee
moment calculated during the squat activity (4.3%
BW�Ht) was similar to that reported for healthy subjects
in the same age range [4.5% BW�Ht (Flanagan et al.,
2003)]. However, substantially larger peak flexion moments
(13.5% BW�Ht) have been reported for younger, normal
subjects (Nagura et al., 2002). This is likely due to the
difference in peak flexion angle achieved during the squat
activity: 1501 for young subjects vs. 1001 for older subjects.
Peak flexion moment measured at the tibial tray was
substantially lower (o2% BW�Ht for both activities).
The peak external adduction moment during chair-rise

activity (3.4% BW�Ht) was higher than that for squat
activity (1.8% BW�Ht). Low peak external adduction
moments have been reported during chair rise for older
normal subjects (1.15% BW�Ht) and for subjects with
chronic knee pain [1.31% BW�Ht (Amin et al., 2004)].
Adduction moments at the tibial tray were also low
(around 1% BW�Ht) and, unlike flexion moments,
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correlated poorly with external adduction moments
(r2p0.11 for both activities).

This is a report of knee forces and moments measured in
only one patient. Due to patient-to-patient variation and
implant design differences, these absolute values cannot be
extrapolated to all knee arthroplasty patients. In addition,
forces were measured at the 3-month postoperative time
point. We have shown that tibial forces can increase up to 2
years postoperative (D’Lima et al., 2005). Finally, only
activities of daily living are reported under carefully
controlled laboratory conditions. Forces during other
activities and during unanticipated events such as stum-
bling may be substantially higher than those reported here.
We are in the process of implanting more patients with this
second-generation implant. We are actively following all
patients to increase the duration of follow-up, as well as the
range of activities analyzed.

Overall, shear forces, as well as moments at the tibial
tray, were fairly low. These results indicate that accurate
computation of knee contact forces requires appropriate
modeling of the passive and active soft tissues. Direct
measurements of knee joint reaction forces and moments
coupled with robust mathematical models are extremely
valuable in increasing our understanding of the loading of
the soft tissues, cartilage, and bone of the natural knee, as
well as the prosthetic components of the implanted knee.
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Power and Sample Size Calculations for Studies
Involving Linear Regression

William D. Dupont, PhD and Walton D. Plummer, Jr., BS
Department of Preventive Medicine, Vanderbilt University School of Medicine,
Nashville, Tennessee

ABSTRACT: This article presents methods for sample size and power calculations for studies
involving linear regression. These approaches are applicable to clinical trials designed
to detect a regression slope of a given magnitude or to studies that test whether the
slopes or intercepts of two independent regression lines differ by a given amount. The
investigator may either specify the values of the independent (x) variable(s) of the regression
line(s) or determine them observationally when the study is performed. In the latter
case, the investigator must estimate the standard deviation(s) of the independent vari-
able(s). This study gives examples using this method for both experimental and observa-
tional study designs. Cohen’s method of power calculations for multiple linear regression
models is also discussed and contrasted with the methods of this study. We have posted
a computer program to perform these and other sample size calculations on the Internet
(see http://www.mc.vanderbilt.edu/prevmed/psintro.htm). This program can deter-
mine the sample size needed to detect a specified alternative hypothesis with the required
power, the power with which a specific alternative hypothesis can be detected with a
given sample size, or the specific alternative hypotheses that can be detected with a
given power and sample size. Context-specific help messages available on request make
the use of this software largely self-explanatory. Controlled Clin Trials 1998;19:589–
601  Elsevier Science Inc. 1998

KEY WORDS: Statistics, regression analysis, linear models, power calculations, sample size calculations,
linear regression

INTRODUCTION

Clinical investigators sometimes wish to evaluate a continuous response
measure in a cohort of patients randomized to one of several groups defined
by increasing levels of some treatment. In performing sample size and power
calculations for such studies, one reasonable approach models patient response
as a linear function of dose, and poses power calculations in terms of detecting
dose-response slopes of a given magnitude. Alternately, we may wish to evalu-
ate the dose-response curves of two different treatments and test whether
slopes of these curves differ. This article provides an easily used, accurate
method for power and sample size calculations for such studies. We have
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posted an interactive self-documented program to perform these calculations
on the Internet.

Other investigators have reviewed general methods for sample size and
power calculations [1–3]. Hintze [4] provided a method for designing studies to
detect correlation coefficients of specified magnitudes that uses a computational
algorithm of Guenther [5]. This method provides results that are perhaps less
easily understood than those based on regression slope parameters, because
many investigators can more readily interpret slopes than correlation coeffi-
cients. Kraemer and Thiemann [3] provide tables that permit exact sample size
calculations for studies designed to detect correlation coefficients of a given
magnitude. They also give formulas that permit using these tables for designs
involving linear regression. Although accurate, these methods are less conve-
nient than those that we have incorporated into an interactive computer pro-
gram. Cohen [2] provided more complex methods for designs involving multi-
ple linear regression and correlation analysis. Later in this study we describe
these methods, which require expressing the alternative hypothesis in terms
of their effect on the multiple correlation coefficient [6]. Hintze [4] has written
software for deriving these calculations, but clinical investigators may find his
methods somewhat difficult to use and interpret. Goldstein [7] and Iwane et
al. [8] have reviewed other power and sample size software packages.

Simple Linear Regression

We study the effect of one variable on another by estimating the slope of
the regression line between these variables. For example, we might compare
the effects of a treatment at several dose levels. Suppose that we treat n patients,
that the jth patient has response yj after receiving dose level xj, and that the
expected value of yj given xj is g 1 lxj. To test the null hypothesis that l 5 0
against a two-sided alternative hypothesis with type I error probability a, we
must be able to answer the following three questions:

1. How many patients must we study to detect a specific alternative hypothe-
sis l 5 la with power 1 2 b?

2. With what power can we detect a specific alternative hypothesis l 5 la

given observations on n study subjects?
3. What alternative values of la can we detect with power 1 2 b if we study

n patients?

Either observational or experimental studies may use this design. In the former,
both {xj} and {yj} are attributes of the study subjects, and we intend to determine
whether these two variables are correlated. In these studies, the investigator
must also estimate sx, the predicted standard deviation of xj in the patients
under study. In experiments, the investigator determines the values of {xj}.
Typically, xj denotes a drug dose given at one of K distinct values
w1, . . . , wK, with a proportion ck of the study subjects being assigned dose
level wk.

The degree of dispersion of the response values about the regression line
affects power and sample size calculations. A parameter that quantifies this
dispersion is s, the standard deviation of the regression errors. The regression
error for the jth observation is the difference between the observed and expected
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Figure 1 In simple linear regression we obtain n pairs of observations {xj, yj}. We
assume that the expected value of the response yj is given by the linear
equation E(yj) 5 g 1 lxj. The jth regression error is the vertical distance
between the observed response yj and its expected value g 1 lxj.

response value for the jth subject. In other words, the regression error is the
vertical distance between the observed response yj and the true regression line
(see Fig. 1); s is the standard deviation of these vertical distances. The values
of s, sx, sy, l, and the correlation coefficient r are all interrelated. It is well
known [6] that:

l 5 rsy/sx (1)

and it is easily shown that:

s 5 sy√1 2 r2 5 lsx√1/r2 2 1 5 √s2
y 2 l2s2

x (2)

Thus, when r 5 1, the observations {xj} and {yj} are perfectly correlated and lie
on a straight line with slope sy/sx; the regression errors are all zero because
the observed and expected responses are always equal) and hence s 5 0. When
r 5 0, xj and yj are uncorrelated, the expected regression line is flat (l 5 0), and
the standard deviation of the regression errors equals the standard deviation of
yj (i.e., s 5 sy). Figure 2 illustrates the relationship between these parameters
when 0 , r , 1. This figure shows simulated data for patients given treatments
A and B under the assumption that the two treatments have identical means
and standard deviations of the independent and response variables. They differ
in that the correlation coefficient between response and independent variables
is 0.9 for treatment A (black dots) and 0.6 for treatment B (open circles). Conse-
quently, the response to treatment A are more closely clustered around their
(black) regression line than the response to treatment B (gray). Thus, the average
regression error is less for treatment A than for treatment B and, hence, s, the
standard deviation of these errors, is less for treatment A than for treatment
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Figure 2 This figure illustrates the relationship in simple linear regression between r,
the correlation coefficient between the independent and response variables;
the regression errors (see Fig. 1); and s, the standard deviation of the regres-
sion errors. Higher values of r imply smaller regression errors, which, in
turn, imply smaller values of s (see text).

B. Power or sample size calculations require estimates of sx, l, and s. It is often
difficult to estimate s directly; however, we can obtain indirect estimates of s
using equation (2) whenever we are able to estimate r or sy. We derive power
and sample size formulas for simple linear regression in the Appendix.

Contrasting Two Linear Regression Lines

Suppose that we want to compare the slopes and intercepts of two indepen-
dent regression lines. For example, we might wish to compare the effects of
two different treatments at several dose levels. Suppose that treatments 1 and
2 are given to n1 and n2 patients, respectively, and that the jth subject who
receives treatment i (i 5 1 or 2) has response yij to treatment at dose level xij,
where the expected value of yij is gi 1 lixij. We want to determine whether
the response to the treatments differ. Specifically, we intend to test the null
hypotheses that g1 5 g2 and l1 5 l2. In this case, we must answer the three
questions given earlier for alternative hypotheses concerning the magnitude
of the differences in the y intercept and slope parameters for these two treat-
ments. We derive power and sample size formulas for two treatment linear
regression problems in the Appendix.

COMPUTER SOFTWARE

We have written a computer program to implement these and other sample
size and power calculations [1] and have posted it, together with program

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



Power Calculations for Linear Regression 593

documentation, on the Internet. The program runs under either Windows 95
or Windows NT operating systems. To obtain free copies open the http://
www.mc.vanderbilt.edu/prevmed/psintro.htm page on the World Wide Web
and follow instructions. The program, named PS, has a graphical user interface
with hypertext help messages that make the use of the program largely self-
explanatory. It can answer the three questions given in the Introduction for
each study design considered by this software. It can also generate graphs of
sample size versus power, sample size versus detectable alternative hypotheses,
or power versus detectable alternative hypotheses. It is written in Visual Basic
[9] and Fortran 90 [10] and uses the First Impression graphics control [11].

EXAMPLES

Linear Regression in an Observational Study

A dieting program encourages patients to follow a specific diet and to
exercise regularly. We want to determine whether the actual average time per
day spent exercising is related to body mass index (BMI, in kilograms per
square meter) after 6 months on this program. Previous experience suggests
that the exercise time of participants has a standard deviation of sx 5 7.5
minutes. Kuskowska-Wolk et al. [12] reported that the standard deviation of
the BMI for their female study subjects was sy 5 4.0 kg/m2. We have n 5 100
women willing to follow this program for 6 months. We want to determine
the power with which we can detect a true drop of BMI of la 5 20.0667 kg/m2

per minute of exercise. (This would imply that the average BMI of participants
who exercised half an hour a day would be 2 kg/m2 less than those who did
not exercise at all. We use the PS program to determine the power with which
the alternative hypothesis la 5 20.0667 can be detected with type I error
probability a 5 0.05 as follows: choose linear regression with one treatment;
specify that the investigator does not choose the treatment levels; enter sx 5
7.5 for the standard deviation of the independent variable; indicate that we
want to determine the power of the proposed study and that we will provide
an estimate of sy; and enter a 5 0.05, la 5 20.0667, sy 5 4.0, and n 5 100. The
PS program then calculates that 100 women yield a power of only 0.24 for
detecting this alternative hypothesis. Thus, the planned study would be insuffi-
cient to detect reliably a true slope of this magnitude. The user may experiment
with different values of la, sy, and n to determine the sensitivity of the derived
power to changes in these parameter values.

The units of measurement of the response variable affect the magnitude of
both sy and la. Thus, of BMI is measured in grams per square meter, then sy

becomes 4000 and la becomes 266.7. Substituting these two values into the
preceding power calculation, of course, leaves the power unchanged.

Linear Regression in an Experimental Study

Siber et al. [13] studied impaired antibody response to pneumococcal vaccine
after treatment for Hodgkin’s disease. Seventeen patients treated with subtotal
radiation received pneumococcal vaccine from 8 to 51 months later. A linear
regression of natural log antibody concentration on the time interval between
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treatment and vaccination suggested that log antibody concentration increased
with increasing time interval between treatment and vaccination. Siber’s group
estimated the slope parameter for this regression to be l̂ 5 0.01 (p 5 0.11) and
the correlation coefficient to be r 5 0.40.

Suppose that we want to use these results as pilot data for a new study
designed to detect the true alternative hypothesis that la 5 0.01 with power
1 2 b 5 0.90 and type I error probability a 5 0.05. We might decide to assign
patients at random to receive vaccine at either w1 5 10, w2 5 30, or w3 5 50
months after radiation therapy. That is, we consider a study of K 5 3 treatment
levels (vaccination delay times), with equal proportions of patients vaccinated
after each delay interval (c1 5 c2 5 c3 5 1/3). To use the PS program, we choose
linear regression with one treatment; specify equal allocation of the treatment
levels to the three times 10, 30, and 50 months; indicate that we intend to
determine the sample size and that we will provide an estimate of the correlation
coefficient r; and enter a 5 0.05, 1 2 b 5 0.90, la 5 0.01, and r > r 5 0.40.
Using these values in the PS program gives a sample size of n 5 57 patients
needed to detect a true value of l 5 0.01 with 90% power, a 5 0.05, and
patients equally allocated to receive vaccinations at 10, 30, and 50 months after
radiation therapy.

Comparing Slopes of Two Linear Regression Lines

Armitage and Berry ([6], Table 9.4) gave the age and pulmonary vital capacity
for 28 cadmium industry workers with less than 10 years of cadmium exposure
and for 44 workers never exposed to cadmium. The standard deviations of the
ages of those unexposed and exposed were sx1

5 12.0 and sx2
5 9.19, respec-

tively. Regressing vital capacity on age in these two groups gives slope estimates
of l̂1 5 20.0306 and l̂2 5 20.0465 liters per year of life in unexposed and
exposed workers, respectively (i.e., a typical exposed worker loses 46.5 mL of
vital capacity per year). The standard errors of l̂1 and l̂2 are 0.00754 and 0.0113,
respectively; the residual mean squares from the unexposed and exposed re-
gressions are 0.352 and 0.293, respectively. From equation (9.17) of Armitage
and Berry [6], the pooled estimate of the error variance from both groups is
s2 5 0.329, and hence s 5 0.574. The estimated difference in slope estimates,
l̂2 2 l̂1 5 20.0159, is not significantly different from zero (p 5 0.26) {[6] Equation
(9.19)}. Suppose that we want to recruit enough workers to detect a true differ-
ence of l2 2 l1 5 20.0159 in these two groups, with 80% power, type I error
probability a 5 0.05, and a ratio of unexposed to exposed workers m 5 44/
28 5 1.57. Applying the PS program, we choose linear regression with two
treatments, specify that the investigator does not choose the treatment levels,
enter sx1

5 12.0 and sx2
5 9.19 for the standard deviation of the independent

variable (age) in the control (unexposed) and experimental (exposed) groups,
respectively; indicate that we will provide an estimate of the standard deviation
of the regression errors, that we wish to calculate sample size, and that we
want to compare slopes; and enter a 5 0.05, 1 2 b 5 0.80, l2 2 l1 5 20.0159,
s 5 0.574, and m 5 1.57. The program responds that the required experimental
treatment sample size is 166. Hence, if we recruit 427 workers, 166 workers
with less than 10 years of cadmium exposure and 1.57 3 166 5 261 unexposed
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workers we will have 80% power to detect a difference in the rate of loss of
vital capacity with age of 20.0159 L/yr of life.

LINEAR REGRESSION USING THE PASS PROGRAM

One of the most popular commercially available power and sample size
programs, PASS 6.0 [4, 8], provides a general approach to power calculations
for multiple linear regression using the method of Cohen [2]. Let:

yj 5 g 1 l1x1j 1 l2x2j 1 · · · 1 lkxkj 1 ej : j 5 1, . . . , J (3)

denote a conventional multiple linear regression model in which the jth patient
has a response variable yj and k covariates {x1j, x2j, · · · xkj}. We intend to test the
null hypothesis that l1 5 l2 5 · · · 5 lp 5 0 for some p < k. Under this null
hypothesis the regression model, equation (3), reduces to:

yj 5 g 1 lp11xp11,j 1 lp12xp12,j 1 · · · 1 lkxkj 1 ej : j 5 1, . . . , J (4)

Cohen provides an F statistic to test this null hypothesis that is based on the
multiple correlation coefficients RT and R0 from equations (3) and (4), respec-
tively. PASS [4] uses this test to determine the power with which we are likely
to reject the null hypothesis given a true alternative hypothesis that is expressed
in terms of D 5 R2

T 2 R2
0. The next sections describe the applicability of PASS

to the examples of the present work. Table 1 gives the required input and
output for these examples.

Using PASS for the BMI and Vaccination Examples

The correlation coefficient module of the PASS program is also applicable
for simple linear regression when the data have a bivariate normal distribution
[4, 5]. In the body mass index example given earlier, we calculated the power
to detect la 5 20.0667, given sx 5 7.5 and sy 5 4.0. From equation (1) we see
that this is equivalent to testing the alternative hypothesis that r 5 lsx/sy 5

0.125 against the null hypothesis that r 5 0. Entering this value into the correla-
tion coefficient module of the PASS program with a two-tailed type I error
probability, a 5 0.05, a null hypothesis, r0 5 0, and a sample size of n 5 100
gives a power of 0.24 to detect ra 5 0.125. This is the same power obtained
with the PS program.

The PASS correlation coefficient module is not applicable to the vaccination
delay time example because the delay times are not normally distributed. This
nonnormality arises from the fact that Hintze–Guenther method [4, 5] used by
this program assumes that the independent and dependent variables have a
bivariate normal distribution. For experimental data, however, the independent
variable is rarely normally distributed. Instead, trials usually assign a fixed,
often equal number of patients to, say, low, medium, and high treatment levels
as in the vaccine example. In this case, these treatment levels are clearly not
normally distributed.
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Using PASS for the Cadmium Exposure Example

To use the PASS program for the cadmium exposure example just discussed
we first combine the data from the unexposed and exposed workers into a
single multiple linear regression model. Let

x2j 5 51: jth worker was exposed
0: jth worker not exposed

also let x3j be the age when the jth patient’s vital capacity yj is measured, and
x1j 5 x2j 3 x3j. The model:

yj 5 g 1 l1x1j 1 l2x2j 1 l3x3j 1 ej (5)

reduces to yj 5 g 1 l3x3j 1 ej and yj 5 (g 1 l2) 1 (l1 1 l3)x3j 1 ej for unexposed
and exposed workers, respectively. Hence, in this model, l1 represents the
difference in the rate of decline in vital capacity between exposed and unex-
posed workers, and testing whether this rate is the same in both groups is
equivalent to testing the null hypothesis that l1 5 0. Analyzing equation (5)
with the vital capacity data set gives an estimate of l1 5 20.0159 with R2

T 5
0.3243. (Note that this estimate of l1 equals the difference of the slope estimates
from the simple linear regressions given earlier). Under the null hypothesis,
equation (5) reduces to:

yj 5 g 1 l2x2j 1 l3x3j 1 ej (6)

with a single slope parameter l3 for both exposure groups. This model gives
R2

0 5 0.3115. Hence the increase in R2 from equation (6) to equation (5) is D 5
0.3243 2 0.3115 5 0.0128. Suppose we have access to an additional 427 workers,
166 of whom were exposed for less than 10 years, with the remainder unex-
posed. Entering p 5 1, D 5 0.0128, k 2 p 5 2, and R2

0 5 0.3115, J 5 427, and
a 5 0.05 in the multiple regression module of the PASS program gives a power
estimate of 0.808, which is comparable to the results of the PS program given
earlier. (When running the PASS program, enter p and D in the Variables to be
tested frame, k 2 p and R2

0 in the Variables controlled for frame, and zeros in both
fields of the C: Variables removed frame. Positive values of these last two fields
are used in power calculations for certain complex study designs and hypothe-
ses that Cohen refers to as case 2 analyses [2].) Thus, in this example, the PS
and PASS programs produce very similar results; they differ in their require-
ments for input of parameters. Also, this module of the PASS program does
not facilitate direct sample size calculations.

DISCUSSION

The chief advantage of Cohen’s method of power calculations for multiple
linear regression is its flexibility. It may be used to perform power calculations
for a very wide range of linear regression problems and null hypotheses. This
method, however, has three disadvantages that restrict its use:

1. The pilot data needed for Cohen’s method is often unavailable. Suppose that
the literature provides an estimate of the slope of a linear regression of
weight loss against hours of exercise per week for normal (control) sub-
jects. Estimates of the standard deviations of these subjects’ weight loss

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



598 W.D. Dupont and W.D. Plummer, Jr.

and exercise time are also available. You believe that the rate of weight
loss per hour of exercise for patients on an experimental treatment will
differ from that for control subjects and intend to determine an appropriate
sample size for an experimental comparing experimental and control
treatments. Our method allows the alternative hypothesis to be naturally
specified in terms of a difference in loss-per-hour slope estimates. The user
can enter estimates of the control slope and control standard deviations
directly into the PS program to obtain the sample size needed for the
desired power. Cohen’s method, however, cannot be used for this exam-
ple. His method requires estimates of the multiple correlation coefficients
RT and R0 under equations (5) and (6) of the present study. It is unlikely
that these statistics will be published in the literature, For this reason,
Cohen’s method almost always requires complete pilot data on both
experimental and control subjects to calculate RT and R0. This was the case
in the cadmium example presented in this work. Frequently, however, we
want to perform power calculations on the basis of data from the literature
or on pilot data that consist of the control data only. In such situations,
our method works well but Cohen’s is unusable.

2. It is difficult to interpret the results of Cohen’s method. In Cohen’s method
the alternative hypothesis is stated in terms of D 5 R2

T 2 R2
0. This statistic

has little intuitive meaning to either clinicians or grant reviewers. In
contrast, specifying the alternative hypothesis in terms of a slope differ-
ence—say 0.5 kg per hour of exercise—is easier to comprehend.

3. Some investigators may find Cohen’s method difficult to use. To use Cohen’s
method, the investigator must first known how to set up equations (3)
and (4) and then how to run the linear regressions needed to derive R2

T

and R2
0. In contrast, to use our method the investigator need only under-

stand the basic concepts of statistical power and significance, and the
simple linear models described in the Introduction.

SOFTWARE ACCURACY

We have written Excel spreadsheets that evaluate Appendix equations (A1)
and (A2) for the different cases considered in this study. These spreadsheets
provide independent confirmation that the PS program has correctly imple-
mented our formulas. The fact that the PS and PASS programs give very similar
answers to the cadmium and body mass index examples using very different
methods is evidence that both programs have been coded correctly.

This work was supported by NIH RO1 Grants CA50468, HL19153, and LM06226 and NCI Center
Grant CA68485. We thank Drs. W.A. Ray, O.B. Crofford, G.W. Reed, M.D. Decker, G.R. Bernard,
M.R. Griffin, and R.I. Shorr for their helpful suggestions.
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APPENDIX

Generic Power and Sample Size Formulas

Suppose for n patients (or groups of patients) we observe responses that
depend on some parameter u. Let R, a statistic derived from the n responses,
have a normal distribution with mean √nu and standard deviation sR. Let SR

be another statistic independent of R such that vS2
R/s2

R has a x2 distribution
with v degrees of freedom. Let Tv[t] be the cumulative probability distribution
for a random variable having a t distribution with v degrees of freedom; tv,a 5

T21
v [1 2 a] denote the critical value that is exceeded by such a t statistic with

probability a; u0 and ua denote the values of u under the null and a specific
alternative hypothesis, respectively; d 5 (ua 2 u0)/sR; and a and b denote the
type I and II error probabilities associated with a two-sided test of the null
hypothesis and the alternative hypothesis ua, respectively. Then (R 2 √nu)/SR

has a t distribution with v degrees of freedom [6] that can be used to test the
null hypothesis that u 5 u0. The same argument used to derive equations (2)
and (3) of Dupont and Plummer [1] proves that the power to detect alternative
hypothesis u 5 ua is:

1 2 b 5 Tv[d√n 2 tv,a/2] 1 Tv[2d√n 2 tv,a/2] (A1)

and that, for the relevant values of a and b:
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n 5 (tv,b 1 tv,a/2)2/d2 (A2)

Equation (A2) must be solved iteratively because both v and d are themselves
functions of n.

Studies Using Simple Linear Regression

Suppose that the error terms yj 2 (g 1 lxj) are independently and normally
distributed with mean 0 and standard deviation s. Let x and y denote the
means of {xj} and {yj}, respectively. Then it is well known [6] that:

l̂ 5 S(xj 2 x)(yj 2 y)/S(xj 2 x)2 is an unbiased estimate of l;
ĝ 5 y 2 l̂x is an unbiased estimate of g; and
s2 5 S[yj 2 (ĝ 1 l̂xj)]2/(n 2 2) is an unbiased estimate of s2 independent of l̂.

Also, (n 2 2)s2/s2 has a x2 distribution with n 2 2 degrees of freedom, and l̂

has variance s2
l̂ 5 s2/S(xj 2 x)2. Let R 5 √nl̂, s2

x 5 S(xj 2 x)2/n and S2
R 5

s2/s2
x. Then, R has variance s2

R 5 ns2
l 5 s2/s2

x and (n 2 2)S2
R/s2

R 5 (n 2 2)s2/s2 z
x2

n22. Hence, substituting v 5 n 2 2 and d 5 (la 2 0)/sR 5 lasx/s into equations
(A1) and (A2) gives power and sample size formulas for simple linear regres-
sion. In observational studies the investigator estimates s2

x, in experiments,
x 5 o

k
ckwk and s2

x 5 o
k

ck(wk 2 x)2 in the definition of d given above. We can

estimate s indirectly using equation (2) if a direct estimate is unavailable. Thus,
if estimates of either r, the sample correlation coefficient, or sy, the sam-
ple standard deviation of yj, are available then s may be estimated by
lasx √1/r2 2 1 or √s2

y 2 l2
as2

x, respectively.

Studies With Two Linear Regression Lines

Suppose that the errors yij 2 (gi 1 lixij), i 5 1, 2, are independently and
normally distributed with mean 0 and standard deviation s. Let xi, yi, l̂i, and
ĝi be the corresponding mean values and regression parameter estimates. Let
s2 5 Sij[yij 2 (ĝi 1 l̂ixij)]2/(n1 1 n2 2 4). Then s2 is an unbiased estimate of s2

and (n1 1 n2 2 4)s2/s2 z x2
n11n224 . To test the null hypothesis that l2 2 l1 5 0,

we use equation (9.18) of Armitage and Berry [6], which may be rewritten
var(l̂2 2 l̂1) 5 s

2
l̂22l̂1 5 s2[1/(s2

x1
n1) 1 1/(s2

x2
n2)], where s2

xi
5 Sj(xij 5 xi)2/ni for

i 5 1, 2. Let n 5 n2 and let m 5 n1/n2 be the ratio of the two group sizes. Let
R 5 √n (l̂2 2 l̂1) and s2

R be the variance of R. Then s2
R 5 ns

2
l̂22l̂1

5

s2[1/(ms2
x1
) 1 1/s2

x2
]. Let S2

R 5 s2[1/(ms2
x1
) 1 1/s2

x2
]. Then, [n(1 1 m) 2

4]S2
R/s2

R 5 (n2 1 n1 2 4)s2/s2 z x2
n21n124. Therefore, substituting v 5 n(1 1 m) 2

4 and d 5 (l2 2 l1)/sR into equations (A1) and (A2) gives power and sample size
formulas for testing the equality of the dose-response slopes of two treatments.

To test the equality of the y intercepts of the two treatments, we use equation
(5.16) or Armitage and Berry [6], which gives var(ĝi) 5 s2

ĝi
5 s2[1 1 x2

i /s2
xi
]/ni

for i 5 1, 2. Therefore, R 5 √n (ĝ2 2 ĝ1) has variance

s2
R 5

s2

m 51 1
x2

1

s2
x1

1 m31 1
x2

2

s2
x2

46
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Let

S2
R 5

s2

m51 1
x2

1

s2
x1

1 m31 1
x2

2

s2
x2

46
Then [n(1 1 m) 2 4]S2

R/s2
R 5 (n2 1 n1 2 4)s2/s2 z x2

n21n124. Substituting v 5

n(1 1 m) 2 4 and d 5 (g2 2 g1)/sR into equations (A1) and (A2) gives the
desired sample size and power formulas.

As in the case for a single regression line, the values of xij may be either
observed attributes of patients or controlled treatment values; s may be esti-
mated from the correlation coefficient or standard deviation of the response
variable among control subjects if a direct estimate is unavailable. These terms
may be handled in equations (A1) and (A2) in the same way as in the previ-
ous section.

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118
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Abstract: The resin and processing route have been iden-
tified as potential variables influencing the mechanical be-
havior, and hence the clinical performance, of ultra-high mo-
lecular weight polyethylene (UHMWPE) orthopedic compo-
nents. Researchers have reported that components
fabricated from 1900 resin may oxidize to a lesser extent
than components fabricated from GUR resin during shelf
aging after gamma sterilization in air. Conflicting reports on
the oxidation resistance for 1900 raise the question of wheth-
er resin or manufacturing method, or an interaction between
resin and manufacturing method, influences the mechanical
behavior of UHMWPE. We conducted a series of accelerated
aging studies (no aging, aging in oxygen or in nitrogen) to
systematically examine the influence of resin (GUR or 1900),
manufacturing method (bulk compression molding or ex-
trusion), and sterilization method (none, in air, or in nitro-
gen) on the mechanical behavior of UHMWPE. The small
punch testing technique was used to evaluate the mechani-

cal behavior of the materials, and Fourier transform infrared
spectroscopy was used to characterize the oxidation in se-
lected samples. Our study showed that the sterilization en-
vironment, aging condition, and specimen location (surface
or subsurface) significantly affected the mechanical behavior
of UHMWPE. Each of the three polyethylenes evaluated
seem to degrade according to a similar pathway after arti-
ficial aging in oxygen and gamma irradiation in air. The
initial ability of the materials to exhibit post-yield strain
hardening was significantly compromised by degradation.
In general, there were only minor differences in the aging
behavior of molded and extruded GUR 1050, whereas the
molded 1900 material seemed to degrade slightly faster than
either of the 1050 materials. © 2002 Wiley Periodicals, Inc. J
Biomed Mater Res 61: 312–322, 2002

Key words: ultra-high molecular weight polyethylene;
UHMWPE; mechanical behavior; small punch test; ultimate
properties; failure; degradation

INTRODUCTION

During the past 40 years, clinically successful total
joint replacement components have been fabricated
from ultra-high molecular weight polyethylene
(UHMWPE). UHMWPE is produced as powder or
resin, and subsequently converted directly into ortho-
pedic components by direct compression molding, or
it may be first converted to stock material by ram ex-
trusion or compression molding, and then subse-
quently machined into its final form as an implant. As
summarized in a recent review,1 both the resin and
processing route have been identified as potential

variables influencing the mechanical behavior, and
hence the clinical performance, of UHMWPE orthope-
dic components. More than 90% of the UHMWPE
resin used for orthopedic components is produced un-
der the GUR trade name by Ticona (formerly known
as Hoechst, Bayport, TX).1 The remaining UHMWPE
used in orthopedics is designated as 1900 grade by
Basell (formerly known as Montell, and before that,
known as Himont, Wilmington, DE).1 The nomencla-
ture of the GUR and 1900 UHMWPE resins used in
orthopedics has evolved over the years, and a guide to
the different grades of UHMWPE used in implants has
recently been published.1

Researchers have reported that components fabri-
cated from 1900 resin may oxidize to a lesser extent
than components fabricated from GUR resin during
shelf aging after gamma sterilization in air.2–7 Furman
et al.,2 Gillis et al.,3 and Walsh et al.4 have measured
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density and oxidation in components and stock mate-
rial fabricated from direct-molded 1900, extruded rods
of 1900, and GUR 415, and compression-molded 1900,
GUR 412, and 415. The researchers observed that com-
ponents fabricated from direct-molded 1900 after 1986
exhibited “complete oxidation resistance” at long shelf
aging times, and concluded that components fabri-
cated from 1900 resin seemed to be more oxidation
resistant than those fabricated from GUR resins,
whether processed using compression molding, direct
molding, or extrusion.3 Gsell and colleagues examined
the density, crystallinity, and uniaxial mechanical be-
havior from 16 direct-molded 1900H tibial compo-
nents and observed no significant changes in proper-
ties as a function of aging time for up to 11 years.5

More recently, Walsh and coworkers4 hypothesized
that the processing method (i.e., direct compression
molding) played a greater role than resin in governing
the oxidation resistance of a component. Together, this
work suggests that both the resin and processing con-
ditions may influence the tendency of UHMWPE com-
ponents to oxidize after gamma irradiation in air.

Studies in the peer-reviewed orthopedics literature
regarding the degradation behavior of 1900 resin are
scarce, especially in comparison with GUR resins.6–8

Grood et al.8 were among the first to examine the
changes in crystallinity of UHMWPE after gamma ir-
radiation in air, but components of both 1900 resin and
GUR resin (commercially available as RCH-1000,
equivalent to GUR 4121) were pooled, precluding an
independent analysis of post-irradiation crystallinity
changes for the two types of polyethylene. In a com-
prehensive study of 100 shelf-aged and 68 retrieved
tibial bearings, Currier and colleagues6 observed that
both GUR and 1900 resins oxidized during long-term
shelf storage after gamma irradiation in air, but the
oxidation rate for the GUR implants was reported to
be seven times greater than that in components fabri-
cated from 1900. Currier’s data further suggested that
the mechanical properties of UHMWPE fabricated
from 1900 was more susceptible to oxidation than
components fabricated from GUR resin. However,
fabrication of the bearings was classified by the re-
searchers as either direct molding or machining (from
either extruded rod or bulk compression-molded
sheet). Thus, Currier’s study did not address potential
differences between UHMWPE fabricated by extru-
sion or compression molding.

Because tibial inserts function as mechanical bear-
ing surfaces, the loss of mechanical integrity caused by
oxidative degradation can impact the long-term per-
formance of total joint arthroplasty. The conflicting
reports of the oxidation resistance for 1900 raise the
question of whether resin or manufacturing method,
or an interaction between resin and manufactur-
ing method, influences the mechanical behavior of
UHMWPE.

Standard methods have been developed to acceler-
ate the oxidation of UHMWPE after gamma irradia-
tion in air,9 but have not been validated for UHMWPE
that has been sterilized in a low-oxygen environment,
such as nitrogen. Previous aging studies on polyeth-
ylene by Clough and Gillen10 have suggested that both
the irradiation and aging environment, and the syner-
gism between the two, have substantial influences on
mechanical degradation. For example, Clough and
Gillen showed that either irradiation or aging in a ni-
trogen environment effectively blocked mechanical
degradation of polyethylene, when compared with the
effects of irradiation or aging in air.

We have conducted a series of accelerated aging
studies to systematically examine the influence of
resin, manufacturing method, and sterilization
method on the mechanical behavior of UHMWPE. In
the first report of this series, we examine the stability
of contemporary GUR and 1900 resins that have been
converted by bulk compression molding or extrusion.
Consequently, in the present study, we addressed the
following research question: Does the type of resin
(1900 or GUR) or the conversion method (bulk com-
pression molding or extruding) influence the degra-
dation of mechanical behavior for UHMWPE after
gamma irradiation in air, or nitrogen followed by ac-
celerated aging in oxygen or nitrogen?

METHODS

Specimen preparation

Test specimens were prepared using the fabrication meth-
ods comparable to commercially available orthopedic com-
ponents. Orthopedic implant-grade UHMWPE was ob-
tained from stock material converters. Compression-molded
1900 (Poly Hi Solidur, Fort Wayne, IN), compression-
molded GUR 1050 (Poly Hi Solidur), and ram-extruded
GUR 1050 (Perplas Medical Ltd., Bacup England) were ob-
tained from stock material converters. The compression-
molded 1900 and GUR 1050 were processed under the same
(proprietary) molding conditions as are used to fabricate
stock material for orthopedic implants. Extruded 1900 was
not evaluated in the present study, because contemporary
orthopedic components are fabricated from this resin using
compression molding or hot isostatic pressing techniques.1

The stock materials were machined into square test
samples 30 mm in width and 10 mm in thickness, which
corresponded to the approximate dimensions of a tibial in-
sert. One face of the test samples was specified to have a
surface finish comparable to the articulating surface of
UHMWPE orthopedic components. The average surface
roughness (Ra) of each of the materials was 0.58 ± 0.04 �m
for the compression-molded 1900, 0.73 ± 0.06 �m for the
compression-molded GUR 1050, and 0.82 ± 0.12 �m for the
ram-extruded GUR 1050.

Before artificial aging, the materials were subjected to
three gamma irradiation conditions: no irradiation (control),
irradiation in air (3-MRad dose), and irradiation in nitrogen
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(3-MRad dose). The gamma irradiation in nitrogen condition
was intended to represent a contemporary sterilization prac-
tice,1 whereas the nonirradiated and air-irradiated compo-
nents served as negative and historical positive controls, re-
spectively. The specimens were allowed to equilibrate for 2
months after irradiation to permit the natural decomposition
of alkyl to allyl free radicals.11

Accelerated aging

The materials were then subjected to three aging condi-
tions: no aging (control), aging in an “oxygen bomb” at 503
kPa (73 psi, 5 atm) O2 and 70°C for 2 weeks,9 or aging in a
“nitrogen bomb” at 503 kPa N2 and 70°C for 2 weeks. Aging
in oxygen was conducted in accordance with ASTM F2003-
00.9 Aging in nitrogen was performed to control for thermal
degradation in the absence of oxygen. Aging was performed
concurrently in two wide-mouth 3.8-L, 304 stainless steel
pressure vessels (Advantec MFS, Pleasanton CA), each fitted
with a pressure gauge, vent relief valve, ball valve, and a
fluoroelastomer O-ring (Fig. 1). Test samples for aging were
placed in the vessel with the reference surface exposed up-
wards (i.e., none of the reference surfaces were faced down).
The vessels were then filled and purged five times to ensure
the purity of the aging environment. The pressure vessel, or
“bomb,” was placed in an individual air-circulating convec-
tion oven with digital (PID) temperature control (Salvis
Thermocenter, Cole-Palmer Instrument Company, Vernon
Hills, IL). The vessels were placed in the oven at room tem-
perature (24° ± 1°C) and heated to the aging temperature of
70.0° ± 0.1°C at an initial heating rate of 1.0°C/min. Before
conducting the aging experiments, the accuracy of the tem-
perature control for each oven was validated to ±0.1°C by
thermocouple measurements, and proof testing was con-
ducted with the vessels to confirm that they retained 503 ±
7 kPa (73 ± 1 psi) of pressure without leakage. During the
2-week aging period, the oven door was opened briefly to
confirm pressurization of the vessels, but the vessels them-
selves were never opened.

Small punch testing

The experimental design is summarized in Table I. One
sample of each UHMWPE material, irradiation condition,

and aging condition was evaluated. Thus, a total of 27
samples were used in this experiment (3 materials × 3 irra-
diation conditions per aging condition × 3 aging conditions
per irradiation condition). From each sample, four cylindri-
cal cores were made and miniature disk-shaped specimens,
0.5 mm in thickness and 6.4 mm in diameter, were prepared
within 25 �m of the reference (superior) surface and at a
subsurface depth of 1.5 to 2 mm. The subsurface location of
the specimens was based on previous natural aging experi-
ments, which showed peak oxidation occurring below the
surface at a similar location.12 Thus, eight disk specimens
(four surface and four subsurface) were prepared from each
sample, resulting in a total of 216 individual specimens for
testing.

Miniature specimen (small punch) mechanical testing was
performed in equibiaxial tension using the disk-shaped
specimens, as detailed previously.12–19 The small punch
specimens were placed in a custom-built apparatus and de-
formed against a hemispherical punch moving at a constant
displacement rate of 0.5 mm/min. The resulting load-
displacement curve was characterized by an initial peak
load, an ultimate load, and ultimate displacement. The work
to failure, calculated as the area under the load-
displacement curve, provided a measure of toughness.

Oxidation characterization

Fourier transform infrared (FTIR) spectroscopy was
used to characterize the oxidation in selected samples
of extruded GUR 1050 and molded 1900 to comple-
ment the mechanical testing data. Specifically, the
samples included in this subset were extruded GUR
1050 specimens that were exposed to the three irradia-
tion (air, nitrogen, none) and aging conditions (air,
nitrogen, and none), and molded 1900 samples that
were aged in oxygen and unaged, and those irradiated
in air or not sterilized. After coring, samples were mi-
crotomed normal to the surface, and FTIR spectra (av-
eraged from 32 independent measurements with a
scan spacing of 4 cm−1) were obtained in 0.2-mm in-
crements from the reference surface to a depth of 3.4
mm. A Nicolet 840 FTIR bench unit was used with a
Nic Plan microscope attachment (Spectratech, Shelton,
CT). The oxidation index was calculated as the area
ratio of the carbonyl peak (between 1670 and 1850
cm−1) to the 1370 cm−1 reference peak (between 1327
and 1394 cm−1) from the FTIR spectra as a function of
depth from the reference surface, as described previ-
ously.1,20,21 An average oxidation index was also cal-
culated to correspond with the location where the
small punch specimens were machined.

Statistical analyses

Statistical analyses were performed using Statview 5.0
(SAS Institute, Cary, NC) on a personal computer. Analysis

Figure 1. Experimental set-up of the two oxygen pressure
vessels.
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of variance (ANOVA) was used to examine the influence of
the different material groups, irradiation conditions, aging
conditions, and specimen location on the mechanical behav-
ior of the UHMWPE characterized by the small punch test.
Specifically, during the ANOVA modeling, the material
groups (extruded GUR 1050, molded GUR 1050, and
molded 1900), irradiation conditions (none, irradiation in
air, irradiation in nitrogen), aging conditions (none, aging in
oxygen, aging in nitrogen), and specimen location (surface
versus subsurface) were treated as independent categorical
variables, and the parameters of the small punch test (initial
peak load, ultimate load, ultimate displacement, and work
to failure) were treated as dependent continuous variables.
The ANOVA model included first-order interaction between
the categorical variables.

ANOVA was further used to examine the influence of
irradiation and aging conditions on the level of oxidation of
the UHMWPE. Linear regression was used to evaluate rela-
tionships between oxidation index measurements and the
mechanical behavior of UHMWPE. For all statistical analy-
ses, a p value of 0.05 was used as the basis for judging
statistical significance.

RESULTS

Significant differences were observed in the me-
chanical behavior of the three UHMWPE materials as
a function of irradiation environment, aging condi-
tion, and specimen location (Table II; Fig. 2: peak load;
Fig. 3: ultimate load; Fig. 4: ultimate displacement;
and Fig. 5: work to failure). The sterilization environ-
ment had a significant effect (p < 0.05) on the peak

load, ultimate load, ultimate displacement, and work
to failure of UHMWPE. The aging condition and
specimen location also significantly affected (p < 0.05)
the mechanical parameters of UHMWPE, except for
the ultimate displacement. Significant interactions be-
tween the experimental conditions (irradiation, aging,
location) are summarized in Table II.

Regardless of the irradiated conditions, aging in ni-
trogen did not have a significant effect on the me-
chanical behavior of the three materials as compared
with the unaged controls. Conversely, however, accel-
erated aging in oxygen degraded the mechanical be-
havior of all of the UHMWPE materials we examined,
no matter how they were sterilized. Degradative
changes in the mechanical behavior, most evident in
the ultimate load of the small punch test, were ob-
served below the surface in the unirradiated materials
that were subjected to the 2 weeks of accelerated aging
in oxygen (Fig. 3).

Accelerated aging in oxygen resulted in a significant
reduction of all the mechanical parameters of the
small punch test with the exception of ultimate dis-
placement. In the irradiated samples, there was a sig-
nificant increase (p < 0.05) in the peak load, but a
significant reduction (p < 0.05) in the ultimate dis-
placement and work to failure during accelerated ag-
ing in oxygen. The specimen location significantly af-
fected the mechanical properties of UHMWPE (p <
0.05), with the surface specimens being significantly
(p < 0.05) more degraded (lower peak load, ultimate

TABLE II
Summary of p Values Showing Significance of the Effect of the Different Experimental Conditions and of the

Interaction of These with the Material Groups on the Mechanical Parameters

Experimental Condition Peak Load Ultimate Load Ultimate Displacement Work to Failure

UHMWPE material group <0.0001 <0.0001 <0.0001 <0.0001
Irradiation condition <0.0001 0.0015 <0.0001 <0.0001
Aging environment <0.0001 <0.0001 0.2384* <0.0001
Specimen location <0.0001 0.0003 0.3432* 0.04
Irradiation × material groups interaction <0.0001 0.0656* <0.0001 <0.0001
Aging × material groups interaction 0.04 <0.0001 0.0003 <0.0001
Location × material groups interaction 0.0002 0.1518* 0.7396* 0.3428*

*Not significant.

TABLE I
Summary of Experimental Design of Accelerated Aging Study to Evaluate the Effects of Resin, Processing, and

Radiation Environment on Resistance to Mechanical Degradation

Material

Irradiation and Aging Conditionsa Evaluated for each Material

No Irradiation Gamma-Air (3-MRad dose) Gamma-Nitrogen (3-MRad dose)

Molded 1900 No aging Aging
in O2

Aging
in N2

No aging Aging
in O2

Aging
in N2

No aging Aging
in O2

Aging
in N2

Molded GUR 1050 No aging Aging
in O2

Aging
in N2

No aging Aging
in O2

Aging
in N2

No aging Aging
in O2

Aging
in N2

Extruded GUR 1050 No aging Aging
in O2

Aging
in N2

No aging Aging
in O2

Aging
in N2

No aging Aging
in O2

Aging
in N2

A total of 27 sample conditions were evaluated (3 materials × 3 irradiation conditions × 3 aging conditions).
aFollowing ASTM F2003-00.
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Figure 2. Effect of irradiation state, aging environment,
and specimen location on the peak load magnitude for ex-
truded 1050 (A), molded 1050 (B), and molded 1900 (C).
Shown are average and standard deviation values.

Figure 3. Effect of irradiation state, aging environment,
and specimen location on the ultimate load magnitude for
extruded 1050 (A), molded 1050 (B), and molded 1900 (C).
Shown are average and standard deviation values. Steriliza-
tion condition and specimen location did not have a signifi-
cant effect on the ultimate load of molded 1900 samples (p >
0.05).
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load, and work to failure) than the subsurface speci-
mens.

Each of the three polyethylenes evaluated seemed to
degrade according to a similar pathway after artificial
aging in oxygen and gamma irradiation in air.
Samples from the surface of each of the three materials

Figure 4. Effect of irradiation state, aging environment,
and specimen location on the ultimate displacement magni-
tude for extruded 1050 (A), molded 1050 (B), and molded
1900 (C). Shown are average and standard deviation values.
Specimen location did not have a significant effect on the
ultimate displacement of extruded GUR 1050, or molded
1900 samples (p > 0.05).

Figure 5. Effect of irradiation state, aging environment,
and specimen location on the work-to-failure magnitude for
extruded 1050 (A), molded 1050 (B), and molded 1900 (C).
Shown are average and standard deviation values. Speci-
men location did not have a significant effect on the work to
failure of molded GUR 1050, or molded 1900 samples (p >
0.05).
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showed noticeable mechanical degradation as seen in
a reduction of the materials’ ability to carry load post-
peak load (Fig. 6). When comparing the mechanical
behavior of the molded and extruded GUR 1050, the
differences in the magnitude of the peak load, ultimate
displacement, and work to failure ranged from 0.2 to
13% [Figs. 2(A), 4(A), and 5(A), and Figs. 2(B), 4(B),

and 5(B)]. The differences in the magnitude of the ul-
timate load between the molded and extruded GUR
1050 were wider, ranging from 0.6% up to 63% [Figs.
3(A) and (B)]. In contrast, the molded 1900 material
seemed to degrade slightly faster than either of the
two GUR 1050 materials, with differences in the mag-
nitude of the peak load, ultimate displacement, and
work to failure ranging from 0.3 to 65%, when com-
pared with the extruded GUR 1050, and differences of
0.1 to 65%, when compared with the molded GUR
1050. In the ultimate load, the differences between the
molded 1900 and either of the two GUR 1050 materials
ranged from 1 to 84%. The largest differences between
the molded 1900 and either of the 1050 materials al-
ways corresponded to the samples irradiated and
aged in oxygen [Figs. 2(C), 3(C), 4(C), and 5(C)].

When comparing the oxidation levels of samples
that were gamma irradiated in air and aged in oxygen,
the molded 1900 samples oxidized significantly (p <
0.05) more than the extruded GUR 1050 samples
(Table III). Regardless of the irradiation condition, the
extruded GUR 1050 samples showed a significant in-
crease (p < 0.05) in oxidation when aged in oxygen,
and there was no significant difference between those
aged in nitrogen and those that remained unaged (p >
0.05). Before aging, there was no evidence of carbonyl
absorption in the FTIR spectra between 1650 and 1800
cm−1 (Fig. 7). In contrast, after 2 weeks of accelerated
aging, a carbonyl absorbance peak was observed cen-
tered around 1710–1718 cm−1 (Fig. 7), consistent
with the presence of acid and ketone species in the
UHMWPE.22 In addition, FTIR analysis confirmed
that the toughness of the molded 1900 degraded to a
greater extent after oxidation than the extruded GUR
1050 (Fig. 8). For example, for a unit increase in oxi-
dation index, the work to failure of the molded 1900
decreased by 29.1 ± 3.7% as compared with a decrease
of only 14.2 ± 2.2% for extruded GUR 1050.

Significant correlations between the oxidation index
and the mechanical parameters for the extruded GUR
1050 and molded 1900 samples evaluated are summa-
rized in Table IV. Interestingly, whereas all of the ir-
radiated and aged extruded GUR 1050 specimens ex-
hibited peak degradation within the first 1 mm of the
surface, the nonirradiated but O2-aged specimens ex-
hibited subsurface peak degradation, with negligible
detectable oxidation (Table III).

DISCUSSION

Overall, the compression-molded 1900 exhibited
significantly less resistance to mechanical degradation
than either the compression-molded or extruded 1050.
However, the three materials seemed to mechanically
degrade according to a similar mechanism, in that the

Figure 6. Effect of accelerated aging in oxygen after
gamma irradiation in air for compression-molded GUR 1050
(A), extruded GUR 1050 (B), and compression-molded 1900
(C). The degradation pathway (chain scission) appears to be
the same for all the materials, but the extent of degradation
is more substantial for the 1900 specimens. All of the speci-
mens were obtained from the surface location.
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initial ability of the materials to exhibit post-yield
strain hardening was significantly compromised by
degradation. Evaluation of UHMWPE oxidation resis-
tance is complicated by possible interaction between
the resin and the processing method. However, the
present study was limited only to evaluation of 1900
resin machined from a bulk compression-molded slab.
Further research will be needed to determine the sen-

sitivity of extruded and direct compression-molded
1900 to mechanical degradation. However, the clinical
record of components manufactured using Montell
1900 and sterilized in air is excellent, suggesting that
results of artificial aging of any polyethylene should
ultimately be compared with results of natural (shelf)
aged components.

Artificial aging methods have been developed to
evaluate the oxidative stability of UHMWPE.9 How-

Figure 7. FTIR spectra for gamma-irradiated extruded
GUR 1050 after 2 weeks of aging in oxygen and unaged.

Figure 8. Work to failure versus oxidation index for the
extruded GUR 1050 (r2 = 0.72, p < 0.05) samples evaluated
with FTIR.

TABLE III
Oxidation and Small Punch Test Data (Mean ± SD)

Material Conditions Mean OI
Peak Load

(N)
Ultimate
Load (N)

Ultimate Displacement
(mm)

Work to
Fail (mJ)

Extruded GUR 1050 N2-aged, �-air, S 0.19 81.5 ± 2.4 81.4 ± 2.4 4.41 ± 0.17 256 ± 11
N2-aged, �-air, SUB-S 0.05 95.9 ± 2.2 95.9 ± 2.2 4.57 ± 0.19 291 ± 16
N2-aged, �-N2, S 0.07 86.2 ± 3.2 86.2 ± 3.2 4.48 ± 0.20 268 ± 17
N2-aged, �-N2, SUB-S 0.05 93.8 ± 1.6 93.8 ± 1.6 4.35 ± 0.14 270 ± 11
N2-aged, NS, S 0.00 77.7 ± 0.4 73.2 ± 0.4 4.83 ± 0.05 283 ± 5
N2-aged, NS, SUB-S 0.00 78.6 ± 0.8 74.8 ± 0.8 4.91 ± 0.05 291 ± 3
O2 aged, �-air, S 1.29 73.2 ± 0.3 25.1 ± 1.6 5.15 ± 0.36 217 ± 12
O2 aged, �-air, SUB-S 1.30 74.5 ± 1.0 51.9 ± 4.2 4.45 ± 0.07 230 ± 3
O2 aged, �-N2, S 0.86 72.8 ± 0.8 32.5 ± 4.0 4.58 ± 0.09 212 ± 6
O2 aged, �-N2, SUB-S 0.91 74.0 ± 0.7 52.1 ± 3.1 4.42 ± 0.02 226 ± 2
O2 aged, NS, S 0.11 76.8 ± 1.7 71.1 ± 3.7 4.78 ± 0.21 277 ± 21
O2 aged, NS, SUB-S 0.00 75.9 ± 1.7 49.2 ± 2.7 5.08 ± 0.03 268 ± 4
Unaged, �-air, S 0.37 84.3 ± 1.5 84.2 ± 1.5 4.39 ± 0.11 263 ± 8
Unaged, �-air, SUB-S 0.20 94.3 ± 3.1 94.2 ± 3.1 4.48 ± 0.14 284 ± 15
Unaged, �-N2, S 0.29 93.5 ± 5.6 93.4 ± 5.6 4.74 ± 0.26 299 ± 25
Unaged, �-N2, SUB-S 0.01 95.3 ± 2.3 95.3 ± 2.3 4.65 ± 0.11 294 ± 12
Unaged, NS, S 0.00 74.9 ± 1.0 70.6 ± 1.7 4.74 ± 0.07 268 ± 7
Unaged, NS, SUB-S 0.00 74.4 ± 0.5 71.3 ± 0.5 4.87 ± 0.12 273 ± 3

Molded 1900 O2 aged, �-air, S 2.17 53.7 ± 6.6 8.8 ± 0.0 2.49 ± 0.09 76 ± 7
O2 aged, �-air, SUB-S 1.97 72.7 ± 1.1 9.2 ± 0.6 3.27 ± 0.03 138.5 ± 5
O2 aged, NS, S 0.00 80.8 ± 2.8 63.6 ± 2.4 4.18 ± 0.03 251.4 ± 25
O2 aged, NS, SUB-S 0.00 74.5 ± 1.4 33.3 ± 0.7 5.25 ± 0.12 248.4 ± 12
Unaged, �-Air, S 0.43 74.8 ± 2.8 70.8 ± 6.0 3.92 ± 0.20 215.7 ± 20
Unaged, �-Air, SUB-S 0.23 88.9 ± 5.2 88.5 ± 5.4 3.69 ± 0.13 219 ± 16
Unaged, NS, S 0.03 80.4 ± 3.1 63.4 ± 3.6 4.72 ± 0.27 287 ± 12
Unaged, NS, SUB-S 0.00 79.6 ± 3.9 62.1 ± 2.1 4.68 ± 0.20 280.2 ± 18

OI, oxidation index; NS, not sterilized; S, surface; SUB-S, sub-surface.
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ever, current accelerated aging methods have been
validated by comparing the density, oxidation, and
mechanical behavior of artificially aged components
with those that were gamma irradiated in air and sub-
jected to long-term shelf aging. Because of the recent
shift in sterilization practice by orthopedic manufac-
turers in the United states to a reduced oxygen envi-
ronment or sterilization without ionizing radiation, al-
ternative sterilization methods, such as gamma steril-
ization in nitrogen, have been clinically introduced.23

As recent as 1998, four of the nine major U. S. ortho-
pedic manufacturers were utilizing gamma steriliza-
tion in nitrogen as their sterilization practice.1 Despite
the shift in sterilization method in the manufacturing
environment, it still remains unclear to what extent
the current accelerated aging protocols used in the
laboratory settings replicate the natural shelf aging be-
havior of UHMWPE sterilized in any environment
other than air. Recent experiments conducted on
gamma-nitrogen-sterilized components have sug-
gested that UHMWPE exhibits minimal oxidation or
degradation of mechanical behavior for up to 10
years.24

The results of this study revealed that gamma irra-
diation in nitrogen had a significant (and similar) ef-
fect to that of gamma sterilization in air on the me-
chanical degradation of all three material groups. Spe-
cifically, there was a more noticeable, significant
difference in the post-yield strain hardening of
molded 1900 specimens when comparing those that
underwent gamma sterilization in air with those ster-
ilized in nitrogen. In addition, our study showed that
all the UHMWPE samples that were gamma irradi-
ated in nitrogen and subsequently artificially aged in
nitrogen exhibited no significant changes in mechani-
cal behavior, analogous to natural aging behavior of
nitrogen-sterilized components.24

In addition, in the present study, we investigated a
new accelerated aging technique in a nitrogen envi-
ronment to evaluate the stability of extruded- and
compression-molded UHMWPE after gamma steril-
ization in air or nitrogen. In both irradiation condi-
tions, artifical aging in oxygen had similar effects on
the degradation of all the material groups evaluated,
but aging in nitrogen had no significant effect on their

mechanical behavior. Although contemporary aging
techniques are an effective tool for accelerating the
oxidation of components that were gamma sterilized
in air, the results of the present study suggest that the
application of such methods to evaluate alternative
sterilization techniques may result in excessively de-
graded, and hence clinically irrelevant, results. Fur-
ther research, including the evaluation of free-radical
concentrations during natural and accelerated aging
in nitrogen environments, will be needed to fully vali-
date the nitrogen aging protocols used in the present
study. However, an accelerated model for natural ag-
ing of nitrogen-sterilized UHMWPE will be a useful
tool for exploring the long-term stability of UHMWPE
in simulated in vivo environments.

Clough and Gillen10 previously examined the sta-
bility of an unspecified grade of polyethylene after
aging in air or nitrogen environments, after irradiation
in air or nitrogen. Their thermal aging protocol called
for an environment at 80°C for 83 days. Elongation
data from Clough and Gillen’s study, normalized with
respect to virgin control polyethylene, is compared
with our data for molded 1050 and 1900 UHMWPE in
Figure 9. Gamma irradiation in air resulted in a de-
crease in normalized ductility for both Clough and
Gillen’s polyethylene, as well as for the molded 1900
samples in our study, irrespective of the aging envi-
ronment (Fig. 9), with the most noticeable effect seen
on the samples aged in air. However, the molded 1050
samples in our study only showed a noticeable de-
crease in normalized ductility after gamma irradiation
in air when aged in a nitrogen environment or when

TABLE IV
Significant Correlations Between the Oxidation Index

and Mechanical Parameters for the Extruded GUR 1050
and Molded 1900 Samples Evaluated

Material
Peak
Load

Ultimate
Load

Ultimate
Displacement

Work to
Failure

Extruded GUR
1050 NS r2 = 0.51 NS r2 = 0.72

Molded 1900 r2 = 0.59 r2 = 0.64 r2 = 0.75 r2 = 0.91

NS, not significant.

Figure 9. Elongation data from the study of Clough and
Gillen,10 normalized with respect to virgin control polyeth-
ylene, is compared with our data for molded 1050 and 1900
UHMWPE for the similar irradiation and aging environ-
ments. Note that Clough and Gillen’s thermal aging protocol
called for an environment at 80°C for 83 days.
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left unaged (Fig. 9). After gamma irradiation in nitro-
gen and aging in air, Clough and Gillen’s polyethyl-
ene did not show a decrease in ductility. Conversely,
under similar experimental conditions, the molded
1900 samples in our study did show a noticeable de-
crease in ductility comparable to that of samples
gamma irradiated in air, whereas the molded 1050
samples showed only a slight decrease in ductility.
Under our experimental conditions, the ductility of
both the molded 1050 and 1900 was very similar after
aging in nitrogen as compared with the unaged speci-
mens after gamma irradiation in air, as well as with
those samples aged in air, after gamma irradiation in
nitrogen.

In contrast to what has been reported in the litera-
ture for shelf-aged components after gamma steriliza-
tion in air,2–7 our study showed that under conditions
of accelerated aging in oxygen, samples of molded
1900 oxidized significantly more than samples from
extruded 1050. Under our experimental conditions,
the samples obtained from molded 1900 did not seem
to be more oxidation resistant than those from GUR
1050. Despite this finding, we cannot conclude if the
processing route alone of the 1900 samples had a di-
rect effect on their oxidation resistance because we did
not evaluate 1900 resin processed with other methods,
such as extrusion.3

The results of this study also suggest that measure-
ments of physical and chemical properties, such as
density or FTIR, may not accurately characterize com-
pletely the extent of mechanical degradation in
UHMWPE, particularly when different resins are be-
ing compared. A recent article by Currier et al.6 also
showed a similar lack of correspondence between an
indirect quantity (FTIR signal) and mechanical perfor-
mance, reinforcing the concept that tests for mechani-
cal quality should be performed mechanically. There-
fore, using FTIR along with mechanical evaluation of
specimens provides an improved and complementary
evaluation matrix to better understand the effects of
changes in physical and mechanical properties of dif-
ferent resins of UHMWPE.
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Abstract

To prolong the life of total joint replacements, highly crosslinked ultra-high molecular weight polyethylenes (UHMWPEs) have been

introduced to improve the wear resistance of the articulating surfaces. However, there are concerns regarding the loss of ductility and

potential loss in fatigue crack propagation (FCP) resistance. The objective of this study was to evaluate the effects of gamma radiation-

induced crosslinking with two different post-irradiation thermal treatments on the FCP resistance of UHMWPE. Two highly crosslinked

and one virgin UHMWPE treatment groups (ram-extruded, orthopedic grade, GUR 1050) were examined. For the two highly

crosslinked treatment groups, UHMWPE rods were exposed to 100 kGy and then underwent post-irradiation thermal processing either

above the melt temperature or below the melt temperature (2 h—150 1C, 110 1C). Compact tension specimens were cyclically loaded to

failure and the fatigue crack growth rate, da/dN, vs. cyclic stress intensity factor, DK, behavior was determined and compared between

groups. Scanning electron microscopy was used to examine fracture surface characteristics.

Crosslinking was found to decrease the ability of UHMWPE to resist crack inception and propagation under cyclic loading. The

findings also suggested that annealing as a post-irradiation treatment may be somewhat less detrimental to FCP resistance of UHMWPE

than remelting. Scanning electron microscopy examination of the fracture surfaces demonstrated that the virgin treatment group failed in

a more ductile manner than the two highly crosslinked treatment groups.

r 2005 Published by Elsevier Ltd.

Keywords: Polyethylene; UHMWPE; Fatigue; Crosslinking; Annealing; Remelting

1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE)
has been used successfully in orthopedic total joint
replacements for four decades [1]. However, concerns
regarding wear and oxidative degradation of UHMWPE
joint components have led to the development and use
of radiation crosslinked and thermally treated UHMWPE
in both total hip replacements and total knee replace-
ments [2].

In total joint replacements, ‘‘conventional’’ UHMWPE
materials have been defined as UHMWPE that is sterilized
by any method, other than ionizing radiation (i.e.,
uncrosslinked) or following sterilization with up to
40 kGy of gamma radiation (i.e., lightly crosslinked) [3].
‘‘Highly crosslinked’’ UHMWPEs are those that are
manufactured by exposing uncrosslinked UHMWPE to
an elevated dose of ionizing radiation (e.g., 440 kGy [1] of
gamma radiation), and then typically subjected to post-
irradiation thermal processing [4,5]. Thermal processing is
conducted on the irradiated UHMWPE to reduce residual
free radicals and, thus, minimize the potential for post-
irradiation oxidation [4,6]. Post-irradiation thermal proces-
sing that occurs below the melt transition is referred to as
annealing and thermal processing that occurs above the
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melt transition is referred to as remelting [6]. Post-
irradiation thermal processing, regardless of temperature,
typically occurs at ambient pressure.

Due to the cyclic nature of the loads applied to joint
replacements, the fatigue crack propagation (FCP) resis-
tance of UHMWPE materials is of interest. It has been
shown that increasing the radiation dose used for cross-
linking causes a decrease in the overall ductility of
UHMWPE and also a decrease in FCP resistance [7,8].
In addition, post-irradiation thermal treatments above and
below the melting temperature, used primarily to quench
residual free radicals to reduce oxidation, have been
shown to alter the monotonic mechanical properties of
UHMWPE [3].

The objective of this study was to evaluate the effects of
gamma radiation-induced crosslinking with two different
post-irradiation thermal treatments on the FCP resistance
of UHMWPE. In addition, the effect of specimen thickness
on FCP behavior was also examined.

2. Materials and methods

Three treatment groups, two highly crosslinked and one virgin (as-

received), of ram-extruded, orthopedic grade, GUR 1050 UHMWPE

(Ticona, Bayport TX) were examined in this study. For the two highly

crosslinked treatment groups, UHMWPE rods were exposed to 100 kGy.

After irradiation, the two highly crosslinked treatment groups underwent

post-irradiation thermal processing either above the melt temperature

(remelted, 150 1C) or below the melt temperature (annealed, 110 1C). To

accomplish the post-irradiation thermal processing, the highly crosslinked

materials were placed in an air-circulating oven and heated until the center

of each stock rod reached the required temperature and were held at that

temperature for 2 h. The materials were then cooled to room temperature

over a 24-h period. Selected material and monotonic properties of each

treatment group have been previously reported (Table 1).

Circular compact tension specimens were machined from transverse

cross-sections of the rod stock from all three treatment groups (Fig. 1).

Specimen dimensions were selected with guidance from ASTM E 399 [9]

and ASTM E 647 [10]. To examine the effect of specimen thickness on

FCP behavior, specimens were made with two thicknesses: 10mm (n ¼ 5/

material) and 20mm (n ¼ 2/material) (Fig. 1). After notching, specimen

surfaces were polished to better visualize crack growth. Immediately prior

to testing, the specimens were thawed and razor sharpened at room

temperature. A 3mm long extension of the notch was introduced by

slowly and manually pressing a fresh razor blade into the notch of each

specimen such that the initial ratio of crack length, a, to width, W , was 0.3

or 0.39 [10].

The compact tension specimens were tested to failure with guidance

from ASTM E 647 [10]. Testing was conducted on a servo-hydraulic,

closed-loop testing machine (Instron 8874, Canton, MA). Specimens were

tested with an R-ratio of 0.1, a sinusoidal waveform, and a frequency of

3Hz. Specimens were air-cooled during testing to minimize hysteretic

heating. Tests were performed at room temperature (22–24 1C).

Fatigue crack growth was monitored with a traveling microscope

(10�objective-Gaertner, Skokie, IL) and the total crack length (a) was

recorded (70.01mm) approximately every 0.2mm of growth (0.1mm

when the number of cycles o100). To reduce the influence of the razor-

sharpened notch on the crack growth behavior, the first data point was not

taken until 0.2mm of crack growth occurred (40.2�notch root radius

[11]). The number of cycles (N) for each growth period was also recorded.

Specimens were cycled until catastrophic failure occurred or until the

specimen deformed such that the crack tip moved past the range of view of

the microscope. The crack growth rate (da=dN) was calculated using the

secant method [10].

The cyclic stress intensity (DK) was calculated according to [10]:

DK ¼
DP

B
ffiffiffiffiffiffi
W
p

� �
f ða=W Þ, (1)

where DP is the load range, B the specimen thickness, W the specimen

width, and f ða=W Þ is a geometrical correction factor for a circular

compact tension specimen.

The cyclic stress intensity (DK) and the average crack growth rate

(da=dN) for each specimen were plotted. Linear regression analysis was

performed on a portion of the Paris region (10�4oda/dNo10�2mm/

cycle) of each resulting curve. The slope and intercept obtained from the

linear regression analysis were used to determine the exponent, m, and the

coefficient, C, of the Paris relationship for each specimen [12]:

da=dN ¼ CðDKÞm. (2)
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Table 1

Selected material and tensile properties for the three UHMWPE treatment groups (mean7std. dev., n ¼ 15/treatment group)

Virgin 100 kGy Annealed 100 kGy Remelted

Crystallinity (%)a 50.473.3 60.870.9 45.770.3

True ultimate stress (MPa)a 238753 163712 133714

True ultimate strain (%)a 1.6570.07 1.2570.03 1.217.03

True yield strength (MPa)a 26.970.4 27.9470.1 24.4770.24

Kc (MPaOm)b 4.070.5 2.870.4 3.070.6

Data reported previously a[3], b[22].

Note that Kc is an estimated fracture toughness.

Fig. 1. Circular compact tension specimen used in fatigue crack

propagation testing. Dimensions were: W ¼ 40mm, B ¼ 10 and 20mm,

an ¼ 12 and 15.7mm.
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One way analysis of variance (ANOVA) [13] was used to compare the

Paris exponent and coefficient of specimens within a treatment group.

Data for each treatment group was pooled and ANOVA was conducted

between treatment groups for each of the two specimen thicknesses. A

value of po0:05 was taken as significant.

The cyclic stress intensity required to produce a crack growth rate of

10�6mm/cycle was recorded as DK inception, when available [7,14,15].

Otherwise, an estimate of DK inception was made by visual inspection of

the da=dN vs. DK behavior for each treatment group.

The fracture surface features of each treatment group were examined

and compared using scanning electron microscopy. One representative

fracture surface from each of the three treatment groups were sputter

coated with palladium or gold. Fractographs at da=dN ¼ 10�5 and

10�3mm/cycle were taken at low and high magnifications. Fractographs

were examined for morphological evidence of differences in fracture

mechanisms between the crack growth regions, and in differences between

the three treatment groups.

The range of crack growth for which linear elastic fracture mechanics

(LEFM) applied was determined for each specimen using [11]:

ā; ðW � āÞX
4

p
Kmax

sy

� �2

, (3)

where ā is the average crack length, W the specimen width, Kmax the

maximum calculated stress intensity, and sy the yield stress of the material

(Fig. 1, Table 1). The maximum stress intensity (Kmax) was calculated

using Eq. (1) by substituting Kmax for DK and Pmax for DP. Analysis of the

effectiveness of the two specimen geometries for maintaining plane strain

loading conditions was also conducted using [11]:

B; ā; ðW � āÞX2:5
Kmax

sy

� �2

, (4)

where B is the specimen thickness. The maximum DK (boundary DK) and

corresponding crack growth rate (boundary da=dN) for which a specimen

fulfilled LEFM and plane strain conditions were calculated for each

specimen in all material treatment groups.

3. Results

Statistical comparisons of the exponent (m) and coeffi-
cient (C) between specimens in a treatment group demon-
strated significant differences in some cases and not in
others. The virgin treatment group displayed more
variability in da=dN vs. DK between individual specimens
when compared to the highly crosslinked specimens.
However, the majority of specimens within a given
treatment group were not significantly different from each
other so the data from all specimens in a given treatment
group for a given specimen thickness were pooled for

comparisons with respect to thickness within a treatment
group (Table 2, Figs. 2a–c).
Specimen thickness had a significant effect on the FCP

resistance for only the annealed UHMWPE (Table 3,
Figs. 2a–c). Due to the limited amount of data below
10�6mm/cycle in each treatment group, a single DK inception

was estimated for each treatment group, independent of
specimen thickness (Table 2). Because the differences in
da=dN vs. DK with respect to thickness within a treatment
group were small (even when statistically significant),
the data for the two thicknesses within each treatment
group were pooled for subsequent comparisons between
materials.
The highly crosslinked treatment groups demonstrated

an overall reduced FCP resistance when compared to the
virgin treatment group (Fig. 3). The FCP resistance of the
annealed UHMWPE was not significantly different from
the remelted UHMWPE (Table 2). The virgin treatment
group had the largest estimated DK inception (2.0MPaOm),
followed by the annealed (1.1MPaOm), and the remelted
(0.9MPaOm) (Table 2). While the highly crosslinked
UHMWPEs had an overall reduced FCP resistance
compared with the virgin UHMWPE, there was a trend
towards a lower exponent, m, for the Paris relationship
(Eq. (2)) for the highly crosslinked materials compared to
the virgin material (Table 2, Fig. 3).
Macroscopic examination of the fractured specimens

suggested that the virgin treatment group failed in a more
ductile manner than the two highly crosslinked treatment
groups. The virgin specimens showed an overall rougher
fracture surface and more plastic deformation in front of
the crack tip as evidenced by the reduction of the cross-
section of the specimen on the plane of crack growth. In
comparison, the highly crosslinked materials had relatively
flat fracture surfaces and sustained less reduction in cross-
sectional thickness than was observed in the virgin
material. For all treatment groups, there was less plastic
deformation (in the form of reduced cross-sectional
thickness) for the 20mm compared with the 10mm thick
specimens, indicating better achievement of plane strain
conditions for the thicker specimens.
Scanning electron fractographs showed evidence of

similar fracture features for all treatment groups. All
fracture surfaces showed characteristic chevron markings

ARTICLE IN PRESS

Table 2

Exponent and coefficient for the power law ðda=dN ¼ CðDKÞmÞ that describes the Paris region of da/dN vs. DK curves for remelted, annealed, and virgin

UHMWPE

Remelted (100 kGy, 150 1C) Annealed (100 kGy, 110 1C) Conventional (as-received)

10mm 20mm 10mm 20mm 10mm 20mm

Exponent (m) 7.00 8.45 8.04 9.78 11.24 15.72

Coefficient (C) (mm/cycle)/(MPaOm)m 8.73� 10�5 6.68� 10�5 1.92� 10�5 1.06� 10�5 3.07� 10�8 2.72� 10�10

DKinception (MPaOm) 0.9 1.1 2.0

Values for exponent and coefficient are given for both specimen thicknesses (10, 20mm). The inception stress intensity range (DKinception) was estimated

from combined thickness data and was determined for each treatment group.
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[16] throughout the initiation and Paris regions, with the
major axis of each chevron parallel to the direction of crack
growth (Fig. 4). In addition, all treatment groups also had
characteristic folds perpendicular to the direction of crack
growth, spaced approximately 3–6 mm apart, depending on
the treatment group (Fig. 5) [7,8,16]. The folds were present

at both low (10�5mm/cycle, initiation region) and high
(10�3mm/cycle, Paris region) crack growth rates.
At low magnification the virgin treatment group showed

a fracture surface with more chevron markings than the
relatively flat highly crosslinked materials (Fig. 4). The
edges of the chevrons in the virgin treatment group also
showed extensive buckling, often along the entire perimeter
of the chevron. Though some buckling was identified in the
two highly crosslinked treatment groups, the features were
smaller and rarely defined the entire perimeter of a
chevron. Folds perpendicular to the direction of crack
growth were clearly visible at low magnification in the
virgin treatment group; such folds were much less visible in
the highly crosslinked treatment groups. At higher
magnification, the fracture surfaces of the highly cross-
linked treatment groups were almost devoid of the
buckling that was prevalent in the virgin group (Fig. 5).
In addition, the perpendicular folds were less pronounced
and were on the lower end of the spacing range (�3 mm) in
the highly crosslinked treatment groups when compared to
the virgin group (�6 mm).

ARTICLE IN PRESS

Fig. 2. (a) DK vs. da=dN for two specimen thicknesses of remelted

UHMWPE (100 kGy, 150 1C). (b) DK vs. da=dN for two specimen

thicknesses of annealed UHMWPE (100 kGy, 110 1C). (c) DK vs. da=dN

for two specimen thicknesses of virgin UHMWPE (as-received).

Table 3

p-Values obtained from ANOVA statistical analyses for the effect of

radiation crosslinking and post-irradiation thermal treatment on the

exponent (m) of the Paris region and the coefficient (C) for the Paris

region for remelted, annealed, and virgin treatment groups

10mm FCP n ¼ 5 20mm FCP n ¼ 2

Remelted Annealed Remelted Annealed

Exponent (m)

Annealed 0.17 0.09

Conventional 0.00 0.22 0.35 0.77

Coefficient (C)

Annealed 0.28 0.00

Conventional 0.02 0.00 0.00 0.01

Bold values indicate a significant difference (po0:05).

Fig. 3. DK vs. da=dN for highly crosslinked remelted, annealed, and

virgin UHMWPE. The combined 10 and 20mm specimen thickness data

are presented.
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Less extreme differences in fracture surfaces were noted
between the annealed and the remelted treatment groups,
though the remelted material had a somewhat more brittle
appearance. Low magnification fractographs of the re-
melted treatment group showed almost no evidence of
ductile buckling, while the annealed material maintained
examples of ductile buckling throughout the Paris region
(Fig. 4). High magnification fractographs also show limited
buckling in the annealed treatment group; no evidence
of buckling was found in the remelted treatment group
(Fig. 5).

The range of DK over which LEFM conditions (Eq. (3))
were maintained was greater for the highly crosslinked
treatment groups than the virgin treatment group
(Table 4). The specimens met the more severe plane strain
conditions (Eq. (4)) for a more limited range of crack

growth than the LEFM conditions, as was expected. The
20mm specimens maintained plane strain conditions to a
larger DK than the 10mm specimens in the highly
crosslinked treatment groups (Table 4). The virgin treat-
ment group never saw plane strain loading for either
specimen thickness (Table 4).

4. Discussion

The results of this study show that in addition to
reducing ductility, crosslinking reduces the FCP resistance
of UHMWPE. The observed reduction in macroscopic
plastic deformation on the fracture plane of the highly
crosslinked UHMWPEs is consistent with the reported
reduced true ultimate strain in tension for these highly
crosslinked UHMWPEs compared with virgin UHMWPE

ARTICLE IN PRESS

Fig. 4. Low magnification, representative fracture surfaces from the Paris region for: (a) remelted; (b) annealed; and (c) virgin, treatments of UHMWPE

for both 10mm (left) and 20mm (right) specimen thicknesses. Fractographs, taken at a crack growth rate of 1� 10�3mm/cycle, show surface features that

are similar in magnitude and prevalence to those seen at a lower crack growth rate (1� 10�5mm/cycle) for all three treatment groups. Direction of crack

growth is left to right.
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[3]. The lessening in size and prevalence of the chevron
markings for the highly crosslinked treatment groups when
compared to the virgin treatment group supports the
notion that the crosslinks restrict the relative motion of the
chains in the amorphous regions via chain slip [17]. The
reduction in the buckling along the edges of the chevrons in
the annealed and remelted treatment groups suggests that
more limited molecular chain alignment occurs in the
highly crosslinked UHMWPEs than in the virgin
UHMWPE [18]. Similar embrittlement of the surface
fractography has been previously observed in association
with an increase in crosslink density [7,8,19].

Connelly et al. [16] have proposed that folds perpendi-
cular to crack growth direction, appearing on fracture
surfaces of cyclically fractured UHMWPE (Figs. 4 and 5),

are a result of a failure mechanism consisting of repetitive
crack-tip blunting and tearing. Throughout the initiation
and Paris regions, fold spacing (within a material treatment
group) remained constant regardless of crack length or
stress intensity range. The qualitatively observed reduction
(by almost 50%) in fold spacing as well as the qualitatively
lessening distinction of the folds between the virgin and
the highly crosslinked treatment groups suggest that the
fold depth and spacing are a function of physical structure
(Fig. 5). It would be expected that the reduction in ductility
due to the addition of crosslinks would modify the tearing
behavior of the UHMWPE, resulting in less deformation
during crack-tip blunting; less deformation may result in
the shorter fold spacing seen in the highly crosslinked
treatment groups.

ARTICLE IN PRESS

Fig. 5. High magnification, representative fracture surfaces from the Paris region for: (a) remelted; (b) annealed; and (c) virgin, treatments of UHMWPE

for both 10mm (left) and 20mm (right) specimen thicknesses. Fractographs, taken at a crack growth rate of 1� 10�3mm/cycle, show surface features that

are similar in magnitude and prevalence to those seen at a lower crack growth rate (1� 10�5mm/cycle) for all three treatment groups. Direction of crack

growth is left to right.
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Reduced FCP resistance for the highly crosslinked
UHMWPEs was also seen in the decrease in DK inception

(Table 2). Baker et al. [7] demonstrated a 50% reduction in
DK inception for a highly crosslinked, remelted (100 kGy,
170 1C) GUR 1050 UHMWPE compared to a non-
irradiated control group. A FCP study by Cole et al. [8]
showed a reduction in DK inception of approximately 30% for
highly crosslinked, annealed (100 kGy, 110 1C) GUR 1050
UHMWPE compared with a non-irradiated, annealed
control group. Bradford et al. [19] compared the FCP
resistance of highly crosslinked, remelted (100 kGy, 150 1C)
GUR 1050 UHMWPE to a non-crosslinked UHMWPE;
DK inception for the highly crosslinked, remelted group was
40% less than the DK inception for the control group. Similar
reductions in DK inception and overall shifts of the DK vs.
da=dN curves towards diminished FCP resistance for
remelted and annealed UHMWPEs were seen in the
present study (Fig. 3). Loss of chain mobility would be
expected to affect the ability of the polymer to plastically
deform [20] and, thus, would be reflected in reduced DK

associated with crack inception.
Examination of the exponent of the Paris relationship

for each of the three treatment groups suggests that the
highly crosslinked UHMWPEs may be better able to resist
FCP following DK inception than the virgin UHMWPE. An

increased Paris exponent reflects an increased sensitivity of
a material to changes in cyclic stress intensity. The higher
exponent of the virgin treatment group (Table 2, Fig. 3)
when compared to the highly crosslinked treatment groups
suggests that, once a crack has initiated, the number of
cycles to failure may be more limited for the virgin
UHMWPE. Similar differences between the exponents of
highly crosslinked and virgin UHMWPEs have been
reported by Baker et al. [7] and Cole et al. [8].
While not statistically significantly different, the an-

nealed UHMWPE had an overall increased cyclic stress
intensity for a given da=dN than the remelted UHMWPE.
It is possible that annealing as a post-irradiation treatment
may be better at preserving the FCP resistance of
UHMWPE than remelting (Table 2, Fig. 3). However,
annealing UHMWPE after irradiation may not be as
effective as remelting at quenching all of the residual free
radicals, resulting in a possibly greater potential for
oxidation [21].
Though the Paris exponent and coefficient may be

considered to be useful for ranking FCP resistance of
different UHMWPE formulations, these parameters are
somewhat limited as useful indicators of material perfor-
mance with respect to implant design. Once a fatigue crack
enters the Paris regime, the cycles endured by any
UHMWPE formulation constitutes a small percentage of
component lifetime (Fig. 3).
A more useful property to consider with respect to

implant design may be the cyclic stress intensity required
for crack inception (DK inception), to optimize the life of the
component prior to crack inception. The higher estimated
DK inception for the annealed UHMWPE suggests that some
mitigating effect may be achieved through post-irradiation
processing below the melt-transition (annealing) as com-
pared with post-irradiation processing above the melt-
transition (remelting) on fatigue crack inception as well as
FCP. Little is known about the threshold regime behavior
of UHMWPE materials; further study of the effect of
material formulation on this stage of fatigue crack growth
is warranted.
A limitation of this work may be that neither LEFM nor

plane strain conditions were maintained to failure for any
of the treatment groups (Table 4). LEFM conditions were
met in the DK inception regime for all the treatment groups
and were also maintained throughout the region used to
calculate the Paris exponent, m, and coefficient, C, for the
highly crosslinked treatment groups (Table 1). LEFM
conditions were only partially met in the Paris regime for
the virgin UHMWPE. However, with respect to FCP, it
has been noted that it is generally not necessary to meet the
stringent plastic zone size restrictions associated with plane
strain or even LEFM conditions that are necessary to be
met for static fracture toughness determination [11]. The
relatively small differences in FCP behavior between 10
and 20mm thick specimens, that occurred primarily at high
crack growth rates near failure, is consistent with this
observation.
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Table 4

Cyclic stress intensity (DK) and crack growth rate (da=dN) values for the

limits of LEFM and plane strain applicability for both 10 and 20mm thick

specimens

LEFM Plane strain

DK

(MPaOm)

da=dN

(mm/cycle)

DK

(MPaOm)

da=dN

(mm/cycle)

Remelted (100 kGy, 150 1C)

10mm 2.14 1.80� 10�2 1.22 4.00� 10�4

10mm 2.25 1.80� 10�2 1.20 2.20� 10�4

10mm 2.08 1.29� 10�2 1.19 1.79� 10�4

10mm 2.08 2.00� 10�2 1.21 4.20� 10�4

10mm 2.07 1.00� 10�2 1.21 3.86� 10�4

20mm 1.92 1.62� 10�2 1.49 1.80� 10�3

20mm 1.93 1.75� 10�2 1.49 2.00� 10�3

Annealed (100 kGy, 110 1C)

10mm 2.15 1.50� 10�2 1.20 7.67� 10�5

10mm 2.41 1.67� 10�2 1.39 2.10� 10�4

10mm 2.40 1.57� 10�2 1.40 2.00� 10�4

10mm 2.41 2.33� 10�2 1.40 2.88� 10�4

10mm 2.42 2.00� 10�2 1.41 1.67� 10�4

20mm 2.34 4.50� 10�2 1.79 2.20� 10�3

20mm 2.29 7.00� 10�2 1.77 4.00� 10�3

Conventional (as-received)

10mm 2.53 2.67� 10�3 — —

10mm 2.53 3.25� 10�4 — —

10mm 2.54 6.00� 10�4 — —

10mm 2.47 1.00� 10�3 — —

10mm 2.51 9.00� 10�4 — —

20mm 2.58 3.50� 10�4 — —

20mm 2.48 6.00� 10�4 — —
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5. Conclusion

In this study, comparison of the FCP behavior of virgin
and highly crosslinked UHMWPEs suggest that cross-
linking is detrimental to the ability of UHMWPE to resist
crack inception and propagation under cyclic loading
compared with virgin (non-crosslinked) UHMWPE. The
findings also suggest that annealed highly crosslinked
UHMWPE may have somewhat better resistance to FCP
than remelted highly crosslinked UHMWPE.
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Abstract

Total hip replacement (THR) is widely performed to recover hip joint functions lost by trauma or disease and to relieve pain. The

major cause of failure in THR is the wear of the ultra high molecular weight polyethylene (UHMWPE) component. The dominant

wear mechanism in THR occurs through adhesion and abrasion. While poor consolidation of UHMWPE is known to increase the

incidence of a different damage mode, delamination, which is the dominant wear mechanism in tibial inserts but uncommon in

THR, the effect of consolidation on adhesive and abrasive wear of UHMWPE is not clear. In this study UHMWPE resin was

subjected to hot isostatic pressing under a pressure of 138MPa at different temperatures (210�C, 250�C, and 300�C) to achieve

varying degrees of consolidation. The extent of consolidation was determined by optical microscopy using thin sections, and by

scanning electron microscopy using cryofractured and solvent etched specimens. Wear behavior of the samples with varying degree

of consolidation was determined using a bi-directional pin-on-disc machine simulating conditions in a hip joint. Increasing the

processing temperature decreased the incidence of fusion defects and particle boundaries reflecting the powder flakes of the virgin

resin, improving the consolidation. However, the bi-directional pin-on-disc wear rate did not change with the processing

temperature, indicating that adhesive and abrasive wear is independent of the extent of consolidation in the range of parameters

studied here.

r 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Ultra high molecular weight polyethylene; Wear; Total joint replacement; Processing temperature; Consolidation; Fusion defects

1. Introduction

Total hip and total knee arthroplasty are widely
performed to recover joint functions when lost by
trauma or disease and to relieve pain. Ultra high
molecular weight polyethylene (UHMWPE) has been
the material of choice for the fabrication of one side of
the load bearing surface used in both total hip and total
knee replacements. Damage to UHMWPE in vivo is an
important factor that adversely affects the long-term
performance of the reconstructed joint. Two primary
damage mechanisms, namely delamination and adhe-
sive/abrasive wear, are commonly observed in surgically

explanted UHMWPE components. Delamination is
initiated by sub-surface cracks, which propagate to the
articulating surface, leading to the removal of relatively
large (>0.5mm) flake-like debris. Adhesive/abrasive
wear generally follows the orientation and strain
hardening of the implant surface and subsequent
implant motion results in the removal of small wear
debris, usually on the order of a few micrometers or less
in size. Abrasive wear occurs through the rubbing action
of the hard asperities on the surface of the femoral
component. It is also accentuated by hard third body
particles, such as bone chips or bone cement particles,
within the articulation. Abrasive wear progresses by the
cutting and removal of the polyethylene articular
surface.

Peri-prosthetic osteolysis secondary to particulate
debris is the major cause of long-term failure in total
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hip replacements, leading to component loosening and
in many cases resulting in revision surgery. The
particulate debris is predominantly generated by the
adhesive/abrasive wear of UHMWPE articular surface
[1–4]. Therefore, research efforts have been concentrated
on understanding the structure-property relations per-
taining to UHMWPE and improving both forms of its
damage resistance.

UHMWPE is synthesized through a Zieglar-Natta
catalyst in the form of resin flakes [5]. The average
molecular weight is typically 4–6 million grams per
mole, which results in a high entanglement density and
high melt viscosity. As a result, large-scale melt
processing of the resin is not possible. Most UHMWPE
articles are machined from consolidated stock. The
consolidation is commonly carried out by either ram
extrusion or compression molding, both of which rely
on sintering the resin flakes at an elevated temperature
and pressure. Consolidation fuses the resin flakes but
generates distinct boundaries between the flakes [6]. The
high entanglement density of the UHMWPE molecules
is thought to prevent self-diffusion and result in the
formation of these flake boundaries. In addition to the
ubiquitous flake boundaries, fusion defects are found in
the consolidated UHMWPE as well [7–10]. Fusion
defects have been attributed to the agglomerated
calcium stearate additive and poor consolidation [6].

It has been proposed that the in vivo UHMWPE
damage may be a function of the degree of consolida-
tion, and should decrease with the elimination of fusion
defects or flake boundaries. There is clinical evidence for
an increase in delamination type wear in tibial knee
inserts with decreasing degree of consolidation. For
instance, Mayor et al. [11] found a statistically
significant correlation between fusion defects and
delamination and cracking in a UHMWPE tibial knee
insert used in total knee arthroplasty. Landy and
Walker [12] also related the occurrence of delamination
type wear in a knee joint to fusion defects in the
material. Similarly, Walker et al. [13] and Blunn et al.
[14] proposed that fusion defects serve as initiation sites
for cracks, which under repeated loading results in the
release of wear particles. While the detrimental effect of

poor consolidation on the delamination resistance of
UHMWPE is well documented, its effects on adhesive
and abrasive wear are not known.

The aim of the present study was to investigate the
adhesive and abrasive wear behavior of UHMWPE with
varying degrees of consolidation. Two different types of
UHMWPE resins, namely Himont 1900 and GUR 405,
were included in the present investigations. These resins
are surgical grade resins used in the fabrication of both
tibial inserts and acetabular liners. The degree of
consolidation was varied by changing the processing
temperature during hot isostatic pressing. The wear tests
were carried out using a bi-directional pin-on-disk
machine capable of producing adhesive and abrasive
wear mechanisms [15] (Table 1).

2. Methods and materials

Two types of UHMWPE resins were studied, namely
GUR 405 (Hoechst Celanese, League city, TX) and
Himont 1900 (Himont USA, Wilmington, DE), which
were obtained in their powder form. The Himont 1900
resin contained no added calcium stearate. The resins
were stored for less than 5 months prior to consolidation
and testing. The virgin resins were consolidated by hot
isostatic pressing at different temperatures to achieve
varying degrees of consolidation. Hot isostatic pressing
involves the application of hydrostatic gas pressure at
elevated temperatures as opposed to uniaxial force used
in ram extrusion and compression molding. The resins
were first compacted in the form of a cylinder and
subjected to cold isostatic pressing at 276MPa at room
temperature. The compacted specimens were then
packaged and hermetically sealed under vacuum. The
specimens to be processed at 210�C were enclosed in a
laminated foil bag made of Mil-b-131H Class 1 Type 1
sheet, and those specimens to be processed at 250�C and
300�C were enclosed in a thin stainless steel sheet can.
The hot isostatic pressing was performed at Industrial
Materials Technology, Andover, MA.

The processing temperatures included 210�C (H1),
250�C (H2), and 300�C (H3). Samples of both groups of

Table 1

Wear rate (mg/million cycles) of the test samples

Sample ID Resin type Temperature (�C) of

hot isostatic pressing

Wear rate

(mg/million cycles)

Ram Extruded GUR 415 Not applicable 9.88 (70.48)

H1-GUR GUR 405 210 7.87 (70.05)

H2-GUR GUR 405 250 8.75 (70.54)

H3-GUR GUR 405 300 9.36 (70.27)

H1-1900 Himont 1900 210 9.87 (70.57)

H2-1900 Himont 1900 250 9.10 (70.80)

H3-1900 Himont 1900 300 8.68 (71.06)
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resins, GUR 405 and Himont 1900, were consolidated at
210�C, 250�C, and 300�C under a hydrostatic pressure
of 138MPa. During hot isostatic pressing the heat soak
time and cooling rate were kept constant for all three
processing temperatures at 2 h and 3�C/min, respec-
tively. A commercially available ram extruded bar stock
(Westlake Plastics, Lenni, PA) processed from GUR 415
resin was also included as a reference material.

Thin sections (20 mm) of the consolidated specimens
were prepared by using a sledge microtome. These
sections were analyzed using an Olympus BH2 (Olym-
pus Optical Co., Tokyo, Japan) under transmitted
polarized light. The presence of fusion defects and
sphereulites were noted when present.

To visualize the boundaries of the virgin resin flakes,
specimens were fractured after being submerged in liquid
nitrogen for 1 h. The cryofractured specimens were gold
coated and analyzed using a Stereoscan 240 (Cambridge
Instruments, Cambridge, England) scanning electron
microscope (SEM). Solvent-etching was used to qualita-
tively assess the extent of consolidation at the virgin resin
flake boundaries as follows. Specimens were mounted in
epoxy, polished with SiC paper and alumina powder of
0.05mm particle size. After cleaning in an ultrasound
bath of water, the epoxy mounted specimens were dipped
in 98% Decalin at 150�C for 45 s. The etched surfaces
were gold coated for SEM analysis.

A bi-directional pin on disc wear testing machine
modeling the multidirectional motion of the hip joint
was used to characterize the wear behavior of the
consolidated specimens [15]. The bi-directional pin-on-
disk machine rubbed a UHMWPE pin against a cobalt-
chrome disk counterface with implant surface finish
(Ra=0.3870.005min). The rubbing action followed a
rectangular path (5� 10mm). The tests were conducted
with 100% bovine serum (JRH Biosciences, Lenexa, KS)
as lubricating medium. A Paul type load curve was used
with a peak load of 267N which resulted in a normal
peak contact stress of 4.2MPa [15]. The test frequency
was 2Hz. The polyethylene pins used for wear testing
were cleaned and weighed at the beginning of the test,
after 0.5 million cycles and at the end of the test after 1
million cycles. Two pins, 9mm in diameter and 13mm in
height, of each series of both consolidated resins and the
ram extruded GUR 415 bar stock were wear tested. The
incremental wear rates measured at two intervals for the
samples of each group were used to carry out an
ANOVA two-factor with replication analysis. P-values
less than 0.05 were considered significant.

3. Results

The analysis by optical microscopy confirmed the
presence of fusion defects and some unconsolidated
flakes in both the reference material (the ram extruded

bar stock) and in the GUR 405 resin processed at
210�C. Himont 1900 resin processed at 210�C exhibited
relatively fewer number of fusion defects as compared to
GUR 405 resin processed at the same temperature.
Consolidation improved for both resins as the proces-
sing temperature increased to 250�C and 300�C, as was
observed with the decrease in the number of fusion
defects and unconsolidated flakes.

The Himont 1900 samples processed at 250�C showed
clusters of spherulites. The same resin consolidated at
300�C was completely spherulitic as shown in Fig. 1a.
None of the GUR 405 samples exhibited spherulites as
shown in Fig. 1b.

Fig. 2 shows representative SEM micrographs of the
cryofractured surfaces of the materials studied. The
reference material and the GUR 405 sample processed
at 210�C exhibited a similar appearance on the
cryofractured surfaces, a star-burst morphology. The
fracture lines that border the star-burst features are
thought to coincide with the borders of the powder
flakes of the virgin resin. As the processing temperature
of GUR 405 resin was increased to 250�C and 300�C,
the star-burst pattern became less apparent, indicating
an improvement in consolidation. The start-burst

Fig. 1. Polarized light micrographs of the (a) Himont 1900 resin (b)

GUR 405 resin hot isostatically pressed at 300�C and 138MPa for 2 h,

then cooled at a rate of 3�C/min. Clusters of spherulites can be

observed in Himont 1900 sample (a).
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morphology was not observed in the Himont 1900 resin
processed at 210�C and 250�C, indicating better
consolidation. The Himont 1900 resin consolidated at
300�C showed a spherulitic morphology (about 50 mm in
diameter) on the cryofractured surface.

Fig. 3 shows representative micrographs of the
solvent etched surfaces of the materials studied. The

SEM analysis indicated extraction of material near the
virgin resin powder boundaries. The particle structure
was evident in both the ram extruded material and the
GUR 405 sample processed a 210�C (Fig. 3a and b). At
the processing temperature of 250�C, GUR 405 resin
showed a more diffuse particle structure, indicating
improvement in consolidation (Fig. 3c). At 300�C, there

Fig. 2. Typical SEMmicrographs of cryofractured surfaces of: (a) Ram extruded material (GUR 415 resin), GUR 405 resin that was hot isostatically

pressed at (b) 210�C, (c) 250�C, (d) 300�C, and Himont 1900 resin that was hot isostatically pressed at (e) 210�C, (f) 250�C, (g) 300�C. The GUR 405

and Himont 1900 specimens were hot isostatically pressed at 138MPa for 2 h, then cooled at a rate of 3�C/min.
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was no evidence of particle structure, confirming
significant improvement in consolidation. The solvent
etched surface of the Himont 1900 resin processed at
210�C showed thinner particle boundaries as compared
to the GUR 405 resin consolidated at the same

temperature. At 250�C, the particle boundaries were
no longer visible, indicating a well consolidated materi-
al. The solvent etched surface of Himont 1900 resin
processed at 300�C showed a bumpy surface attributed
to the presence of spherulites.

Fig. 3. Typical SEM micrographs of the solvent etched surfaces of all: (a) Ram extruded material (GUR 415 resin), GUR 405 resin that was hot

isostatically pressed at (b) 210�C, (c) 250�C, (d) 300�C, and Himont 1900 resin that was hot isostatically pressed at (e) 210�C, (f) 250�C, and (g)

300�C. Etching was by immersion of a polished surface Decalin at 150�C for 45 s. The GUR 405 and Himont 1900 specimens were hot isostatically

pressed at 138MPa for 2 h, then cooled at a rate of 3�C/min.
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Fig. 4 shows the effect of processing temperature on
the wear rate of the various preparations of the GUR
405 and Himont 1900 resin. Ram extruded GUR 415
material is also shown for comparison. The ANOVA
analysis showed that wear rate did not differ by resin
type (p ¼ 0:19). Similarly, the effect of consolidation
temperature on wear rate was not significant (p ¼ 0:35).
The wear rate of GUR 405 resin increased with the
processing temperature while the wear rate of Himont
1900 resin decreased with processing temperature. This
interaction between the two factors was not significant
(p ¼ 0:05). The wear rate of the ram extruded material
with its fusion defects and visible flake boundaries was
comparable to those of the hot isostatically pressed
GUR 405 and Himont 1900 resins even with varying
degrees of consolidation.

4. Discussion

The degree of consolidation of both hot isostatically
pressed type of specimens appeared to increase with
increasing processing temperature. This improvement in
increasing degree of consolidation is attributed to the
increased chain mobility at higher processing tempera-
tures. The Himont 1900 resin showed better consolida-
tion than the GUR 405 resin at all consolidation
temperatures studied. The number of fusion defects
present in samples processed at 210�C was reduced by
increasing the pressing temperature. Similarly, the
extent of hot Decalin etching of the interparticle
boundaries was reduced with increasing pressing tem-
perature. The particle boundaries reflecting the powder
flakes of the virgin resin were completely eliminated in
the Himont 1900 resin at a consolidation temperature of
250�C. With GUR 405, the same level of consolidation
was only achieved at the highest consolidation tempera-
ture, namely 300�C. The improved consolidation of the

Himont 1900 resin over the GUR 405 may have been the
result of lower average molecular weight and wider
molecular weight distribution with the former. In
addition, no spherulites were seen in the GUR 405
resin, while in the Himont 1900 resin spherulites were
present at 250�C and 300�C. The formation of
spherulites is an indication of increased chain mobility
with the Himont 1900 resin when compared to GUR
405. The formation of spherulites might also be
attributed to degradation in the Himont 1900 resin at
higher processing temperatures, but, a preliminary
infrared analysis of the consolidated resins showed no
detectable carbonyl formation and hence no detectable
degradation.

There were no significant changes with resin type and
consolidation temperature on the adhesive/abrasive
wear rate of UHMWPE. Overall the adhesive/abrasive
wear resistance of all of the specimens of UHMWPE
appeared to be independent of the processing tempera-
ture and was not a function of the degree of consolida-
tion. This observation suggests that the adhesive/
abrasive wear is a local surface process and is not
affected by the bulk inhomogeneities in the material. It
has been postulated that adhesive and abrasive wear
takes place by the formation of a surface layer that is
highly oriented in the direction of sliding induced by the
uncoiling of the polymer molecules [16,17]. This
oriented surface layer easily breaks up when the
direction of sliding changes.

The present study showed that increasing the proces-
sing temperature of UHMWPE is accompanied by a
marked improvement in its consolidation which was
manifested by reduction in the number of fusion defects
and visibility of flake boundaries upon extraction with
hot Decalin. The adhesive/abrasive wear rate was
independent of this improvement in the consolidation.
Therefore, improving consolidation by increasing the
processing temperature with hot isostatic pressing does
not improve the wear behavior in total hip replacements.
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Does Vitamin E–Stabilized Ultrahigh-Molecular-
Weight Polyethylene Address Concerns of

Cross-Linked Polyethylene in
Total Knee Arthroplasty?

Hani Haider, PhD,* Joel N. Weisenburger,* Steven M. Kurtz, PhD,y
Clare M. Rimnac, PhD,z Jordan Freedman,§ David W. Schroeder,§

and Kevin L. Garvin, MD*

Abstract: Concerns about reduced strength, fatigue resistance, and oxidative stability of highly
cross-linked and remelted ultrahigh-molecular-weight polyethylene (UHMWPE) have limited its
clinical acceptance for total knee arthroplasty. We hypothesized that a highly cross-linked
UHMWPE stabilized with vitamin E would have less oxidation and loss of mechanical properties.
We compared the oxidation, in vitro strength, fatigue-crack propagation resistance, and wear of
highly cross-linked UHMWPE doped with vitamin E to γ-inert–sterilized direct compression-
molded UHMWPE (control). After accelerated aging, the control material showed elevated
oxidation, loss of small-punch mechanical properties, and loss of fatigue-crack propagation
resistance. In contrast, the vitamin E–stabilized material had minimal changes and exhibited 73%
to 86% reduction in wear for both cruciate-retaining and posterior-stabilized total knee
arthroplasty designs. Highly cross-linked vitamin E–stabilized UHMWPE performed well in vitro.
Keywords: TKA, UHMWPE, vitamin E, durability, wear, fatigue.
© 2012 Elsevier Inc. All rights reserved.

Highly cross-linked ultrahigh-molecular-weight poly-
ethylene (UHMWPE) is associated with reduced wear of
total hip arthroplasty inserts [1-7]. Compared with
conventional, γ-inert–sterilized UHMWPE, in vitro sim-
ulator studies suggest that highly cross-linked bearing
liners in the hips result in more than 90% reduction in
wear rates [1-4]. This is supported by reduced femoral
head penetration in intermediate-term radiographic
studies [5-7].
However, there have been concerns about reduced

strength, fatigue resistance, and in vivo oxidation of a
highly cross-linked UHMWPE [8,9]. Case studies of liner

rim fracture in the hip have highlighted this concern
[9-11]. Much higher stresses (eg, up to 60 MPa) and
more complex stress patterns are involved in total knee
arthroplasty (TKA) bearings compared with hips, and
this has been associated with surface damage [12].
Highly cross-linked UHMWPE has not been widely used
in TKA because of clinical concern about the compro-
mise in its mechanical properties, especially its ductility
and fatigue-crack propagation resistance as a result of
the loss of molecular mobility that accompanies the
cross-linking process itself [4,13,14]. After radiation
cross-linking, unstabilized residual free radicals in the
material also have the potential to oxidize, which
decreases the molecular weight of the material and
may compromise its strength [15,16].
Highly cross-linked UHMWPEs have been produced

by radiation and postprocessed by either remelting or
annealing. Remelting reduces free radicals to undetect-
able levels, which may prevent in vivo oxidation [1,17].
However, the crystallinity is reduced, and this compro-
mises the mechanical properties [18]. Annealing the
polymer (heating to below melting point) after irradia-
tion [19,20] is also a compromise because it eliminates
some but not all of the free radicals and, thus, may lead
to in vivo oxidation [21,22].
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Several processes have been attempted to address the
limitations introduced by remelting and annealing after
irradiation [23,24]. One approach to reduce the poten-
tial for oxidation has been to add α-tocopherol (vitamin
E) to UHMWPE as an antioxidant [25]. Improvement in
delamination fatigue resistance was demonstrated in
irradiated UHMWPE with vitamin E in severe 2-
dimensional sliding tests [26]. In this and in later studies
[27], vitamin E was blended with the UHMWPE powder
before compression molding. This vitamin E blending at
the powder stage reduces the efficiency of subsequent
radiation cross-linking [27]. More recently, researchers
have doped UHMWPE with vitamin E after highly cross-
linking the polymer, and as demonstrated in a series of
studies, this proved to be more promising in the
preservation of strength and fatigue properties [18,28-
32]. Doping here refers to impregnation by soaking the
molded UHMWPE in warm vitamin E, followed by
further prolonged diffusion at temperatures below the
melting point of the cross-linked UHMWPE.
We hypothesized that highly cross-linked UHMWPE

stabilized with vitamin E (E1®; Biomet Orthopedics,
Warsaw, Ind) would improve the oxidation resistance
compared with γ-sterilized direct compression-molded
(conventional; hereafter termed the DCM or control)
UHMWPE, maintain mechanical properties after aging,
and secure the improved wear performance associated
with its elevated level of cross-linking. To test this
hypothesis, we sought to address 3 research questions:
(1) Does E1 UHMWPE preserve its static mechanical
properties after accelerated aging? (2) Does E1
UHMWPE preserve its fatigue-crack growth resistance
after accelerated aging? (3) Does E1 UHMWPE exhibit
lower wear than the control UHMWPE in cruciate-
retaining (CR) and posterior-stabilized (PS) designs
evaluated in a knee simulator?

Materials and Methods
In this experimental study, we explored the main

effects of bearing material (E1 UHMWPE and γ-inert–
sterilized UHMWPE as controls) and accelerated aging
(0, 2, and 4 weeks of aging). For each experimental
condition, outcomes were measured for oxidation
index, as determined by Fourier transform infrared
spectroscopy; static mechanical properties, as deter-
mined by the small punch test; fatigue-crack propaga-
tion resistance, as determined by the notched fatigue
test; and wear, as determined by in vitro knee simulator
testing. Expected effect differences, confidence limits,
statistical power, and the required sample sizes were
based on similar statistical considerations as detailed in
previous studies [24,33]. For the oxidation and small
punch tests, the expected effect size for the power
calculations for accelerated aging and small punch
testing was a 20% relative difference in the outcome
measure of interest from its baseline (unaged) condition.

A power analysis was not conducted for the fatigue-
crack propagation tests. For the wear tests, a 2-sided
(α level) P value of .05 yielded more than 85% statistical
power for a sample size of 3 and more than 93% power
for a sample size of 4.

Material Preparation
The E1 material for this experiment (Fig. 1) was

manufactured from isostatically compression-molded
UHMWPE bar stock (GUR 1020 resin from Ticona,
Germany). The material was irradiated with a dose of
100 ± 10 kGy (Steris, Libertyville, Ill) and infused with
vitamin E in a 2-step process. The specimens were
soaked in vitamin E for 0.3 to 1.5 hours at 122°C, and
vitamin E was allowed to diffuse through the thickness
of the polyethylene in an inert gas oven for 64 to 164
hours at 130°C. Each category of E1 specimen was
compared, using its respective testing method, with its
corresponding control specimens from DCM GUR 1050
UHMWPE packaged in inert gas with γ-radiation
sterilization at 32 kGy (range, 25-40 kGy).
The specimens for the small punch tests were

machined from the E1 material into rectangular blocks
(about 1 in. square and 0.25 in. thick) (Fig. 1A). The
specimens for the oxidation index measurements and
fatigue-crack propagation testing were similarly made
and sized but were round-notched disks, as shown in
Fig. 1B. All these specimens were then cleaned in
isopropyl alcohol and γ-sterilized in barrier film packag-
ing (25-40 kGy; Steris).
Both the E1 and control DCM materials were

evaluated in the nonaged and 2- and 4-week accelerated
aged conditions. The aging was accelerated according to
the American Society for Testing and Materials (ASTM)
F2003-02 [34], in which the specimens were removed
from their packaging and placed in a pure oxygen
chamber heated to 70°C ± 1°C and pressurized to 503 ±
7 kPa for the prescribed period.

Oxidation
The extent of oxidation was determined for each of the

nonaged and aged material groups. For this purpose, an
oxidation index was determined by infrared spectrosco-
py in accordance with ASTM F2102-06 [35].

Static Mechanical Properties
To determine static mechanical strength, small punch

tests were conducted on 36 samples divided into 6
groups (n = 6 in each) based on the 2 material types
and the accelerated aging periods of 0, 2, and 4 weeks.
The small punch tests were carried out according to
ASTM F2183-02 [36], which is essentially an equi-
biaxial tension test (to failure). Peak load, ultimate
load, ultimate displacement, and energy to failure
were determined.
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Fatigue-Crack Propagation Tests
Fatigue-crack propagation tests were conducted to

examine the differences in fatigue-crack propagation
resistance between E1 and the control materials
(DCM) in the nonaged and 2- and 4-week aged
conditions. Two to 3 specimens were tested of each
material type (E1 UHMWPE and DCM) and aging
condition (0, 2, and 4 weeks). The fatigue tests were
performed using ASTM E647-05 [37] as a guide on an
Instron closed-loop servohydraulic test system
(Instron, Norwood, Mass). Specimens were cycled
with a sinusoidal waveform at a test frequency of 3
Hz, with an R ratio of 0.1 (ratio of minimum load to
maximum load). Specimens were cooled with an air
jet to minimize specimen heating during cycling.
Crack growth from the razor-sharpened notch was
followed using a traveling microscope at 0.01-mm
resolution, recording crack length (a), and number of
cycles (n) initially every 0.2 mm. When 0.2 mm of
crack growth was reached in less than 100 cycles, the
measurements were taken at 0.1-mm intervals. The
fatigue-crack growth rate, da/dn (mm/cycle), and the
cyclic stress intensity factor, ΔK (MPa m0.5), were
calculated according to ASTM E647-05 [37]. The data
for specimens in each material group were pooled,
and linear regression analysis of the log-log–trans-
formed da/dn vs ΔK data was used to determine the
exponent (m) and coefficient (C) of the Paris relation-
ship (da/dn = CΔKm). For this purpose, data in the
fatigue-crack growth rate (da/dn) ranging from 1 ×
10−4 to 1 × 10−2 mm/cycle were used.

Knee Simulation Tests
For knee simulator wear testing, Vanguard® TKA CR

and PS system designs (Biomet Orthopedics, Warsaw,

Ind) were used. The E1 tibial bearings (an example of a
PS version is shown in Fig. 1C) were processed similarly
to the earlier described E1 test specimens. However,
because the tibial bearing inserts were generally larger,
the soaking period in vitamin E was lengthened to 4.5
hours, and the diffusion time in inert gas was more than
doubled to 360 hours. The finished tibial bearings were
also cleaned, γ-sterilized, and packaged for clinical use
(25-40 kGy; Steris). For wear testing, 10 whole TKA
systems with E1 inserts were compared with 10
corresponding controls of DCM UHMWPE in 4 separate
full-knee simulator tests, simulating walking gait for 5
million cycles each.
The wear testing method used was exactly as

detailed in a previous study [33] and according to
the ISO 14243-1:2009 and 14243-2:2009 standard
testing methodology under the force-control regime
[38,39]. Eight posterior-cruciate–sacrificing PS TKAs of
the largest size (87/91-mm bearings against 80-mm
femoral components) with 4 E1 and 4 DCM UHMWPE
(control) specimens (n = 4 in each) were staggered on
identical stations of two 4-station Instron-Stanmore
knee simulators (originallymade by Instron in Norwood,
MA, then comprehensively upgraded in-house in
Omaha, Neb). For soft-tissue restraint, spring settings
simulating both anterior cruciate ligament and posterior
cruciate ligament as sacrificed were set for this PS TKA
implant [39]. The largest size of TKA was chosen for this
test so that maximal wear would result, expecting wear,
in the regime of loading for a simulated walking gate
cycle, to increase faster with the larger contact area (of a
big-size implant) than with increased contact stresses (in
a small-size implant). Twelve CR knees were tested on a
single AMTI knee simulator (Watertown, Mass), with 6
test stations operating under the force-control testing

Fig. 1. (A-C) UHMWPE specimens for small punch testing (A), specimens for fatigue-crack propagation (B), and PS tibial bearing
insert specimens for simulator wear testing (C). The DMC UHMWPE specimens (left) are usually white, but the vitamin E–doped
samples (right) show a distinct light brown color because of the vitamin E content.
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regime [39]. Six specimens of the largest size (same as
previously mentioned) and 6 of the smallest size (59-mm
CR bearings against 55-mm femoral components) were
again chosen to cover the maximum contact stress
situation. The 12 CR specimens on the AMTI knee
simulator tests were divided into 4 subgroups (n = 3 in
each) based on bearing material (E1 vs DCM) and size
(largest vs smallest). The E1 bearing and DCM control
bearing tests were ran in series.

Statistical Modeling
For the oxidation index analyses and small punch

tests, comparisons between materials and aging condi-
tions were performed using a step-forward multivariate
analysis of variance (ANOVA). An interaction term
between materials and aging was incorporated into the
ANOVA model. Comparisons between specific aging/-
material conditions were performed using post hoc
Tukey tests, with P b .05 established for significance.
Statistical modeling was performed using the JMP
software (version 7.0; JMP, Cary, NC). For the fatigue-
crack propagation tests, the exponent, m, and the
coefficient, C, for the pooled data for each material test
group were compared between materials using the
linear test method on the log-log–transformed da/dn vs
ΔK behavior in the Paris regime, with P b .05 established
for significance. For the wear tests, we compared the
effect of material type (E1 UHMWPE vs control)
accounting for design (CR vs PS design) and size (small
vs large) as covariates. The least-squares error method
was used to calculate the best-fit linear regression line
through the wear curve (wear vs cycles) for each
specimen and thus compute a “wear rate” from its
slope. The wear curves from each subgroup were
statistically compared using a random regression coeffi-
cient model to infer the statistical significance of the
equality of the wear rates (ie, to estimate a P value to test
a null hypothesis of no difference in wear rates) using a
PROC MIXED procedure (SAS/STAT software, version
9.1.3; SAS Institute, Cary, NC).

Results
The oxidation index results (Table 1) showed an

increase from 0 to 1.9 ± 0.1 in 4 weeks for the DCM
material, but that for the E1 material increased to only
0.1 ± 0.1. The vitamin E–stabilized material exhibited
12% and 541% higher ultimate strength than did the
control (P b .0001 for ANOVA material effect, P b .0001
for material × aging interaction, P b .05 for post hoc
Tukey test) after 0 and 4 weeks of accelerated aging,
respectively (Figs. 2 and 3). The peak load was sensitive
to changes in the material (P = .004) but not in the aging
condition (P = .49); however, a material × aging
interaction was observed (P = .01) (Fig. 3). For the E1
material, ultimate load, displacement, and energy to
failure were insensitive to aging (Figs. 3 and 4). In

contrast, these parameters decreased for the DCM
UHMWPE (P b .0001 for aging effect).
The E1 material showed no significant difference in

fatigue-crack propagation behavior (C and m of the Paris
relationship; Table 2) between the nonaged and 2-week
aged conditions (P = .219 and P = .117, respectively).
There also was no difference between the nonaged and
4-week aged conditions in C and m (P = .2660 and .120,
respectively). With the DCM control material, there was
a significant difference in C but not in m between the
nonaged and 2-week aged conditions (P b .001 and P =
.450, respectively), such that there was an apparent
improvement in fatigue-crack propagation resistance, as
evidenced by a lower C value (Table 2). There was a
significant difference in both C and m between the DCM
nonaged and 4-week aged conditions and also between
the 2- and 4-week aged conditions (P b .001), such that
the 4-week aged condition demonstrated reduced
fatigue-crack propagation resistance, as evidenced by a
higher C value. There was a significant difference in both
C and m (P b .001) between the nonaged E1 and DCM
materials, such that the E1 material was less resistant to
fatigue-crack growth (higher C value). There was no
difference in C (P = .721) but a significant difference inm
(P b .001) between the E1 and DCM materials in the 4-
week aged condition. During the fatigue-crack propa-
gation tests, some material bridging was observed to
occur between the crack faces in the DCM-aged groups;
this made it more difficult to identify the crack tip during
testing. Hence, there was more scatter in the fatigue-
crack propagation data for the DCM tests in the 2- and 4-
week aged conditions than for the E1 tests.
The vitamin E–stabilized material exhibited a signif-

icant reduction of 86%, 85%, and 73% (P = .0003,
b.0001, and .0002) in wear for both the PS and the
largest and smallest CR designs, respectively (Figs. 5
and 6). Wear of the smallest (59-mm size) CR DCM
bearing inserts was less than a third (P b .0001) of
that of the largest (87/91 mm) CR bearings of the
same DCM control material. In the highly cross-linked
E1 material, although the wear was smaller overall as
mentioned previously, that of the smallest CR bearing
was half (P = .054) that of the largest. No gross
delamination or fracture of the tibial inserts was
observed on any of the knee simulator wear tests, and
this was expected because none of the UHMWPE

Table 1. Average Oxidation Index Results by Study Group

Study
Group Material

Accelerated Aging
(wk)

Average Oxidation
Index

1 DCM None 0.0 ± 0.00
2 DCM 2 0.3 ± 0.02
3 DCM 4 1.9 ± 0.10
4 E1 None 0.0 ± 0.00
5 E1 2 0.1 ± 0.02
6 E1 4 0.1 ± 0.01
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Fig. 2. Representative results of the small punch test for aged and nonaged specimens from the conventional DCM UHMWPE
(left) and E1 UHMWPE (right) groups. The curves for both materials were almost identical except for the E1 UHMWPE preserving
its strength much better with aging.

Fig. 3. Average mechanical properties for the E1 material compared with the DCM controls and how these properties varied with
aging time. Peak load (top left), ultimate load (top right), ultimate displacement (lower left), energy to failure (lower right), and
parameter key (center).
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bearing inserts were aged and all were sterilized in
inert gas packaging.

Discussion
The results of this study supported our hypothesis that

the E1 UHMWPE would exhibit improved wear perfor-
mance and oxidation resistance without unduly
compromising its mechanical properties. We found
that the E1 UHMWPE preserved its static mechanical
properties and fatigue-crack growth behavior after
accelerated aging. We also found that the E1 UHMWPE
exhibited lower wear than did the control UHMWPE in
PS and CR designs evaluated in a knee wear simulator.
Our study design was complicated by differences in

resin between the E1 and control materials. The E1 and
control materials originated from GUR 1020 and 1050
UHMWPE resins, respectively. The E1 specimens in this
study were made from GUR 1020 because its high-
impact strength is well suited for knee applications. The
control materials were fabricated from GUR 1050 resin,
which is currently used in the Vanguard TKA design.
Overall, differences in resin between the control and E1
materials were not considered to have influenced the
wear resistance and oxidation resistance findings from
our study, which were governed by radiation cross-
linking and vitamin E stabilization (respectively) rather
than resin type, as explained further below.
In some parts of our study, we subjected the UHMWPE

to a severe in vitro oxidative challenge, which is
considered to be an acceleration of real-time shelf aging

for historicmaterials that were γ-radiation sterilized in air
[40-42]. The agingmethod should not be interpreted as a
model of real-time aging of UHMWPE sterilized by
methods other than γ-radiation in air, nor could it, or any
other in vitro experiment, totally simulate long-term
oxidation in vivo. Despite these limitations, the protocol
we used has been standardized by ASTM International
and is widely used by the UHMWPE biomaterial
community to evaluate the relative oxidative stability
of highly cross-linked materials.
Long-term diffusion of vitamin E out of the UHMWPE

and loss of protection have been raised as a potential
concern. The long-term clinical effects of any material
cannot be completely proven in vitro, so this has been a
limitation of this and any in vitro study. Based on the first
principles, we do not expect substantial elution of vitamin
E, a hydrophobic fat-soluble macromolecule, into a polar,
water-based in vivo environment. Several studies have
been conducted to experimentally simulate the long-
term behavior of vitamin E in UHMWPE [29,43]. The
diffusion was found to closely follow Fick's second law

Fig. 4. Fatigue testing results shown for both the DCM and the E1 study groups. Fatigue-crack growth rate (da/dn) is plotted
against cyclic stress intensity factor (ΔK).

Table 2. Fatigue-Crack Propagation Results

Study Group Material
Accelerated
Aging (wk)

Exponent,
m

Coefficient,
C

1 (n = 3) DCM control None 10.31 1.15 × 10−6

2 (n = 2) DCM control 2 10.62 2.03 × 10−7

3 (n = 2) DCM control 4 7.42 1.06 × 10−5

4 (n = 3) E1 None 8.88 1.06 × 10−5

5 (n = 2) E1 2 9.00 9.66 × 10−6

6 (n = 2) E1 4 9.09 1.16 × 10−5

Fig. 5. Sample-corrected and sample-averaged 5-million-
cycle test wear results for the PS TKA design, with n = 4 in
each curve.
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[29]. Early (7 months) experimental results on elution
found no change in the oxidative stability of vitamin E–
doped highly cross-linked UHMWPE after 5-million-cycle
hip simulator testing with a normal gait, indicating
minimal elution [43]. More recent and extensive studies
[44] completed 3 years of real-time aging on 100-kGy
irradiated, vitamin E–stabilized, and γ-sterilized blocks
(40°C water). When the vitamin E index was 0.1, the
same as in the TKAs tested in our study, the vitamin E
concentration profiles measured as a function of time
showed that the solubility of vitamin E in UHMWPE and
the surrounding environment had come to an equilibri-
um and that the driving force for the vitamin E to diffuse
out was minimized. After this, not much elution was
expected. In another study [45], hip acetabular liners that
were 85 kGy irradiated, vitamin E diffused, and γ-
sterilized had the vitamin E forcefully extracted with
hexane to below detectable levels. These liners were
accelerated in aging after extraction of all detectable
amounts of vitamin E, and no oxidation was found. This
prompted the authors of those studies to postulate that
minute (undetectable) quantities of vitamin E had still
remained and sufficed, and/or were not extractable, or
were perhaps grafted (chemically bonded) to the poly-
ethylene chains. That study [45] was the nearest to a
worst-case scenario of in vitro testing reported thus far,
short of waiting for tens of years. Analysis of long-term
future clinical retrievals will be the only way to ultimately
determine the extent of vitamin E elution if any, but this
was not the focus of the current study nor was it
particularly addressed in measurements here.
Our aging experiments showed that vitamin E is an

effective antioxidant for UHMWPE. The stabilizing effect
of vitamin E has been observed in several other studies
[18,28,46] with similar methodologies and from similar

recent tests [47] on UHMWPE cross-linked with 75 kGy
of γ-radiation (both GUR 1020 and 1050 resins).
Unstabilized UHMWPE showed higher oxidation indi-
ces, subsequent oxidative embrittlement, and lower
ultimate strength when aged compared with the same
polymers with vitamin E [47].
The fatigue-crack propagation results support that

fatigue-crack propagation resistance is maintained in E1
UHMWPE after 2 and 4 weeks of accelerated aging.
Aging for either 2 or 4 weeks did not significantly alter
the fatigue-crack propagation behavior of the E1
material, as determined by comparing the Paris regime
parameters of each treatment group. This finding is
consistent with the lack of significant difference in the
oxidative index values for the aged E1 UHMWPE groups
vs the nonaged condition.
Aging had an unexpected effect on the DCM

UHMWPE, with the 2-week aged condition showing
apparently improved fatigue-crack propagation behav-
ior and the 4-week aged condition showing reduced
fatigue-crack propagation behavior compared with the
nonaged DCM condition. It is not clear at this time why
the 2-week aged condition showed improved fatigue-
crack propagation behavior because it would be
expected that aging would reduce the fatigue-crack
propagation behavior of the control UHMWPE.
The fatigue-crack propagation results support the

finding that nonaged E1 UHMWPE has less fatigue-
crack propagation resistance relative to nonaged DCM
UHMWPE. This finding is consistent with a report by
Oral et al [30] on highly cross-linked UHMWPE
containing vitamin E. The fatigue-crack propagation
behavior of UHMWPE is influenced both by the extent of
cross-linking of the polymer and by the percent
crystallinity. Generally, there is a loss of resistance to
fatigue-crack growth with an increase in cross-linking;
this loss can be somewhat offset by maintaining
crystallinity [48]. Studies of first-generation-type highly
cross-linked UHMWPE materials and retrieved acetab-
ular hip components suggest that they may be more
susceptible to fracture under challenging clinical condi-
tions such as impingement compared with unaged
conventional UHMWPE [48]. At present, however, the
clinical significance of the comparative reduction in
fatigue-crack propagation performance of the unaged E1
vs unaged DCMUHMWPEmaterials in this study cannot
be definitively stated.
The clinical performance can also be expected to be

influenced by component design. In a separate study
[49], the fatigue resistance of one of the TKR bearing
component designs of the current study was evaluated
to determine if the difference in fatigue-crack propaga-
tion resistance of the material would affect the fatigue
strength of the PS post in that design. The PS posts for E1
and DCM Vanguard tibial bearings were subjected to
cyclic loading at the highest point of their post. This was

Fig. 6. The averaged wear results and 95% confidence limits
for all the knee simulator tests. “Large” represents the largest
TKA size of 87/91-mm bearing inserts, and the “small”
represents the smallest (59 mm in size), with the highest
contact stress.

Vitamin E-Stabilized UHMWPE and TKA � Haider et al 467
Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



accomplished by orienting the bearing at a 30° angle
from the table and the femoral at a 45° angle to the
bearing and by applying a 1300-lb force cyclic load
through the femoral component. This study demon-
strated that the fatigue resistance of the PS post on the
E1 bearings was similar to that of the PS post of the DCM
Vanguard tibial bearings. It is important to investigate
not only material properties such as fatigue-crack
propagation resistance but also component design and
its effects on fatigue performance.
The vitamin E–stabilized highly cross-linked UHMWPE

tibial bearings reduced overall wear by 73% to 86%
when compared with tibial bearings of the same design
made of the control material when tested under the
force-control regime [39]. Several previous studies
[4,50-52] have noted improved in vitro wear resistance
after elevated doses of radiation cross-linking after knee
simulator wear testing under the displacement-control
regime [39].
In summary, in this in vitro study, this highly cross-

linked UHMWPE stabilized with vitamin E was able to
maintain mechanical strength after accelerated aging,
maintain fatigue-crack propagation resistance upon
accelerated aging, and produce 73% to 86% lower
wear compared with the control UHMWPE. Highly
cross-linked UHMWPE stabilized with vitamin E
performed well in vitro for TKA applications. These
results are hoped to translate to clinically meaningful
improvements in longevity in vivo, which can only be
determined through clinical evaluation.
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Abstract: Biologic reactivity to orthopedic implant debris is

generally the main determinant of long-term clinical perform-

ance where released polymeric particles of Ultra-high molecu-

lar weight polyethylene (UHMWPE) remain the most prevalent

debris generated from metal-on-polymer bearing total joint

arthroplasties. Polymeric alternatives to UHMWPE such as pol-

yetherether-ketone (PEEK) may have increased wear resistance

but the bioreactivity of PEEK-OPTIMA particles on peri-implant

inflammation remains largely uncharacterized. We evaluated

human monocyte/macrophage responses (THP-1s and primary

human) when challenged by PEEK-OPTIMA, UHMWPE, and X-

UHMWPE particles of three particle sizes (0.7 um, 2 um, and 10

um) at a dose of 20 particles-per-cell at 24- and 48-h time

points. Macrophage responses were measured using cytotox-

icity assays, viability assays, proliferation assays and cytokine

analysis (IL-1b, IL-6, IL-8, MCP-1, and TNF-a). In general, there

were no significant differences between PEEK-OPTIMA,

UHMWPE, and X-UHMWPE particles on macrophage viability or

proliferation. However, macrophages demonstrated greater cyto-

toxicity responses to UHMWPE and X-UHMWPE than to PEEK-

OPTIMA at 24 and 48 h, where 0.7 lm-UHMWPE particles pro-

duced the highest amount of cytotoxicity. Particles of X-

UHMWPE more than PEEK-OPTIMA and UHMWPE induced IL-

1b, IL-6, MCP-1, and TNF-a at 24 h, p < 0.05 (no significant differ-

ences at 48 h). On average, cytokine production was more

adversely affected by larger 10 lm particles than by 0.7 and 2 lm
sized particles. While limitations of in vitro analysis apply to this

study, PEEK-OPTIMA particles were more biocompatible than

UHMWPE particles, in that they induced less inflammatory cyto-

kine responses and thus, in part, demonstrates that PEEK-

OPTIMA implant debris does not represent an increased inflam-

matory risk over that of UHMWPE. VC 2011 Wiley Periodicals, Inc. J

BiomedMater Res Part B: Appl Biomater 100B: 480–492, 2012.

Key Words: MG-63 osteoblasts, THP-1 macrophages, fibro-

blasts, particles, PEEK, UHMWPE

How to cite this article: Hallab NJ, McAllister K, Brady M, Jarman-Smith M. 2012. Macrophage reactivity to different polymers
demonstrates particle size- and material-specific reactivity: PEEK-OPTIMAVR particles versus UHMWPE particles in the submicron,
micron, and 10 micron size ranges. J Biomed Mater Res Part B 2012:100B:480–492.

INTRODUCTION

Biologic reactivity to implant particulate debris is the main
determinant of long term performance.1 Aseptic osteolysis
accounts for over 75% of total joint arthroplasties (TJA) of
all implant failures and is the central factor limiting the lon-
gevity of current TJAs; other reasons for failure include
infection (7%), recurrent dislocation (6%), periprosthetic
fracture (5%), and surgical error (3%).2 Wear and corrosion
products are attributed with these local inflammatory
responses leading to aseptic failure.3–11

Polymeric debris from TJA generated through wear
mechanisms induce untoward effects in the peri-implant
space, usually through the macrophage-mediated formation
of inflammatory foreign-body reactions forming granulation
tissue. This has the ability to compromise the integrity of

the bone-implant interface and contribute to the pathophys-
iology of peri-implant bone loss (i.e., osteolysis).12,13 In
human studies of loose implants, granulomatous epithelioid
membranes coating the metal implants have been associated
with loose total hip replacements,14–17 where bone radiolu-
cency or osteolysis was associated with the locations re-
sponsible for implant debris production. While peri-implant
cells like osteoblasts and fibroblasts have been shown to be
negatively affected by implant debris, macrophages are pro-
fessionally dedicated to phagocytosing debris, initiating a
local immune response and are more commonly known in
orthopedics as the major cell type responsible for mediating
the proinflammatory response to debris that leads to
inflammation and device loosening over time. Particles
induce macrophages to secrete inflammatory mediators

Correspondence to: N. J. Hallab; e-mail: nhallab@rush.edu

480 VC 2011 WILEY PERIODICALS, INC.

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



including TNF-a, IL-1b, IL-6, MCP-1, IL-8, and PGE2, stimu-
lating differentiation of osteoclast precursors into mature
osteoclasts resulting in increased periprosthetic bone
resorption.18 Although metallic implant debris has been
reported to cause a multitude of reactions such as activation
of the adaptive immune system (T-cells and B-cells) through
antigen presentation,19 release of proinflammatory media-
tors,20–24 cytotoxicity,25 DNA damage,25–27 and oxidative
stress,28 polymeric implant debris has not. General effects
of all wear debris particles include interruption of mesen-
chymal stem cell differentiation into functional osteo-
blasts,29 and particles can directly inhibit osteoblast30

synthesis of collagen and induce osteoblast apoptosis.31 Of
these many possible types of responses, it is the subtle per-
sistent proinflammatory responses to wear debris in the
local environment, alone that has been correlated with poly-
meric implant performance.32 Exactly which materials and
which sizes of particles are most reactive remains contro-
versial, especially among materials of similar chemistry/
material type, for example, polymers. Some studies suggest
that phagocytosable size particles are the most stimulatory
in a dose dependent manner (often up to a saturation
level).21,33–35 There is growing consensus that particles
need to be less than 10 lm, that is, within a phagocytosable
range to produce an in vitro inflammatory response,23,36–38

where particles with a mean size of 0.24 lm to 7.2 lm are
more proinflammatory.23,36,37,39,40 However, there is
disagreement as to which specific size(s) and/or dose of
particles (particles/cell or particles/tissue volume) are most
inflammatory.23,35–37,41–43 It has been suggested that the
internalization of small particles in the nanometer sizes
(< 150 nm) occurs by endocytosis or pinocytosis for par-
ticles,35,44,45 whereas larger particles (> 150 nm to 10 lm)
are phagocytosed in the traditional manner inside phago-
somes/lysosomes by a range of peri-implant cells types
including osteoblasts, fibroblasts, endothelial cells, and
macrophages.

Newer polymeric materials, such as polyetherether-ketone
(PEEK), with promising wear resistance characteristics46 are
potential alternatives to polyethylene in metal-on-polymer
bearing surfaces. However, the proinflammatory potential of
PEEK-OPTIMA particles of various sizes compared with simi-
lar UHMWPE has not been well characterized. Without this in-
formation, it is difficult to assess the relative potential for
PEEK-OPTIMA to contribute to poor implant performance
and/or peri-implant tissue pathology. PEEK-OPTIMA particles
are more hydrophilic than UHMWPE. Previous results have
indicated that the more hydrophilic nature of polyurethane
particles may result in less inflammatory responses, when
compared with UHMWPE both in vitro and in vivo.47,48 Thus,
to characterize the effects of PEEK-OPTIMA particles in vitro,
we hypothesized that PEEK-OPTIMA particles will be less
inflammatory to macrophages than UHMWPE particles on a
particle per cell basis. We tested this hypothesis by measuring
the effect of PEEK-OPTIMA and UHMWPE, and crosslinked-
UHMWPE (X-UHMWPE) particles on primary and THP-1
human macrophages. The degree to which particles affected
cell function was assessed using toxicity assays, viability

assays, proliferation assays, and cytokine analysis. In this fash-
ion, we determined which material and particle sizes of PEEK-
OPTIMA and UHMWPE were more proinflammatory and thus
more likely to interfere with the homeostasis of the implant
tissue interface.

MATERIALS AND METHODS

Cells
Differentiated human macrophages (THP-1; ATCC, Rockville,
MD) and primary human monocytes were used as a mea-
sure of innate immune response to particle challenge. The
cells were cultured in Dulbecco’s modified Eagle medium,
DMEM (Sigma, St Louis, MO) at 37�C and 0.5% CO2, con-
taining 10% fetal bovine serum (FBS; Hyclone Laboratories,
Logan, UT). THP-1 monocytes were differentiated into mac-
rophages by culturing 2.0 � 105 monocytes in 48 well
plates or 0.60 � 105 in a 96-well plate with a phorbol ester
(TPA) for 18–24 h then washed with DMEM 24 h before
particle challenge. A total of 10% ethanol was used as a
positive control for toxicity assays.

Blood samples were obtained intravenously from healthy
volunteers (n ¼ 3) with Institutional Review Board
approved, informed consent. Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficol gradient. Peripheral
blood CD14þ monocytes were isolated from PBMCs by neg-
ative selection with a specific magnetic bead antibody cock-
tail to CD3, CD7, CD16, CD19, CD56, CD123, and Glyco-
phorin A (Miltenyi Biotec). Isolated human primary
monocytes were assessed for >90% purity using FACS. Li-
popolysaccharide (5 ng/mL final concentration) was used as
a positive control for primary human monocyte/
macrophages.

Challenge particles
Peri-implant cells were challenged with implantable grade
PEEK-OPTIMA particles (PEEK-OPTIMA; Invibio Biomaterial
Solutions, Lancashire, UK) and UHMWPE (Enduron) and
highly crosslinked UHMWPE (X-UHMWPE, Marathon) par-
ticles of three particle sizes, �0.3–0.7 lm, �2 lm, and �10
lm, at a dose of 20 particles per cell, at 24 and 48 h time
points, (see Figures 1 and 2). The particles were produced
from implant grade nonsterilized PEEK-OPTIMA bar stock
(PEEK-OPTIMA-LT1, Invibio Biomaterial Solutions), and
sterilized and boxed commercially available UHMWPE ace-
tabular cups (Enduron, Cat 1241-12-526, DePuy) and sterile
commercially available X-UHMWPE acetabular cups (Mara-
thon, Cat 1219-36-056, DePuy). Commercially available
particles (BioEngineering Solutions, Oak Park, IL) were
produced using proprietary techniques involving custom
cryo-milling and cryo-pulverization in liquid nitrogen fol-
lowed by size exclusion separation using ultrasound-facili-
tated filtration through polystyrene membrane filters. The
exact mean sizes and distribution of the particles are pro-
vided in Figure 2 and are shown to be similar for each size
ranges where >80% of particles of 0.3–0.7 lm average
sized particles were less than 1 um, and >95% were
< 2 um; for the 2 lm average sized particles for all materi-
als >95% of the particles were >1 lm and <10 lm; for the
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10–13 lm average sized particles >95% were larger than
5 lm and >90% were < 25um. Particles in the 0.7 lm
and 2 lm size range and had the same granular to flake-
like particle shape with average aspect ratios from 1.1–1.5
(i.e., round to oval). Particles >10 lm were fiber-like with
aspect ratios between 2 and 4. PEEK-OPTIMA and
UHMWPE particles were sterilized using ethylene oxide
sterilization (>2000 mg/L-hours at 72F: Indicated by
AN87 Dosimeter) and cleaned of endotoxin (using serial
incubation with PyroCleanTM and ethanol) and verified to
be endotoxin free (<0.01 uE using Kinetic QCL assay).
Because UHMWPE and X-UHMWPE particles have a density
of 0.96 gm/cc, they tend to float when placed in DMEM or
cell culture. Thus, particles of PEEK-OPTIMA and UHMWPE
were electrostatically bound to the bottom of the culture
plates before addition of cells and media using a proprie-
tary process (BioEngineering Solutions, Oak Park, IL). This
method of keeping particles bound to the surface and
available for phagocytosis was tested to 6 days in DMEM

and shown to maintain over 95% of the original particles
(Figure 3).

Proliferation assays
Proliferation of cells was measured using [3H]-thymidine
(Amersham International, Arlington Heights, IL) incorpora-
tion into DNA. Proliferation assays were performed using
monocytes rather than terminally differentiated macrophages
because terminally differentiated THP-1 macrophages do not
proliferate. Thus, THP-1 monocytes were cultured in 96-well
cell-culture plates (Sigma), at a density of approximately 0.6
� 106 cells/well for 24 and 48 h in 450 lL of DMEM/well,
10% FBS at 37�C and 5% CO2, with or without particle treat-
ments. [3H]-thymidine (1 lCi/well) was added during the
last 12 h of the 24- and 48-h culture period. Radioactivity
was measured using liquid scintillation Beta plate analysis
(Wallac 1450, Gatesburg, MD). The amount of [3H]-thymidine
incorporation for each particle treatment was normalized to
that of media alone (controls) producing a proliferation index

FIGURE 1. SEM photographs showing each material (PEEK-Optima, UHMWPE, and X-UHMWPE) at (a) 0.3–0.7 um, (b) 2 micron, and (c) 10

micron size ranges. Note: Bar ¼ 10 um.
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FIGURE 2. Number distributions (mn) from LALLS showing each material (PEEK-OPTIMA, UHMWPE, and XUHMWPE) at (a) 0.3–0.7 lm, (b) 2

lm, and (c) 10–13 lm size ranges. The actual mean (average) size for each if the three size ranges for each material is indicated with the associ-

ated standard deviation calculated. The distribution of the particles shown are granular and flake-like in shape (ASTM 1877-05), with average as-

pect ratios from 1.1 to 1.5 (i.e., round to oval) for particles in the 0.7 lm and 2 lm size ranges. Particles >10 lm were more elongated with

aspect ratios of 2–4.

FIGURE 3. Light microscopy of 2 lm UHMWPE particles electrostatically bound to the bottom of standard tissue culture treated polystyrene 96-

well plates: (a) dry UHMWPE particles bound to the surface and (b) UHMWPE particles still bound to the well bottom in cell culture media

(DMEM) after 6 days incubation at 37�C (without any cells). Original magnification 400�.
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or stimulation index, SI: Stimulation Index, SI ¼ (mean cpm
with treatment)/(mean cpm media alone). Radioactive [3H]-
thymidine incorporation is used as a highly accurate measure
of proliferation, because the incorporation of thymidine into
cellular DNA on mitosis does detect viable yet nondividing
cells. Viability and toxicity assays were conducted to measure
any toxicity responses.

Viability assays
Cell viability was determined by ATP-chemiluminescence,
using the luciferase-containing reagent CellTiter Glo (Prom-
ega, Madison, WI). Luciferase based cell viability measure-
ment is a method based on the quantitation of ATP present,
which measures the presence of metabolically active cells.
The process contains detergents and stabilizers to rupture
cells which release ATP as well as ATPase inhibitors to stabi-
lize released ATP. 24 and 48 h following particle treatment,
96-well assay plates containing 2.5 � 104 cells/well were
treated with 100 lL/well of CellTiter-Glo Assay reagent after
equilibration to room temperature. Plates were shaken for 5
min to mix the contents of the wells (MTS5 IKA Works).
Following a 10–15-min incubation at ambient temperature,
luminescence was determined using a luminometer (Wallac
MicroBeta 1450). Cell number linearly correlated with lumi-
nescent output in a range from 1 to > 5 � 104 cells/well. All
viability tests were conducted in triplicate.

Cytotoxicity assays
Cytotoxicity was measured using a lactate dehydrogenase
(LDH) detection kit (LDH Cytotoxicity Assay, Cayman Chemi-
cal Company, Ann Arbor, MI). The LDH released from dead
cells can be measured without damaging membranes of the
viable cells using an enzymatic assay that detects a fluorescent
signal proportional to dead cell release of lactate and NAD1.
The LDH assay was allowed to proceed at room temperature
for 10 min prior to addition of 25 lL/well stop solution con-
taining 10% sodium dodecyl sulfate. The contents of the wells
were mixed by shaking the plates for 10 s before measuring
fluorescence (560 nm excitation, 590 nm emission) using a
Wallac Microbeta 1450 fluorescence plate reader.

Cytokine analysis luminex assays
Particle-induced IL-1b, IL-6, IL-8, MCP-1, and TNF-a secre-
tion by THP-1 monocytes and primary macrophages were
analyzed with Luminex suspension multiplex array technol-
ogy. Supernatants from particle-challenged monocytes were
collected 24 and 48 h after initial particle challenge and fro-
zen at �80�C. Monocyte/macrophage supernatants were then
thawed and analyzed for IL-1b, IL-6, IL-8, MCP-1, and TNF-a
concentrations with a proinflammatory-plex cytokine array kit
(INVITROGEN). All Luminex assays were analyzed in triplicates
with manufacturer’s provided buffers and protocols.

Microscopic examination
Microscopic examination of material-induced changes in cell
morphology was conducted using phase contrast (Eclipse C1,
Nikon, Mississauga, Ontario). Images were captured using
monochrome digital photography with image processing lim-
ited to brightness and contrast enhancement.

Statistical analysis
Normally distributed data (proliferation and viability data)
were subjected to statistical analysis using Student’s t-tests.
Student’s t-tests for independent samples with unequal or
equal variances were used to test equality of the mean val-
ues (p < 0.05). Comparisons between groups are limited to
individual comparison of reactivity for each material con-
centration. Treatment specific reactivity measurements were
normally distributed.

Cytokine analysis
By convention, to calculate group means, cytokine concen-
trations below the detection limit were assigned a value of
one-half the method detection limit. Intergroup compari-
sons, independent of these means, were made using Krus-
kall–Wallis nonparametric analysis of variance. The Wil-
coxon–Mann–Whitney test was then used if the Kruskall–
Wallis test revealed significant differences at p < 0.05.

RESULTS

Microscopic morphologic analysis
Microscopically visible toxicity responses of the cells to the
particles were not evident after 24 h of cell culture (Figure 4),
as was qualitatively assessed by microscopically identifiable
decreases in the number of cells per well or changes in the
morphology of the cell. Larger particles of < 15 lm were con-
firmed as phagocytosable by sampling and examination using
scanning electron microscopy (SEM) (data not shown). How-
ever, larger particles than 15 lm or clumps of particles with
effective particle sizes greater than 15 lm were not verified
as phagocytosed and likely were not able to be phagocytosed.
Thus, the effective number of particles available for phagocy-
tosis with the larger sizes (10–13 um) was likely less than
that used for challenging cells and the reported dose represents
an upper limit. Particles of submicron size were below the detec-
tion limit of light microscopy used, while 2 lm particles of
PEEK-OPTIMA were visibly identifiable and 10 lm particles of
all materials were readily observable and at a concentration of
20 particles per cell start to obscure imaging of cells.

Viability assays (ATP-chemiluminescence)
The viability of differentiated THP-1 macrophages treated
with PEEK-OPTIMA, UHMWPE, and X-UHMWPE particles of
0.5–0.7 lm, �2lm, and �10lm in size were measured using
luminometer measurement of total cell number (ATP-chemi-
luminescence) after 24 and 48 h of challenge. Both PEEK-
OPTIMA and UHMWPE particles induced a significant
decrease in viability (Figure 5). However, this decrease in via-
bility was limited to PEEK-OPTIMA and UHMWPE particles
13 lm in size after 24 h of exposure [Figure 5(a)]. After 48 h
of exposure, the all three sizes of UHMWPE particle induced
a significant decrease in viability. However, only the 13 lm
PEEK-OPTIMA particles resulted in decreased viability
[Figure 5(b)]. It is important to note that while there were
significant decreases in viability due to particle challenge,
none of the particle challenge agent reduced the amount of
viable cells below 20% of the control values, as opposed to
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10% ethanol positive control that reduced viability as meas-
ured by ATP-chemiluminescence by >95%.

Cytotoxicity assays (LDH)
The cytotoxicity of THP-1 differentiated macrophages chal-
lenged with PEEK-OPTIMA and UHMWPE particles were
tested at three particle sizes at a dose of 20 particles per
cell by measuring the amount of LDH released from mem-
brane rupture. UHMWPPE particles generally demonstrated
significantly increased cell toxicity responses to particle
challenge compare with untreated controls, PEEK-OPTIMA
and X-UHMWPE (Figure 6).

Material effects
PEEK-OPTIMA versus PE: Macrophages demonstrated less
cytotoxicity at 48 h than at 24 h, demonstrating increased
membrane instability/permeability associated with initial
phagocytosis during the first 24 h of exposure.

Particle size effects
At 24 h, only the largest (13 lm) particles of PEEK-
OPTIMA resulted in significantly increased LDH. However,
UHMWPE induced significantly increased LDH at 0.5 lm,
1.6 lm, and 13 lm sizes, where the greatest amounts of
LDH release were at the 0.5 lm size at 24 h. At 48 h, the
only material and size to result in significant LDH release
(p < 0.05) was that of 0.5 lm UHMWPE (Figure 6), which
exceeded the level of LDH induced by the 10% ethanol
positive control.

Proliferative cell adhesion assays ([H]-thymidine
incorporation)
Proliferation responses of proliferating undifferentiated
THP-1 monocytes were measured by [3H]-thymidine incor-
poration and analysis of monocytes after challenge with par-
ticles for 24 and 48 h. There was a distinct difference in

FIGURE 4. Light microscopy images of PEEK-OPTIMA, UHMWPE, and X-UHMWPE) at 0.3–0.7 lm, 2 lm, and 10–13 lm size ranges with differen-

tiated THP-1 human macrophages at a dose of 20 particles/cell after 24 hours of culture show that cell morphology did not change significantly.

Inset shows unchallenged control cells. Original magnification 400�.
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proliferation responses at 24 and 48 h (Figure 7). At 24 h,
the smallest (0.5–0.7 lm) particles of both PEEK-OPTIMA
and UHMWPE and larger X-UHMWPE particles (2 lm and
10 lm) induced a 30% increase in proliferation (p < 0.05).
However, at 48 h, the trend reversed itself and PEEK-
OPTIMA, UHMWPE, and X-UHMWPE all induced a signifi-
cant decrease in proliferation of monocytes, except for
0.5 lm UHMWPE and 2.1 lm and 10 lm X-UHMWPE which
remained mildly stimulatory (p < 0.05). Similar to viability
assays, the limited proliferation changes induced by par-
ticles (<30%) were comparable decreases in proliferation,
when compared with 10% ethanol positive controls. There
was no clear size-dependent trend among the particle types
at either 24 or 48 h. Thus, there was no one type or size of
particle that resulted in significantly decreased proliferation
to a greater extent than that of another material of similar
size, for example, PEEK-OPTIMA at 0.5 lm and X-UHMWPE
at 0.3 lm (Figure 7).

Cytokine assays
THP-1 monocyte/macrophages. PEEK-OPTIMA and UHMWPE
particles induced significant increases in IL-1b, IL-6, IL-8,
TNF-a, and MCP-1 compared with unchallenged controls at
24 h (Figure 8). The cytokine response to X-UHMWPE was

significantly greater than the response to any other type of
material with generally a 4- to 100-fold increase in cytokine
production over that of PEEK-OPTIMA. The highest response
to IL-1b, IL-6, IL-8, TNF-a, and MCP-1 was �50 pg/ml,
1000 pg/ml, 8000 pg/mL, 2000 pg/mL, and 10,000 pg/mL,
respectively, to that of 2.1-lm sized X-UHMWPE particles.
The greatest increase of any cytokine was observed with
the 13 lm UHMWPE and X-UHMWPE particles, which
induced increases �10,000 pg/mL MCP-1; an increase
�5000-fold that induced by untreated controls and PEEK-
OPTIMA particles of similar size (Figure 8). Larger particle
sizes of X-UHMWPE (2 lm and 10 lm dia.) resulted in
increased cytokine expression of all cytokines assayed. How-
ever, while both 2 lm and 10 lm X-UHMWPE particles
resulted in the greatest responses, 0.7 lm X-UHMWPE par-
ticles did not induce significantly increased production of
any of the cytokines. Similarly, high amounts of IL-6, IL-8,
and MCP-1 were produced by 13,lm UHMWPE particles.

Primary cells. PEEK-OPTIMA and UHMWPE particles
induced significant increases in IL-1b, IL-6, IL-8, and TNF-a

FIGURE 5. The viability of differentiated human THP-1 macrophages

challenged with PEEK-OPTIMA, UHMWPE, and X-UHMWPE particles

of 0.5–0.7 lm, �2 lm, and �10 lm in sizes. Viability was measured

using luminometry of total cell number (ATP-chemiluminescence) af-

ter 24 h and 48 h of challenge. Positive control was 10% ethanol.

Note: *p < 0.05, compared with controls (medium alone).

FIGURE 6. Cytotoxicity of human THP-1 differentiated macrophages

challenged with PEEK-OPTIMA, UHMWPE, and X-UHMWPE particles

of three particle sizes at a dose of 20 particles per cell. Cytotoxicity

was measured by the amount of LDH released from membrane rup-

ture. UHMWPE particles generally demonstrated significantly

increased cell toxicity responses to particle challenge compare with

untreated controls, PEEK-OPTIMA and X-UHMWPE. Note: *p < 0.05,

compared with controls (medium alone) and **p < 0.05 compared

with PEEK-OPTIMA at an equal particle size.
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compared with unchallenged controls in all three subjects
tested at 24 h (Figure 9). However, there was little differ-
ence between PEEK-OPTIMA and UHMWPE cytokine pro-
files. All three subjects demonstrated roughly similar ranges
of IL-1b, IL-6, IL-8, and TNF-a cytokine responses to PEEK-
OPTIMA and UHMWPE particles. However, the IL-1b
response to X-UHMWPE was greater than to PEEK-OPTIMA
in two of three subjects (Figure 9). Additionally, endotoxin
free particles of PEEK-OPTIMA and particles induced signifi-
cantly (p < 0.05) greater IL-1b compared with LPS chal-
lenge, consistent with and supporting the inflammasome
activation model of particle induced bioreactivity.49–51 The
chemokine MCP-1 demonstrated the greatest variability in
response to particle challenge in subjects 1 and 3. There
was a significantly greater IL-1b cytokine response to
X-UHMWPE compared with PEEK-OPTIMA particles in sub-
ject 1 and a significantly greater response in MCP-1 (chemo-
kine) to X-UHMWPE compared with PEEK-OPTIMA particles
in subject 3 (Figure 9). The cytokines, IL-6, IL-8, and MCP-1
demonstrated the greatest increase in responses compared
with unchallenged monocytes for all subjects. The responses
to endotoxin free PEEK-OPTIMA and UHMWPE particles
rivaled that of high dose LPS (positive control) and in fact

demonstrated a greater IL-1b and/or TNF-a response (p <

0.05) in all three subjects.

DISCUSSION

The results of this study show that in general neither PEEK-
OPTIMA nor UHMWPE particles substantially suppressed
macrophage viability and thus were minimally toxic com-
pared with positive controls. However, PEEK-OPTIMA par-
ticles were on the whole less inflammatory than UHMWPE
and X-UHMWPE particles of the same size and dose after 24
h of exposure. While these findings support our hypothesis
that PEEK-OPTIMA particles are less inflammatory than
UHMWPE particles of similar size, they do not make a
strong case for superiority of biologic response from a mag-
nitude perspective. In other words, while this difference
was statistically significant within the different in vitro
assays tested, the overall difference between PEEK-OPTIMA
and UHMWPE was not likely substantial enough to indicate
reactivity differences in vivo. It does, however, suggest that
polymeric material type does affect biologic response. The
degree to which surface chemistry-dependent properties
between PEEK-OPTIMA and UHMWPE and X-UHMWPE dif-
fered was not quantified in this investigation and thus bio-
logic differences attributable to surface chemistry differen-
ces remains beyond the scope of this investigation.
However, it is likely that the central difference in chemistry-
dependent surface properties between PEEK-OPTIMA and
UHMWPE is their hydrophilic versus hydrophobic surfaces,
respectively (where the approximate PEEK contact angle
with water is 62–71� vs. an UHMWPE-water contact angle
of 91�).52,53 Other investigators have reported a decrease in
bioreactivity associated with an increase in polymer surface
chemistry hydrophilicity (polyurethane versus UHMWPE),
that is, consistent with the results found in this investiga-
tion.48 However, despite the growing number of reports con-
firming this relation between polymer particle hydrophilicity
and biocompatibility, it remains unestablished as a consen-
sus opinion.

Particle size effects
Increasing size of the PEEK-OPTIMA and UHMWPE particles
generally did not induce >20% changes in proliferation or vi-
ability. There was a dramatic increase in cytotoxicity of
UHMWPE particles at 0.5 lm at both 24 and 48 h that rivaled
the positive control. This was not apparent for PEEK-OPTIMA
0.7lm particles. In fact, PEEK-OPTIMA only induced cytotox-
icity at the largest size (13lm). However, because these
results were not mirrored in the proliferation and viability
assays, it may be that these toxicity results reflect an artifact
of the LDH assay in which ‘‘floating’’ submicron UHMWPE
particles released from the bottom of the wells during proc-
essing were unable to be removed from the media before
LDH detection. This phenomenon was not observed in the
submicron X-UHMWPE particles that were similarly buoyant
to UHMWPE. There was a distinct bias of larger sized par-
ticles to elicit an increase in cytokine response at 24 h, where
13 lm sized UHMWPE particles and 2.1 lm and 10 lm
X-UHMWPE particles demonstrated a significant >2- to

FIGURE 7. Proliferation responses of proliferating undifferentiated

THP-1 monocytes/were measured by [3H]-thymidine incorporation

and analysis of monocytes after challenge with particles for 24 and 48

h. There was a distinct difference in proliferation responses at 24 and

48 h. Note: *p < 0.05, compared with controls (medium alone).
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100-fold increases in IL-1b, IL-6, IL-8, MCP-1, and TNF-a over
that of PEEK-OPTIMA particles at 24 h.

This work is in agreement with past investigations,
where clinically relevant UHMWPE particles have been
found to produce IL-1b, IL-6, PGE2, and TNF-a in response

to 0.45 lm and 1.7 lm particles23,36 but not to particles >

7 lm.23,36 However, in this previous work, dosing was made
on an equal volume (or mass) basis, where there are far
fewer large particles (dose) than smaller particles for a
given challenge volume. This ‘‘smaller is worse’’ is partially

FIGURE 8. THP-1 monocyte/macrophages: PEEK-OPTIMA and UHMWPE particles induced significant (p < 0.05) increases in IL-1b, IL-6, IL-8,

TNF-a, and MCP-1 compared with unchallenged controls at 24 h (bars). The cytokine response to X-UHMWPE was significantly greater than the

response to any other type of material with generally a 4- to 100-fold increase in cytokine production over that of PEEK-OPTIMA.
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a misconception, because in these studies the challenge
doses generally contained >1000� more small particles per
cell than larger particles. Conversely, in this investigation,
the sizes of particles were compared on a particle per cell
basis which may also be biased since the mass of one large
particle (e.g., 100 lm) is equal to the mass of >10,000
smaller particles (e.g., 1 lm). Thus, it may be more accurate
to conclude that any ensuing particle-induced inflammatory
response is proportional to the particle load, which is the
concentration of phagocytosable particles per tissue volume,
characterized by both the size and total debris volume. In
contrast to some of these past investigations23,36 and in
agreement with others,54 we found that the most inflamma-
tory particles were not the smallest particles tested (i.e.,
0.3–0.7 lm), rather they were the larger 10–13 lm particles

barely able to be phagocytosed by the cells. It should be
noted that the inability of a cell to engulf a particle does
not preclude an attempt by a cell to phagocytose larger
particles and result in proinflammatory reactions, see
Figure 10.

Are these larger sized particles clinically relevant? Previ-
ous investigations have reported that hard-on-hard material
couples such as metal-on-metal articulations generally pro-
duce smaller sized (nanometer and submicron), fairly round
debris whereas traditional metal-on-polymer bearings pro-
duce larger (submicron and micron sized) debris that are
more elongated in shape.55–62 Thus, the particles produced
from metal-on-polymer bearing surfaces that are predomi-
nantly polymeric, generally fall into the range from 0.23 to
2 lm with an average size �0.6lm.63–65 Other investiga-
tions of UHMWPE particle isolates from peri-implant tissues
have shown that UHMWPE particulate debris to be a little
smaller with 70%–90% of recovered particulates submi-
cron, with the mean size being �0.2–1 lm.66–68 However,
the range of particles are well established at 0.2 to 300 lm
in size.63,66–69 Similarly obtained particles of X-UHMWPE
were found to be a little smaller and more rounded than
UHMWPE, with particles as small as 0.1 lm in size.56,70

However, the techniques used in the bulk of these past
investigations were limited to either SEM or transmission
electron microscopy, by necessity because of the limited
availability of debris for analysis. These microscopy techni-
ques facilitate a relatively small sample size for the counting
of particles within high magnification fields and typically
statistically sample < 0.000001% of the total debris gener-
ated and are thus accordingly limited.71,72 So, while the av-
erage particles generated from metal-on-polymer bearing
surfaces are typically in the smaller ranges (<1 um), larger
size particles in the 10 lm range remain clinically relevant

FIGURE 9. PEEK and PE particles induced significant increases in IL-

1b, IL-6, IL-8, and TNF-a compared with unchallenged controls in all

three subjects tested at 24 h. All three subjects demonstrated roughly

similar ranges of increased IL-6, IL-8, and TNF-a cytokine responses to

LPS, PEEK particles, and PE particles. However, all particles induced

significantly (p < 0.05) greater IL-1b compared with LPS (bars). Note:

*p < 0.05, compared with controls (medium alone) and #p < 0.05

compared with PEEK-OPTIMA at an equal particle size.

FIGURE 10. Scanning electron micrograph of �10 lm diameter THP-1

macrophage in the process of trying to phagocytose a 20 lm diame-

ter UHMWPE particle despite the large size difference, (Bar ¼ 20 um).
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and important to the comparison of PEEK-OPTIMA and
UHMWPE particles.

Particle-induced proinflammatory responses
Implant debris-induced responses in peri-implant tissues73

disrupts bone homeostasis through a number of proinflam-
matory cytokine responses. Particles induce macrophages to
secrete TNF-a, IL-1b, IL-6, and PGE2, stimulating further
immune chemokine attraction of other cells and maturation
of osteoclast precursors. This has been shown to act
through the inflammasome pathway and others, which leads
to the release of IL-1b, and other powerful proinflammatory
cytokines.49 Inflammatory activation of macrophages in this
study was not limited to IL-1b (the result of inflammasome
danger signaling pathways). However, the only particles that
induced highly elevated IL-1b responses in Human THP-1
macrophages were X-UHMWPE at 2 lm in size and not at
0.3 lm or at 10 lm. This suggests that there may be partic-
ularly high phagosomal distress resulting in relatively high
IL-1b to X-UHMWPE particles, and that something about
this particular size may induce intracellular stress such as
lysosomal destabilization that is well known to lead to
inflammasome activation and IL-1b production. This hypoth-
esis is supported by increased amounts of the other inflam-
matory cytokines associated with X-UHMWPE at 2 lm and
10 lm (see Figure 8). These distinct differences between
UHMWPE and PEEK-OPTIMA were not as pronounced in
primary human macrophages. Only one of three individuals
demonstrated a statistical increase in one particle type over
another to IL-1b (X-UHMWPE over that of PEEK-OPTIMA,
subject 1, Figure 9). It is unknown at this time which of the
cytokines released (Figure 9) play a more important role in
long-term particle-induced inflammation (e.g., IL-1b or TNF-
a). Primary monocytes demonstrated little to no IL-1b
response to LPS challenge (5 ng/mL) that was significantly
lower than endotoxin free particles of PEEK-OPTIMA and
UHMWPE, which is consistent with current paradigms of
inflammasome pathway involvement in nonpathogen-
derived proinflammatory stimuli.49

Clinical relevance of PEEK-OPTIMA versus UHMWPE
particle challenge
The growing applications of PEEK-OPTIMA include load-
bearing surfaces in orthopedic implants. Although histori-
cally there has been a dearth of information regarding the
performance of PEEK in general, recent articles have shown
that particles within the small-medium-and large size
ranges tested in this investigation are produced from the
wear of PEEK implants.74,75 The clinical relevance of the
findings in this investigation (that PEEK-OPTIMA is gener-
ally less inflammatory to macrophages than UHMWPE par-
ticles of similar size, shape, and dose) are critically impor-
tant in the assessment of PEEK-OPTIMA as a material that
aims to improve implant performance. In this in vitro study
of particle-induced innate immune responses to implant de-
bris, the results of multiassay assessment seem to indicate
that PEEK-OPTIMA meets, if not exceeds, the biocompatibil-
ity of similar UHMWPE particles. This consistent with the

results of other in vivo studies using similarly sized PEEK
particles where equivalent (to less) inflammatory responses
were found in rabbits dosed with PEEK or UHMWPE
particles.76,77

Study limitations and future efforts
Two major limitations inherent to this line of investigation
include: (1) the appropriateness of the challenge conditions,
that is, in vitro and (2) an incomplete understanding of
what specific mechanism(s) mediate particle-induced cyto-
kine responses. Whether the complex environment of the
peri-implant milieu ultimately mitigates or makes cells
more susceptible to the effects of particle exposure in vivo
remains unknown. Thus, the results of this study are put
forward as an initial guideline and a basis for further exami-
nation using more sophisticated conditions, for example,
mixed cell populations, direct in vivo osteolysis models.

CONCLUSIONS

The results of this study that compare PEEK-OPTIMA and
UHMWPE particles �0.3–0.7 lm, 2 lm, and 10 lm in size
demonstrated that PEEK-OPTIMA particles were signifi-
cantly less inflammatory than UHMWPE and X-UHMWPE af-
ter 24 h of exposure. These results support our hypothesis
that PEEK-OPTIMA particles are less inflammatory than
UHMWPE particles of similar size and shape. Both PEEK-
OPTIMA and UHMWPE did not drastically affect the viability
or induce toxicity in human THP-1 macrophages, where the
viability ranges of particle challenged cells were similar to
those of nontreated control macrophages. Although some of
the PEEK-OPTIMA and UHMWPE particles induced signifi-
cant decreases in viability/cell number these changes did
not induce >20% changes in proliferation or viability. There
was a distinct trend of larger sized particles to elicit a cyto-
kine response at 24 h, where 13 lm sized UHMWPE par-
ticles and 2.1 lm and 10 lm X-UHMWPE particles demon-
strated a significant >2- to 100-fold increases in IL-1b, IL-6,
IL-8, MCP-1, and TNF-a over that of PEEK-OPTIMA particles
at 24 h. This in vitro study of innate immune responses to
implant debris using viability, proliferation, cytotoxicity, and
cytokine production assays indicated that PEEK-OPTIMA
particles were more biocompatible than UHMWPE particles,
mostly by producing less inflammatory cytokines and in
part demonstrating that PEEK-OPTIMA implant debris does
not represent an increased inflammatory risk over that of
UHMWPE.
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Abstract

Three series of uniaxial tension and compression tests were conducted on two conventional and two highly crosslinked ultra-high

molecular weight polyethylenes (UHMWPEs) all prepared from the same lot of medical grade GUR 1050. The conventional

materials were unirradiated (control) and gamma irradiated in nitrogen with a dose of 30 kGy. The highly crosslinked UHMWPEs

were gamma irradiated at room temperature with 100 kGy and then thermally processed by either annealing below the melt

transition at 1101C or by remelting above the melt transition at 1501C. The true stress–strain behavior of the four UHMWPE

materials was characterized as a function of strain rate (between 0.02 and 0.10 s�1) and test temperature (20–601C). Although

annealing and remelting of UHMWPE are primarily considered as methods of improving oxidation resistance, thermal processing

was found to significantly impact the crystallinity, and hence the mechanical behavior, of the highly crosslinked UHMWPE. The

crystallinity and radiation dose were key predictors of the uniaxial yielding, plastic flow, and failure properties of conventional and

highly crosslinked UHMWPEs. The thermomechanical behavior of UHMWPE was accurately predicted using an Arrhenius model,

and the associated activation energies for thermal softening were related to the crystallinity of the polymers. The conventional and

highly crosslinked UHMWPEs exhibited low strain rate dependence in power law relationships, comparable to metals. In light of

the unifying trends observed in the true stress–strain curves of the four materials investigated in this study, both crosslinking

(governed by the gamma radiation dose) and crystallinity (governed by the thermal processing) were found to be useful predictors of

the mechanical behavior of UHMWPE for a wide range of test temperatures and rates. The data collected in this study will be used

to develop constitutive models based on the physics of polymer systems for predicting the thermomechanical behavior of

conventional and crosslinked UHMWPE used in total joint replacements. r 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Ultra-high molecular weight polyethylene (UHMWPE); Temperature; Irradiation; Strain rate; Crosslinking; Mechanical properties

1. Introduction

Ultra-high molecular weight polyethylene
(UHMWPE) has been the material of choice for
orthopedic bearing materials for nearly four decades
[1]. In the past two years, radiation crosslinked and

thermally treated UHMWPE materials have been
increasingly used in hip bearings and are currently
being considered for total knee replacements. During
the fabrication of conventional UHMWPE, resin
powder is consolidated by a combination of elevated
pressure and thermal processing above the melt transi-
tion at 1351C [1]. To fabricate contemporary radiation
crosslinked UHMWPE, conventional consolidated
UHMWPE is first subjected to gamma or electron
beam radiation, followed by post-irradiation thermal
processing [1,2]. Depending upon the orthopedic

*Corresponding author. Exponent, Inc., 2300 Chestnut Street, Suite

150, Philadelphia, PA 19130, USA. Tel.: +1-215-751-0973; fax: +1-
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manufacturer, thermal processing may take place either
above or below the melt transition [2]. Post-irradiation
thermal processing below the melt transition is referred
to as annealing, whereas processing above the melt
transition results in remelting [3]. In contrast with the
initial melting and recrystallization of conventional
UHMWPE, which occurs under elevated pressure,
post-irradiation thermal processing takes place at
ambient pressure.
The mechanical behavior of UHMWPE will be

influenced both by the method of crosslinking as well
as by any modifications in crystalline microstructure
that may arise during subsequent thermal processing.
The effect of irradiation on the properties of UHMWPE
has been well documented in the literature, as noted in
recent reviews [1,2,4,5]. Numerous hip simulator studies,
for example, have demonstrated that radiation cross-
linking can improve the wear resistance of UHMWPE
by over 90% [1]. In this context, thermal processing has
been considered primarily as a method to reduce
residual free radicals and to improve the oxidation
resistance of UHMWPE [6–9]. However, because
thermal processing takes place near the melt transition
for UHMWPE, it may also be associated with modifica-
tions of the crystallinity, and hence the mechanical
behavior of the polymer. The influence of post-irradia-
tion thermal processing on the mechanical behavior of
UHMWPE has received comparatively little attention in
previous studies [4], and consequently the separate
effects of irradiation and thermal processing on the
physical and mechanical behavior of crosslinked
UHMWPE remain poorly understood.
The application of highly crosslinked and thermally

treated UHMWPE to orthopedic bearings has been
hindered by the lack of a validated constitutive model
for the material that captures its viscoelastic–viscoplas-
tic behavior. Such a material model, if it were developed,
would enable the prediction of mechanical behavior not
only for simple loading conditions, such as uniaxial
tension or compression, but also for more physiologi-
cally relevant, complex multiaxial loading conditions.
That is, once validated, the constitutive model could be
used to predict the mechanical behavior of orthopedic
implant geometries subjected to in vivo loading condi-
tions. The validated constitutive model could also
serve as the basis for fatigue, wear, and damage models
for UHMWPE. Recently, a family of constitutive
models for polymers, based on the physics of polymer
systems, has been identified that enable accurate
prediction of the mechanical response for conventional
UHMWPE under uniaxial, multiaxial, and cyclic load-
ing conditions [10,11]. However, sufficient data have
not yet been reported in the literature for calibration
and validation of these new constitutive theories for
highly crosslinked and thermally stabilized UHMWPE
materials.

The tensile yield and ultimate properties for highly
crosslinked UHMWPE are typically reported in terms
of engineering stress and strain for the purposes of
comparison with minimum values set forth in national
and international standards for conventional, uncross-
linked UHMWPE [5,7–9]. While useful for comparison
with historical control UHMWPE materials, engineer-
ing stress and strain values provide an incomplete
picture of the mechanical behavior of a semi-crystalline
polymer. As researchers have previously noted, the
entire true stress–strain curve is needed to accurately
characterize the yielding and plastic flow behavior of
UHMWPE [12], as well as of other semi-crystalline
polymers [13–16]. True stress–strain relationships, there-
fore, form the foundation upon which future constitu-
tive models, as well as fatigue and wear models, will
ultimately depend.
Although standard in vitro mechanical testing of

UHMWPE is conducted at room temperature, little is
known about the changes in mechanical behavior of
UHMWPE at elevated temperatures in vivo. Recent
measurements using telemeterized hip implants have
documented in vivo implant temperatures of up to 431C
during walking [17,18]. In addition, during in vitro hip
simulation, the surface temperatures for UHMWPE
have been predicted to exceed 601C, depending upon the
femoral head material [19]. Thus, to predict damage at
the articulating surface, where local thermal gradients
arise in UHMWPE components due to frictional
heating, it is important to understand the effects of
temperature on the large deformation mechanical
behavior of the polymer in the range of 20–601C.
Furthermore, little information is available regarding

the strain rates that UHMWPE components are
subjected to in vivo. Based on finite element simulations,
the maximum effective (von Mises) strains near the
articulating surface of conventional UHMWPE compo-
nents are about 0.01 in total hip replacements and up to
0.12 or 0.15 for total knee replacements during the peak
stance phase of gait [20,21]. It should be noted that the
strain predictions from these simulations were obtained
assuming a rate-independent constitutive model based
on classical isotropic plasticity, which has important
limitations with regard to predicting the multiaxial
behavior of UHMWPE [11]. If we consider that the
typical gait cycle from total joint replacements patients
has recently been measured to be 1.67 s [22], then the
average strain rate ranges between 0.006 and 0.09 s�1,
based on our current understanding of the maximum
effective strains in hip and knee replacements. In
actuality, the maximum strain rate during the gait cycle
may be 5–10 times higher than the average because of
the short time interval during which the joint forces
increase after heel strike [23].
The primary goal of this research was to investigate

the true stress–strain behavior of contemporary and
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highly crosslinked UHMWPEs as a function of tem-
perature and strain rate. A secondary goal was to
compare the effects of annealing vs. remelting on the
mechanical behavior of highly crosslinked UHMWPE.
We hypothesized that the post-irradiation annealing or
remelting effect on crystallinity would significantly
affect the elastic, yielding, and plastic flow behavior of
the crosslinked UHMWPE materials. Because the range
of temperatures associated with in vitro testing and in
vivo loading conditions (20–601C) is below the onset of
melting, we further hypothesized that the effects of
temperature on the mechanical behavior of UHMWPE
may be described by a thermally activated (Arrhenius)
relationship.

2. Methods

Four UHMWPE materials were prepared from GUR
1050 resin (Ticona, Bayport TX), which is fabricated
without added calcium stearate [1]. The UHMWPE was
obtained from a single lot of ram extruded, 60mm
diameter rods and were certified by the converter as
compliant with the ASTM standard for medical grade
UHMWPE (ASTM F-648 [24]). The conventional
UHMWPE used in this study was therefore suitable
for fabrication into orthopedic components.
The four UHMWPE materials investigated in the

present study were: (1) as-received (control); (2) gamma
radiation sterilized in nitrogen with 30 kGy; (3) highly

crosslinked with 100 kGy of gamma radiation and
remelted at 1501C; and (4) highly crosslinked with
100 kGy of gamma radiation and annealed at 1101C
(Fig. 1). Specific details on the processing of the
materials are

(1) The as-received material was the baseline control
(uncrosslinked) condition.

(2) To process the sterilized material, 12 extruded rods
of 75 cm length were individually packaged in
metallic foil pouches, which were evacuated and
backfilled with nitrogen three times prior to heat
sealing. The nitrogen-packaged rods were then
gamma irradiated with a dose of 30 kGy, corre-
sponding to a standard sterilization dose of
25–40 kGy typically used for orthopedic devices [1].

(3) To produce the highly crosslinked and remelted
material, 12 extruded rods of 75 cm length were
gamma irradiated in air with a dose of 100 kGy,
corresponding to the dose previously associated
with a 90% reduction of wear in previous hip
simulator experiments [3,25,26]. The rods were
subsequently thermally processed by heating until
the center of the bars reached 1501C for 2 h (as
confirmed by thermocouple measurements) in an air
circulating oven. The rods were then slow cooled in
the oven to ambient temperature over a period of
24 h.

(4) To produce the highly crosslinked and annealed
material, 12 extruded rods of 75 cm length were
initially crosslinked by 100 kGy of gamma radiation

Fig. 1. Schematic of processing routes for the four UHMWPE (GUR 1050) materials examined in this study, including the unirradiated (control),

30 kGy g-N2, 100 kGy 1101C, and the 100 kGy 1101C materials.
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at the same time as the rods used to produce the
remelted material (see Material No. 3, above). The
rods were then heat treated until the center
temperature reached 1101C for 2 h, and then cooled
as described for Material No. 3.

All of the gamma irradiation was performed by a
commercial vendor at ambient temperature. The
UHMWPE materials (and subsequent specimens) were
consequently stored in a subzero freezer (�401C) until
use, to minimize any potential post-processing oxidative
degradation.
The physical properties of the four UHMWPE

materials were characterized using the density gradient
column technique (to determine bulk density) and
differential scanning calorimetry (to determine
degree of crystallinity) to quantify changes in crystal-
linity resulting from irradiation and thermal processing.
Density measurements were performed using a
gradient column of isopropanol and water in accor-
dance with ASTM D1505 [27]. Differential scanning
calorimetry was performed using established
methods [28]. For each material, three samples were
heated in nitrogen from 301C to 1701C at a rate of 101C/
min.
Cylindrical tensile specimens (10mm in diameter and

25mm in gage length) and cylindrical compression
specimens (10mm in diameter, and 15mm in height)
were machined from each of the materials by a
commercial vendor who specializes in the fabrication
of orthopedic components. A surface finish comparable
to the articulating surface of orthopedic implants was
specified for the test specimens. The specimen geometry
was the same as that used in a previous study of the
tensile and compressive large deformation mechanical
behavior of UHMWPE [12].
The UHMWPE materials were subjected to three

series of mechanical tests to evaluate the thermal and
rate dependence of their mechanical behavior. In the
first series of tests, the materials were subjected to
uniaxial tension to failure at three rates and at room
temperature, thereby characterizing the entire true
stress–strain curves to failure. In the second series, the
materials were tested in uniaxial compression at three
strain rates to moderate true strains (up to 0.63),
followed by unloading, at room and body temperature.
In the third series, uniaxial compression testing was
performed for a single rate up to a true strain of 0.14,
followed by unloading, in a temperature range of
20–601C. The three series of tests, detailed below, were
intended to provide characterization of the true stress–
strain behavior under a variety of loading, unloading,
and thermal conditions, and were judged to be sufficient
for future validation of a thermomechanical constitutive
model for conventional and crosslinked UHMWPE
materials.

2.1. Series I: room temperature, uniaxial tension to

failure

Uniaxial testing was conducted using a 4204 Instron
electromechanical load frame, equipped with a 5 kN
load cell (Canton, MA). Specimens were tested under
displacement control at rates of 30, 75, and 150mm/min
at room temperature (22711C) in accordance with
ASTM D638 [29]. An Instron non-contacting video
extensometer (Canton, MA), fitted with a 350mm FOV
lens was used to measure uniaxial strain. The extenso-
meter determined strain by tracking the position of the
center of the two contrasting marks that were applied to
the test specimen. The video extensometer was cali-
brated prior to testing with a calibration strip (10
calibration marks) provided by the manufacturer.
Digital calipers were used to measure the initial diameter
of all samples and the video extensometer measured the
initial gage length between the two contrasting marks on
the samples. A total of 60 tensile specimens were tested
(5 specimens per material� 4 materials� 3 testing
rates).
Due to the uncertainty associated with video exten-

sometry at low strains [12], the uniaxial tensile tests to
failure were not used to characterize elastic modulus,
but rather the yielding, plastic flow, and failure behavior
of the UHMWPE materials. The nominal (engineering)
strain (eN), true strain (e), nominal (engineering) stress
(sN), and true stress (s) were defined as follows [12]:

eN ¼
l � l0

l0
; ð1aÞ

e ¼ lnð1þ eNÞ; ð1bÞ

sN ¼
P

A0
; ð1cÞ

s ¼ sNð1þ eNÞ; ð1dÞ

where l0 and l are the initial and final lengths of the gage
region, P is the load, and A0 is the initial undeformed
cross-sectional area. The definitions of true stress and
strain (in Eqs. (1b) and (1d)) are based on the
incompressibility assumption and the absence of neck-
ing during the tensile test [12]. The tensile tests were
videotaped using a camcorder to document overall
changes in the shape of the specimens and to confirm the
presence or absence of necking during testing. The
camcorder was set up in the same location for all of the
tests, so that the field of view could be compared
between tests, and such that the gage regions remained
in the field of view for the duration of the testing [12].
The engineering and true stress–strain curves were

used to calculate the polymer yield strength/strain
(defined as the local maximum in the engineering
stress–strain curve) and the ultimate stress/strain based
on Eqs. (1a)–(1d). The tensile properties at yield and
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failure were statistically analyzed to quantify the
significance of changing the testing rate and to assess
the differences between the UHMWPE materials.
Analysis of covariance (ANCOVA) of the tensile
properties was performed using Statview software
(SAS Institute, Cary, NC) with the UHMWPE material
treated as a categorical variable and the testing rate as a
covariate. Relationships were also sought between the
tensile properties, irradiation dose, and crystallinity of
the UHMWPE. A p-value of 0.05 was taken as
significant.

2.2. Series II: room and body temperature, uniaxial

compression

Uniaxial compression testing was performed using a
858 Mini Bionix II servohydraulic load frame (MTS:
Minneapolis, MN), equipped with a 5 kN load cell and
an environmental chamber (Fig. 2). In previous com-
pression tests of UHMWPE, strain was measured by a
compressometer spanning the parallel platens [12].
However, initial validation tests with the current system
demonstrated the accuracy of platen displacement for
the purpose of calculating compressive strain. To
characterize the greatest extent of the compressive

stress–strain curves on the current system, testing was
conducted to a maximum load of –4800N (96% of the
load cell capacity), corresponding to a maximum
compressive engineering stress of 61MPa. Specimens
were deformed at constant strain rate to the maximum
load, and then unloaded at the same rate. The ends of
the specimens were lubricated with liquid soap to
minimize end effects (barelling) under the prescribed
loading conditions.
Testing was performed at 201C and 371C. Constant

temperature conditions during compression testing were
maintained by a tabletop MTS Series 651 environmental
chamber (Fig. 2). Instead of using liquid nitrogen, the
environmental chamber was cooled to 201C using forced
air from a custom-built Peltier cooling system (Melcor,
Trenton, NJ). Although the chamber was configured
with a factory installed thermocouple which monitored
the air temperature, a second calibrated thermocouple
(Omega Engineering, Stamford, CT) was attached to the
lower platen to provide an additional, independent
temperature reading. A voltage signal from the second
thermocouple was wired into the servohydraulic control
module, so that testing would commence automatically
as soon as the local temperature was within 11C of the
target test temperature. Specimens were preconditioned
at the test temperature for at least 24 h prior to testing.
At each test temperature, five specimens of the four
materials were tested under strain control at engineering
strain rates of 0.02, 0.05, and 0.10 s�1. Thus, a total of
120 tests were performed for this series of tests (5
specimens per material � 4 materials � 3 testing rates
� 2 test temperatures).
Engineering and true stress vs. strain were calculated

using Eqs. (1a)–(1d), and the resulting compressive true
stress–strain curves were corrected for initial toe-in, as
described in ASTM D695 [30]. The offset method (using
a 0.002 strain) was used to define the onset of plastic
deformation (yielding) for the UHMWPE materials in
compression. A strain offset of 0.002 was found in
previous studies to be an effective yield criterion for
conventional UHMWPE in compression [12]; prelimin-
ary tests also confirmed the suitability of the offset
method for the highly crosslinked UHMWPEs devel-
oped for the present study. Mathematica 4.0 (Wolfram
Research, Champaign, IL) was used to post-process the
data and to calculate the elastic modulus, the maximum
true stress/strain, as well as the plastic true strain
immediately after unloading. The area under the true
stress curve was computed to determine the energy
density during loading, unloading, and the hysteresis
under the combined loading and unloading curves.
Regression analyses, as well as analyses of (co)var-

iance were performed on the compressive properties to
examine the influence of strain rate and testing
temperature on the mechanical behavior. G’Sell and
colleagues [13] proposed a constitutive relation for

Fig. 2. Load frame and environmental chamber set up for uniaxial

compression tests.
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semi-crystalline polymers in which the true stress at
large deformations is related to the true strain rate
according to a power law relationship. Consequently, at
both test temperatures, elastic modulus, offset yield
strength, and maximum compressive true stress were
fitted to a power law model

A0’em
N; ð2Þ

where A0 is a constant, ’eN is the engineering strain rate,
and m is the strain rate sensitivity coefficient. Analysis of
variance and regression analyses were conducted to
determine whether the rate sensitivity coefficient, m, was
influenced by the density and irradiation dose of the
UHMWPEs, as well as by the test temperature. For all
statistical analyses, Statview software (SAS Institute,
Cary, NC) was used and a p-value of 0.05 was taken as
significant.

2.3. Series III: 20–601C, uniaxial compression

To evaluate the thermomechanical behavior of
UHMWPE for a broader temperature range, a third
series of uniaxial compression tests was conducted using
the servohydraulic testing system (Fig. 2) at six different
temperatures between 201C and 601C. As in Series II,
specimens were preconditioned at the test temperature
for at least 24 h prior to testing. Specimens were loaded
at 0.02 s�1 to an engineering strain of 0.15 and unloaded
at the same rate (3 specimens per temperature condition
� 6 temperature conditions/material � 4 materials=72
specimens). True stress–strain curves and compressive
properties were calculated as described for Series II,
above.
Step forward multiple linear regression was used to

model the influence of test temperature and crystallinity
on elastic modulus, yield strength, and maximum true
stress with Statview software (SAS Institute, Cary, NC).
Young’s modulus, compressive yield strength, and the
maximum true stress during the compression test were
also fitted with Arrhenius models for each material

B0e
�Q=RT ; ð3Þ

where B0 is a constant, Q is the activation energy, R is
the gas constant (R ¼ 8:3145 J/(molK)), and T is the
temperature (K). Confidence intervals (95%) were used

as the basis for comparisons of the activation energy
between materials.

3. Results

The density and DSC measurements confirmed that
the four UHMWPE materials were each associated with
unique physical properties (Table 1). During the DSC
experiments, a single prominent melting peak between
1371C and 1421C was observed, depending upon the
material (Table 1), thereby confirming 1101C and 1501C
as processing conditions consistent with annealing and
remelting of the UHMWPE. The remelted and annealed
highly crosslinked UHMWPE exhibited the lowest and
highest average crystallinity of the four materials
(45.7% and 60.8%, respectively, Table 1).

3.1. Series I: room temperature, uniaxial tension to

failure

All of the conventional and highly crosslinked
UHMWPE materials deformed homogeneously, with
no evidence of necking or strain localization within the
gage region up to the point of tensile failure (Fig. 3). In
general, the highly crosslinked materials exhibited less
ductility in tension when compared with the two
conventional materials (Figs. 3 and 4, Table 2). For all
three-displacement rates, the engineering stress–strain
curves for each material showed a local maximum,
characteristic of the polymer yield point, followed by
large-scale deformation and strain hardening. Signifi-
cant differences were found in the tensile yielding and
ultimate properties between all four UHMWPE materi-
als (Table 2).
There was no evidence of a local maximum in the true

stress–strain curves for any of the materials, regardless
of the displacement rate (Figs. 4A–C). The true stress–
strain curves showed subtle evidence of slightly in-
creased hardening with increasing rate of the test as seen
by the increase in true ultimate stress (Table 2).
Displacement rate had a significant effect on all of the
yielding and failure properties in uniaxial tension, with
the exception of true ultimate strain (Fig. 4, Table 2).
Significant relationships were observed between the

crystallinity, the absorbed dose and the yielding and

Table 1

Irradiation and thermal processing conditions for ram-extruded GUR 1050, with resulting density, crystallinity, and melt transitions (mean7SD)

Radiation method Radiation environment Thermal processing Density (g/cm3) Crystallinity (%) Peak melt transition (1C)

None (control) None None 0.93370.001 50.473.3 136.570.8

30 kGy-g Nitrogen None 0.93370.001 51.371.0 138.570.2

100 kGy-g Air 1101C/2 h 0.93470.001 60.870.9 141.670.4

100 kGy-g Air 1501C/2 h 0.92770.001 45.770.3 137.570.7
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ultimate behavior of the UHMWPE. For each testing
rate, a non-linear (quadratic) relationship was fit
between crystallinity and the true yield strength of the
polymers (Fig. 5A). No correlation was found between
the irradiation dose and the true stress at yield.
However, the irradiation dose was significantly related
to the true ultimate stress and strain of the UHMWPE
(Figs. 5B and C).

3.2. Series II: room and body temperature, uniaxial

compression

For the uniaxial compression tests conducted at room
and body temperature, significant differences were
found in the mechanical behavior of the four
UHMWPE materials as a function strain rate, and
temperature (Table 3, Figs. 6 and 7). The material,
strain rate, and temperature had a significant effect on
the compressive properties of UHMWPE (Table 4). In
general, for all materials, an increase in testing
temperature or a decrease in strain rate resulted in a
decrease in the elastic modulus, in the yield and
maximum true stresses, but caused an increase in the
maximum strain and hysteresis (Table 3). The control
and 30 kGy g-N2 UHMWPE materials showed compar-
able true stress–strain behavior under all temperature
and strain rate experimental conditions. The crosslinked
and remelted material (100 kGy/1501C) had the lowest
elastic modulus and yield and ultimate stress values, but
higher strains and hysteresis as compared to the other
materials (Table 3). When comparing the effects of
temperature and strain rate, an increase in temperature
from 201C to 371C had more effect in increasing the
maximum true strain of the materials, with an increase
of up to 12%, as compared to a change of up to only 5%
with a fivefold decrease in strain rate from 0.1 to
0.02 s�1.
Power law behavior was observed between the strain

rate and the elastic modulus, offset yield strength, and
maximum compressive true stress for each of the

UHMWPE materials (Fig. 8). The strain rate sensitivity
coefficients for the conventional and crosslinked
UHMWPE were all low, ranging between 0.01 and
0.03 for elastic modulus, between 0.02 and 0.09 for
offset yield strength, and between 0.01 and 0.03 for
the maximum compressive true stress (Fig. 9). There
was no significant difference in the strain rate sensi-
tivity between the different conventional and highly
crosslinked UHMWPEs. However, increasing the test
temperature was found to be significantly increasing the
rate sensitivity for all of the UHMWPE materials
(Fig. 9).

3.3. Series III: 20–601C, uniaxial compression

Increasing the test temperature from 201C to 601C
resulted in systematic decreases in the true stress–strain
curves, as shown for the annealed crosslinked
UHMWPE in Fig. 10. The compressive properties, such
as the elastic modulus, offset yield strength, and
maximum compressive stress progressively softened
with increasing test temperature (Fig. 11). The 401C
increase in test temperature was associated with
substantial (up to 51%) reduction in the compressive
properties for UHMWPE. Multiple linear regression
analysis indicated that both test temperature and
crystallinity were significant predictors of elastic mod-
ulus, yield strength, and ultimate stress, accounting for
93–94% of the total variation in the data (based on r2).
For each individual material, an Arrenhius relation-

ship accurately modeled the effects of temperature on
the compressive properties (0:92or2o0:97; Table 5). In
general, the activation energies for the remelted material
were significantly greater than the annealed and control
materials (Table 5), corresponding to an increased
temperature dependence for crosslinked UHMWPE
after remelting. Significant relationships were observed
between the activation energy and the crystallinity of the
UHMWPE materials (0:96or2o0:99; Fig. 12).

Fig. 3. Digital video frames of the uniaxial tension tests (30mm/min), contrasting the initial undeformed geometry of the test specimen with the

deformed geometry just prior to failure for the four UHMWPE materials.
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4. Discussion

The results of this study support the hypothesis that
large deformation mechanical behavior of the conven-
tional and highly crosslinked UHMWPEs depends not
only on the processing of the material, but also on
the rate and temperature of the test conditions.
Fabrication of highly crosslinked UHMWPE involves

Fig. 4. Effect of material on true stress-strain curves for UHMWPE:

(A) 30mm/min; (B) 75mm/min; (C) 150mm/min.
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both irradiation and thermal processing, and both steps
influence the yielding, plastic flow, and fracture behavior
of the polymer. As has been discussed previously
[12,16,25], the yielding and plastic flow of UHMWPE
is accommodated by a number of mechanisms within

both the amorphous and crystalline regions of the
polymer. At small strains, below the polymer yield
point, which for the UHMWPEs in the present study
occurred at true strains in the range of 0.11–0.14 (Table
2), plastic deformation is initially accommodated in the
amorphous regions [31]. However, at intermediate and
large strains, the resistance to deformation is governed
increasingly by the plasticity of the crystalline lamellae
[31]. The irradiation step, on one hand, results in
crosslinking of the UHMWPE primarily in the amor-
phous regions, and in the present study decreased the
true stress and strain at failure. Thermal processing, on
the other hand, influences the yielding and plastic flow
behavior of UHMWPE by modifying the crystallinity of
the polymer. Post-irradiation thermal treatments are
intended to improve the oxidation resistance of
UHMWPE [1]. However, thermal processing may also
result in a trade-off in mechanical behavior due to
changes in crystallinity.
The rate and temperature dependence for a wide

range of amorphous polymers can be predicted in the
vicinity of the glass transition temperature using the
time–temperature superposition theory developed by
Williams, Landel, and Ferry (WLF) [32,33]. The
UHMWPEs examined in the present study exhibited
thermomechanical behavior consistent with the basic
principles of the WLF theory, namely that decreasing
temperature and increasing the rate of testing tended to
increase the deformation resistance of the polymers.
Although the temperature and rate dependence of linear
polyethylenes, such as high-density polyethylene
(HDPE), have been well established [13,32–35], data
on the thermomechanical behavior of UHMWPE are
scarce in the scientific literature, limiting our ability to
compare our results with previous studies.
The true stress–strain behavior in uniaxial tension for

ram-extruded, unirradiated GUR 4150 HP has been
reported [12], which aside from the presence of calcium
stearate has a comparable molecular weight to the GUR
1050 employed in the current experiment [1]. The
previously reported true stress–strain relationship for
GUR 4150 HP [12] was comparable to the true stress–
strain relationship found in the present study for
conventional GUR 1050 (Fig. 13), with the exception
of the ultimate true stress and strain, which were greater
for the GUR 1050 than GUR 4150 HP. When tested
under conditions identical to those employed in the
present study, the ultimate true strain and stress for
GUR 4150 HP were previously found to be 1.5770.04
and 199724MPa, respectively [12]. For the GUR 1050
in the current experiment, the ultimate true strain and
stress were found to be 1.6570.02 and 262712MPa,
respectively. The differences suggest that the presence of
calcium stearate, which is added as a processing aid,
primarily affects the failure mechanisms rather than the
yielding and plastic flow behavior of UHMWPE.

Fig. 5. (A) Effects of crystallinity on the true yield strength of the

polymer at different testing rates. Effect of gamma radiation dose on

true ultimate strain (B) and true ultimate stress (C) at different testing

rates. All of the relationships shown here are statistically significant

(po0:05).

S.M. Kurtz et al. / Biomaterials 23 (2002) 3681–3697 3689

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



T
a
b
le
3

U
n
ia
x
ia
l
co
m
p
re
ss
iv
e
p
ro
p
er
ti
es
(m

ea
n
7
S
D
)
fo
r
C
o
n
tr
o
l
G
U
R
1
0
5
0
,
ra
d
ia
ti
o
n
st
er
il
iz
ed

(3
0
k
G
y
-g
N
2
),
h
ig
h
ly
cr
o
ss
li
n
k
ed

a
n
d
a
n
n
ea
le
d
(1
0
0
k
G
y
1
1
0
1
C
),
a
n
d
re
m
el
te
d
(1
0
0
k
G
y
1
1
0
1
C
)
U
H
M
W
P
E

a
s
a
fu
n
ct
io
n
o
f
te
st
in
g
st
ra
in

ra
te
(0
.0
2
,
0
.0
5
,
a
n
d
0
.1
0
1
/s
)

C
o
n
tr
o
l
G
U
R
1
0
5
0

3
0
k
G
y
-g
N
2

1
0
0
k
G
y
1
1
0
1
C

1
0
0
k
G
y
1
5
0
1
C

0
.0
2
1
/s

0
.0
5
1
/s

0
.1
0
1
/s

0
.0
2
1
/s

0
.0
5
1
/s

0
.1
0
1
/s

0
.0
2
1
/s

0
.0
5
1
/s

0
.1
0
1
/s

0
.0
2
1
/s

0
.0
5
1
/s

0
.1
0
1
/s

(a
)

A
t

2
0
1
C

E
la
st
ic
m
o
d
u
lu
s
(M

P
a
)

8
3
3
.0
7
9
.1

9
3
2
.1
7
2
1
.2

9
9
4
.3
7
2
9
.2

9
3
2
.1
7
2
1
.2

9
4
0
.3
7
7
.9

9
4
6
.8
7
1
2
.5

9
9
4
.3
7
2
9
.2

1
0
0
6
.3
7
8
.7

1
0
2
1
.7
7
2
5
.6

7
7
8
.9
7
6
.8

7
9
8
.6
7
7
.5

8
0
4
.3
7
5
.5

O
ff
se
t
y
ie
ld

st
re
n
g
th

(M
P
a
)

1
2
.0
7
0
.2

1
2
.8
7
0
.1

1
3
.2
7
0
.1

1
2
.8
7
0
.1

1
3
.3
7
0
.2

1
3
.5
7
0
.2

1
3
.2
7
0
.1

1
3
.7
7
0
.2

1
3
.8
7
0
.1

1
1
.6
7
0
.1

1
2
.1
7
0
.1

1
2
.4
7
0
.2

O
ff
se
t
Y
ie
ld

S
tr
a
in

0
.0
1
4
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
3
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
3
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
5
7
0
.0

0
.0
1
5
7
0
.0

0
.0
1
5
7
0
.0

M
a
x
im
u
m

tr
u
e
st
re
ss
(M

P
a
)
3
9
.6
7
0
.1

3
9
.8
7
0
.1

4
0
.3
7
0
.1

3
9
.8
7
0
.1

4
0
.5
7
0
.0

4
0
.8
7
0
.0

4
0
.3
7
0
.1

4
0
.7
7
0
.1

4
1
.1
7
0
.1

3
7
.2
7
0
.1

3
7
.8
7
0
.1

3
8
.2
7
0
.3

M
a
x
im
u
m

tr
u
e
st
ra
in

0
.4
4
6
7
0
.0
0
2
0
.4
4
4
7
0
.0
0
3
0
.4
3
1
7
0
.0
0
2
0
.4
4
4
7
0
.0
0
3
0
.4
2
9
7
0
.0
0
2
0
.4
2
2
7
0
.0
0
2
0
.4
3
1
7
0
.0
0
2
0
.4
2
2
7
0
.0
0
2
0
.4
1
3
7
0
.0
0
3
0
.5
0
7
7
0
.0
0
4
0
.4
9
5
7
0
.0
0
3
0
.4
8
6
7
0
.0
0
8

M
a
x
im
u
m

p
la
st
ic
tr
u
e
st
ra
in

0
.2
5
1
7
0
.0
0
2
0
.2
5
5
7
0
.0
0
2
0
.2
5
4
7
0
.0
0
1
0
.2
5
5
7
0
.0
0
2
0
.2
4
7
7
0
.0
0
1
0
.2
4
3
7
0
.0
0
1
0
.2
5
4
7
0
.0
0
1
0
.2
4
9
7
0
.0
0
2
0
.2
4
3
7
0
.0
0
2
0
.2
8
0
7
0
.0
0
2
0
.2
7
5
7
0
.0
0
2
0
.2
7
1
7
0
.0
0
5

H
y
st
er
es
is
(m

J/
m
m
3
)

1
1
.1
7
0
.0

1
1
.5
7
0
.1

1
1
.5
7
0
.1

1
1
.5
7
0
.1

1
1
.3
7
0
.1

1
1
.2
7
0
.1

1
1
.5
7
0
.1

1
1
.5
7
0
.1

1
1
.3
7
0
.1

1
2
.0
7
0
.1

1
2
.0
7
0
.1

1
2
.0
7
0
.3

(b
)

A
t

3
7
1
C

E
la
st
ic
m
o
d
u
lu
s
(M

P
a
)

6
4
8
.2
7
2
3
.5

6
6
0
.6
7
3
3
.4

6
8
1
.0
7
1
6
.5

7
3
7
.2
7
1
5
.8

7
6
4
.5
7
9
.0

7
6
4
.0
7
4
.9

7
7
1
.4
7
3
0
.6

8
2
2
.7
7
1
5
.3

8
0
4
.1
7
1
9
.8

5
7
0
.0
7
1
5
.2

5
9
5
.2
7
1
0
.4

5
9
9
.5
7
1
4
.5

O
ff
se
t
y
ie
ld

st
re
n
g
th

(M
P
a
)

9
.7
7
0
.2

1
0
.6
7
0
.4

1
0
.6
7
0
.3

1
0
.3
7
0
.1

1
1
.1
7
0
.2

1
1
.5
7
0
.2

1
0
.8
7
0
.2

1
1
.4
7
0
.1

1
2
.2
7
0
.2

8
.8
7
0
.1

9
.5
7
0
.2

1
0
.2
7
0
.2

O
ff
se
t
y
ie
ld

st
ra
in

0
.0
1
5
7
0
.0

0
.0
1
6
7
0
.0

0
.0
1
6
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
5
7
0
.0

0
.0
1
5
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
4
7
0
.0

0
.0
1
5
7
0
.0

0
.0
1
6
7
0
.0

0
.0
1
6
7
0
.0
0
1
0
.0
1
7
7
0
.0

M
a
x
im
u
m

tr
u
e
st
re
ss
(M

P
a
)
3
5
.7
7
0
.1

3
6
.8
7
0
.2

3
7
.6
7
0
.1

3
5
.6
7
0
.4

3
6
.7
7
0
.4

3
7
.4
7
0
.3

3
6
.4
7
0
.2

3
7
.7
7
0
.1

3
8
.4
7
0
.2

3
2
.7
7
0
.3

3
3
.8
7
0
.2

3
4
.5
7
0
.3

M
a
x
im
u
m

tr
u
e
st
ra
in

0
.5
4
8
7
0
.0
0
2
0
.5
1
8
7
0
.0
0
5
0
.5
0
1
7
0
.0
0
2
0
.5
5
1
7
0
.0
1
1
0
.5
1
6
7
0
.0
0
5
0
.5
0
3
7
0
.0
0
7
0
.5
2
9
7
0
.0
0
5
0
.4
9
6
7
0
.0
0
3
0
.4
8
2
7
0
.0
0
4
0
.6
3
1
7
0
.0
0
6
0
.6
0
3
7
0
.0
0
4
0
.5
8
7
7
0
.0
0
6

M
a
x
im
u
m

p
la
st
ic
tr
u
e
st
ra
in

0
.2
9
8
7
0
.0
0
1
0
.2
8
3
7
0
.0
0
2
0
.2
7
5
7
0
.0
0
1
0
.3
0
7
7
0
.0
0
7
0
.2
9
4
7
0
.0
0
8
0
.2
8
5
7
0
.0
0
5
0
.2
9
4
7
0
.0
0
1
0
.2
8
1
7
0
.0
0
2
0
.2
7
7
7
0
.0
0
2
0
.3
3
4
7
0
.0
0
8
0
.3
2
1
7
0
.0
0
5
0
.3
1
2
7
0
.0
0
8

H
y
st
er
es
is
(m

J/
m
m
3
)

1
2
.3
7
0
.1

1
1
.9
7
0
.1

1
1
.7
7
0
.1

1
2
.9
7
0
.3

1
2
.7
7
0
.4

1
2
.4
7
0
.3

1
2
.6
7
0
.1

1
2
.3
7
0
.1

1
2
.2
7
0
.2

1
3
.2
7
0
.4

1
3
.0
7
0
.3

1
2
.9
7
0
.2

F
iv
e
sp
ec
im
en
s
w
er
e
te
st
ed

to
a
m
a
x
im
u
m

en
g
in
ee
ri
n
g
st
re
ss

o
f
–
6
1
M
P
a
a
n
d
su
b
se
q
u
en
tl
y
u
n
lo
a
d
ed

fo
r
ea
ch

ex
p
er
im
en
ta
l
co
n
d
it
io
n
.

S.M. Kurtz et al. / Biomaterials 23 (2002) 3681–36973690

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



In the range of temperatures examined, test tempera-
ture had a significant affect on the yielding and plastic
flow behavior of conventional and highly crosslinked
UHMWPE. These findings are consistent with previous
studies by Pampillo and Davis [34], who investigated the
tensile behavior of an industrial UHMWPE (Allied
Chemical Resin AC1220, Mw ¼ 2:5� 106) as a function
of temperature between 100 and 375K (�1731C to
1021C). Pampillo and Davis observed a nearly constant
rate of thermal softening for UHMWPE between 01C
and 601C [34]. The graphical data presented by Pampillo
and Davis [34] for yield strength, within the temperature
range of interest, were associated with an activation
energy of 1.670.1 kJ/mol. For the yield strength of the
unirradiated UHMWPE in the present study, the
activation energy ranged between 1.6 and 1.9 kJ/mol
(95% confidence interval, Table 5), consistent with the
results of Pampillo and Davis. Thus, our findings
support the hypothesis that the thermomechanical
behavior of conventional and crosslinked UHMWPE
can be predicted based on the physics of a thermally
activated (Arrhenius) model in the temperature range of
20–601C. Negative correlations were observed between
the activation energies for thermal softening and the

crystallinity of the UHMWPEs, consistent with thermal
activation being associated with the amorphous regions
within the polymer. If the thermal activation of crystal-
line regions were responsible for the thermal sensitivity
of UHMWPE, one would have expected a positive
correlation between crystallinity and activation energy.
Our findings suggest that a unified, Arrhenius-based
thermomechanical model may be applicable to both
conventional and highly crosslinked UHMWPEs, with
crystallinity as the controlling state variable. Because of
the limited amount of information in the literature
regarding the temperature dependence of large deforma-
tion mechanical properties in conventional and cross-
linked UHMWPE, further research will be needed to
clarify the precise molecular mechanisms responsible for
thermal activation of these polymers within the clinically
relevant temperature range of 20–601C.
The temperature of UHMWPE in vivo does not

remain constant, and can be expected to increase due to
frictional heating between the femoral head and the
polymer surface, reaching a steady state after 1 h of
continuous walking activity, as shown by the recent
telemeterized hip measurements by Bergmann and
associates [17]. The surface temperature of an

Fig. 6. Effect of temperature (201C, 371C) on true stress–strain curves in uniaxial compression for UHMWPE at a strain rate of 0.10 1/s:

(A) unirradiated; (B) 30 kGy g-N2; (C) 100 kGy 1101C; (D) 100kGy 1501C.
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Fig. 7. Effect of strain rate (0.02, 0.05, and 0.10 1/s) on true stress–strain curves in uniaxial compression for UHMWPE at 37.01C: (A) unirradiated;

(B) 30 kGy g-N2; (C) 100 kGy 1101C; (D) 100kGy 1501C.

Table 4

Summary of p values showing significance of the effect of the different experimental conditions and of the interaction of these with the material

groups on the mechanical parameters in uniaxial compression

Experimental condition Elastic modulus Yield strength Ult. true stress

Material o0.0001 o0.0001 o0.0001

Temperature (1C) o0.0001 o0.0001 o0.0001

Strain rate (1 1/s) o0.0001 o0.0001 o0.0001

Material�Temperature (1C) 0.0229* o0.0001 o0.0001

Material�Strain rate (1 1/s) 0.6080* 0.0741* 0.9894*

Material�Temperature (1C)�Strain rate (1 1/s) 0.2329* o.0001 o0.0001

*Not significant.

Table 5

Activation energies, Q (in kJ/mol) for Arrhenius relationships for the Young’s modulus (QE), yield strength (QYS), and maximum stress (QMS) of the

four materials (with the range in 95% CI)

Material QE QYS QMS

Control 1.88 (1.69–2.07)* 1.75 (1.62–1.88)* 1.22 (1.11–1.33)

30 kGy-g N2 1.73 (1.50–1.96)* 1.74 (1.61–1.87)* 1.14 (1.03–1.26)

100 kGy-g/1101C 1.74 (1.57–1.91)* 1.63 (1.46–1.80)* 1.12 (1.02–1.22)*

100 kGy-g/1501C 2.30 (2.09–2.51) 2.11 (1.92–2.30) 1.36 (1.22–1.49)

*Significant difference (po0:05) when compared with 100 kGy-g/1501C.
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UHMWPE component will depend upon a number of
factors, including the choice of femoral head material
[18,19]. Surface temperatures for the UHMWPE will be
lower when articulating against conductive metallic
femoral heads, which can dissipate heat from the
articulating surface, as opposed to articulations against

insulating ceramic components. From a bioengineering
perspective, elevated surface temperatures in UHMWPE
are undesirable due to their adverse influence on the
proteins in synovial fluid, which lubricate the artificial
joint surfaces [18,19]. From a biomaterial perspective,
the elevated surface temperatures are also undesirable
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Fig. 8. Power law curves between the compressive mechanical properties and strain rate at 371C: (A) elastic modulus; (B) offset yield strength; (C)

maximum compressive stress.

Fig. 9. Average strain rate sensitivity coefficients (7SD) associated

with the power law relationships, depicted in Fig. 8, compared with the

value reported by G’Sell and Jonas for HDPE [13]. There was no

significant difference in the rate sensitivity between the four

UHMWPE materials (p > 0:05).

Fig. 10. Effect of temperature between 201C and 601C on the

compressive true stress–strain curves for 100 kGy 1101C UHMWPE

at 0.02 s�1.
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because the resistance of UHMWPE to the plastic
deformation is lowered. It has been shown that the
plasticity-induced damage layer near the articulating
surface precedes wear in acetabular and tibial compo-
nents [25,36,37]. Due to the strong temperature depen-
dence of the mechanical behavior for conventional and

crosslinked UHMWPE, accounting for thermal effects
is expected to be important for accurate simulations of
in vivo mechanical performance.
In the range of strain rates examined, the conven-

tional and highly crosslinked UHMWPEs were all
comparably insensitive to changes in strain rate. G’Sell
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Fig. 11. Effect of temperature between 201C and 601C on the compressive properties of conventional and highly crosslinked UHMWPE: (A) elastic

modulus; (B) offset yield strength; (C) maximum compressive stress.
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Fig. 13. Comparison of true stress–strain of unirradiated GUR 1050

(control) with previously reported data for GUR 4150 HP [12]. Tests

were performed using specimens of identical geometry at room

temperature and at 30mm/min.
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and Jonas [13] proposed the following constitutive law
for the large deformation, plastic flow region of the true
stress strain curve of semi-crystalline polymers:

sðe; ’eÞ ¼ K exp
ge
2
e2

� �
’em; ð4Þ

where K ; ge; and m are material constants. For a
constant strain, Eq. (4) yields a power law relationship
shown previously in Eq. (2). G’Sell and Jonas deter-
mined the strain rate sensitivity coefficient, m; for
HDPE to be 0.06 at room temperature [13], whereas in
the present study, m for UHMWPE ranged from 0.01 to
0.03 at 201C, as shown in Fig. 9. In a conference
abstract, Stojek and Li [38] reported on the effect of
strain rate on the elastic and 1.5% offset yield strength
of GUR 415 in tension at an unspecified (presumably
ambient) temperature. GUR 415 is an earlier
UHMWPE designation for GUR 4150 HP by Hoechst
[1]. Stojek and Li’s data, presented originally in tabular
form, are accurately represented by power law models
(0:98or2o0:99; Figs. 14A and B), with rate sensitivity
coefficients of 0.04 and 0.05 for the elastic modulus
(Fig. 14A) and offset yield strength (Fig. 14B), respec-
tively. The low rate sensitivity observed in polyethylenes
has been compared with metals [13,16]. The available
data would suggest that conventional and highly cross-
linked UHMWPE can be modeled using the same low
strain rate sensitivity coefficient. Our data further
suggest that the rate sensitivity coefficient may be
temperature dependent, although further experiments
will be needed to fully characterize the effect of
temperature on rate sensitivity.
Crosslinking of orthopedic components is currently

achieved using gamma or electron beam radiation [1,2].
Gamma radiation at room temperature was chosen as
the method of crosslinking in the present study, because
of its more widespread use among different orthopedic
manufacturers. Four of the six current manufacturers of
highly crosslinked orthopedic components (67%) em-

ploy room temperature gamma irradiation with dose
levels ranging between 50 and 105 kGy [2]. The two
remaining manufacturers achieve crosslinking by elec-
tron beam radiation at elevated temperatures (ranging
between 451C and 1251C) [2]. Based on measurements of
trans-vinylene unsaturation using Fourier transform
infrared spectroscopy, Muratoglu and colleagues [39]
have recently shown that electron beam irradiation at
elevated temperatures influences the extent of cross-
linking as a function of dose when compared with room
temperature gamma irradiation. Consequently, the
relationships between true ultimate tensile properties
and gamma radiation dose at room temperature
observed in the present study may not be applicable to
the commercially available crosslinked UHMWPE
fabricated using electron beam irradiation at elevated
temperatures. However, the methodology outlined in
the present study can be readily extended to investigate
the combined effects of any radiation method, post-
irradiation thermal stabilization method, and tempera-
ture on mechanical behavior of UHMWPE.

5. Summary and conclusions

Three series of uniaxial tension and compression tests
were conducted on two conventional and two highly
crosslinked UHMWPEs. The highly crosslinked
UHMWPEs were gamma irradiated at room tempera-
ture with 100 kGy and thermally processed by either
annealing below the melt transition at 1101C or by
remelting above the melt transition at 1501C. The true
stress–strain behavior of the four UHMWPE materials
was characterized as a function of strain rate and
temperature. The following conclusions may be drawn
based on the current series of experiments:

* Although annealing and remelting of UHMWPE are
considered primarily as methods of improving

Fig. 14. Power law relationships between the compressive mechanical properties and strain rate for GUR 415 at room temperature: (A) elastic

modulus; (B) 1.5% offset yield strength, plotted from previously tabulated data [38].
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oxidation resistance, thermal processing also signifi-
cantly alters the crystallinity, and hence the mechan-
ical behavior, of highly crosslinked UHMWPE.

* The crystallinity and radiation doses are key pre-
dictors of the uniaxial yielding, plastic flow, and
failure properties of conventional and highly cross-
linked UHMWPEs.

* Between 201C and 601C, the thermomechanical
behavior of conventional and highly crosslinked
UHMWPE materials are accurately predicted using
an Arrhenius model, and the associated activation
energies for thermal softening are related to the
crystallinity of the polymer.

* Conventional and highly crosslinked UHMWPEs
exhibit low strain rate dependence in power law
relationships, comparable to metals. The rate depen-
dence of the UHMWPEs may be sensitive to test
temperature, but is apparently not sensitive to
gamma irradiation or thermal processing.

In light of the unifying trends observed in the true
stress–strain curves of the four materials investigated in
this study, both crosslinking (governed by the gamma
radiation dose) and crystallinity (governed by the
thermal processing) were found to be useful predictors
of the mechanical behavior of UHMWPE for a wide
range of test temperatures and rates. The data collected
in this study will be used to develop and validate
constitutive models based on the physics of polymer
systems for predicting the thermomechanical behavior
of conventional and crosslinked UHMWPE used in
total joint replacements.
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Abstract

Solid-state deformation processing is a promising technique for modifying the physical and mechanical properties of highly

crosslinked ultra-high molecular weight polyethylene (UHMWPE) beyond simple thermal treatment cycles that have been employed

previously. This study evaluates anisotropy and oxidative resistance in a novel, radiation crosslinked (50 kGy) UHMWPE material

(ArComXL: Biomet, Inc., Warsaw, IN), incorporating solid-state, deformation processing by extrusion below the melt transition for

application in total hip arthroplasty. Tensile, compression, and small punch tests were conducted to evaluate the material properties

in the three principal axes of the resulting material. Furthermore, short-term oxidative resistance was evaluated using Fourier

transform infrared spectroscopy and the small punch test in conjunction with accelerated shelf aging protocols. The results of this

testing indicate that the material is anisotropic, with significantly enhanced strength oriented along the long axis of the rod. For

certain other properties, the magnitude of the anisotropy was relatively slight, especially in the elastic regime, in which only a 20%

difference was noted between the long axis of the rod and the orthogonal, radial direction. The highly crosslinked material contains

detectable free radicals, at a concentration that is 90% less than control, gamma inert sterilized UHMWPE. An unexpected finding

of this study was evidence of oxidative stability of the deformation-processed material, even after 4 weeks of accelerated aging in a

pressure vessel containing five atmospheres of oxygen (ASTM F2003), which resulted in macroscopic embrittlement of the control

material. The oxidative stability observed in ArComXL suggests that the deformation-processed material may be suitable for air-

permeable packaging and gas sterilization, which has thus far been reserved for remelted highly crosslinked UHMWPE.

r 2005 Elsevier Ltd. All rights reserved.

Keywords: UHMWPE; Ultra-high molecular weight polyethylene; Radiation crosslinking; Gamma radiation; Mechanical properties; Oxidation;

Anisotropy; Solid-state extrusion; Deformation processing

1. Introduction

Highly crosslinked, wear-resistant ultra-high molecu-
lar weight polyethylene (UHMWPE) is now widely used
in acetabular components for total hip replacements
[1,2]. There remains great interest by members of the

orthopedic community in alternate methods for proces-
sing of radiation crosslinked UHMWPE to improve
mechanical properties while still retaining wear resis-
tance and oxidative stability. Current highly crosslinked
UHMWPE materials have not yet gained widespread
acceptance for total knee arthroplasty, due in part to
concerns about the reduced fatigue and fracture
resistance relative to conventional UHMWPE [3–5].
Mechanical deformation is a well-established general

method of enhancing the strength of polymers, including
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linear polyethylenes [6,7]. A variety of mechanical
deformation processes, including cold drawing, unaxial
or confined compression, and die drawing are used in
the industrial production of fibers, films, sheets, pipes,
and extruded forms of polyethylene [6–10]. Mechanical
deformation enhances strength of polyethylene by
orienting crystalline planes with respect to the principal
deformation axes [9]. Mechanical deformation also
increases the alignment of molecular chains, as well as
the density of tie molecules, within the amorphous phase
of polyethylene [11]. Further modification of the
properties may be obtained by deformation processing
polyethylene either above or below the melt transition,
and by radiation crosslinking the polyethylene, either
before or after deformation processing [8–11].
Deformation processing of UHMWPE for orthopedic

implants is uniquely complicated by the high melt
viscosity of the polymer, as well as by the physical size
requirements of hip and knee components. Of the
previously mentioned methods, compression molding,
die drawing, and extrusion are among the most practical
candidates for processing of UHMWPE for implants.
Ohta et al. [12–14] have reported the successful
enhancement of crosslinked UHMWPE mechanical
properties by deformation processing above the melt
temperature. In Ohta’s previous experiments, cross-
linked and oriented UHMWPE were prepared by
uniaxial compression of radiation-crosslinked blocks
between flat plates [12,13]. Die drawing is another
deformation processing method that has been used
successfully with UHMWPE [7,15]. During die drawing,
a rectangular sheet of UHMWPE is heated below the
melt temperature (110 1C) and pulled through a
rectangular slotted die [15]. Slot-drawn virgin, non-
crosslinked UHMWPE was found to exhibit anisotropic
material properties, but the wear resistance of the
material biaxially oriented in this manner was not
affected [15].
Anisotropy in a material is of little value unless it can

be exploited by and harmonized with design. For
example, the ultra-high modulus and strength achieved
by drawing or spinning of UHMWPE fibers is appro-
priate for applications that require resistance to uniaxial
tension. In UHMWPE components for joint replace-
ment, on the other hand, the stresses at the bearing
surface are typically multiaxial, and the magnitude of
the stresses further depends on the conformity of the
joint, which differ in hip versus knee arthroplasty [16].
Hence, the extreme anisotropy achieved by very high
draw ratios (b2) in UHMWPE, which result in a trade-
off in strength and modulus in orthogonal directions
[15], may not be universally suited for all total joint
applications.
Solid-state extrusion is a novel method for deforma-

tion processing of radiation crosslinked UHMWPE rods
on a commercially relevant scale for the manufacture of

orthopedic implants. In this study, we hypothesized
that deformation-processed, radiation crosslinked
UHMWPE would exhibit anisotropic mechanical beha-
vior. We further hypothesized that deformation proces-
sing would influence the oxidative stability of the
UHMWPE. The primary purpose of this study was to
quantify the extent of anisotropy in the static and
fatigue mechanical properties of highly crosslinked
UHMWPE that was deformation processed by solid-
state extrusion. A secondary purpose of this study was
to evaluate the effect of accelerated aging on the small
punch and oxidative properties of the deformation-
processed UHMWPE.

2. Materials and methods

2.1. UHWMPE formulation and physical property

characterization

Two UHMWPE formulations were evaluated, both starting

from isostatically molded bar stock that was consolidated from

GUR 1050 resin (Ticona, Inc., Bishop, TX). As a control,

specimens machined from isostatically molded GUR 1050

were packaged in an argon environment and gamma sterilized

with 25–40 kGy (ArCom: Biomet, Inc., Warsaw, IN). Since

this material was consolidated by isostatic molding, it was

assumed that the material properties were isotropic.

Anisotropy was evaluated in radiation crosslinked, defor-

mation-processed UHMWPE (ArCom XL: Biomet, Inc.,

Warsaw, IN). The ArCom XL was produced using the

following five steps:

(1) Radiation crosslinking: The isostatically molded rods were

gamma radiation crosslinked with a nominal dose of

50 kGy. This level of crosslinking has previously been

shown to result in a substantial reduction of wear, both in

a hip simulator and in clinical studies, as compared with

conventional UHMWPE [2,17].

(2) Preheating: Prior to deformation processing, the radiation

crosslinked UHMWPE was raised to 130 1C. Heating of

the UHMWPE facilitates the subsequent deformation

processing step. Maintaining the UHMWPE below the

melt transition also reduces the concentration of free

radicals and maintains the crystalline microstructure prior

to deformation processing [18].

(3) Solid-state, hydrostatic extrusion: The heated bar was then

ram extruded through a circular die, with a diametral

compression ratio of 1.5. This processing step induces

plastic deformation and orientation of the molecules in the

UHMWPE [7].

(4) Stress relief, annealing: The deformed bar went through a

final annealing step at 1301, to relieve residual stresses [19].

The annealing also improves dimensional stability in the

material [19]. The extruded rod retains 90–95% of its

initial diameter after the stress relief step.

(5) Gas plasma sterilization: The UHMWPE was gas sterilized;

this does not further modify the chemical or physical

properties of the polymer [20].
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2.2. Specimen preparation and orientation

Test specimens were milled from the rod stock parallel or

perpendicular to the long axis of the processed rods of

UHMWPE (Fig. 1). For compression tests and accelerated

aging in our study, right rectangular prism specimens were

evaluated. These specimens measured 12.7mm� 12.7mm�

25.4mm (0.50 in� 0.50 in� 1.00 in) as per the ASTM Standard

Test Method for Compressive Properties of Rigid Plastics

(ASTM D 695-02a). In addition to being a preferred specimen

size in the standard for determining stress–strain behavior, a

similar size specimen has been used previously to calculate

elastic modulus of conventional and highly crosslinked

UHMWPE in compression [21,22].

One pair of faces of each rectangular specimen was

perpendicular to the long axis of the rod stock (Fig. 1). It was

possible to obtain specimens oriented with the long axis of the rod

stock; these specimens were assigned the label ‘‘Long Axis 1.’’ It

was also possible to obtain specimens oriented radially in at least

one axis perpendicular to the long axis. This axis was assigned the

label ‘‘Radial Axis 3.’’ The axis mutually perpendicular to Axes 1

and 3 was assigned the label ‘‘Radial Axis 2.’’

For tensile tests, dumbbell-shaped tensile specimens con-

sistent with the Type IV and V specimen description provided

in ASTM D638-02a were tested. Specimens were 3.270.1-mm-
thick. Specimens were oriented parallel or perpendicular to the

long axis (Fig. 1).

2.3. Compression testing

A total of 20 specimens were tested in uniaxial compression.

Fifteen specimens were ArCom XL, and five were controls. A

group of five ArCom XL specimens whose long axis was

coincident with the long axis of the UHMWPE rod stock (i.e.,

Long Axis 1; see Fig. 1) and a group of 10 specimens was

oriented in two configurations along Radial Axis 3 (see Fig. 1).

The prism specimens were placed between two parallel

platens in an MTS MiniBionix II servo-hydraulic test system

(MTS, Eden Prairie, MN; see Fig. 1) and tested at 1.3mm/min

in unconfined compression at 2171 1C in accordance with

ASTM D 695-02a. Specimens were cyclically loaded for 10

cycles within the elastic regime to determine elastic modulus

and Poisson’s ratio. Axial strain and lateral strains were

simultaneously measured using extensometers with a gauge

length of 10mm (Epsilon Technology Corporation; Jackson,

WY).

In all, two moduli of elasticity and four Poisson’s ratios

were calculated for ArCom XL. Since the control material was

assumed to be isotropic, one modulus of elasticity and one

Poisson’s ratio was calculated for this material. To maintain

uniformity of testing, and to verify our ability to detect

anisotropy, each GUR 1050 specimen was tested twice; the

extensometers were reconfigured between tests to measure n on
two different faces.

After characterization of the small-strain elastic behavior,

the extensometers were removed and the specimens were tested

at 1.3mm/min at large strains to the limit of the load cell,

which was reached as a maximum compressive load of

�29.5 kN, or until the specimen fell off the platens. During

testing, the specimens were videotaped using a digital video

camera recorder (Model DCR-TRV900; Sony Corporation,

Tokyo, Japan) to enable later evaluation of failure mechanisms

during large-strain compression. Engineering and true stress–

strain curves were generated from each of the 20 tests.

Additionally, 0.2% offset compressive yield stress and percent

compressive strain at 0.2% offset yield were calculated.

2.4. Tension testing

A total of 25 test specimens were tested in uniaxial tension.

One group of five specimens were control; the remaining 20

were ArComXL specimens, divided into four groups based

upon their orientation. One group included five Type V

ArCom XL specimens whose long axis was coincident with the

long axis of the UHMWPE rod stock (i.e., Long Axis 1; see

Fig. 1B), a group of five Type IV specimens whose long axis

was coincident with Radial Axis 2 (see Fig. 1C), and two

groups of five Type V specimens oriented in two configurations

along Radial Axis 3 (see Fig. 1D and E).

Testing was performed at a temperature of 2171 1C and a
relative humidity of 4676%. The specimens were placed in an
Instron 4204 electro-mechanical test machine (Instron, Can-

ton, MA) and pulled apart at a rate of 10mm/min (Type V
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Fig. 1. Orientation of rectangular and tensile specimens with respect to the long axis (Axis 1) of the rod. (A) For rectangular specimens, Axis 1 (the

long axis of the rod) is identified with diagonal stripes. Radial Axes 2 and 3 are identified according to the schematic. (B–E) For tensile specimens, the

long axis of the specimen is identified as shown. (D,E) Specimens grouped ‘‘3a’’ and ‘‘3b’’ shared the same long axis, but their secondary axes were

swapped.
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specimens) or 50mm/min (Type IV specimens), which resulted

in approximately 5min to rupture, as recommended by ASTM

D638-02a. During tensile testing, axial strain was measured

using a video extensometer.

The resulting load–displacement outputs were converted to

both engineering stress–strain and true stress–strain curves.

True strain was calculated from engineering strain using the

formulas �T ¼ lnð1þ �EÞ and sT ¼ sEð1þ �EÞ, where e is
strain, s is stress, and the subscripts T and E represent ‘‘true’’
and ‘‘engineering,’’ respectively, as described previously [22].

The curves were characterized by an initial elastic region,

followed by yielding, strain hardening, and eventual rupture.

From the stress–strain curves, engineering and true yield stress,

engineering and true percentage elongation at yield, engineer-

ing and true tensile strength, and engineering and true

percentage elongation at break were calculated for each

specimen as per ASTM D638-02a.

2.5. Fatigue crack propagation testing

Fatigue crack propagation tests were conducted on an

Instron closed-loop servohydraulic test system using ASTM

E647 as a guide [23]. Eight specimens of the compact tension

type were evaluated, including two of the control material and

six of ArCom XL material (two specimens were tested in each

of the three reference axes, as indicated in Fig. 1).

The notch was razor sharpened at least 24 h prior to testing

and the specimen thickness was recorded. A sinusoidal

waveform was used with a frequency of 3Hz and an R-ratio

of 0.1 (ratio of minimum load to maximum load). Specimens

were cooled with an air jet to minimize specimen heating

during cycling. Crack growth was followed using a traveling

microscope with a resolution of 0.01mm. The crack length and

the number of cycles were initially recorded approximately

every 0.2mm. When the 0.2mm of crack growth was reached

in less than 100 cycles the measurements were taken at 0.1mm

intervals. Crack length measurements were taken with the

specimen at the mean load. Specimens were cycled until the

crack opening displacement was too large to obtain useful

fatigue crack growth data (i.e., the specimens did not fracture

catastrophically).

Calculations of the fatigue crack growth rate, da/dn, and the

cyclic stress intensity factor, DK, were made following ASTM

E 647 [23]. The data for each specimen were examined using

linear regression to determine the exponent (m) and coefficient

(C) of the Paris relationship (da=dn ¼ C DKm). The Paris

regime was defined as the data in the crack growth rate (da=dn)

range of 1� 10�4–1� 10�2mm/cycle. Statistical comparisons

were conducted between test groups with respect to both C and

m. Statistical significance was determined at po0:05.
The cyclic stress intensity required to produce a crack

growth rate of 10�6mm/cycle was used to determine as

DK inception, when available [3]. When this value was not

available, an estimate of DK inception was made by visual

inspection of the da=dn versus DK curves for each treatment

group. The lower estimated DK inception of the two specimens in

a treatment group was determined. As defined by Baker et al.

[3], DK inception is the upper bound of the near-threshold regime.

As such, it defines the initial crack growth rate at the onset of

the Paris region. Thus, DK inception indicates the resistance to

fatigue crack initiation from a pre-existing crack or defect or

stress concentration.

2.6. Swell ratio

Swelling experiments were conducted to evaluate the

anisotropy of the radiation crosslinking, to complement the

mechanical testing results. The swell ratio (SR) of the

UHMWPE materials (n ¼ 3) was characterized using a

custom-built SR tester in accordance with ASTM F2215 in

o-xylene at 130 1C. The SR of UHMWPE at equilibrium with

an appropriate solvent is related to its average crosslink

density; the higher the SR, the lower the density of crosslinking

and the higher the molecular weight between crosslinks. The

SR for an isotropic material is defined as the ratio of the final

(Vf) to initial (Vi) volumes of the sample:

SR ¼ V f=V i ¼ ðhf=hiÞ
3,

where hf and hi are the final (swollen) and initial heights of the

sample, respectively. For an anisotropic material, the aniso-

tropic SR is defined as

SR ¼ ðhf ;axis 1 hf ;axis 2 hf ;axis 3Þ=ðhi;axis 1 hi;axis 2 hi;axis 3Þ,

where hf and hi are now measured with respect to three

orthogonal axes (axis 1, axis 2, axis 3). Crosslink density was

calculated based on the equations listed in ASTM F2215.

2.7. Accelerated aging

A total of 35 ArCom XL and control rectangular blocks

were tested before or after accelerated aging to evaluate the

oxidative stability of the materials (Table 1). Twelve specimens

were not aged. Twenty-three specimens were aged in five

atmospheres of oxygen accordance with ASTM F 2003-00.

Twelve specimens were aged for 2 weeks according to this

standard, and 11 were aged for 4 weeks, rather than 2. Aging
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Table 1

Accelerated aging experimental matrix

Material Test axis Sterilization Number of prisms

tested as received

Number of prisms aged 2

weeks, then tested

Number of prisms aged 4

weeks, then tested

ArCom XL Long 1 GP 3 3 3

ArCom XL Radial 2 GP 3 3 3

ArCom XL Radial 3 GP 3 3 3

Control N/A g Inert 3 3 2

g Inert ¼ gamma sterilization in an inert environment; GP ¼ gas plasma
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was performed in a stainless steel pressure vessel, as described

previously [24,25]. The specimens were chosen and oriented

such that the tested axis was vertical. Thus, the top and bottom

faces were perpendicular to the test axis. The top face was

labeled for later identification. The vessels were then filled with

oxygen and purged five times to ensure the purity of the aging

environment. The prisms rested on a flat surface inside the

pressure vessel; thus each prism’s bottom face was not exposed

to oxygen, but each of its other faces were exposed to oxygen

throughout the aging period. It is important to note that the

blocks were not placed within barrier packaging during aging.

Thus, the control blocks were aged in a way not representative

of the normal shelf aging of ArCom, which is barrier packaged

to protect it from exposure to oxygen. The aging method

utilized in this study was intended to represent a more

aggressive mode of aging that has been used historically to

represent unprotected shelf aging.

The vessel was placed in the oven at room temperature

(2472 1C), and the oven was heated to the aging temperature
of 70.070.1 1C at a rate of 0.1 1C/min. Prior to conducting the
aging experiments, the accuracy of the temperature control for

the oven was validated to 70.1 1C by thermocouple measure-
ments, and proof testing was conducted with the vessel to

confirm that it retained 50377 kPa (7371 psi) of pressure
without leakage. All specimens from each aging group were

aged simultaneously.

2.8. Small punch testing

Before and after aging, two cylindrical cores were extracted

from each rectangular specimen, and from each core, two disc-

shaped specimens measuring 0.5mm in thickness and 6.4mm

in diameter were machined. One specimen was machined from

the exposed surface of the block (0–0.5mm) and the other

from the subsurface region (1.5–2.0mm). The subsurface

location of the specimens was based on previous natural aging

experiments, which showed greater degradation of mechanical

properties occurring below the surface at similar locations [26].

Thus, four disk specimens (two surface and two subsurface)

were prepared from each sample, resulting in a total of 140

individual specimens for testing (35 samples� 2 cores� 2

specimens).

Miniature specimen (small punch) mechanical testing was

performed in equibiaxial tension using the disk-shaped speci-

mens, in accordance with F 2183-02. The small punch

specimens were placed in a custom-built apparatus attached

to an MTS MiniBionix II servo-hydraulic test system (MTS,

Eden Prairie, MN) and deformed against a hemispherical

punch moving at a constant displacement rate of 0.5mm/min

[27]. The resulting load–displacement curve was characterized

by initial peak load, ultimate load, and ultimate displacement.

The work to failure, calculated as the area under the

load–displacement curve, provided a measure of toughness.

2.9. FTIR and ESR analysis of chemical stability

The chemical properties of the control and ArCom XL were

evaluated by Fourier transform infrared spectroscopy (FTIR)

in transmission (Excalibur series FTS3000 with a UMA-500

microscope attachment; Bio-Rad Laboratories, Hercules, CA)

using 200 mm-thick specimens. Both materials were evaluated
before and after accelerated aging. FTIR profiling was

conducted perpendicular to Radial Axis 2. Radial Axis 2 was

chosen because it was the only axis that showed evidence of

mechanical changes after accelerated aging, as described below

in the ‘‘Results: Small Punch Testing’’ section. Each material

and aging condition was tested with (n ¼ 3), for a total of 12

samples evaluated by FTIR.

Oxidation index and trans-vinylene index calculations were

based on ASTM F 2102-01 and ASTM F 2381-04, respec-

tively. The FTIR utilized an aperture size of 200 mm and a

continuous nitrogen purge; 32 scans were performed at each

step, and there was a step size of 200 mm though the thickness
of the block. In these calculations, oxidation peak area is the

integrated area below the carbonyl peak between 1650 and

1850 cm�1. Trans-vinylene peak area is the integrated area

below the vinyl peak between 950 and 980 cm�1. As this area is

often influenced by Fourier rippling at 965 cm�1, the samples

were lightly sanded before being scanned. Both oxidation peak

area and trans-vinylene peak area are normalized by the

integrated area below the methylene stretch between 1330 and

1396 cm�1. Oxidation index was calculated by dividing the

oxidation peak area by the normalization peak area. The trans-

vinylene index is calculated by dividing the trans-vinylene peak

by the normalization peak area.

To aid in the interpretation of oxidative stability behavior

during accelerated aging, the concentration of free radicals in

the unaged UHMWPE materials was characterized using an

ESR spectrometer (Bruker EMX), as described previously [28].

This spectrometer operated at 9.8GHz (X Band) microwave

frequency and 100 kHz modulation/detection frequency, and it

was fitted with a high-sensitivity resonator cavity. For a good

spectral resolution and/or signal-to-noise ratio, modulation

amplitude was varied between 0.5 and 5.0G, and microwave

power between 0.5 and 2.0mW. Three control and three

ArComXL specimens were tested. Three tests were conducted

on each sample.

2.10. Statistical analysis and power calculations

When appropriate, statistically significant differences

(po0:05) between axes and between the ArCom XL and the
control UHMWPE were evaluated with JMP Statistical

Discovery Software (SAS Institute, Cary, NC) using analysis

of variance. When appropriate, effects of material, axis, and

aging and depth on various mechanical parameters were also

evaluated using a least-squares model.

For tension and compression tests, sample sizes of n ¼ 5

and 6 were used. These sample sizes are sufficient to determine

24% and 21% or greater differences, respectively, in a

mechanical parameter (with a ¼ 0:05 and b ¼ 0:1) between
two groups having a 10% coefficient of variation. In some

cases, mechanical parameters were measured more than once

from the same specimen; in these cases, the mean value was

determined and considered a single test article for the purposes

of analysis.

For small punch tests, the use of four specimens from each

prism enabled a sample size of n ¼ 12 for most comparisons

(surface versus subsurface used n ¼ 6). Using a two-tailed

unpaired Student’s t-test, n ¼ 12 is sufficient to determine a
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14% or greater difference in any given small punch parameter

(with a ¼ 0:05 and b ¼ 0:1) between two groups having a 10%
coefficient of variation. A sample size of six is sufficient to

determine a 21% or greater difference between two groups

having a 10% coefficient of variation.

3. Results

3.1. Compression testing

Overall, the compressive mechanical behavior of the
control material and ArCom XL was qualitatively
similar. The control material had a significantly higher
compressive modulus (1220750MPa) than ArCom XL,
in both Long Axis 1 (930770MPa) and Radial Axis 3
(1060760) (pp0:002, Table 2). The ArCom XL had a
lower compressive modulus in Axis 1 than in Axis 3
(pp0:004). Poisson’s ratio was virtually identical in
GUR 1050 (0.3870.03) and ArCom XL in the 3–1
(0.3670.07) and 3–2 (0.3870.06) directions. Poisson’s
ratio was slightly higher in the 1–2 (0.4070.04) and 1–3
(0.4270.05) directions for the ArCom XL, but due to
the small difference between the groups for this
parameter, these comparisons did not reach statistical
significance. The only significant difference found in n
was that n31 was less than n13 (p ¼ 0:01).
The offset yield behavior of the control material and

ArCom XL material was also very similar. GUR 1050
specimens exhibited the highest offset yield stress
(15.372.2MPa), followed by Radial Axis 3 of the
ArCom XL (12.871.1MPa). Long Axis 1 specimens
exhibited the lowest offset yield stress (9.570.4MPa).

3.2. Tension testing

For all specimens, the stress–strain curves were
similar, and demonstrated an elastic region, fol-
lowed by yielding behavior, and, eventually, failure

(Table 2). Although all specimens exhibited yield, four
of the five specimens oriented along Long Axis 1 did not
exhibit an increase in strain without a concomitant
increase in stress (a traditional yield point). Thus, the
yield data calculated for these four specimens group
were calculated using the Considére construction [29].
Significant differences in tensile behavior were found

between the control and ArCom XL, and between Axis
1 and Axis 3 of the ArCom XL (Table 2). Specifically,
ArCom XL exhibited a higher yield strain than control
in both axes. In Axis 1, the ArCom XL specimens also
exhibited higher yield stress, whereas in Axis 3, the yield
stress was lower than in control. All these differences
were statistically significant (po0:05) except for true
yield stress, which was not found to be significantly
different when comparing control to Axis 3b of ArCom
XL. Long Axis 1 specimens exhibited a greater
engineering tensile strength at break than any of the
other groups; the control exhibited the greatest true
tensile strength at break, though it was not significantly
greater than that exhibited by Axis 3b. With regard to
ultimate strain, control elongated the most before
fracture, followed by Axis 3b, then Axis 3a of the
ArCom XL. The Long Axis 1 specimens elongated the
least before rupture.

3.3. Fatigue crack propagation testing

ArCom XL, evaluated in all three directions, had
reduced fatigue crack propagation resistance compared
to the control (Table 3, Fig. 2), as evidenced in a higher
coefficient C, of the Paris regime and in a lower
estimated DK inception for the ArCom XL groups com-
pared with the control (Table 3). The higher coefficient,
C, indicates that, at a given DK (e.g., DK ¼

1:0MPa
p

m), cracks grow faster in ArCom XL speci-
mens than in control specimens. The lower DKinception
for these groups indicates that it would be easier to get a
crack to grow by cyclic loading from a defect or stress
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Table 2

Mean and standard deviation tensile properties for control and ArCom XL materials

Control ArCom XL

Axis: N/A (isotropic) Axis 1 Axis 2 Axis 3a Axis 3b

Sample size: n ¼ 5 n ¼ 5 n ¼ 5 n ¼ 5 n ¼ 5

Modulus (MPa) 12907190 9207100 13307280 13507500 10307110
Tensile stress at yield (MPa) 23.970.1 24.270.4a 26.970.3 21.570.3 22.070.2
Percent elongation at yield (%) 8.670.5 12.473.5a 15.470.7 12.670.8 13.271.0
True tensile stress at yield (MPa) 26.070.1 27.271.1a 31.170.5 24.270.4 24.870.4
True strain at yield (%) 8.370.4 11.673.1a 14.370.7 11.970.7 12.470.9
Tensile strength at break (MPa) 46.872.0 64.774.5 63.473.0 46.173.5 46.472.7
Percent elongation at break (%) 362712 207711 221716 294714 29578
True tensile strength at break (MPa) 216715 198711 203715 182719 183714
True strain at break (%) 15373 11274 11775 13774 13772

aFor four of five specimens, yield point was determined using the Considére construction.
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concentration for the ArCom XL, in all three orienta-
tions, as compared with the control (Table 3).
The fatigue crack propagation resistance of the

ArCom XL was similar in all three specimen orienta-
tions (Fig. 2). Statistical analysis of the Paris regime
data suggests that Long Axis 1 is less resistant to fatigue
crack growth than Radial Axes 2 and 3 in the Paris
regime, and that Radial Axes 2 and 3 have comparable
Paris regime fatigue crack growth resistance (based on
significant differences in the Coefficient C). Within the
ability to estimate this variable, DK inception appears to be
similar for the three groups.

3.4. Swell ratio

The swelling measurements in o-xylene at 130 1C
revealed anisotropic swell behavior for ArCom XL. The
longitudinal axis and one of the radial axes exhibited
comparable changes in dimension during swelling; the
ratio of final to initial heights for these two axes ranged
between 1.55 and 1.57. For one of the orthogonal radial
directions (Fig. 1), the height ratio was 1.2970.01. The
overall SR of the control and ArComXL materials was
3.3370.03 and 3.1270.04, respectively. These SRs
corresponded with calculated crosslink densities of

0.17270.003mol/dm3 for the control material and
0.19470.005mol/dm3 for ArComXL.

3.5. Small punch testing

For all control and ArCom XL specimens, the
load–displacement curve was consistent with that
typically demonstrated by UHMWPE specimens [24],
including an initial peak load, displacement by drawing,
and failure. Preliminary statistical analyses revealed no
significant difference between surface and subsurface
specimens for any of the small punch parameters among
ArCom XL specimens. Consequently, all subsequent
statistical analyses considered surface and subsurface
specimens together.
Significant differences in mechanical behavior were

found between the control and ArCom XL prior to
aging. Overall, the ArCom XL material behaved like the
control in Axis 1, but was tougher and more ductile than
the control in Axes 2 and 3 (Table 4). Specifically,
ArCom XL exhibited a lower peak load than the control
in all but one axis (Radial Axis 3, p ¼ 0:8; Radial Axis 2,
p ¼ 0:003; Long Axis 1, po0:0001). ArCom XL
exhibited a higher ultimate load than the control in all
but one axis (Long Axis 1, p ¼ 0:9; Radial Axis 2,
po0:0001; Radial Axis 3, po0:0001). ArCom XL
exhibited a higher ultimate displacement than the
control in all but one axis (Long Axis 1, p ¼ 0:1; Radial
Axis 2, p ¼ 0:004; Radial Axis 3, po0:0001). Finally,
ArCom XL required more work to failure than the
control in all but one axis (Long Axis 1, p ¼ 0:4; Radial
Axis 2, p ¼ 0:01; Radial Axis 3, po0:0001).
Differences were also found among the axes of the

non-aged ArCom XL material. Specimens tended to be
tougher and more ductile in Axis 3 than in Axis 2, and
the least tough and ductile in Axis 1. All comparisons in
these groups were significantly different (po0:05) with
the following exceptions: for peak load, Radial Axis 2
and Radial Axis 3 did not differ significantly; and for
ultimate displacement, Radial Axis 2 did not differ
significantly from either of the other axes.
After 4 weeks of accelerated aging, the ArCom XL

specimens appeared grossly no different than when they
were placed in the vessel. The control specimens,
however, had obviously undergone degradation. When
cores were removed from the control prisms, brittle
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Table 3

Paris regime and DKinception for each treatment group (n ¼ 2)

Material m C DKinception, MPaOm (est.)

Control (GUR 1050) 11.89 3.88� 10�9 1.79

ArCom XL, Long Axis 1 9.44 7.13� 10�7 1.29

ArCom XL, Radial Axis 2 9.76 1.68� 10�7 1.30

ArCom XL, Radial Axis 3 10.62 1.39� 10�7 1.41

Fig. 2. Fatigue crack growth behavior, da/dn versus DK, for the

control and ArCom XL materials (n ¼ 2/group).
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fracture was evident. The cores obtained from the
ArCom XL prisms were each a single unbroken
cylinder, but those obtained from the control GUR
1050 exhibited significant subsurface cracks. These
cracks were sufficient to break the cylinder into two
pieces. From these prisms, it was only possible to
machine subsurface specimens. Thus, only four speci-
mens were available from the two control prisms aged
for 4 weeks.
The load–displacement curves of all specimens after 2

weeks of accelerated aging were consistent with those
typically demonstrated by UHMWPE specimens, and
consistent with those determined from specimens that
were not aged. Among the control specimens, acceler-
ated aging significantly reduced the fracture toughness
(ultimate load, po0:0001) and work to failure
(p ¼ 0:02), and increased the peak load (po0:0001)
and ultimate displacement (p ¼ 0:01) (see Tables 4 and
5). These results are shown to be statistically significant
when fit to a model for each parameter including the
effect of depth from the surface as well as the effect of
aging. Additionally, among aged control specimens,
surface specimens demonstrated reduced toughness and
work to failure and higher ultimate displacement
relative to subsurface specimens (ultimate load and
displacement, po0:0001; work to failure, po0:002).
These results are consistent with degeneration due to
oxidative degradation [24].
For ArCom XL specimens, the load–displacement

curve was consistent with those reported for ArCom XL
specimens aged for zero or 14 days, including an initial
peak load, displacement by drawing, and fracture. Two
of the four GUR 1050 specimens, however, exhibited
brittle fracture, based upon both evaluation of their
small punch curves and examination of the specimens
themselves after testing. The ArCom XL material
responded less to accelerated aging than GUR 1050
did. Since models including the effects of sterilization,
axis, depth, and aging did not find any effect of
specimen depth, this parameter was dropped from the
model. Considering the effects of axis and aging only,
the data indicated significant effects of 2 weeks of aging
on the ArCom XL specimens. Overall, there was a small
but significant increase in peak load (p ¼ 0:045), and
there were decreases in ultimate displacement
(po0:0001) and work to failure (p ¼ 0:0013). The
ArCom XL material still showed relatively few changes
after 28 days of accelerated aging. Long Axis 1 exhibited
no statistically significant changes in material properties
after 28 days of aging. In Radial Axes 2 and 3, ultimate
displacement was reduced, and, in Radial Axis 3,
ultimate load and work to failure were reduced. These
changes were statistically significant (po0:05). Even
though the properties in Radial Axes 2 and 3 had
declined somewhat during aging, the ultimate load and
work to failure for both axes were still greater than those
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properties exhibited by GUR 1050 prior to accelerated
aging.

3.6. FTIR and ESR analysis of chemical stability

Oxidation index and trans-vinylene index were
measured in aged and non-aged specimens of both
ArCom XL (sterilized by GP) and control GUR 1050
(sterilized by gamma irradiation). The results from all
four groups are summarized in Fig. 3. These curves
represent the average oxidation index and trans-vinylene
index measured for three specimens from each group.
The aged control material shows oxidation near its
surface. None of the other groups indicate measurable
oxidation, including the aged ArCom XL. This result
supports the small punch results, which indicated that

ArCom XL retains its mechanical properties better than
GUR 1050 after accelerated aging. There is little
evidence of trans-vinylene groups in any of the samples.
Free radicals were detected in both the control and

the ArComXL materials; however, the concentration in
the ArComXL was over 90% lower than the control.
This difference was significant (po0:0001). The average
free radical concentration was 3.82� 1015 spins/g in the
control and 0.22� 1015 spins/g in ArComXL.

4. Discussion

The anisotropy in ArComXL was apparent in the SR
and associated network properties, as well as in the
mechanical properties. However, the magnitude of
the anisotropy was found to be relatively small due
to the final stress relaxation step, which relieved much
of the deformation and molecular orientation imparted
by the previous solid-state extrusion. It is clear that
ArComXL retains some memory of its previously
oriented state, but the variation in properties was much
less than previously observed with slot-drawn unirra-
diated GUR 1020 UHMWPE, having a draw ratio of 2,
but which was not subjected to stress relief thermal
treatment [15]. In contrast with Dharmastiti’s experi-
ment, for the present study, we evaluated radiation
crosslinked GUR 1050, which was subsequently ther-
mally relaxed from an oriented state. Notwithstanding
the differences in resin and crosslinking between
Dharmastiti’s experiment and our study, which compli-
cate the comparison of results, the absolute property
variations we observed were generally much smaller,
and more subtle, than in the previous slot drawing
process. With the exception of the work to failure
parameter of the small punch test, which varied by 37%
(367mJ along Axis 3 as compared with 211mJ along
Axis 1, Table 4), the remaining uniaxial, biaxial static
and fatigue properties of ArComXL varied by less than
30% when compared with the different axes of testing.
In terms of the compressive elastic modulus, e.g., the
modulus parallel to the draw direction was 0.9GPa, as
compared with 1.1GPa in the radial direction (e.g., a
20% difference between axes). Furthermore, we also
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Table 5

Change in mean values for small punch parameters after 2 weeks accelerated aging

Small punch test parameter Control, isotropic

(n ¼ 12) (%)

ArCom XL, Axis 1

(n ¼ 12) (%)

ArCom XL, Axis 2

(n ¼ 12) (%)

ArCom XL, Axis 3

(n ¼ 12) (%)

Peak load (N) +4.6 +14.6 NS +5.5

Ultimate load (N) �43.6 +19.5 �11.9 +8.6

Ultimate disp. (mm) +5.2 �6.3 �15.6 �12.4

Work to failure (Nmm) �5.4 +9.7 �24.8 NS

Changes that were not significant are indicated by NS.

Fig. 3. ASTM oxidation index and trans-vinylene index for four

groups of specimens.
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found evidence that the ultimate properties were not
isotropic in the radial plane. Ultimate properties
measured in radial direction 3 showed greater ductility
(e.g., elongation to failure, resistance to crack initiation,
small punch toughness) as compared with radial
direction 2 and long axis 1. These results are consistent
with the SR tests, which also showed a slightly greater
extent of swelling in one of the radial axes.
The elastic modulus, yield stress, and ultimate stress

data observed in this study all fell within the range of
previously reported mechanical properties for conven-
tional and highly crosslinked UHMWPE [18,21,30–32].
Within that broad range of previously reported mechan-
ical properties, ArComXL shows greater similarity to
annealed highly crosslinked UHMWPE materials,
which exhibit a higher yield stress, resistance to plastic
deformation, and ultimate strength by virtue of their
higher crystalline content, relative to remelted materials
[21].
Like previous studies of annealed highly crosslinked

UHMWPE [18], ArComXL also contains detectable
free radicals, but the concentration was reduced by over
90% relative to the gamma sterilized control material.
Consequently, an unexpected finding of this study was
that ArComXL showed little evidence of oxidation even
after 4 weeks of accelerated aging, similar to previous
aging studies of remelted UHMWPE materials [30,33].
The clinical relevance of accelerated aging studies
remains controversial because the standardized protocol
has only been shown to reproduce certain oxidation
trends of UHMWPE materials that were gamma
irradiated in air and that were stored in air—a
packaging technique that is no longer used by major
orthopedic manufacturers. Furthermore, the oxidizing
environment associated with the standardized aging
protocol employed in this study is so severe that virgin,
unirradiated UHMWPE, containing no free radicals,
can exhibit significant degradation [25]. Despite these
shortcomings, the accelerated aging method we em-
ployed has been accepted as an international standard
by both ASTM and ISO for evaluating the oxidative
stability [34]. Based on the oxidation resistance dis-
played in the accelerated aging, which was comparable
to remelted UHMWPE materials [30,33], the manufac-
turer has decided to use air-permeable packaging and
terminally sterilize ArComXL using gas plasma. Real-
time shelf aging studies are planned to test the
hypothesis that ArComXL does not oxidize during shelf
aging.
As mentioned previously in the introduction, aniso-

tropy can be useful if harmonized with design. In
contrast with the high-strength fibers discussed in the
introduction, ArComXL is produced with a relatively
low draw ratio (1.5) and is intended for total hip
applications, in which the polar axis of the cup is aligned
with the longitudinal axis of the extruded rod, corre-

sponding to Axis 1 in the present study. The wall of the
cup, at the equator and rim, is parallel to the long axis of
the rod, and may benefit from the enhanced strength in
this direction during eccentric and rim loading scenar-
ios. Further functional fatigue testing and finite element
analyses will be needed to elucidate the more subtle,
complex effects of anisotropy on the mechanical
behavior of acetabular components fabricated from
ArComXL.

5. Conclusions

Solid-state extrusion below the melt transition was
found to be a promising deformation processing
technique, suitable for highly crosslinked UHMWPE
on a commercially relevant scale. The deformation-
processed, highly crosslinked UHMWPE was anisotro-
pic, with enhanced ultimate tensile strength parallel to
the long axis of the rod. However, relative to drawn
fibers, the magnitude of the anisotropy was relatively
small, especially for the elastic properties, which only
varied by 20% between the longitudinal and radial axes.
By comparison of our results with previous experiments
with slot-drawn UHMWPE that did not undergo a final
stress-relief thermal cycle, we hypothesize that the stress
relaxation step in our study had the effect of reducing
molecular alignment and decreasing the anisotropy in
the final material. It was clear, nonetheless, that the final
material retained some memory and benefits, in the form
of enhanced ultimate strength, from its previously
oriented state.
The deformation-processed, highly crosslinked

UHMWPE contained residual free radicals, but the
concentration was 90% less than the control. An
unexpected finding of this study was that, despite the
presence of detectable free radicals, the deformation-
processed, highly crosslinked material was oxidatively
stable, even after 4 weeks in a pressure vessel containing
5 atm of oxygen at 70 1C, which macroscopically
embrittled gamma inert sterilized, control UHMWPE.
It is unclear from the results of this study whether the
free radicals in the deformation-processed UHMWPE
are inherently highly stabilized (and hence inherently
resistant to oxidative degradation) or whether they are
trapped within crystalline regions, and hence merely
unavailable to participate in the oxidation process.
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Abstract: The effect of very low concentrations of Vita-
min E on the stability and mechanical behavior of
UHMWPE remains unknown. We tested the hypothesis
that the oxidation resistance of Vitamin E-blended
UHMWPE would be influenced by trace doses of antioxi-
dant, resin, and radiation treatment. Trace concentrations
(�500 ppm w/w%) of a-tocopherol (Vitamin E) were
blended separately with GUR 1020 and 1050 resins and
molded into disks. From each disk, three groups of 10 mm
thick blocks were machined: (1) no irradiation (control); (2)
30 kGy of gamma irradiation in nitrogen; and (3) 75 kGy
of gamma irradiation in air. Specimens were subjected to
three aging protocols: (a) no aging (control); (b) two weeks
and (c) four weeks of accelerated aging in accordance with
ASTM F 2003 (i.e., 708C and 5 atm oxygen). The minimum
concentration of Vitamin E needed to stabilize UHMWPE
during our accelerated tests depended upon the method of
radiation processing. For the 30 and 75 kGy irradiated

materials, the addition of 125 ppm or more Vitamin E was
sufficient to maintain baseline mechanical and chemical
properties through two weeks of accelerated aging. For
these groups, the addition of 375 ppm or 500 ppm, respec-
tively, was necessary to maintain baseline mechanical and
chemical properties throughout the four-week accelerated
aging period. UHMWPE resin molecular weight did not
have an effect on oxidation behavior. The results of this
experiment therefore supported our hypotheses that trace
concentrations of Vitamin E, coupled with radiation treat-
ment—but not resin grade—influence the mechanical and
oxidative degradation behavior of UHMWPE. � 2008
Wiley Periodicals, Inc. J Biomed Mater Res 90A: 549–563,
2009

Key words: UHMWPE; ultra-high molecular weight poly-
ethylene; radiation crosslinking; gamma radiation; mechan-
ical properties; oxidation; a-tocopherol; vitamin E

INTRODUCTION

Oxidation of ultra-high molecular weight poly-
ethylene (UHMWPE) has been recognized as a
potential limiting factor for the longevity of total
joint replacements.1,2 The highest levels of oxidation
have been found for polyethylene gamma sterilized
in air.3–9 Low oxygen barrier packaging was intro-
duced to protect gamma-sterilized components dur-
ing shelf storage.10–12 Implants stored in first-genera-
tion, polymeric barrier packaging have also been
found to exhibit substantial oxidation when tested
beyond their expiration date.13

Regardless of how they are packaged, gamma
sterilized UHMWPE components contain free radi-
cals and oxidize in the presence of oxygen. In vivo
oxidation of UHMWPE occurs, not only for gamma
air materials,14–17 but also for gamma inert and
highly crosslinked UHMWPE materials as well.18

Although its clinical significance is still the subject of
scientific debate, in vivo oxidation is regarded as
undesirable. Over the past decade, several measures
to reduce free radical levels, broadly referred to as
‘‘stabilization,’’ have been proposed for irradiated
UHMWPE, including thermal stabilization above the
melt transition (remelting)19,20; thermal stabilization
below the melt transition (annealing)21,22; solid state
deformation processing23; and chemical stabilization
using a-tocopherol (Vitamin E).24–26 The general
mechanism of Vitamin E stabilization of UHMWPE
is by now well established,25,27–31 although many

Correspondence to: S. M. Kurtz; e-mail: skurtz@exponent.
com
Contract grant sponsor: Stryker Orthopedics, Inc

� 2008 Wiley Periodicals, Inc.

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



details regarding the by-products of anti-oxidant sta-
bilization of free radicals continue to be closely
examined.29

Tocopherol compounds were first proposed as
‘‘hygienically safe’’ stabilizers for polyolefins in the
early 1980s32 and techniques were developed for
blending Vitamin E with UHMWPE powder prior to
consolidation for implant applications.33 Blending
1000–3000 ppm (0.1–0.3%) of Vitamin E with
UHMWPE improved the fatigue wear resistance of
the material following gamma sterilization34 and
gamma-sterilized, Vitamin E-blended UHMWPE
implants were introduced clinically starting in 2006
(Nakashima Medical Division, Nakashima Propeller
Co., Ltd., Okayama, Japan).28 Recent studies,
employing 1000–8000 ppm (0.1–0.8%) of Vitamin E,
have determined that blending the stabilizer with
the powder prior to consolidation may decrease the
efficiency of radiation crosslinking.31,35 Other
researchers doped highly crosslinked UHMWPE
with 16,000 ppm to 400,000 ppm (1.6–40%) Vitamin
E via diffusion after irradiation.30,36 However, it may
be challenging to achieve uniformity and the desired
level of Vitamin E concentration when doping thick
components by diffusion.26,30,36,37

In the food packaging industry, very low concen-
trations (100–300 ppm) of Vitamin E are sufficient to
protect polyethylene from shelf oxidation.38 How-
ever, the effect of such concentrations of Vitamin E
on the stability and mechanical behavior of
UHMWPE remains unknown. The objective of the
present study was to determine the minimum Vita-
min E concentration necessary to protect conven-
tional and highly crosslinked UHMWPE from a
severe, in vitro oxidative challenge. We tested the hy-
pothesis that the oxidation resistance of Vitamin E
blended UHMWPE would be influenced by trace
levels of antioxidant (<500 ppm), resin, and radia-
tion treatment.

MATERIALS AND METHODS

Compression molded disks

Consolidated disk samples of UHMWPE were provided
by Ticona GmbH (Oberhausen, Germany). Trace concen-
trations (0, 125, 250, 375, and 500 ppm by weight) of a-to-
copherol (Vitamin E) were blended separately with GUR
1020 (ASTM nominal 3.5 MM g/mol) and 1050 (ASTM
nominal 5.5 MM g/mol) resins. A certified pharmaceutical
grade of D,L-a-tocopherol was employed, and the purity of
the Vitamin E was verified by the manufacturer using
HPLC. Blended polymer samples were consolidated using
the standardized compression molding cycle specified in
ISO 11542-2. Each disk was �20 cm in diameter, 2 cm in
thickness, and was labeled as containing a unique combi-

nation of resin and Vitamin E concentration (Table I).
Specimens were milled from these disks for mechanical
and chemical characterization.

The a-tocopherol levels reported in this study were
nominal values based on the manufacturer’s certification.
We investigated the accuracy of the trace concentrations
with FTIR, using a method similar to that reported by Oral
et al.31 We confirmed the concentrations of 250, 375, and
500 ppm GUR 1050 samples; as well as the 250 and
500 ppm GUR 1020 samples using FTIR (Personal Commu-
nication, Pierangiola Bracco, Ph.D., University of Torino,
Italy). However, we were unable to detect a significant dif-
ference in a-tocopherol concentration between the 375 and
500 ppm GUR 1020 samples. The 125 ppm GUR 1020 and
1050 samples fell below the detection limit of the FTIR
technique.

Tensile behavior of as-molded disks

Tensile properties were measured by testing dumbbell-
shaped specimens according to the ASTM Standard Test
Method for Tensile Properties of Plastics (ASTM D638-
02a). For tensile tests, 50 dumbbell-shaped tensile speci-
mens consistent with the Type V specimen description
provided in ASTM D638-02a were tested. At least five
specimens were machined from each of the 10 disks
described above (Table I).

The specimens were placed in an Instron test system
with a screw-driven load frame (Model 4505; Instron, Can-
ton, MA) equipped with a 30 kN load cell. Specimens
were pulled apart at a rate of 10 mm/min. Axial strain
was measured by the relative displacement of the gauge
lines using a laser extensometer (Model LE-05, Electronic
Instrument Research, Irwin, PA).

Experimental design

Oxidative resistance was evaluated by aging specimens
from each of the supplied disks according to the ASTM
Standard Guide for Accelerated Aging of Ultra-High Mo-
lecular Weight Polyethylene (F 2003-00). From each disk,
36 blocks were machined and divided into three groups:
(1) no irradiation (control); (2) 30 kGy of gamma irradia-

TABLE I
Summary of As-Received Compression Molded Disks

Resin

Vitamin E
Concentration

(ppm)a Resin

Vitamin E
Concentration

(ppm)a

GUR 1020 0b GUR 1050 0
GUR 1020 125b GUR 1050 125
GUR 1020 250b GUR 1050 250
GUR 1020 375b GUR 1050 375
GUR 1020 500b GUR 1050 500

aNominal concentration reported by the manufacturer.
bWhen analyzed using FTIR, the Vitamin E concen-

tration in this sample was not significantly different than
500 ppm.
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tion in nitrogen (conventional sterilized UHMWPE); and
(3) 75 kGy of gamma irradiation in air (highly crosslinked
UHMWPE). For the highly crosslinked UHMWPE material
(Group 3), 3 mm of material was removed from the sur-
face of each block subsequent to processing in order to
achieve the final 10 mm thickness. The final dimensions of
all specimens were 20 mm by 15 mm by 10 mm thickness.

Each specimen was preconditioned in room air for 28
days from the start of processing. Preconditioned speci-
mens were stored in a cryogenic freezer at 2808C until
preconditioning of all specimens was completed.

From each subset of nine blocks of a given resin, Vita-
min E concentration, and processing combination, three
were not aged and six were aged for two weeks accord-
ing to ASTM F 2003-00. After this aging period, three of
the aged specimens were evaluated, and the remaining
three blocks were aged for two additional weeks accord-
ing to ASTM F 2003-00 (for a total of four weeks) prior to
evaluation.

This test design is a full factorial design, and made it
possible to evaluate the interactions among all of the test
parameters. For a sample size of n 5 3, this experimental
design required a total of 270 specimens. The test matrix
for the full factorial design is provided in Table II. Oxida-
tion resistance specimens were characterized using both
the small punch test and FTIR.

Accelerated aging apparatus and protocol

Aging was conducted in accordance with the ASTM
F2003.39 Aging was performed in three wide-mouth 3.8 L,
304 stainless steel pressure vessels (Advantec MFS, Dublin,
CA), each fitted with a pressure gauge, vent relief valve,
ball valve, and a fluoroelastomer O-ring. The bottom face
of each block was labeled for later identification during
subsequent evaluation. In the case of specimens that had
been machined as part of their processing, the top
(exposed) face was the freshly machined 20 mm by 15 mm
surface. The vessels were then filled with oxygen and
purged five times to ensure the purity of the aging envi-
ronment. The blocks rested on flat surfaces inside the pres-
sure vessel; thus each block’s bottom face was not exposed
to oxygen, but each of its other five faces was exposed to
oxygen throughout the aging period. Each pressure vessel
was placed in an air circulating convection oven with digi-
tal (PID) temperature control (Salvis Thermocenter: Cole-
Palmer Instrument Company, Vernon Hills, IL).

The vessels were placed in the ovens at room tempera-
ture, and the ovens were heated to the aging temperature

of 708C at a rate of 0.18C/min. During the aging experi-
ments, the accuracy of the oven temperature controls was
validated to 60.18C by thermocouple measurements. Proof
testing was conducted with the vessel to confirm that it
retained 503 6 7 kPa (73 6 1 psi) of pressure without leak-
age. During the aging period, the oven door was opened
daily for a few seconds to confirm pressurization of the
vessel, but the vessel itself was not opened.

All blocks were aged simultaneously. Specimens were
assigned randomly to one of three ovens to minimize the
ovens as confounding factors. After two weeks of aging,
all specimens were removed from the aging vessels. Speci-
mens designated to be aged four weeks in total were ran-
domly reassigned to one of two aging vessels for the final
two weeks of aging. The ovens and pressure vessels were
allowed to cool to room temperature between aging
experiments.

Small punch apparatus and protocol

Before and after two to four weeks of aging, one cylin-
drical core was extracted from each sample. From each
core, one disk-shaped specimen measuring 0.5 mm in
thickness and 6.4 mm in diameter was machined from the
exposed surface of the block (0–0.5 mm). Miniature speci-
men (small punch) mechanical testing was performed
according to the guidelines established in ASTM F2183.40

Specimens were placed in a custom-built apparatus
attached to an Instron test system with a screw-driven
load frame (Model 4505; Instron, Canton, MA). Testing
was performed at a rate of 0.5 mm/min. The resulting
load-displacement curve was characterized by initial peak
load, ultimate load, and ultimate displacement. The work
to failure, calculated as the area under the load-displace-
ment curve, provided a measure of toughness.

FTIR apparatus and protocol

Fourier Transform Infrared spectroscopy (FTIR) was
performed on each of the block specimens to a depth of
3 mm to determine oxidation profile and trans-vinylene
levels. To prepare the samples for FTIR microscopy, a
200-lm slice was microtomed perpendicular to the surface
of the aged blocks. The section was taken at least 3 mm
from the end of the sample to minimize the effects of the
adjacent surfaces.

The microtomed samples were then placed under the
microscope portion of a model 6700 Nicolet FTIR with a

TABLE II
Oxidative Resistance Test Matrix

Parameter Test Groups Values

Resin 2 GUR 1020 GUR 1050
Vitamin E (ppm) 5 0 125 250 375 500
Processing 3 None 30 kGy in nitrogen 75 kGy þ machining
Aging Time 3 None 2 weeks 4 weeks

Each combination of resin, Vitamin E concentration, processing condition, and aging time has been tested in triplicate.

VITAMIN E STABILIZATION OF HIGHLY CROSSLINKED UHMWPE 551

Journal of Biomedical Materials Research Part A

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



Nicolet Continuum FT-IR microscope attachment (Thermo
Electron Corporation, Madison, WI). Since the FTIR uti-
lized an aperture size of 120 lm, the specimens were ini-
tially placed under the microscope such that the aperture
covered approximately the first 120 lm down from the
surface of the sample. After the initial reading was taken,
the microscope stepped across the specimen in a direction
perpendicular to the top surface, taking readings in 100
lm increments until the specimen had been sampled to a
depth of 3 mm. A background scan was performed for
each specimen and polystyrene was used to verify the
machine weekly.

The resulting absorbance spectra were analyzed to
determine the oxidation and trans-vinylene indices in
accordance with ASTM F210241 and F 2381,42 respectively.
The maximum oxidation index (OI) and trans-vinylene
index (TVI) were calculated for a given specimen by deter-
mining the maximum normalized peak area through the
depth of the specimen. As specified in ASTM F2102, oxida-
tion peak area was the integrated area below the carbonyl
peak between 1650 and 1850 cm21.41 The TVI peak area
was the integrated area below the peak between 950 and
980 cm21 as specified in ASTM F2381.42 The peak areas
were then normalized by the integrated area below the
methylene peak between 1330 and 1396 cm21.

Statistical analysis

Results of the tensile testing (yield and post-yield prop-
erties) were analyzed using single factor analysis of var-
iance (with post-hoc Tukey tests) to determine whether
Vitamin E concentration significantly affected the mechani-
cal properties of either resin type. The results of the small
punch testing were analyzed using two factor analysis of
variance (with post-hoc Tukey tests) to determine whether
age, Vitamin E concentration, or interactions thereof signif-
icantly affected the mechanical or chemical properties of
polyethylene comprised of a given resin type or processing
procedure. SigmaStat V. 3.0 (Systat Software, Inc., Port
Richmond, CA) and a 5 0.05 were used for all statistical
tests.

RESULTS

The compression molded disks containing no
added Vitamin E appeared white. The addition of
Vitamin E resulted in yellowing of the disks,
although increasing nominal Vitamin E concentra-
tion was not completely associated with increasing
discoloration (Fig. 1). Discoloration of the specimens
was also attributed to slight variation in degradation
products during the ISO compression molding cycle.

The uniaxial tensile stress–strain curves of the as-
received compression molded disks demonstrated a
typical elastic region, followed by yielding behavior,
and, eventually, rupture (Fig. 2). All groups exhib-
ited comparable yield properties; no significant dif-
ferences were detected in stress or strain magnitude

at yield point with Vitamin E concentration. Ulti-
mate stress and strain magnitudes were comparable
among all combinations of resin type and Vitamin E
concentration, though the failure properties of speci-
mens with 125 ppm Vitamin E differed from some
of the other groups (p < 0.05; Fig. 3).

Small punch behavior before and after aging

The load-displacement curves for each specimen
were consistent with that typically demonstrated by
UHMWPE specimens10 including an initial peak
load, displacement by drawing, and fracture. Certain
specimens, discussed below, were sufficiently oxi-
dized to exhibit brittle fracture. The addition of Vita-
min E had little effect on the baseline small punch
properties of the PE. Interactions were observed
between aging and Vitamin E concentration for
all combinations of processing and resin types
(p < 0.001; Figure 4 through Figure 12). These effects
are described below for each of the three processing
methods.

In the absence of Vitamin E, nonirradiated GUR
1020 and GUR 1050 specimens exhibited evidence of
mechanical degradation with aging, particularly
with respect to postyield properties (Fig. 4). The
addition of Vitamin E, even at a nominal concentra-
tion of only 125 ppm, brought the ultimate load
back to baseline levels (Fig. 5). Embrittlement was
best quantified by ultimate load: without Vitamin E,
both resins exhibited significantly reduced ultimate
load after four weeks of aging (p < 0.05). Specimens
with 125–500 ppm Vitamin E exhibited higher ulti-
mate load than those without Vitamin E (p < 0.05;
Fig. 6).

For GUR 1020 and GUR 1050 irradiated with 30
kGy in nitrogen, detectable oxidation in the absence
of Vitamin E was evident in the mechanical proper-
ties after two weeks of aging. After four weeks, the
specimens were highly embrittled, and fractured af-
ter less than half a millimeter of displacement (Fig.
7). The addition of Vitamin E lessened the effects of
aging (Fig. 8). Ultimate load decreased significantly
with aging for specimens with less than 375 ppm
Vitamin E (p < 0.05), while aging had no significant
effect on the ultimate load of specimens with 375
ppm Vitamin E or greater (p > 0.05). At weeks two
and four, specimens without Vitamin E had signifi-
cantly lower ultimate strength compared to all other
concentrations of Vitamin E. By week four, speci-
mens with higher concentrations of Vitamin E (375
and 500 ppm) had higher ultimate load than speci-
mens with lower concentrations of Vitamin E (125
and 205 ppm, Fig. 9).

Like the 30 kGy condition, specimens irradiated at
75 kGy exhibited oxidative embrittlement when aged
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Figure 3. Ultimate strength (left) and strain (right) for each combination of resin type and Vitamin E concentration.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 2. Engineering stress-strain curves of representative specimens from each of the five GUR 1020 (left) and GUR
1050 (right) materials. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 1. Photographs of GUR 1020 disks (top) and GUR 1050 disks (bottom), with Vitamin E concentration increasing
from left to right. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 4. Representative small punch curves at all aging times for non-irradiated GUR 1020 (left) and GUR 1050 (right)
without Vitamin E. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 5. Representative small punch curves for non-irradiated GUR 1020 (left) and GUR 1050 (right) with 0-500 ppm
Vitamin E aged 4weeks. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 6. Ultimate load for non-irradiated GUR 1020 (left) and GUR 1050 (right) specimens with 0-500 ppm Vitamin E
aged 0-4 weeks. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 7. Representative small punch curves at all aging times for 30 kGy in nitrogen GUR 1020 (left) and GUR 1050
(right) without Vitamin E. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 8. Representative small punch curves for 30 kGy in nitrogen GUR 1020 (left) and GUR 1050 (right) with 0-500
ppm Vitamin E aged 4 weeks. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Figure 9. Ultimate load for 30 kGy in nitrogen GUR 1020 (left) and GUR 1050 (right) specimens with 0-500 ppm Vitamin
E and aged 0-4 weeks. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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in the absence of Vitamin E (Fig. 10). Again, the
addition of Vitamin E lessened the effects of aging
(Fig. 11). Specifically, the ultimate strength of GUR
1020 and GUR 1050 specimens without Vitamin E
and processed by 75 kGy irradiation þ machining
decreased significantly with aging time (Fig. 12).
Specimens with smaller concentrations of Vitamin E
(125 or 250 ppm) exhibited lower ultimate strength
after four weeks of aging, while the ultimate
strength of specimens with higher concentrations of
Vitamin E (375 and 500 ppm) did not decrease sig-
nificantly (p > 0.05). After two and four weeks of
aging, specimens without Vitamin E had signifi-
cantly lower ultimate strength compared to speci-
mens with Vitamin E (p < 0.05).

Oxidation and trans-vinylene content before and
after aging

The FTIR spectra of differently processed materials
had different characteristic signatures. In the absence
of Vitamin E, 30 kGy in nitrogen, and 75 kGy þ
machining specimens exhibited the near-surface oxi-
dation peaks characteristic of irradiated and aged
PE. The addition of Vitamin E did not change the
nature of these peaks, but substantially reduced their
magnitude. Figure 13 shows an example of the FTIR
spectra of aged UHMWPE after 30 kGy in nitrogen,
with and without Vitamin E. Representative, through
thickness distribution of oxidation index after aging
are shown in Figure 14, and demonstrate the sub-
surface oxidation peak characteristic of shelf-aged
material.

Unprocessed specimens exhibited moderate oxida-
tion without Vitamin E, and no measurable oxida-
tion in the presence of Vitamin E, even after 4 weeks
of aging [Fig. 15(A,B)]. Radiation dose had a sub-
stantial effect on the amount of oxidation that
occurred, particularly in specimens that did not con-
tain Vitamin E. Nonirradiated GUR 1020 and GUR
1050 specimens without Vitamin E had significantly
higher maximum OI at four weeks aging compared
to zero and two weeks aging (p < 0.05). At four
weeks aging, GUR 1020 and GUR 1050 specimens
without Vitamin E had significantly higher maxi-
mum OI compared to all other concentrations of
Vitamin E (p < 0.05).

There were significant interactions in oxidation
index between Vitamin E concentration and aging
time in irradiated specimens. (p < 0.001; Fig. 15).
Specimens without Vitamin E had substantial
increases in oxidation after four weeks of aging,
whereas specimens with higher concentrations of
Vitamin E (375 and 500 ppm) did not have any sig-
nificant increases in oxidation. After four weeks of
aging, specimens without Vitamin E had signifi-

cantly more oxidation compared to those with Vita-
min E; this pattern was more consistent and less
variable for specimens with higher concentrations of
Vitamin E (i.e., 375 and 500 ppm Vitamin E). These
patterns were exhibited by 30 kGy in nitrogen speci-
mens [Fig. 15(C,D)] and 75 kGy þ machining speci-
mens [Fig. 15(E,F)].

TVI depended strictly on the absorbed dose, not
the Vitamin E content (Fig. 16). Nonirradiated speci-
mens exhibited little to no trans-vinylene (Fig.
16(A,B)], and the amount of trans-vinylene increased
progressively from 30 kGy in nitrogen specimens
[Fig. 16(C,D)] to 75 kGy þ machining [Fig. 16(E,D)].
There were few statistically significant interactions
between Vitamin E concentration and age in TVI
among combinations of processing and resin types.

DISCUSSION

The results of this experiment supported our hy-
pothesis that trace concentrations of Vitamin E influ-
ence the mechano-oxidative degradation behavior of
UHMWPE. Although many previous studies have
established that elevated concentrations of Vitamin E
will stabilize irradiated UHMWPE,28 to the authors’
knowledge, this study represents the first attempt to
establish the lower concentration limits of the anti-
oxidant’s effectiveness. We found that the minimum
concentration of Vitamin E needed to stabilize
UHMWPE during our accelerated tests depended
upon the method of radiation processing. For the 30
and 75 kGy irradiated materials, the addition of 125
ppm or more Vitamin E was sufficient to maintain
baseline mechanical and chemical properties through
two weeks of accelerated aging. For these groups,
the addition of 375 ppm or 500 ppm, respectively,
was necessary to maintain baseline mechanical and
chemical properties throughout the four-week accel-
erated aging period.

Although trace levels of Vitamin E were observed
to substantially influence the oxidative stability of
virgin and irradiated UHMWPE, for the 125–500
ppm concentrations evaluated in this study, there
was little impact on the mechanical behavior of the
unaged samples. Previous authors have reported
that Vitamin E, at concentrations exceeding 1000
ppm, may improve the fatigue resistance of
UHMWPE by acting as a plasticizer.24,26 We were
unable to detect a substantial plasticizing effect of
trace levels of Vitamin E in our small punch me-
chanical test results of unaged samples. It may be
that plasticization has a more marked effect on fa-
tigue as opposed to static properties of UHMWPE;
however, an evaluation of dynamic mechanical
behavior was beyond the scope of the current study.
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Figure 10. Representative small punch curves at all aging times for 75 kGy irradiated þ machined GUR 1020 (left) and
GUR 1050 (right) without Vitamin E. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

Figure 11. Representative small punch curves for 75 kGy irradiated þ machined GUR 1020 (left) and GUR 1050 (right)
with 0-500 ppm Vitamin E aged 4 weeks (right). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 12. Ultimate load for 75 kGy irradiated þ machined GUR 1020 (left) and GUR 1050 (right) specimens with
0-500 ppm Vitamin E and aged 0-4 weeks. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Our general findings are supported by the current
practices of the food packaging industry, which also
employs trace concentrations of Vitamin E to stabi-
lize polyolefins from degradation during shelf stor-
age.38,43,44 Trace concentrations of blended Vitamin E
are currently used to stabilize food packaging
because the natural anti-oxidant is highly cost-effec-
tive, has established international regulatory accep-
tance, and has a positive perception among public
consumers.44 By studying HDPE stabilized with as
low as 160 ppm (0.016%) for beverage bottle applica-
tions, Mallegol et al.43 showed that the blended ma-
terial retained ‘‘residual anti-oxidant’’ properties after
the initial Vitamin E was consumed by gamma irra-
diation in air. Specifically, the oxidation products of
Vitamin E include dimers, trimers, quinones, and
aldehydes.38 Thus, not only Vitamin E, but also its
complex degradation products are themselves effec-
tive anti-oxidants for polyolefins.38,43 Apart from
producing cosmetic alteration in UHMWPE, re-
sulting in a yellowish color, as demonstrated in
Figure 1, the degradation products generated by irra-
diating UHMWPE blended with up to 8000 ppm of
Vitamin E has been shown to be otherwise biocom-
patible during in vitro studies and recent animal
experiments.45–49

The accelerated aging protocol employed in this
study was used to provide a severe but standardized
oxidative challenge. Although this ASTM protocol is
widely used to compare the oxidation resistance of
UHMWPE materials, accelerated aging does not rep-
licate real-time or clinically relevant aging condi-
tions.30 Indeed, accelerated aging will consistently
oxidize virgin UHMWPE, which does not occur dur-
ing real-time aging.50 Nevertheless, this in vitro aging
model is well-accepted in the orthopedic community
for quickly comparing oxidation resistance of histori-

cal materials50,51 as well as second-generation highly
crosslinked materials,22,23 including UHMWPE that
has been blended25 or doped30 with Vitamin E.

Using FTIR, we did not observe a substantial
influence of trace levels of Vitamin E, or aging, on
the trans-vinylene yield of UHMWPE by irradiation
of up to 75 kGy. The trans-vinylene yield in irradi-
ated UHMWPE has been found to be proportional to
dose, serving as an ‘‘internal dosimeter’’ for the ma-
terial.52 Accordingly, this methodology was subse-
quently adopted as a test method for ASTM.42 As
expected, the trans-vinylene content for the 75 kGy
material was greater than that for the 30 kGy mate-
rial, which in turn was greater than the low levels
observed in the unirradiated controls.

Previous studies of radiation crosslinked
UHMWPE have demonstrated a highly linear reduc-
tion in crosslinking efficiency after blending with
Vitamin E between 1000 and 3000 ppm (r2 5 0.99,
Fig. 17).31 With 1000 ppm Vitamin E, Oral et al.31

have reported an average reduction of 17% in cross-
link density following a dose of 100 kGy. For the
range of 125–500 ppm blended Vitamin E in the
present study, a 2–8% reduction of crosslinking den-
sity would be expected by interpolation of Oral’s
previous data (Fig. 17). This reduction also falls
within the experimental uncertainty of the measure-
ment technique, as illustrated by the SD bars for
unstabilized material (0 ppm, Fig. 17). Thus, previ-
ous studies31,35 reporting a reduction of crosslinking
when UHMWPE is blended with �1000 ppm are
consistent with the findings of the present study.
Previous data, when interpolated in the trace con-
centration range of 125–500 ppm, demonstrates mini-
mal (�2–8%) impact on crosslinking efficiency, fall-
ing within the detection limits of current methodol-
ogy. Even if this minimal loss of crosslinking

Figure 13. Example oxidation profies of 30 kGy in nitrogen GUR 1020 after four weeks of accelerated aging, without
Vitamin E (left) and with 250 ppm Vitamin E (right). The profile on the depth axis represents OI. On the left, OI exceeds
the scale of the graph.
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efficiency were judged to be meaningful, it can easily
be corrected by slightly increasing the specified dose
for sterilization or radiation crosslinking.

The small punch test data from the current study
further suggest that when trace concentrations are
employed, crosslinking is little affected. The harden-
ing, post-yield phase of the punch test has been
associated with crosslinking in UHMWPE.53 Trace
levels of Vitamin E were found to have negligible
effects on the small punch behavior in unaged, radi-
ation crosslinked UHMWPE, suggesting that at these
low concentrations, radiation crosslinking may not
be substantially compromised.

With the exception of the 375 ppm GUR 1020 disk,
which appeared to be similar in concentration to the
500 ppm GUR 1020 disk, and the 125 ppm samples,
which fell below the detection limit using FTIR, we
were able to confirm the nominal Vitamin E concen-
trations reported by the manufacturer. Our findings
for 375 ppm UHMWPE are, strictly speaking, limited
to GUR 1050, which could be verified using FTIR.
Because we did not find a significant difference in
the anti-oxidant behavior of Vitamin E in GUR 1020
and 1050, the uncertainty in the concentration for the
375 ppm GUR 1020 disk can be addressed by relying
on findings for GUR 1050 at 375 ppm.

The two radiation crosslinked conditions, 30 kGy
in nitrogen and 75 kGy in air þ machining, were
selected to represent different types of UHMWPE
materials. The 30 kGy in nitrogen samples were irra-
diated using the same techniques to produce con-
ventional UHMWPE hip and knee components. The
75 kGy in air þ machining condition, on the other

hand, was chosen to replicate the techniques used to
produce the feedstock for a first-generation,
annealed highly crosslinked UHMWPE.10 For irradi-
ated feedstock, the outer 3 mm of the consolidated
form is typically machined away, because the sur-
face layer has the highest oxidation levels. Thus, the
results of the 30 and 75 kGy conditions are not
directly comparable, even though the samples had
the same final thickness.

Highly crosslinked UHMWPEs in clinical use
today receive a total dose of 90–105 kGy.10 Thus, it
remains unclear from the results of this study
whether trace doses of Vitamin E will be sufficient
to stabilize UHMWPE receiving a dose greater than
75 kGy. Because the actual effectiveness of Vitamin
E not only depends on the anti-oxidant levels, but
also on the consolidation conditions, the irradiation
conditions, and the aging method used to produce
oxidation. We are unable to recommend a universal
minimum effective dose of Vitamin E for all
UHMWPE formulations used in joint replacements
based on the current study. To address questions
about the stabilization of specific commercial formu-
lations of highly crosslinking UHMWPE, it will be
necessary to conduct fully scaled up manufacturing
trials, in addition to the pilot scale experimentation
reported here.

An interesting observation from our research was
that the color changes in the compression-molded
disks did not correspond to their Vitamin E concen-
tration. Studies on polyolefin stability for the food
packaging industry have demonstrated that color
change in polyolefins following the addition of Vita-
min E is a function not only of the anti-oxidant con-
centration, but also the processing conditions, and
the evolution of tocopherol oxidation products
within the sample.38 All of the disk samples in this
study were compression molded using a standar-
dized compression molding cycle. If the color
changes in UHMWPE associated with elevated Vita-
min E content are judged aesthetically undesirable,
they may be mitigated by reducing the concentration
of anti-oxidant; by more precise control of the mold-
ing cycle; and/or by excluding oxygen during ther-
mal processing of the polymer (e.g., by compression
molding in a low-oxygen environment, such as
nitrogen).

The standard processing conditions used for the
disks were judged to be reasonable for the purposes
of evaluating changes in oxidative stability in
UHMWPE. The mechanical properties for the virgin
GUR 1020 and 1050 exceeded the current guidelines
for yield strength, ultimate strength, and elongation
to failure specified for Type 1 and 2 materials in
ASTM F648.54 Nonetheless, our uniaxial tensile data
were somewhat lower than what has been reported
by commercial converters.10 Based on our encourag-

Figure 14. Example oxidation profiles for 30 kGy in nitro-
gen GUR 1020 after four weeks of aging. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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ing initial findings at a pilot experimental scale, fur-
ther research is currently underway with large-scale
blending techniques and commercial conversion

processes to study the effects of trace concentrations
of Vitamin E on irradiated UHMWPE at a commer-
cial scale.

Figure 15. Summary of oxidation index results for unirradiated GUR 1020/1050 (A&B); 30 kGy irradiated in nitrogen
GUR 1020/1050 (C&D); and 75 kGy irradiated þ machined GUR 1020/1050 (E&F). Specimens with 0-500 ppm Vitamin E
and aged 0-4 weeks. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

560 KURTZ ET AL.

Journal of Biomedical Materials Research Part A

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



CONCLUSIONS

Our study demonstrates that elevated concentra-
tions of Vitamin E are not necessary for the oxidative
stability of radiation crosslinked UHMWPE. The

minimum concentration necessary to stabilize irradi-
ated UHMWPE was found to depend on the proc-
essing conditions, but not the resin. When blended
with UHMWPE powder prior to consolidation,
500 ppm was found to stabilize both conventional
and highly crosslinked UHMWPE materials investi-

Figure 16. Summary of trans-vinylene index (TVI) results for unirradiated GUR 1020/1050 (A&B); 30 kGy irradiated in
nitrogen GUR 1020/1050 (C&D); and 75 kGy irradiated þ machined GUR 1020/1050 (E&F). Specimens with 0-500 ppm
Vitamin E and aged 0–4 weeks. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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gated in this study for up to 4 weeks of exposure in
an oxygen bomb, representing a severe oxidative
challenge. Trace concentrations of Vitamin E had no
significant effect on small punch hardening behavior
or on trans-vinylene content, consistent with minimal
impact on crosslinking efficiency. Based on previous
crosslink density measurements,31 only a reduction
of 2–8% of crosslink density is expected for the
range of trace Vitamin E concentrations investigated
in the present study. Although gamma sterilized
UHMWPE blended with higher levels of Vitamin E
is currently in clinical trials,28 the results of the pres-
ent study suggest that only trace levels of Vitamin E
may be needed for oxidative stability.

Special thanks to Ticona for preparing the material sam-
ples, as well as to Shi-Shen Yau, Stryker Orthopedics, and
to Dan Mazzucco and Allyson Ianuzzi, Exponent, for their
contributions. We also extend our grateful thanks to Pier-
angiola Bracco from the University of Turin, Italy, for her
assistance with verifying the Vitamin E concentrations in
the compression molded discs using FTIR.
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Patellofemoral joint kinematics, contact areas, 
and contact pressures were measured concomi- 
tantly before and after total knee arthroplasty 
in 10 fresh frozen human cadaver knees using 
an Instron machine, a custom patellofemoral 
joint testing jig, axial bone markers, a continu- 
ous video digitizing system, and Fuji pressure 
sensitive film. The implant used in this study 
was the Kirschner Performance Knee System 
with an all polyethylene, domed patellar com- 
ponent. For all tests, the patella was aligned in 
its anatomically neutral position. Patello- 
femoral joint contact areas decreased as much 
as 19-fold after total knee arthroplasty. Mean 
patellofemoral joint contact pressures in- 
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creased as much as 32-fold, and peak patello- 
femoral joint contact pressures increased as 
much as 22-fold after total knee arthroplasty. 
No statistically significant differences between 
preoperative and postoperative specimens were 
observed with respect to the patellofemoral, 
patellotibial, or patellar tilt angles from 30° to 
120° knee flexion. Thus, the elevated patello- 
femoral joint contact pressures observed after 
total knee arthroplasty in vitro are not a pri- 
mary consequence of iatrogenically altered 
patellofemoral kinematics. 

Modem total knee arthroplasty procedures at- 
tempt to restore the functional mechanics of 
the normal knee.11.14 Many modifications dur- 
ing the past 25 years have resulted in a sub- 
stantial decrease in complications such as 
component loosening and joint instability.6.33 
However, complications involving the patello- 
femoral joint continue to be reported after 
1.5% to 12% of all total knee arthroplasties 
and are the cause of as many as 50% of all to- 
tal knee revisions.5J.29 These complications, 
which include patellar subluxation and dislo- 
cation, uneven wear, deformation and failure 
of the prosthetic components, patellar frac- 
ture, and anterior knee pain, are caused 
largely by increased contact pressures and al- 
tered kinematics at the patellofemoral joint.34 

The increase in patellofemoral contact pres- 
sures after total knee arthroplasty is well docu- 
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mented. This is especially true when domed, 
rather than congruent, patellar prostheses are 
used. Several authors have reported patello- 
femoral contact stresses exceeding the yield 
strength of the polyethylene patellar compo- 
nents after total knee arthroplasty.8J7J0 Al- 
though creep and wear of the patellar compo- 
nent may contribute to decreased contact 
stresses at the patellofemoral joint, domed 
patellar prostheses removed from patients at 
the time of revision continue to exhibit sub- 
stantially elevated contact stresses at the 
patellofemoral joint in vitro.30 

Altered patellofemoral joint kinematics 
also has been associated with complications in 
total knee arthroplasty.6,'0,'9,31 This is largely 

Specimen 

1 
I Axial Markers Placed for Kinematic Measurements 

1 Determine Anatomically Neutral Position of the Patella I 
I 

Apply 200 Newtons of Fully Relaxed Quadriceps Tendon Tension 

I 
Patellar Tilt 

Areas and Pressures 

I Repeat Procedure at 60", 90" and 120' Knee Flexion Angle I 

I Perform Total Knee Arthroplasty I 

h Repeat Procedure 

Fig 1. Flow chart describing the experimental 
protocol. Patellofemoral joint kinematics, con- 
tact pressures, and contact areas were as- 
sessed concurrently using the same specimens 
for preoperative and postoperative measure- 
ments to control for interspecimen variability. 

because of the resultant increased patello- 
femoral contact pressures. Yoshii et a137 exper- 
imented with altered component positioning to 
determine the most anatomic positioning 
with the least patellar tilt. Singerman et a136 
reported increased patellofemoral contact 
stresses with varied Q angles in vitro. Meyer et 
aP* reported altered patellofemoral joint con- 
tact areas with experimentally induced patellar 
baja in vitro. 

Although altered contact pressures and 
kinematics are major sources of patello- 
femoral joint complications after total knee 
arthroplasty, these two interdependent vari- 
ables have not been studied concurrently be- 
fore and after total knee arthroplasty. The ob- 
jective of this study was to measure 
simultaneously the patellofemoral joint kine- 
matics (patellar tilt, patellofemoral angle, 
and patellotibial angle) and patellofemoral 
contact areas and pressures in human ca- 
daver knees before and after total knee 
arthroplasty. This information provides addi- 
tional detail for total knee arthroplasty pro- 
cedures using the Kirschner Performance 
Knee System and subsequently may aid in 
the better understanding and prevention of 
patellofemoral complications. 

MATERIALS AND METHODS 

Patellofemoral kinematics, contact areas, and 
contact pressures were measured concurrently be- 
fore and after total knee arthroplasty (Fig 1). Ten 
fresh frozen human cadaver knees were used as 
control (preoperative) and experimental (postop- 
erative) specimens. All knees were macroscopi- 
cally intact with radiographically normal bone 
structure and no history of knee surgery. The ages 
were estimated to be between 60 and 80 years. 
The femurs were 69 f 7 mm (mean +. standard de- 
viation) in the anteroposterior dimension and 84 
r 5 mm in the mediolateral dimension. The tibias 
were 61 f 4 mm in the anteroposterior dimension 
and 79 f 2 mm in the mediolateral dimension. 

Specimen Preparation 
The knees were dissected carefully leaving the 
patellofemoral joint, the tibiofemoral joint, the 
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periarticular skin and subcutaneous tissue, and 
the knee capsule intact. The vasti muscles were 
excised, but the rectus femoris and the quadri- 
ceps tendon were left for clamping. The fibula 
was removed, and the femur and tibia were cut 
25 cm from the tibial plateau. Care was exercised 
not to violate the cartilaginous structures. The 
superior part of the synovial pouch was freed to 
allow placement of the Fuji pressure sensitive 
film (Fuji Photo Film Co, Ltd, Tokyo, Japan; Fig 
2A). The specimens were kept moist throughout 
the experiment. 

Five 2.8-mm threaded Steinmann pins were 
used to indicate the anatomic axes of each knee 
(Fig 2B). The first was placed transversely 
through the distal femur from the medial to the lat- 
eral epicondyle. The second was placed through 
the central longitudinal axis of the patella. The 
third was placed transversely through the mid- 
line of the patella perpendicular to the longitudi- 
nal pin. The final two pins were attached to the 
testing jig to represent the longitudinal axes of 
the femur and the tibia. Lateral and skyline radi- 
ographs of the specimens were taken to deter- 
mine the difference between the pin placement 
and the axes they represented. A correction factor 
was determined and used during the kinematics 
analysis. 

Patellofemoral Joint Testing Jig and 
Specimen Mounting 

A previously described custom testing jig was 
modified to permit simultaneous measurement of 
the patellofemoral contact pressure and the 
quadriceps tendon tension.18 The tibia and femur 
of each specimen were positioned in mounting 
cylinders using 12 fixation pins and rigidly fixed 
using diaphyseal bolts. An intramedullary align- 
ment guide also was used to ensure that the tibial 
shaft was concentric within its mounting cylinder. 
The femur was mounted with its coronal plane 
parallel to its cylinder and in anatomic valgus. 
With the aid of a Model 1122 Instron machine 
(Instron Corporation, Canton, MA), the mounted 
specimen could be positioned at variable knee 
flexion angles while allowing translation in the x, 
y, and z axes and independent rotational freedom 
for the femur and the tibia. Once the specimen 
was mounted securely, it was positioned at the de- 
sired knee flexion angle. For each knee flexion 
angle, the patella was oriented in the trochlear 
groove in a position such that either medial or lat- 
eral deviation would result in a measurable in- 
crease in the quadriceps tendon tension. This was 
defined as the anatomically neutral position of the 
patella for a given knee flexion angle. After this 

Fig 2A-B. Photographs showing 
the preparation and mounting of the 
specimens. (A) The knee was dis- 
sected carefully leaving the patello- 
femoral joint, the tibiofernoral joint, 
the knee capsule, and the periartic- 
ular soft tissues intact. The proximal 
portion of the patella was freed to 
allow insertion of the Fuji film. (B) 
The knee was mounted in a custom 
testing jig and an lnstron machine. 
This system allows translation in 
the x, y, and z axes and indepen- 
dent rotation of the femur and tibia. 
Three threaded Steinmann pins 
were used to indicate the anatomic 
axes of the knee. Note that Stein- 
mann pins also were attached to 
the lnstron to represent the femoral 
and tibial longitudinal axes. The 
patellofemoral and patellotibial an- 
gles are shown in this lateral view. 
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position was determined, the quadriceps tendon 
was tensioned to and maintained at a fully relaxed 
equilibrated tension of 200 N for the measure- 
ment of the patellofemoral joint kinematics, con- 
tact areas, and contact pressures. 

Patellofemoral Kinematics 

The patellofemoral, patellotibial, and patellar tilt 
angles were measured at knee flexion angles of 
30°, 60°, 90°, and 120". The patellofemoral angle 
was defined as the angle in the sagittal plane be- 
tween the longitudinal axis of the femur and the 
longitudinal axis of the patella. The patellotibial 
angle was defined as the angle in the sagittal 
plane between the longitudinal axis of the tibia 
and the longitudinal axis of the patella (Fig 3A). 
The patellar tilt angle was defined as the angle 
in a transverse plane between the epicondylar 
axis of the femur and the transverse axis of the 
patella (Fig 3B). 

The kinematics measurements were made by 
tracking reflective markers attached to the Stein- 
inann pins representing the anatomic axes of the 
specimens. Images of the external markers were 
recorded and analyzed on a video digitizing sys- 

,FSe;oti bial 

Id 

tem composed of a video camera, a video cassette 
recorder, a high resolution monitor, a video 
processor (Motion Analyses VP320 and Expertvi- 
sion Software, Santa Rosa, CA), and a computer. 
The camera was centered on the patella and 
aligned exactly parallel to the transverse axis of 
the femur for the lateral view and to the longitudi- 
nal axis of the patella for the skyline view. This 
was confirmed using the video digitizing system 
before each test. The distance from the camera to 
each specimen was kept constant for the lateral 
and skyline views. A 10-mm gauge was used to 
calibrate the two-dimensional coordinates before 
each test. With the use of the video digitizing sys- 
tem, the centroids of the reflective markers were 
calculated and tracked in Cartesian coordinates 
for the determination of the patellofemoral angle, 
patellotibial angle, and patellar tilt. The precision 
of this video digitizing system is achieved 
through subpixel centroid calculations and previ- 
ously has been established at 0.005 rnrn for the 
magnification used in this study.25 26 This detailed 
mounting protocol, custom testing jig, and video 
digitizing system yielded patellofemoral joint 
kinematics measurements reproducible to within 
1 O for five repeated trials. 

Fig 3A-B. A schematic drawing showing the patellofemoral joint kinematics variables determined 
using the video digitizing system. (A) The knee flexion, patellofemoral, and patellotibial angles were 
determined in the sagittal plane with the camera aligned with the transverse axis of the femur. (B) 
The patellar tilt angle was defined as the angle between the transverse axis of the femur and the 
transverse axis of the patella. For this skyline view, the camera was aligned with the longitudinal axis 
of the patella. 
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Patellofemoral Contact Areas and 
Pressures 
The intraarticular contact areas and pressures of 
the patellofemoral joint were measured at 30", 
60°, 90°, and 120' knee flexion using Fuji pres- 
sure sensitive film. The film was cut to 5 x 5 cm 
and sealed within thin polyethylene sheets for use 
within each saline lubricated patellofemoral joint. 
The total thickness of the film and polyethylene 
sheets was approximately 250 ym. This has been 
shown to have a negligible effect on the measure- 
ment of patellofemoral contact areas and pres- 
sures.3 Super low type Fuji film with a range of 
0.5 to 2.5 MPa was used preoperatively, and 
medium type Fuji film with a range of 10 to 50 
MPa was used postoperatively. The color density 
on the Fuji film is proportional to the intraarticu- 
lar contact pressure. 

The quadriceps tendon was tensioned to a con- 
stant load of 200 N for a minimum of 2 minutes to 
obtain the patellofemoral contact pressure pat- 
terns. Two measurements were obtained at each 
knee flexion angle to ensure reproducibility. Films 
with any evidence of crinkling artifact were dis- 
carded and repeated. The Fuji film images were 
scanned on a Hewlett Packard (Palo Alto, CA) 
Desk Scan I1 color scanner and analyzed with the 
National Institutes of Health (Bethesda, MD) Im- 
age Version 1.52 program with a calibrated scale 
from the manufacturer as a reference. This pro- 
gram converts the Fuji film image into a scaled 
image with 256 levels of gray. The scanned im- 
ages were analyzed for total contact area (mm2), 
peak contact pressure (MPa), and mean pressure 
(MPd). The peak contact pressure was defined as 
the average contact pressure of the 10% of the 
contact area with the highest contact pressure. The 
mean contact pressure was defined as the average 
contact pressure of the entire contact area. Prelim- 
inary studies revealed the accuracy of the color 
scanner to be within 0.5% for area and pressure 
measurements. The accuracy of Fuji film has been 
reported to be within 10%.12,'5,27 

Total Knee Arthroplasty 
After the preoperative kinematics measurements, 
contact pressures, and contact areas were deter- 
mined, the specimens underwent total knee 
arthroplasty using the Kirschner Performance 
Knee System (Kirschner Medical Corporation, Ti- 
monium, MD). This prosthesis is a modular, tri- 

compartmental, semiconstrained system with a 
domed, all polyethylene patellar button and a lat- 
eral femoral flange. The total knee arthroplasties 
were performed using the company's recom- 
mended surgical protocol by a designer of the 
knee system (WCK) with the assistance of an or- 
thopaedic surgery resident (APG). Patellar resec- 
tion criteria based on specific anatomic landmarks 
were used for the prosthetic patellar resurfacing.24 
After the components were implanted, the knees 
were taken through a full range of motion to as- 
sess soft tissue balance. No soft tissue releases 
were required after implantation of the compo- 
nents. The knees were closed in anatomic layers. 
The same anatomically based mounting criteria, 
fixation pins, and diaphyseal mounting holes were 
used for preoperative and postoperative testing for 
reproducible positioning of each specimen. Each 
specimen was subjected to the same testing proce- 
dures as before total knee arthroplasty to deter- 
mine the patellar tilt, patellofemoral angle, 
patellotibial angle, contact area, and contact pres- 
sure at each knee flexion angle. 

Statistical Analysis 
Data were analyzed using a multivariate analysis 
of variance with a significance level of 0.05. 

RESULTS 
Patellofemoral Kinematics 
No statistically significant differences be- 
tween preoperative and postoperative speci- 
mens were observed with respect to the 
patellofemoral, patellotibial, or patellar tilt 
angles from 30" to 120" knee flexion (Fig 4). 
The maximum changes for individual speci- 
mens in patellofemoral, patellotibial, and 
patellar tilt angles after total knee arthro- 
plasty were 14", ll", and ll", respectively 
(Fig 5). 

Patellofemoral Contact Areas and 
Pressures 
Typical patellofemoral contact area and pres- 
sure patterns before and after total knee 
arthroplasty are shown in Figure 6. Of note is 
the two-point patellofemoral contact seen 
throughout the range of motion tested in the 
postoperative specimens. 
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Fig 4A-C. Graphs showing the knee flexion 
angle versus patellofemoral, patellotibial, and 
patellar tilt angles before and after total knee 
arthroplasty. No statistically significant differ- 
ence was observed between 30" and 120" knee 
flexion. Error bars indicate standard deviation 
from the mean. (A) A graph showing knee flex- 
ion angle versus patellofemoral angle before 
and after total knee arthroplasty. (B) A graph 
showing knee flexion angle versus patellotibial 
angle before and after total knee arthroplasty. 
(C) A graph showing knee flexion angle versus 
patellar tilt angle before and after total knee 
arthroplasty. 
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Fig 5. A graph showing the change in patello- 
femoral, patellotibial, and patellar tilt angles af- 
ter total knee arthroplasty. The change in 
patellar tilt angle was minimum at 30" knee 
flexion. 

A statistically significant change in patel- 
lofemoral joint contact area was seen after 
total knee arthroplasty. The average patello- 
femoral joint contact area before total knee 
arthroplasty was 189 k 83 (mean f standard 
deviation), 231 & 80,232 k 80, and 191 f 51 
mm2 at 30°, 60", 90", and 120" knee flexion, 
respectively. The average patellofemoral 
joint contact area after total knee arthro- 
plasty was 16 t 5 ,  17 k 7, 13 & 3 ,  and 10 +- 2 
mm2 at 30°, 60", 90", and 120" knee flexion, 
respectively. These data represent 12-, 13-, 
18-, and 19-fold reductions in patellofemoral 
joint contact area after total knee arthro- 
plasty for the respective knee flexion angles. 
There were no statistically significant differ- 
ences when medial and lateral facet contact 
areas were compared. 

A statistically significant change in aver- 
age patellofemoral joint contact pressure 
also was observed. The average contact pres- 
sure before total knee arthroplasty was 0.75 
& 0.18, 0.70 +. 0.17, 0.72 +- 0.16, and 0.79 & 
0.24 MPa at 30", 60", 90", and 120" knee 
flexion, respectively. The average contact 
pressure after total knee arthroplasty was 
18.2 & 2.2,20.2 & 3.6,23.2 f 2.5, and 23.8 f 
3.1 MPa at 30", 60", 90°, and 120" knee flex- 
ion, respectively. These are increases of 24-, 
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Fig 6. Photographs of the Fuji pressure sensi- 
tive film patterns at the patellofemoral joint be- 
fore and after total knee arthroplasty at 30°, 60°, 
90°, and 120" knee flexion. These patterns were 
scanned with a Hewlett Packard color scanner 
and analyzed using the National Institutes of 
Health Image Version 1.52 program to deter- 
mine the mean and peak contact pressures and 
total contact areas. The patellofemoral contact 
areas after total knee arthroplasty using the 
Kirschner Performance Knee System show the 
typical two-point contact pattern consistent with 
its dome shaped patellar prosthesis. 

29-, 32-, and 30-fold after total knee arthro- 
plasty for the respective knee flexion angles. 
The peak contact pressure before total knee 
arthroplasty was 1.48 & 0.48, 1.44 0.45, 
1.66 2 0.50, and 1.63 & 0.64 MPa at 30", 60°, 
90°, and 120" knee flexion, respectively. The 
peak contact pressure after total knee arthro- 
plasty was 28.9 f 3.8, 31.4 & 4.1, 32.7 ? 3.6, 
and 33.4 2 5.1 MPa at 30", 60°, 90°, and 
120" knee flexion, respectively. This indi- 
cates increases of 20-, 22-, 20-, and 20-fold 
after total knee arthroplasty for the respec- 
tive knee flexion angles. As with the contact 
areas, there were no statistically significant 
differences when medial and lateral facet 
contact pressures were compared. 

DISCUSSION 

It is well established that patellofemoral con- 
tact pressures increase significantly after to- 
tal knee arthroplasty. Not surprisingly, a con- 
comitant decrease in patellofemoral contact 
areas has been observed. In addition, experi- 
mentally altered patellofemoral joint kine- 
matics has been shown to cause increased 
patellofemoral joint contact pressures.21 The 
question remained whether the increase in 
patellofemoral contact pressures after total 
knee arthroplasty in vitro is a primary conse- 
quence of iatrogenically altered patello- 
femoral kinematics in vitro. This study 
specifically addressed the changes in patello- 
femoral joint contact areas and pressures be- 
fore and after total knee arthroplasty with si- 
multaneous assessment of the patellofemoral 
kinematics. An increase in peak and average 
contact pressures and a decrease in contact 
areas at the patellofemoral joint has been 
shown with no associated alteration of 
patellofemoral joint kinematics. 

The method used in this study is unique in 
that permanent axial markers were strategi- 
cally placed before testing and were used 
throughout the experiment. The use of Stein- 
mann pins as fixed, external markers of 
anatomic axes for the measurement of patello- 
femoral kinematics offers several advantages 
over conventional radiographic or skin mark- 
ers. First, accurate placement is assured be- 
tween preoperative and postoperative speci- 
mens because the pins were not removed. 
Second, using external markers with consis- 
tent and reproducible camera positions, mea- 
surements are not distorted by rotation, as 
would occur with radiographic analysis. This 
video digitizing system has been used suc- 
cessfully for large and small measurements in 
bone and soft tissues.gJ6- 23926 Finally, because 
the Steinmann pins are rigidly fixed, they 
could move with respect to the bone, as could 
markers affixed to the skin or soft tissues. To 
eliminate out of plane errors of angular mea- 
surements, the camera was aligned meticu- 
lously with the referenced axial Steinmann 
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pins at each knee flexion angle. The knees 
were mounted on the jig following a detailed 
positioning protocol using the same anatomi- 
cally based mounting criteria, fixation pins, 
and diaphyseal drill holes before and after to- 
tal knee arthroplasty. Following this protocol, 
reproducible patellofemoral joint kinematics 
measurements to within 1" could be achieved 
for five trials with a given knee. Previous 
studies have found this system to be as accu- 
rate as radiographic, manual, and electromag- 
netic (linearly variable differential trans- 
ducer) means of positional meas~rement.~.23.~6 

Patellofemoral kinematics parameters were 
restored to within a maximum deviation of 
14", ll", and 11" from the original values for 
the patellofemoral, patellotibial, and patellar 
tilt angles, respectively. This was not statisti- 
cally significant through the range of knee 
flexion tested. The minimum change in patel- 
lar tilt after total knee arthroplasty procedure 
occurred at 90" knee flexion, where the patella 
is deeply seated in the intact and prosthetic 
trochlear grooves. This suggests the impor- 
tance of the geometric constraints of the 
patellofemoral joint, especially at higher knee 
flexion angles. The variability of the 
patellofemoral joint kinematics parameters 
observed is likely related to differences in the 
patellofemoral joint geometry of the preopera- 
tive and postoperative knees. The authors do 
not attribute this variability to the surgical 
technique because of the detailed procedural 
controls used during this study. The same ca- 
daveric knees were used for control (preopera- 
tive) and experimental (postoperative) mea- 
surements to control for interspecimen 
variability. The same surgeons performed each 
procedure. Optimal exposure was achieved 
because implantation of the prosthesis was ac- 
complished in a controlled laboratory setting. 

Soft tissue structures have been shown to 
contribute significantly to the stability of the 
patellofemoral joint near terminal extension 
of the knee.18.28 In the current study, the pen- 
articular soft tissues including the skin were 
left intact. The rectus femoris in continuity 
with the quadriceps tendon was loaded with 

the patella in its anatomically neutral position 
to simulate the resultant force vector of the 
knee extensors.lJ Because there is interspeci- 
men variability of the patellofemoral joint, 
this anatomically neutral position is essential 
for accurate assessment of kinematics, contact 
areas, and contact pressures.22 In addition, the 
quadriceps tendon tension was equilibrated to 
and maintained at 200 N during all measure- 
ments. The constant tension of 200 N, al- 
though lower than estimated maximal physio- 
logic values, was used for consistent and even 
clamping across the width of the quadriceps 
tendon clamp. 

Average patellofemoral joint contact ar- 
eas decreased as much as 19-fold, mean con- 
tact pressures increased as much as 32-fold, 
and peak contact pressures increased as 
much as 22-fold after total knee arthroplasty. 
These findings were statistically significant 
and are consistent with previously published 
trends.8J9Jo The magnitude of increase in 
mean contact pressures was greater than the 
magnitude of decrease in contact areas, de- 
spite a constant quadriceps tendon tension be- 
ing maintained. This suggests that the trans- 
mission of quadriceps tendon force via soft 
tissues is more significant preoperatively than 
postoperatively. Huberti and Hayes21 found di- 
rect evidence for tendofemoral load transmis- 
sion in the knee at high flexion angles. The 
retropatellar fat pad and the extensor retinacu- 
lum also may contribute to load bearing across 
the knee. The resection of the retropatellar fat 
pad and the transection of the patellofemoral 
ligament during total knee arthroplasty may 
affect patellofemoral joint contact pressures 
after total knee arthroplasty in vitro. 

Although pressure sensitive Fuji film has 
been reported to have a maximum measure- 
ment error of lO%,12J5,27 it is unlikely that this 
has a significant impact on the proportional 
change in patellofemoral joint contact areas 
and pressures between the preoperative and 
postoperative groups. Hale and Brown15 deter- 
mined that medium range Fuji film is SUE- 
cient for evaluating articular contact pressures. 
Ateshian et a13 concluded that analysis of con- 
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tact areas with Fuji film yields results compa- 
rable with stereophotogrammetric methods 
and superior to dye staining and rubber cast- 
ing. Pressure sensitive film has become a well 
accepted means of investigating articular con- 
tact areas and pressures.s~12~7,21~22~27~30 

Increased patellofemoral joint contact 
stress after total knee arthroplasty has been 
implicated as the primary cause of component 
wear and failure.2,4,6,lO,13,31,35 Although this in- 
creased stress may be caused by component 
malalignment or inadequate soft tissue balanc- 
ing leading to altered patellofemoral kinemat- 
ics, this study has shown that the elevated 
patellofemoral joint contact pressures exist de- 
spite the restoration of preoperative patello- 
femoral kinematics after total knee arthro- 
plasty in vitro. Thus, elevated contact stress in 
vitro is largely because of the material and 
structural characteristics of the prosthetic 
components in a properly done total knee 
arthroplasty. Clinically, patient characteristics 
such as weight, activity, and preexisting defor- 
mity also contribute to elevated contact pres- 
sures. Although the increase in contact stress 
after patellar resurfacing with domed prosthe- 
ses has been shown to exceed the yield 
strength of ultra high molecular weight poly- 
ethylene, this does not mean imminent compo- 
nent failure. Creep and wear of the prosthesis 
and structural remodeling of the underlying 
bone allow for increased contact area and de- 
creased contact stress after prolonged ~se.20~30 
The results of this study directly apply to the 
Kirschner Performance Knee System but may 
be applicable to other systems. 
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Abstract: Highly cross-linked polyethylenes (HXLPEs) have been incorporated into the hip

replacement armamentarium based on their improved wear resistance. However, two

different methods of thermal treatment separate the orthopedic community as strategies to

control potential long-term oxidation, and controversy remains with problems in the long-

term use of acetabular liners (long-term oxidation, rim fracture after impingement, etc.).

Meanwhile, the mechanical properties of HXLPEs that may alleviate these problems are still

unclear. On the other hand, HXLPEs are scarcely used in knee replacements, as there exists

concern about the probably reduced fatigue and fracture performances of these materials.

Thus, our aim was to compare the effects of both thermal treatment regimes on mechanical

properties and to associate these findings with the material microstructure. The fatigue

behavior of annealed and remelted HXLPEs was characterized using short-term cyclic stress–

strain, long-term fatigue, and fatigue crack propagation tests. On the other hand, impact tests,

tensile experiments, and the J-integral multispecimen method allowed us to assess toughness.

Microstructure features such as crosslink density, crystallinity percentage, and lamellar

thickness were investigated by swelling measurements, differential scanning calorimetry, and

transmission electron microscopy, respectively. This study confirms that annealing preserves

mechanical properties better than remelting from both fatigue and fracture resistance points

of view, and it remarks that a suitable selection of irradiation and stabilization conditions is

needed to achieve optimal mechanical performances of ultra high molecular weight

polyethylenes for each specific total joint replacement. ' 2007 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 83B: 380–390, 2007

Keywords: UHMWPE; highly crosslinked polyethylenes; annealing; remelting; fatigue

resistance; fracture resistance

INTRODUCTION

Highly cross-linked polyethylenes (HXLPEs) were introduced

in orthopaedic implants as a promising alternative to conven-

tional, c-irradiated ultra high molecular weight polyethylenes

(UHMWPE).1,2 As a semicrystalline polymer, a crystalline

phase and an amorphous one characterize UHMWPE’s

microstructure. Changing the polymer chemistry in the two

phases can modify its mechanical properties.3 In this sense,

radiative methods, c or electron beam irradiation, have pre-

vailed over chemical methods in the production of

HXLPEs.2 Thus, high irradiation doses introduce a signifi-

cant crosslink density in the amorphous phase of the poly-

mer, which is responsible for the relevant improvement in

its wear resistance.2–5 The irradiation processes used to

generate commercial HXLPEs are normally carried out at

ambient temperature (cold irradiation) or at an elevated

temperature (warm irradiation) in an inert atmosphere.2,6

However, concern remains in the long-term because of the

generation of free radicals during irradiation of the polymer

in the presence of molecular oxygen.7 As a consequence,

an oxidation process may take place with measurable

effects on the polymer’s microstructure, therefore affecting

Correspondence to: Prof. J. A. Puértola (e-mail: japr@unizar.es)
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Spain; Contract grant number: MAT 2003-2340.
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the material’s mechanical and physical properties. This oxi-

dation process turned the conventional UHMWPE, c steri-

lized in air, into a brittle polymer in the long-term, with a

significant loss of multiple mechanical properties required

for satisfactory performance.8 In addition, the absence of

polyethylene oxidation during in vivo use has been recently

challenged,9 since unloaded regions of implanted cups

undergo oxidation in spite of the characteristic low oxygen

concentration of the human body.

In the search for a method that decreases this long-term

risk of oxidation, orthopaedic manufacturers combined the

irradiation process with a subsequent thermal stabilization

step to obtain commercial HXLPEs. Nowadays, polyeth-

ylenes treated with warm and cold irradiation, both c- or

electron beam, and subsequent thermal stabilization pre-

dominate within the first generation of commercial

HXLPEs, such as Crossfire1, Marathon1, Durasul1, Lon-

gevity1, etc. In this sense, it is possible to classify

HXLPEs into two different groups depending on whether

the stabilization temperature falls below (annealing) or

above (remelting) the melting transition temperature of the

polymer. However, an important controversy still remains

regarding the best conditions in which the thermal treat-

ment must be carried out.10–12 From a wear resistance point

of view, both remelted and annealed HXLPEs seem to

retain their wear resistance and are virtually equal. Never-

theless, there is a crucial difference as remelting destroys

the original crystallinity of the polymer,13 and therefore it

affects some of the polymer’s mechanical properties, such

as yield stress, secant modulus, and fatigue resistance.13,14

Recently, fatigue crack propagation resistance has been

claimed to be worse in remelted HXLPEs than in annealed

HXLPEs.15,16 This mechanical loss may compromise

the performance of HXLPEs, especially in high demanding

mechanical situations such as the knee joint or the rim of

hip components, which are subjected to impingement.17

Although annealing preserves better mechanical proper-

ties,18 since it does not imply such a drastic change in the

crystallinity of the polymer compared with remelting, it

may fail to assure a complete oxidative stability. As origi-

nal crystals do not completely melt during annealing, some

of the free radicals located in the crystalline regions are not

able to recombine, and they may be precursors of long-

term oxidation.3 Thus, a potential oxidation threatens the

lifespan of annealed HXLPEs in prosthetic components,

especially at the rim area where oxidation may be high

after long-term in vivo use.9

In summary, three important questions prevail about

HXLPEs: Do remelting and annealing assure the oxidative

stability of HXLPEs? Are remelted and annealed HXLPEs

equally suitable for hip joints? Are both materials proper

candidates for use in other joint prostheses, in particular

the knee? The orthopedic community has reached a certain

consensus regarding the first question, as mentioned above.

Remelting has been shown by McKellop et al.4 and Wan-

nomae et al.19 to completely stabilize the polymer against

oxidation, whereas annealing may not prevent oxidation in

the long-term.3,20 With regard to the second question, both

HXLPEs perform similarly with respect to wear resistance.2

However, they may have a completely different behavior at

the rim area of hip components, since these materials fea-

ture very different mechanical properties. These different

mechanical features, especially fatigue and fracture resist-

ance, are the key point in the third question, addressing

HXLPEs’ use in knee joints. Unfortunately, there is a lack

of systematic studies comparing different remelted and

annealed HXLPEs from a mechanical point of view. Such

studies will help to develop a rationale to choose the proper

irradiation and thermal stabilization conditions to produce

suitable polyethylenes depending on their final require-

ments.21 In the context presented above, the current work

aims to give a comparison between the effects of postirra-

diation annealing and remelting on the fatigue behavior and

toughness of HXLPEs. In addition, a correlation between

microstructural features and the mentioned mechanical

properties is proposed.

MATERIALS AND METHODS

In this study, the raw material was GUR 1050 UHMWPE

in the form of compression-molded sheets (Perplas Medi-

cal, Lancashire, UK). Preforms of mechanical specimens

underwent electron beam irradiation in air at different

doses: 50, 100, and 150 kGy. A 10-MeV Rhodotron TT

200 accelerator (Ionmed Esterilización S.A., Tarancón,

Spain) performed the single side irradiation in 25 kGy-

passes. After irradiation, specimens were maintained at

�208C in a subzero freezer before a remelting (1508C) or

an annealing (1308C) process was carried out in a vacuum

oven (Gallenkamp) for 2 h. All specimens underwent a

slow cooling (0.58C/min) to room temperature as the final

stage in both thermal treatments. Thus, the current study

involved 10 different material groups, NI, b50, b100,
b150, b50R, b100R, b150R, b50A, b100A, and b150A,
where NI, b, R, and A mean non-irradiated, electron

beam irradiated, remelted, and annealed material, respec-

tively.

Different techniques allowed the characterization of the

changes in microstructure caused by irradiation and thermal

treatments. Thus, crosslink density measurements were per-

formed per ASTM F2214 (Cambridge Polymer Group;

Boston; MA) on the b50, b150, and b150R material

groups. Changes in crystallinity content and melting tem-

perature were assessed by heating samples (n ¼ 3) from 20

to 1708C at a rate of 108C/min in a Differential Scanning

Calorimeter (Perkin-Elmer). The area below the thermo-

grams from 80 to 1608C, normalized by 290 J/g as the en-

thalpy of melting of a 100% crystalline polyethylene, gave

the crystallinity percentages for each material. In addition,

specimens of all materials groups underwent specific prepa-

ration, reported elsewhere,22 to obtain Transmission Elec-

tron Microscopy (TEM) images. These images allowed the
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measurement of lamellar thickness as well as the detection

of changes in morphology caused by irradiation and stabili-

zation.

The fatigue response was investigated by means of

three different experimental tests. First, cyclic stress–

strain experiments were conducted on tensile specimens

(ASTM D638 type M-I) for up to 50 cycles. The experi-

ments had a constant displacement rate of 15 mm/min,

which gave an initial nominal strain rate of 0.025 s�1, and

a constant maximum nominal stress, rmax, with a stress

ratio R ¼ 0. For each material group, at least three sam-

ples were tested at rmax ¼ 14 and 16 MPa. Tests were

performed in an Instron 5565 machine at (24 6 1)8C,
using an extensometer to measure the strain. These short-

term cyclic experiments provided with information about

the total plastic strain reached, e(50), and the secant mod-

ulus values at the first cycle, which are measures of the

material softening and stiffness respectively. Secondly,

long-term fatigue tests, S/N stress–life experiments, were

performed on dog bone specimens following ASTM E606

guidelines, in a servohydraulic Instron 8032 machine.

These fatigue tests were carried out under load control

following a sine waveform at a frequency of 1 Hz and

with a stress ratio R ¼ 0. An extensometer evaluated the

strain continuously and an air jet kept the testing tempera-

ture in the range of (23 6 2)8C. In this test, we did not con-

sider the life, N, as the number of cycles to fracture, but the

number of cycles when the specimen reached 12% strain.

The bases of this failure criterion are the material yield

strain, as the maximum expected strain in UHMWPE tibial

components is 12%–15%,23 and the appearance of micro-

scopic defects due to cyclic fatigue damage at a maximum

load below the yield stress in monotonic loading, as reported

by Baker et al.24 for UHMWPE, Hristov et al.25,26 and Li

et al.27 for polycarbonate, and Jones and Lesser for polypro-

pylene.28 Statistical data analysis was performed using linear

regression analysis, with Minitab software, on the long-term

fatigue results. Finally, standard compact tension specimens,

8 mm in thickness, 50 mm in width, and with a 10 mm long

machined notch, underwent near-threshold fatigue crack

propagation tests per ASTM E647. All compact specimens

were precracked under cyclic tension. Crack length was

measured with the use of a movable microscope. Three

specimens were measured for each material group and

underwent tension cycling at a frequency of 5 Hz with R ¼
0.1. DKinception values and Paris coefficients were obtained

from crack propagation curves, and one-way analysis of var-

iance (ANOVA) was performed to assess significant differ-

ences (p < 0.05) between annealed and remelted materials

with regard to power law fit parameters.

The toughness of HXLPEs was assessed by three differ-

ent mechanical experiments. Firstly, impact Izod tests were

carried out on double-notched specimens following ASTM

F648 at room temperature. These experiments provided a

measure of the impact toughness for each material group.

Secondly, uniaxial tensile tests per ASTM D638 were per-

formed in a Lloyd 1000S machine on specimens type M-I,

at T ¼ (23 6 2)8C, at a displacement rate of 5 mm/min

giving an initial nominal strain rate of 0.002 s�1. Thus,

works of fracture values were calculated from engineering

stress–strain curves as the area below the curve, which are

an estimation of the material toughness in a quasi-static sit-

uation. In addition to that, results corresponding to maxi-

mum yield stress, fracture stress, and fracture strain were

extracted from stress–strain curves. Finally, J-integral ver-
sus crack growth resistance, J–R, curves were obtained

following ASTM D6068-02 for all material groups. The J–R
curves characterized the resistance of the HXLPEs to slow

stable crack growth after initiation from a pre-existing

sharp flaw and served as an index of material toughness. A

minimum of seven compact tension specimens were used

to build each J–R curve. Specimens’ geometry complied

with ASTM D6068-02 recommendations. Thus, all in-plane

dimensions were proportional to specimen width, W ¼ 20 mm,

so thickness, B, was 10 mm and the original crack length,

a0, was also 10 mm. Testing procedure was performed as

follows. To obtain the sharpest initial crack, a precrack was

induced at the end of the machined notch subjecting speci-

mens to cyclic loading at 3 Hz. After that, specimens were

ready to be loaded at a strain rate of 1 mm/min to a

selected displacement level, which was judged to produce a

suitable crack extension. Load versus displacement curves

were recorded, and finally, the specimen was broken to fur-

ther fracture surface inspection by SEM. All testing was

conducted at a temperature T ¼ (24 6 1)8C. Fracture sur-

faces were gold coated and observed by means of a Jeol

JSM-6400 SEM working at 15 kV in the secondary elec-

tron mode. SEM micrographs allowed measuring machined

notch and pretest crack lengths, as well as stable crack

extensions. In the last case, the crack length was measured

at five equally spaced points centered about the specimen

and extending near lateral surfaces. J values were calcu-

lated as the energy required to extend the crack, U, multi-

plied by a geometrical factor,29 J ¼ gU/(B(W�a0)). U was

calculated as the area under the load–displacement curve

minus the work of indentation, which was obtained by

loading unnotched calibration specimens up to a load 10%

greater than the maximum load used in the J tests. Thus,

the stable crack extensions and their corresponding J values

proportioned the data points needed for the J–R curves.

These data were fit to a power law, J ¼ C1Da0
C2, and C1

coefficients, which can be interpreted as the J value corre-

sponding to a 1 mm-long crack extension, were registered

as a toughness metric already used elsewhere.2

It must be mentioned that some of the results corre-

sponding to control, as-irradiated and remelted specimens

were already presented in two previous works.13,23 Those

data are also included in the current work to allow a better

comparison between remelting and annealing effects on

mechanical performance of HXLPEs.
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RESULTS

UHMWPE Microstructure

After electron beam irradiation, the crosslink density of

UHMWPE strongly increased with dose from 0.127 6
0.010 mol/dm3 to 0.192 6 0.009 mol/dm3 for 50 and 150

kGy respectively, i.e. a 51% increment. However, the

remelting process supposed a small decrease of 7% in this

property, as the measured crosslink density for the samples

irradiated at 150 kGy and subsequently remelted was only

slightly lesser 0.178 6 0.003 mol/dm3.

Irradiation caused an increase in crystallinity and was

dose dependent. Thus, the crystallinity content rose from

51.3 6 2.3 for the virgin polymer to 55.5 6 2.2 and to

58.6 6 2.4 for materials irradiated at 50 and 150 kGy,

respectively.23 As for the thermal steps after electron beam

irradiation, they had different effects on the polymer’s crys-

tallinity depending on the treatment temperature, although

both treatments kept the previous influence of the irradia-

tion dose. The remelting step resulted in a notable drop in

crystallinity since the measured values ranged from 43.6 6
1.9 to 49.7 6 3.3.13 On the contrary, the annealing process

produced a small increase in crystallinity, which ranged

from 59.5 6 0.3 to 61.0 6 0.8. Table I includes crystallin-

ity data for virgin, as-irradiated, remelted, and annealed

UHMWPEs to allow for an easier comparison between the

effects of the different processes. As reported in a previous

work, TEM images of virgin UHMWPE showed the typical

aspect of a semicrystalline polymer with randomly oriented

crystal lamellae with a thickness of 30–35 nm and im-

mersed in a dark grey region, which is the amorphous

region.22 TEM micrographs of electron beam irradiated

UHMWPE confirmed a thickening of crystal lamellae up to

40–45 nm. On the other hand, both thermal treatments cre-

ated a decrease in lamellar thickness, although the remelt-

ing process provided a stronger slimming of lamellae than

the annealing step, as crystal thickness ranged 20–25 nm

and 30–40 nm for remelted and annealed materials, respec-

tively [Figure 1(a,b)]. Lamellar thickness results corre-

sponding to the main crystal population appear on Table I

for virgin, as-irradiated, remelted, and annealed materials.

Other microstructure changes appear to concern the lamel-

lar configuration. The electron beam irradiation introduced

some new crystal organizations that resembled branched

structures, which consisted of a central crystal with a few

slightly thinner lamellae, around 25 nm thick, emerging

from the central one. Figure 1(b) also shows this structure

in the typical micrograph of a 100-kGy irradiated and

annealed UHWMPE. In addition, the postirradiation remelt-

ing process revealed a more chaotic aspect and some

lamellae adopted a radial arrangement, especially at low

doses. However, the annealed materials showed a thicken-

ing of the central crystals that belonged to the branched

structures, reaching a thickness up to 60–70 nm, whereas

remelting hardly changed them, although it produced a

large decrease in thickness.T
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Mechanical Parameters

As an example, Figure 2 depicts the typical engineering

stress–strain tensile curves for 100 kGy-irradiated UHMWPEs,

and the main results obtained from uniaxial tests are shown

in Table I. As relevant results, it is worth mentioning the

decrease in yield stress after both thermal treatments, but

especially after remelting, compared to the yield stress val-

ues, around 20.6 MPa, found for as-irradiated materials.23

A decreasing trend with irradiation dose characterized frac-

ture stress results, which was not altered after thermal treat-

ments. Similarly, fracture strain values were also lower with

higher irradiation doses, and both thermal treatments did not

alter them.

Fatigue Behavior

In a previous work, cyclic stress–strain experiments con-

firmed a small decrease in material softening, e(50), with

increasing irradiation dose with respect to virgin UHMWPE.

At 16 MPa, e(50) ranged from 5.9 6 0.5 to 4.7 6 0.5 for as-

irradiated UHMWPEs.23 On the contrary, both thermal

treatments caused a remarkable increase in softening above

of all after remelting stabilization (Figure 3 and Table II).

In particular, remelted specimens showed, independently of

irradiation dose, e(50) values of about 12.2 6 1.6, which are

Figure 1. (a) TEM micrograph (60,0003) of b100R, 100 kGy-electron
beam irradiated and subsequently remelted UHMWPE. (b). TEM

micrograph (60,0003) of b100A, 100 kGy-electron beam irradiated

and subsequently annealed UHMWPE. A characteristic branched

structure is highlighted. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2. Stress–strain curves in the uniaxial tension test for b100,
(&); b100R, (n); and b100A, ( ) materials.

Figure 3. Typical cyclic stress–strain curves for b100R (dotted line)

and b100A (solid line) materials. Tests performed at rmax¼ 16 MPa.
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twice as high as those of only irradiated samples. As for

the annealed materials, they showed an intermediate soften-

ing behavior between as-irradiated and remelted specimens

with values ranging from 7.1 6 0.5 to 5.2 6 0.8 (Table

II). As it regards to secant modulus, Es(1c), while irradia-

tion introduced a 12% increase in stiffness at the highest

dose with respect to NI material, both thermal treatments

provoked a drop in this property. Particularly, a remarkable

21% decrease was noticed after remelting with respect to

as-irradiated materials. Table II includes secant modulus

results for all materials.

Long-term fatigue tests provided stress–life, S–N curves

for b50A and b150A, plotted in Figure 4 in a semilogarith-

mic scale along with S–N curves obtained previously for

virgin, as-irradiated,23 and remelted specimens.13 Parallel

straight lines fit the logarithmic behavior S ¼ A log(N) + B,
with A and B as fitting parameters (Table III). Long-term fa-

tigue results clearly confirmed the trend found in cyclic

stress–strain experiments. Thus, stress–life curves point to a

small increase in fatigue life with irradiation dose, as

reported in a previous work.13 However, both thermal treat-

ments reduced fatigue life remarkably, especially under

remelting conditions (Figure 4). Nevertheless, materials irra-

diated at higher doses achieve a slightly better fatigue life

even after the thermal stabilization.

Fatigue crack propagation tests allowed characterizing

the crack growth resistance of annealed HXLPEs. In all

samples, crack propagation results showed two different

regions in a log-log scale of the crack growth rate, da/dN,
versus the stress intensity range, DK (Figure 5). The first

region matched the slow crack growth regime, whereas the

second one represented the intermediate crack growth or

Paris regime, which is described by the Paris equation

da/dN ¼ C(DK)m, where C and m are constants. In the first

region, a fatigue crack inception stress intensity range

(DKinception) could be defined as the intersection of the first

regime curve with the x-axis, at a value of da/dN ¼ 10�7

m/cycle. This approach permits comparison of the initiation

of measurable fatigue crack propagation.30 Non-fast-fracture

regime was reached in all the specimens. In a previous

work,13 we showed that the crack propagation resistance

suffers a monotonic decrease after irradiation, as the stress

intensity factor range at crack inception, DKinception, drops

with irradiation dose from 1.53 6 0.06 to 1.16 6 0.01 for

50 and 150 kGy, respectively. Moreover, remelting has a

detrimental effect on DKinception as well, since provokes a

decrease of 10% in this property at the highest irradiation

dose.13 On the contrary, the annealing step imparted an

improvement between 7% and 11% in fatigue resistance

onto notched samples in the current work, since DKinception

values ranged from 1.64 6 0.05 to 1.29 6 0.04 for 50 and

150 kGy-irradiated and annealed materials (Table IV). Fig-

ure 5 displays the fatigue crack propagation plots corre-

sponding to as-irradiated, annealed, and remelted materials

irradiated at the lowest and the highest doses to provide a

better comparison. Besides our data, data from a different

TABLE II. Secant Modulus at the First Cycle and Strain Reached after 50 Cycles at the Cyclic Stress-Strain Test for Virgin,
As-Irradiated, Remelted, and Annealed materials

Work I23 Work II13 Current work

NI b50 b100 b150 b50R b100R b150R b50A b100A b150A

Es(1c) (MPa) 748 6 19 803 6 13 820 6 5 841 6 15 642 6 18 650 6 25 658 6 14 764 6 50 811 6 14 868 6 50

e(50c) (%);

r ¼ 16 MPa

7.4 6 0.4 5.9 6 0.5 5.2 6 0.5 4.7 6 0.5 12.2 6 1.6 11.2 6 0.9 12.3 6 1.1 7.1 6 0.5 6.2 6 0.2 5.2 6 0.8

Figure 4. Stress–life curves for NI, (�); b50, (*); and b150, (~)

materials according to,23 b50R, (l) and b150R, (~), as presented
in,13 and b50A, ( ) and b150A, ( ), obtained in this work.

TABLE III. Fitting Constants of the Equation S ¼ A log (N)
+ B in Long-Term Test, Linear Correlation Coefficient, R 2,
and 95% Confidence Band for A Parameter

A B R2
95% CI

for A Parameter

Work I23

NI �2.38 26.3 0.986 �2.21 to �2.56

b50 �1.93 25.9 0.950 �1.68 to �2.19

b150 �1.79 26.3 0.949 �1.50 to �2.09

Work II13

b50R �2.17 22.9 0.976 �1.87 to �2.47

b150R �2.13 23.4 0.957 �1.77 to �2.49

Current work

b50A �2.34 25.0 0.959 �1.85 to �2.82

b150A �1.98 24.8 0.950 �1.52 to �2.43
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study15 corresponding to virgin ram-extruded GUR 1050

UHMWPE is included in Figure 5 to account for a reference

material. Regarding Paris coefficients, annealed materials

exhibited the same values independently of the irradiation

dose, and non-significant differences (p < 0.05) between

Paris coefficients of remelted and annealed materials were

found.

Toughness

As impact Izod and work to fracture results pointed out,

UHMWPE toughness was clearly lower after irradiation

(Table V). The J-integral versus crack growth resistance

(J–R) curves, which characterized the slow stable crack

growth resistance of UHMWPE specimens, as well as the J
values at 1 mm long crack extension, C1 fitting coefficients,

confirmed the trend found in impact and tensile experi-

ments. Even though impact and work to fracture results did

not reveal remarkable changes in tough response (Table V),

the J–R curves showed a clear toughness drop in irradiated

specimens after remelting. On the other hand, the J–R
curves of the annealed materials signaled a small increase

in toughness compared with as-irradiated UHMWPEs at

low or intermediate doses (Table V). As an example,

Figure 6 displays the J–R curves for as-irradiated,

annealed, and remelted materials that received the interme-

diate dose.

DISCUSSION

Postirradiation remelting and annealing produced important

changes in UHMWPE microstructure. First of all, crosslink

density measurements confirmed the increase in the level

of crosslinking with irradiation dose, which is responsible

for a remarkable improvement in wear resistance, as shown

by different studies.2–5 However, we could say that thermal

treatments scarcely affect this property, since after remelt-

ing, the most aggressive stabilization treatment, the b150R

Figure 5. Fatigue crack propagation curves for b50, (*); b50R, (l);

b50A ( ); b150, (~); b150R, (~); and b150A, ( ) materials. Data

corresponding to ram-extruded virgin GUR 1050 UHMWPE, (3),
were adapted from Gencur et al.15

TABLE IV. Results of DKinception and Paris Coefficients
Obtained From Crack Propagation Experiments

DKincept Paris Coeff.

Work II13

b50 1.53 6 0.06 8.1 6 1.0

b100 1.37 6 0.05 7.5 6 0.9

b150 1.16 6 0.01 7.4 6 0.9

b50R 1.58 6 0.05 6.8 6 0.7

b100R 1.36 6 0.05 6.0 6 0.7

b150R 1.03 6 0.07 6.0 6 0.4

Current Work

b50A 1.64 6 0.05 6.7 6 0.6

b100A 1.49 6 0.06 6.7 6 0.3

b150A 1.29 6 0.04 6.7 6 0.7

TABLE V. Results Corresponding to Work to Fracture,
Impact Toughness and J-Integral Tests. J-Integral Values
at a Crack Extension Equal to 1 mma Are Presented

Work to

Fracture

(MPa or MJ/m3)

Impact

Toughness

(kJ/m2)

J-Integral
(Da ¼ 1 mm)

(kJ/m2)

NI 92 6 23 121 6 7 77 6 6

b50 80 6 12 99 6 7 32 6 3

b100 68 6 21 66 6 2 19 6 4

b150 50 6 8 53 6 3 16 6 2

b50R 71 6 20 91 6 5 22 6 1

b100R 61 6 19 70 6 5 17 6 2

b150R 29 6 2 57 6 8 12 6 2

b50A 77 6 4 96 6 4 35 6 2

b100A 55 6 7 61 6 1 20 6 3

b150A 40 6 4 49 6 3 12 6 1

a Metric used in reference 2.

Figure 6. J-integral versus crack growth resistance, J–R, curves for
b100, (&); b100R, (n); and b100A, ( ) materials.
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material group had a slightly lower crosslink density than

the as-irradiated material. Therefore, the stabilization steps

may not significantly alter the crosslinking level in the

polymer, at least in the conditions of this study. The

increase in lamellar thickness with irradiation dose could

be associated with the increase in crystallinity content

observed by calorimetric measurements, probably via

recrystallization processes and molecular chain rearrange-

ments within crystals.31 At high doses, the radiolitic cleav-

age of molecular chains and the molecular mobility are

high enough to allow the creation of new crystal morpholo-

gies, i.e. branched structures. Comparing both thermal

treatments, the remelting process caused the most severe

microstructural alterations. In addition to a strong drop in

crystallinity content, which is probably correlated to an im-

portant decrease in lamellar thickness, the recrystallization

after remelting introduced radial configurations, especially

in low dose-irradiated UHMWPE. On the other hand,

annealing resulted in a small increase in crystallinity, which

seems inconsistent with the slight lamellar slimming noted

in TEM micrographs. Regarding lamellar thickness, differ-

ent phenomena such as partial melting, lamellar thickening,

and lamellar doubling have been reported to occur during

annealing of polyethylene.32–36 In particular, Matsuda et al.

proposed that two competitive rearrangement mechanisms

overlap during annealing of polyethylene.33 The first one

would be predominant at low annealing temperatures and

involve the gradual thickening of lamellar crystals. On the

contrary, partial melting and further rearrangement result-

ing in lamellar doubling would predominate at high anneal-

ing temperatures. Other authors Fischer,32 Sobieraj et al.,35

and Cho et al.36 reported that the annealing of UHMWPE

involved two competing processes, namely partial or sur-

face melting and thickening of the original lamellae. The

predominance of one process over the other is dependent

on molecular weight distribution, crystallization tempera-

ture, annealing temperature,32 and annealing times.36 In our

case, it seemed that the annealing temperature used, 1308C,
might correspond to the intermediate-upper region of over-

lapping of the two competing mechanisms proposed by

Matsuda et al. Thus, the surface melting of many of the

original lamellae would result in lamellae with a decreased

size, and the molten material may take part in lamellar

doubling,33 or even in the creation of new crystals in the

interlamellar space.36 Under appropriate conditions, the

previous processes could result in the presence of a pre-

dominant population of original lamellae slightly slimmed,

few lamellae that experienced doubling, and a few crystals

originated in the interlamellar region, as we found in our

TEM micrographs [Figure 1(b)]. Besides, the balance

between the generalized lamellar slimming and the appear-

ance of doubled and new lamellae would explain the slight

increase in crystallinity and melting temperature reported in

the current study.

The mechanical behavior of UHMWPE was clearly

affected by the crosslinking and stabilization processes, as

demonstrated by our results. Even more, there seems to be

a direct relation between mechanical behavior and micro-

structure for HXLPEs. First of all, yield stress and secant

modulus results appear to be governed by crystalline pa-

rameters, as proposed previously.13,23 Coherently, the

strong drop in crystallinity caused by remelting would be

related to the decreased yield stress and stiffness. The com-

bined analysis of the results obtained from remelted and

annealed specimens allowed concluding that yield stress

appears to be governed by lamellar thickness, which would

explain the decreased yield stress even after an increase in

crystallinity caused by annealing, and that secant modulus

is dictated by crystallinity percentage. Galeski reported simi-

lar dependencies in a review article.37 Regarding fatigue

behavior, the main parameters obtained from short-term and

long-term tests, final strain reached after 50 cycles, e(50),
and number of cycles to failure, fatigue life or Nf, followed

a similar trend. Hence, both results are discussed together

in terms of either fatigue life or fatigue resistance. First of

all, irradiation improved fatigue life considerably as the

dose increased, which stemmed from either the increase in

crystallinity percentage or the lamellar thickening that

UHMWPE suffered upon irradiation. A potential influence

of crosslink density on fatigue life appears to be less im-

portant, as materials with similar crosslink densities, b150
and b150R, showed very different fatigue performances.

Contrary to the improvement imparted by irradiation, the

fatigue performance of the irradiated and remelted materi-

als declined abruptly. This drop in fatigue life corresponds

well with the crystallinity changes detected after remelting,

but at this point it is not possible to affirm whether the

crystallinity content or the crystal size governs fatigue

behavior. Fortunately, the fatigue life results of the irradi-

ated and annealed UHMWPEs offer an answer to this ques-

tion. Annealed materials required a fewer number of cycles

to failure than as-irradiated UHMWPEs, even though after

annealing they had higher crystallinity content. Neverthe-

less, this worse fatigue performance could be explained

by the general lamellar slimming that the irradiated

UHMWPEs experienced after annealing and remelting.

Thus, any process that causes a decrease in the crystal size,

such as the thermal treatments in our study, would make

the fatigue behavior of HXLPEs worse. Conversely, any

process that increased lamellar size would be responsible

for an improved fatigue performance, as the one produced

by electron beam irradiation in the current study. In this

sense, Figure 7 depicts the correlation between the final

strain reached in the cyclic stress–strain experiments, e(50),
and the lamellar thickness for all the materials considered

in this study. It becomes clear from Figure 7 that the

thicker the lamellae are, the lower the softening is, so then,

the better the fatigue life. Similarly, Simis et al.38 based

the analysis of the fatigue crack propagation thresholds

of highly crystalline and highly crosslinked UHMWPEs on

their corresponding lamellar thickness values. Thus, highly

crystalline polymers obtained by high-pressure crystallization
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exhibited an improved fatigue crack propagation resistance,

as a consequence of a greatly increased lamellar thickness.

Even though fatigue crack experiments and fatigue life

tests represent very different stages and approaches to fa-

tigue behavior, this work and the aforementioned one point

out the importance of the lamellar thickness through the

whole fatigue behavior of HXLPEs.

Crack propagation resistance behavior followed a different

pattern in comparison with the cyclic and long-term fatigue

performances in this study. In this case, electron beam irradia-

tion resulted in a remarkable dose-dependent drop in the stress

intensity factor at crack inception, DKinception. In other words,

a pre-existing crack in the irradiated material would start to

propagate before than in the virgin UHMWPE. The greater

the irradiation dose was, the lower the DKinception values

resulted. Most likely, the increased crosslink density intro-

duced by irradiation prevents UHMWPE from exhibiting duc-

tile behavior, and hence the DKinception lowers, as crosslinking

points reduce the deformation modes of the amorphous

region.39,40 On the other hand, both thermal treatments did

not strongly affect the slope of the Paris regime, although

they introduced slight variations in DKinception. The remelting

step provoked a slight decrease in the crack propagation

threshold. On the contrary, the annealing treatment introduced

a small but noticeable improvement in the DKinception of irradi-

ated UHMWPE (Figure 5). In this line, two recent studies15,16

confirmed an improved fatigue crack propagation resistance of

annealed highly crosslinked polyethylenes compared with

remelted materials. As regards microstructural interpretation,

and in light of the crosslink density and crystallinity content

results, the former seems practically to dictate crack propaga-

tion behavior. In the aforementioned study by Simis et al.,38

they detected a negative influence of an elevated crosslink

density on fatigue crack propagation thresholds as well. How-

ever, they found a direct correlation between the mentioned

parameter and the lamellar thickness, but not with crystalline

content. Nevertheless, it should be borne in mind that our

study involved relatively small variations in lamellar thick-

ness, compared to the bigger variations caused by high-pres-

sure crystallization methods.

Finally, the toughness, or fracture resistance, results

exhibited a pattern similar to the crack propagation resist-

ance trends. Impact and tensile experiments detected a

clear decrease in toughness that rose with irradiation dose.

In addition, J–R curves also confirmed this behavior. Previ-

ously, Gomoll et al.,41 Duus et al.,42 and Cole et al.30 also

reported a similar decrease in J with an increase in radia-

tion dose. Again, the crosslink density was responsible via

a diminution in the ductile capability that imparts a reduced

fracture resistance. Consistently, fracture strain results con-

firmed the loss of ductility with higher crosslink density,

which probably reduces the amorphous deformation modes

of the polymer, as mentioned by some authors.14,40,41

Impact and tensile experiments were not sensitive enough

to notice any changes in toughness after either remelting or

annealing. However, the multispecimen J-integral method

was able to detect an improvement in fracture resistance af-

ter annealing, and a decrease after remelting of as-irradi-

ated polyethylenes. Lamellar thickness changes, Table I, do

not appear to be responsible for those variations in fracture

resistance, as both thermally treated materials showed

decreased lamellar size compared to as-irradiated materials,

but the fracture performance was altered in opposite direc-

tions (Table V). Thus, it seems more feasible that a rise in

crystallinity content was the cause of a slight fracture re-

sistance enhancement and vice versa.

These different fatigue and toughness behaviors of

remelted and annealed HXLPEs, based on different micro-

structural changes, may have noteworthy consequences to

the orthopedic industry. Hip and knee prostheses endure

different kinematics patterns. Abrasive and adhesive wear

damage is predominant in retrieved acetabular inserts,

while pitting and delamination, which are related to subsur-

face fatigue,43 appear in explanted tibial components. In

addition, the fatigue and fracture resistances play an impor-

tant role in knee prostheses, as these properties define the

period to initial crack growth rate. Thus, HXLPEs are

expected to have a suitable articular performance in the

hip, since a high crosslink density increases the wear resist-

ance independent of the thermal treatment used to stabilize

the polymer.2 However, our work suggests that cracking

associated with impingement may be less frequent with

annealed material, as long as oxidation does not occur, in

view of the toughness improvement with annealing and the

decreased lamellar size with remelting. When looking at

HXLPEs use in knee inserts, a decreased fatigue perform-

ance may limit the lifespan of the component if they under-

went a thermal treatment, particularly under remelting

conditions. Nevertheless, the annealing stabilization does

not assure a total elimination of free radicals, and therefore

tibial inserts, that are made of annealed HXLPEs, may

Figure 7. Correlation between final strain reached after 50 cycles of

short-term fatigue testing and lamellar thickness for all materials

considered in this work.
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suffer serious microstructural and mechanical changes in

the long-term. Not only do the thermal treatments damage

the polymer’s mechanical properties, but also a high irradi-

ation dose could also significantly decrease the fracture

resistance, making the UHMWPE too weak to use in knee

prostheses. Therefore, the criteria to select appropriate

crosslinking and stabilization conditions for each kinemat-

ics condition, i.e. hip and knee, should be based on the

final microstructural, mechanical, and oxidative properties

of the modified UHMWPE.

CONCLUSIONS

Fatigue and toughness behavior of highly crosslinked

UHMWPEs were analyzed in this study, focusing on the

comparison between the effects of the annealing and

remelting stabilization processes after a previous irradiation

step and their microstructural interpretation. Other mechan-

ical parameters, such as yield stress and secant modulus,

were correlated to lamellar thickness and crystallinity per-

centage, in the light of DSC and TEM results. The stress–

life curves showed a loss of fatigue strength after both ther-

mal treatment processes, especially after remelting. This

reduced fatigue strength seemed to be also related to the

drop in lamellar thickness. On the contrary, the fatigue re-

sistance in the presence of defects was mainly controlled

by the crosslinking density, and to a lesser extent, by varia-

tions in the crystallinity content. Similarly, the toughness

or fracture resistance appears to be dictated by crosslink

density as the remarkable decrease suffered by UHMWPE

after the irradiation step points out. With respect to this

property, annealed HXLPEs also showed a slightly im-

proved toughness. Thus, the current study confirmed that

annealing preserves mechanical properties better than

remelting. In addition, this study identified lamellar thick-

ness and crosslink density as the relevant microstructural

factors that govern the fatigue behavior and toughness of

HXLPEs, respectively. Coherently, a suitable selection of

irradiation and stabilization conditions is needed to achieve

optimal mechanical performance from UHMWPE in spe-

cific total joint replacements.
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Knee Simulator Wear of Vitamin E Stabilized
Irradiated Ultrahigh Molecular Weight

Polyethylene

Brad R. Micheli, BS,* Keith K. Wannomae, BS,* Andrew J. Lozynsky, BS,*
Steven D. Christensen, BA,* and Orhun K. Muratoglu, PhD*y

Abstract: Wear and damage of ultrahigh molecular weight polyethylene (UHMWPE) tibial inserts
used in total knee arthroplasty are accelerated by oxidation. Radiation crosslinking reduces wear
but produces residual free radicals adversely affecting stability. One alternative to stabilize
radiation-crosslinked UHMWPE is to infuse the material with vitamin E (vit E). We investigated
the properties of 100-kGy e-beam–irradiated UHMWPE that was subsequently doped with vitamin
E in comparison with conventional UHMWPE. Both polymers were sterilized with gamma
irradiation in vacuum packaging. Vitamin E–doped UHMWPE showed lower wear before and after
aging (2.4 ± 0.5 and 2.5 ± 0.8 mg/million cycle, respectively, vs 26.9 ± 3.5 and 40.8 ± 3.0 mg/
million cycle for conventional UHMWPE). Conventional UHMWPE showed oxidation after
accelerated aging, and its mechanical properties were adversely affected, whereas vit E–doped
UHMWPE showed no oxidation or changes in its mechanical properties. Vitamin E stabilization of
radiation-crosslinked UHMWPE resulted in low wear and high oxidation resistance; it is an
alternative load-bearing material for total knee applications. Keywords: polyethylene, wear,
fatigue, oxidation, vitamin E, knee arthroplasty.
© 2012 Elsevier Inc. All rights reserved.

Contemporary total knee arthroplasty uses metallic and
polymeric materials to reconstruct the knee joint, where
the tibial insert and the patellar component are made of
ultrahigh molecular weight polyethylene (UHMWPE).
The UHMWPE components articulate against cobalt-
chrome counterfaces, and it is at these articulations
where most damage modes are initiated. The damage is
mainly in the form of adhesive/abrasive wear and
delamination. When the damage is extensive, the
performance of the joint deteriorates and eventually
leads to revision surgery [1].
Wear typically occurs in the form of adhesive and

abrasive wear on both the articular and backside
surfaces of the components. These wear mechanisms

are a major source of particulate debris that contributes
to periprosthetic osteolysis, which is a growing problem
in total knees [2]. Osteolysis can lead to and often
complicates revision surgery. Delamination occurs on
the articular surfaces of UHMWPE components and can
lead to adverse circumstances such as fracture of the
components or mechanical instability of the recon-
structed joint. The extent of delamination increases with
the extent of oxidation in these components. Oxidation
is primarily induced by the terminal gamma sterilization
process, which generates residual free radicals in the
material. In the long term, oxygen reacts with these free
radicals, and through a reaction, cascade leads to the
embrittlement of the material [3-5]. With the reduced
mechanical properties, delamination type failure be-
comes more common. Therefore, an improved
UHMWPE material for total knee arthroplasty should
have increased wear resistance to reduce the rate of
osteolysis and increased oxidation resistance to reduce
the extent of delamination.
Crosslinking by ionizing irradiation has been shown to

increase the wear resistance of UHMWPE. Irradiation
also generates residual free radicals, which are the
precursors of long-term oxidative embrittlement [6-9].
Postirradiation melting can be used to eliminate these
residual free radicals and achieve oxidative stability [10].
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Radiation crosslinking and melting of polyethylene
reduced the adhesive and abrasive wear in acetabular
components in hip simulator investigations [11,12], as
well as on the articular and backside surfaces of tibial
inserts in knee simulator investigations [13,14].
An alternative method to postirradiation melting is to

stabilize the irradiated UHMWPE by vitamin E infusion
(vit E–doped UHMWPE) [15-17]. Vitamin E is a potent
antioxidant and can stabilize the residual free radicals in
UHMWPE. It has been shown that doping with vitamin
E is an effective method of improving the oxidative
stability of irradiated UHMWPE [15]. One advantage of
vitamin E stabilization is that, because the irradiated
polyethylene is not melted, its crystallinity is not
reduced, and as a result, the mechanical properties and
fatigue strength of the irradiated UHMWPE are pre-
served [15,18].
Considering that oxidation-induced delamination of

conventional UHMWPE tibial inserts can compromise
long-term performance of total knees, we propose the
use of vit E–doped UHMWPE as an alternative bearing
surface for total knee reconstruction because of its
markedly improved oxidation resistance. The potential
benefit of vit E–doped UHMWPE is not only the
reduction in oxidation-induced delamination but also
reduction in adhesive wear. The objective of this study
was to investigate the wear behavior, mechanical
properties, fatigue resistance, oxidation resistance, and
oxidation potential of vit E–doped UHMWPE in com-
parison with conventional UHMWPE.

Materials and Methods
Conventional and Highly Crosslinked Sample
Preparation
All specimens were manufactured from direct

compression-molded UHMWPE stock. The UHMWPE
resin used was the GUR1050 (Ticona, Bishop, Tex).
Three specimens from each of the following groups
were tested.
The conventional samples were prepared as follows:

cruciate retaining tibial inserts (Vanguard CR Design,
size 10 × 87/91 mm; Biomet Inc, Warsaw, Ind) for knee
simulator wear testing were direct compression molded.
Samples for other tests were machined from direct
compression-molded stock material prepared using the
same molding process. All specimens were vacuum
packaged and gamma sterilized to approximately 25 to
40 kGy.
The vit E–doped UHMWPE samples were prepared as

follows: cruciate retaining tibial inserts (Vanguard CR
Design, size 10 × 87/91 mm; Biomet Inc) for knee
simulator wear testing were direct compression molded
(Biomet, Inc). Samples for other tests were machined
from direct compression-molded stock material pre-
pared using the same molding process. Specimens were
placed in silicone molds, vacuum packaged, and electron

beam irradiated to 100 kGy (BeamOne LLC, formerly
TitanScan, Lima, Ohio). The irradiated specimens were
then doped by soaking the components in pure vitamin
E (α-tocopherol) at 120°C and subsequently homoge-
nized in argon gas at 120°C to ensure full vitamin E
penetration. Fourier transform infrared spectroscopy
(FTIR; Varian FTS2000, Natick, Mass) was performed on
a spare piece to verify the full vitamin E penetration
through the components. α-Tocopherol index values
were calculated by normalizing the absorbance at 1245
to 1275 cm-1 to the internal reference absorbance at
1850 to 1985 cm-1 after subtracting the corresponding
baselines. The specimens were then vacuum packaged
and gamma sterilized to 30 to 35 kGy.

Wear Assessment Via Simulated Gait
The wear study was performed at a rate of 1 Hz on an

AMTI 6-Station Displacement Controlled Knee Simula-
tor (Advanced Mechanical Technology, Inc., Water-
town, Mass). A total of 5 specimens per group were
tested: 3 motion tibial bearings were subjected to both
load and motion, and 2 load-soak tibial bearings were
subjected only to load. The kinematics used was the
standard International Standards Organization (ISO)
14243-3 walking gait with a peak load of approximately
3000 N. The lubricant used was 100% bovine serum,
with a protein content of 6.6 g/dL, stabilized with 10.7
mmol of ethylenediamine tetraacetate (Fisher Scientific,
Pittsburgh, Pa) and 33 mL of penicillin-streptomycin
solution (Sigma-Aldrich, St Louis, MO) per 500 mL of
serum. All stations were maintained at 37°C. The
simulator was interrupted at approximately 1-million
cycle intervals for gravimetric assessment of wear. The
tibial inserts were cleaned as directed in ISO 14243-2
before weighing. The tibial inserts were weighed 3 times
and then averaged using an A-250 balance (Denver
Instrument Co, Arvada, CO). The articular and backside
surfaces were photographed using an Olympus SZX12
optical microscope and an Olympus DP11 camera
(Olympus America, Inc., Center Valley, Pa) at every
gravimetric measurement.
The weight loss of each liner was used to calculate a

wear rate after correction for fluid absorption. The
correction for fluid absorption was done by subtracting
the average weight gain of load-soak components from
the weight change of the test components. A linear wear
rate was calculated by linear regression, excluding the
data point at time zero.
The initial (unaged) test was carried out to a total of

5 million cycles of simulated gait. After 5 million cycles
of testing, all components were aged for 2 weeks under
5 atm of pure O2 in a pressure vessel placed in a
convection oven at 70°C in accordance with American
Society for Testing and Materials (ASTM) F2003. The
aged samples were then tested for an additional 2.5
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million cycles using the same protocol as was used in the
unaged portion of the test.
At the conclusion of all simulated gait testing, both the

unaged and aged segments, the wear scar on the lateral
condyle from a representative conventional UHMWPE
tibial bearing, and a representative vit E–doped
UHMWPE tibial bearing were gold coated and examined
with scanning electron microscopy (SEM). Images were
collected with a 30-kV beam strength at magnifications
between ×1200 and ×25 000.

Tensile Mechanical Properties
Tensile specimens (ASTM D638, type V, n = 6 per

group) were tested on anMTS hydraulic testing machine
(Eden Prairie, Minn) at a cross-head speed of 10 mm/
min. The axial displacement and force were sampled at a
rate of 100 Hz. The test was also recorded on videotape
to visually determine elongation at break (EAB). For this
purpose, a gage length of approximately 6.5 to 7 mm
was marked on the specimens. The thickness of the
specimens and the width of the specimens in the gage
region were measured using calipers before deforma-
tion. The separation of the gage marks just before failure
was measured from the recorded videos, and the EAB
was computed as the ratio of the change in gage length
at fracture and the initial gage length. The yield strength
(YS) in megapascal and the ultimate tensile strength
(UTS) in megapascal were calculated per ASTM D638.
Testing was done on the samples before and after ASTM
F2003–accelerated aging. Differences between groups
were determined with a Student t test, with a signifi-
cance level of P = .05.

Fatigue Crack Propagation Resistance
Fatigue crack propagation testing was performed on a

MiniBionix 858 (MTS) following ASTM E647. Compact
tension (C(T)) specimens (n = 5 per group) were
precracked at the notch using a razor blade. Testing
was conducted at a sinusoidal load cycle frequency of 5
Hz and a stress ratio of 0.1 in tension. Crack length was
monitored optically every 20 000 cycles. The average of
the crack length on both sides of the C(T) specimen was
used as the representative crack length for the compu-
tation of crack growth rates. Stress intensity factor
ranges at crack inception (ΔKincep) were reported at a
threshold crack growth rate of 10−6 mm/cycle. All
testing was done in an aqueous bath at 40°C [19] to
simulate the physiologic temperature of the joint.
Testing was done on the samples before and after
ASTM F2003 aging. Differences between groups were
determined with a Student t test, with a significance
level of P = .05.

Thermal Properties
Differential scanning calorimetry (TA Instruments

Q1000, New Castle, Del) was used to determine the
thermal properties of the test samples. The specimens

(n = 3 per group) were initially cooled to −20°C and
held at that temperature for 2 minutes. They were then
heated to 180°C, cooled back to −20°C, and reheated to
180°C. Both the heating and cooling segments of this
procedure were done at a rate of 10°C/min. All analyses
were based on the thermogram of the first and second
heating segments from −20°C to 180°C. The peak
melting point and the tangential onset melting point
were recorded. Crystallinity was quantified by integrat-
ing the thermogram from 20°C to 160°C, and crystal-
linity was calculated assuming a melting enthalpy of
291 J/g for 100% crystalline UHMWPE. Testing was
done on the samples before and after ASTM F2003
accelerated aging. Differences between groups were
determined with a Student t test, with a significance
level of P = .05.

Oxidation Potential and Oxidation Resistance
The oxidation potentials of vit E–doped UHMWPE and

conventional UHMWPE were determined using a
method described by Costa et al [20]. Thin films (n = 3
per group) were microtomed and hung on a “clothes-
line” suspended inside a 3-neck round bottom flask. The
3-neck flask was purged with nitrogen gas for at least 30
minutes to remove any residual atmospheric gases and
was then filled and purged with 100% nitric oxide gas.
The samples were exposed to nitric oxide for 16 hours at
room temperature. The thin sections were removed
from the flask and immediately analyzed using FTIR
spectroscopy. The nitrate level was obtained by taking
the height of the nitrate absorbance at 1630 cm−1 and
normalizing to the height of internal reference absor-
bance at 1895 cm−1, after subtracting the corresponding
baselines. As a control comparison, we also included a
100-kGy e-beam–irradiated UHMWPE in the oxidation
potential experiments.
The oxidation resistances of the materials were

determined using 2 different aging methodologies.
Pressure vessel–aged samples were aged for 2 weeks
under 5 atm of pure O2 in a pressure vessel placed in
a convection oven at 70°C in accordance with ASTM
F2003. Oven-aged samples were aged by placing the
samples directly into a mechanical convection oven
(Imperial V; Lab-Line Barnstead International, Du-
buque, Iowa) set at 80°C for 5 weeks. All aged samples
were analyzed by FTIR according to ASTM F2102 within
2 weeks of aging. Oxidation index values were calcu-
lated by normalizing the carbonyl absorbance at 1680
to 1780 cm−1 to the internal reference absorbance at
1370 to 1390 cm−1, after subtracting the corresponding
baselines. The surface oxidation index was calculated as
the average of the oxidation indices over the first 3 mm
of the sample, whereas the bulk oxidation index was
calculated as the average of the oxidation indices of
the central 500 μm of the sample.
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Results
Fourier transform infrared spectroscopy analysis of

the vit E–doped UHMWPE samples showed vitamin E
penetration through the entire thickness of the test
samples used, namely, the tibial bearings, C(T) samples
for fatigue propagation resistance, dog-bone specimens
for tensile mechanical properties, and differential
scanning calorimetry specimens for thermal properties
(Fig. 1). Vitamin E was detectable throughout the entire
thickness of all test samples with a higher concentration
near free surfaces.
The wear rate of vit E–doped UHMWPE inserts was

significantly lower than that measured with convention-
al tibial inserts during the first 5 million cycles of testing
(Fig. 2). During testing, 1 conventional station experi-

enced a simulator fixture failure such that the load and
kinematics no longer adhered to the ISO standard; the
results from that station were subsequently discarded,
and thus, only 2 conventional components are reported.
The wear rate of the unaged conventional UHMWPE
tibial bearings after correction for fluid absorption was
26.9 ± 3.5 mg/million cycle; this rate rose to 40.8 ± 3.0
mg/million cycle after accelerated aging that followed
5 million cycles of simulated gait. The vit E–doped
UHMWPE tibial bearings exhibitedwear rates of 2.4 ± 0.5
and 2.5 ± 0.8 mg/million cycles before and after aging,
respectively. The wear rates measured with vit E–doped
UHMWPE inserts were 91% and 94% lower than those
measured with conventional inserts before and after
aging, respectively. The difference in the wear rate
between the conventional and vit E–doped UHMWPE
tibial bearingswas statistically significant both before and
after accelerated aging (P b .05).
The fluid uptake in the load-soak components, as

measured gravimetrically, was similar in both the
conventional UHMWPE and vit E–doped UHMWPE
tibial inserts (Fig. 3). The inserts in both groups gained
weight with increasing number of cycles in a linear
fashion for the first 5 million cycles. The subsequent
aging of the inserts after 5 million cycles of simulated
normal gait did not change their fluid uptake behavior.
Overall, the vit E–doped UHMWPE inserts absorbed
slightly less fluid than their conventional counterparts.
Both the conventional and vit E–doped UHMWPE

tibial-bearing surfaces that were subjected to both
motion and load showed a damage scar in both medial
and lateral condyles on the articular surfaces after
0.5 million cycles of simulated normal gait testing
(Figs. 4 and 5). During the subsequent 5 million cycles
of testing, the damage area on the articular surfaces
increased slightly on both condyles. On the back sides
of both components, there was no visible damage after
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Fig. 1. Vitamin E concentration profiles of the vit E–doped
UHMWPE samples used in various tests. Because different tests
required samples of different thicknesses, the concentration
profiles are shown, with the actual depth of FTIR scan
normalized to the total thickness of each sample.
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0.5 million cycles of testing; however, after 5 million
cycles of simulated normal gait, the backside surfaces
showed areas of burnishing and damage of compa-
rable size in both types of UHMWPEs. Following the
final 2.5 million cycles after the accelerated aging, the
size of the damage scar on the articular surfaces grew
slightly, and the extent of damage on the backside
remained largely unchanged.

The SEM analysis of the conventional tibial bearing
showed a burnished surface with a few scratches and
abrasions from third-body debris (Fig. 6A, B), typical of
conventional UHMWPE. At a higher magnification, a
porous nanostructure was observed on the wear scar
(Fig. 6C) that was not observed in the unworn region
(Fig. 6B). The vit E–doped UHMWPE tibial bearing
exhibited more abrasions in the wear scar (Fig. 7A),

Fig. 4. A representative conventional UHMWPE tibial bearing that was subjected to load and motion on the knee simulator after
0.5 million cycles (A), after 5 million cycles (B), and after accelerated aging (C) and an additional 2.5 million cycles. The backsides
of the tibial bearing at these testing intervals are also shown (D-F). The areas outlined in black are the observed damage scars.

Fig. 5. A representative vit E–doped UHMWPE tibial bearing that was subjected to load and motion on the knee simulator after
0.5 million cycles (A), after 5 million cycles (B), and after accelerated aging (C) and an additional 2.5 million cycles. The backsides
of the tibial bearing at these testing intervals are also shown (D-F). The areas outlined in black are the observed damage scars.
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Fig. 6. SEM images of the lateral condyle of a representative conventional UHMWPE tibial bearing after 5 million cycles of knee
simulator testing, accelerated aging, and an additional 2.5 million cycles of knee simulator testing. Low magnification images of
the wear scar showed, some fibrillar structure formation (A), while high magnification images (B) showed a nanoporous topology
in the worn region (C; see arrows) but not in the unworn region (D).

Fig. 7. SEM images of the lateral condyle of a representative vit E–doped UHMWPE tibial bearing after 5 million cycles of knee
simulator testing, accelerated aging, and an additional 2.5 million cycles of knee simulator testing.
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which had a flaky appearance at higher magnifications
(Fig. 7B). Similar to the observation in the conventional
inserts, the vit E–doped UHMWPE tibial bearing had a
porous nanostructure in the wear scar (Fig. 7C). The
porous nanostructure was not observed in the unworn
section of the articular surface (Fig. 7D).
The oxidation potential measured as the nitrate

absorbance after nitric oxide reaction was lower with
vit E–doped UHMWPE in comparison with the conven-
tional UHMWPE and the 100-kGy irradiated UHMWPE
(Table 1). The measured nitrate absorbance in vit E–
doped UHMWPE remained unchanged as a function of
distance between the articular and backside surfaces of
the vit E–doped UHMWPE tibial insert. Both the surface
and bulk oxidation indexes of the conventional
UHMWPE were higher than vit E–doped UHMWPE
after accelerated aging in either the pressure vessel or
the oven (Table 1). Accelerated aging in the pressure
vessel resulted in higher oxidation levels on the surface
and in the bulk of the conventional UHMWPE in
comparison with oven aging. The oxidation levels
measured in vit E–doped UHMWPE material following
either of the accelerated aging methods were below the
detection limit for the infrared method.
The tensile mechanical properties, fatigue crack

propagation resistance, and thermal properties before
and after aging in the pressure vessel are reported in
Table 2, and the P values comparing the conventional vs
vit E–doped UHMWPE and aged vs unaged groups for
these properties are reported in Table 3. Accelerated
aging decreased the UTS by 32% and fatigue crack
propagation resistance (ΔKincep) by 51% with the
conventional UHMWPE—both changes were significant
(Tables 2 and 3). After accelerated aging, the changes in
UTS and fatigue crack propagation resistance in vit E–

doped UHMWPE were not significant (Table 3). There
was a significant increase in the yield strength (31%)
and EAB (35%) for the conventional UHMWPE after
accelerated aging, whereas vit E–doped UHMWPE
showed no statistically significant difference in these
parameters after accelerated aging. The peak melting
temperature of either UHMWPE remained unchanged
with accelerated aging. There was no statistically
significant difference in the crystallinity of the vit E–
doped UHMWPE after accelerated aging. The conven-
tional UHMWPE showed a significant increase in its
crystallinity after accelerated aging.

Discussion
The general aim of this investigation was to

demonstrate the benefits of diffusing α-tocopherol
(vitamin E) into irradiated UHMWPE to stabilize it
against oxidation for applications in tibial knee inserts.
The radiation-crosslinked UHMWPE stabilized by dif-
fused vitamin E showed improved oxidation resistance
and improved wear resistance in comparison with
conventional UHMWPE.
We used a radiation dose level of 100 kGy for the

crosslinking of UHMWPE. Prior studies have used
similar [13] or lower radiation doses [14] for the
crosslinking of UHMWPE for total knee applications.
The lower radiation dose increases the wear rate of
UHMWPE in return for better mechanical properties in
irradiated and melted UHMWPEs [21]. With vitamin E
stabilization, the melting step is eliminated, and the
ultimate tensile strength of the polymer is not adversely
affected in comparison with conventional UHMWPE—
therefore, use of 100-kGy irradiation in conjunction
with vitamin E stabilization is justified.

Table 1. Oxidation Potential as Measured by Average Nitrate Height After Nitric Oxide Exposure, and Surface and Bulk
Oxidation Indices as Measured According to ASTM F2102 After Aging for Both Materials

Unaged Oven Aged Pressure Vessel Aged

Oxidation
Potential

Surface Oxidation
Index

Bulk Oxidation
Index

Surface Oxidation
Index

Bulk Oxidation
Index

Conventional UHMWPE 0.51 ± 0.02 0.34 ± 0.02 0.13 ± 0.00 0.48 ± 0.06 0.27 ± 0.06
Vit E–doped UHMWPE 0.40 ± 0.04 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.01 ± 0.00

For comparison, the nitrate height average for 100-kGy irradiated UHMWPE with no thermal treatment is 0.74 ± 0.07.

Table 2. Tensile Mechanical Properties, Fatigue Crack Propagation Resistance, and Thermal Properties of Both Conventional
UHMWPE and of vit E–doped UHMWPE Before and After ASTM F2003 Aging

Unaged Conventional
UHMWPE

ASTM F2003 Aged
Conventional UHMWPE

Unaged Vit E–Doped
UHMWPE

ASTM F2003 Aged
Vit E–Doped UHMWPE

UTS (MPa) 50.2 ± 2.1 34.7 ± 2.3 43.4 ± 2.3 45.0 ± 1.4
YS (MPa) 20.4 ± 0.6 26.8 ± 1.5 21.4 ± 0.6 21.8 ± 1.6
EAB (%) 346 ± 51 467 ± 24 256 ± 17 282 ± 55
ΔKincep (MPa·m1/2) 1.09 ± 0.05 0.53 ± 0.06 0.65 ± 0.04 0.61 ± 0.01
Peak melting temperature (°C) 137.3 ± 0.4 136.2 ± 0.4 138.5 ± 0.3 138.6 ± 0.3
Crystallinity (%) 60.0 ± 1.5 69.7 ± 0.9 58.6 ± 1.4 60.0 ± 0.8
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The postirradiation vitamin E doping technology
requires each implant thickness to be treated differently
to ensure that vitamin E is diffused throughout the entire
thickness [15]. In the present study, we tested samples of
different thicknesses, and by varying doping and
homogenization conditions, we were able to obtain
vitamin E concentration profiles that were comparable—
they all exhibited high vitamin E concentration on free
surfaces and lower concentrations at the center.
We designed the knee simulator testing to investigate

the wear rate before and after accelerated aging. The
accelerated aging was performed on parts that were
tested on the simulator for 5 million cycles to determine
the effect of vitamin E elution, if any, from the surfaces
on the oxidative stability of the vit E–doped UHMWPE
samples. Knee simulator testing after accelerated aging
showed no change in the wear behavior of these inserts
indicating that there was enough vitamin E on the
surface to provide oxidative stability to the polymer. This
finding does not rule out any potential elution of vitamin
E from the surfaces during loading and articulation. We
could not use the infrared method to determine if there
was any vitamin E elution because lipid absorption from
the bovine serum during testing affected the character-
istic infrared absorbance that we used to quantify
vitamin E in polyethylene. Currently, we are investigat-
ing methods to deconvolute the infrared spectra to
separate the absorbance due to absorbed lipids from that
of vitamin E to determine if there is any vitamin E
elution during loading and articulation.
We used tibial inserts that were only subjected to load

without motion to quantify the extent of fluid uptake
during testing to correct the gravimetric assessment of
wear of the inserts that were subjected to both motion
and load. We expected the rate of fluid absorption
measured in these load-soak components to slow down
with continued testing—instead, we found a linear
increase in the weight of these components with no
effect from the accelerated aging at 5 million cycles
(Fig. 3). The absorption mainly includes the uptake of
lipids from the surrounding lubricant [20]. The slight
decrease in the fluid absorption with the vit E–doped
UHMWPE components was likely because of the

presence of vitamin E (itself a lipid) reducing the extent
of additional lipid uptake. The fluid absorption we
observed with the vit E–doped UHMWPE was compa-
rable with what was previously observed with irradiated
and melted UHMWPE tibial knee inserts [13].
One limitation of the study was the use of accelerated

aging to study the oxidative stability of the vitamin E–
stabilized, irradiated UHMWPE and conventional
UHMWPE. We used 2 different methods, one under
atmospheric air pressure (1 atm) and the other under
high oxygen pressure (5 atm), both at elevated
temperatures. There is no conclusive evidence in
literature that these aging methodologies can simulate
oxidation of UHMWPE that takes place in vivo in the
long term. Nevertheless, these methods are often used
for comparative oxidation resistance of different
UHMWPE formulations, which was our purpose when
we compared the oxidative stability of the 2 UHMWPE
formulations. Another one of the common limitations of
all joint simulator wear studies is the use of bovine
serum to lubricate the articulating pairs during testing.
Bovine serum is expected to simulate the lubrication
provided by synovial fluid in vivo. Whereas some studies
use diluted serum in joint simulator wear testing, others
use 100% bovine serum, as was the case for the present
study. Serum dilution is used to decrease the protein
concentration to the levels typically found in synovial
fluid. In our laboratory, dilute serum causes pitting-type
damage in acetabular liners tested under simulated
normal gait, a damage mechanism that is not clinically
relevant. Therefore, we chose to use undiluted serum in
the present study.
One reason for the accelerated aging during the knee

simulator testing was to determine the effect of
oxidation on delamination resistance of the tibial inserts.
The absence of delamination in the vit E–doped
UHMWPE samples was not surprising because there
was no detectable oxidation on these components after
accelerated aging (Table 1). The conventional tibial
inserts did not show any delamination either because
the oxidation levels after accelerated aging were not
high enough (Table 1). However, the conventional
UHMWPE samples showed a significant rise in

Table 3. The P Values as Determined by a Student t Test for the Pairs of Samples Compared Are Listed Here for UTS, YS, EAB,
Fatigue Crack Propagation Resistance (ΔKincep), Peak Melting Temperature, and Crystallinity

Pairs

P

UTS YS EAB ΔKincep

Peak Melting
Temperature Crystallinity

Conventional vs aged conventional .0000 * .0000 * .0004 * .0000 * .0022 * .0000 *
Conventional vs vit E–doped UHMWPE .0011 * .0203 * .0145 * .0000 * .0004 * .1748
Conventional vs aged vit E–doped UHMWPE .0016 * .1083 .2742 .0000 * .0004 * .9399
Vit E–doped UHMWPE vs aged conventional .0000 * .0000 * .0000 * .0109 * .0000 * .0000 *
Vit E–doped UHMWPE vs aged vit E–doped UHMWPE .2220 .6195 .3397 .0636 .6808 .0835
Aged conventional vs aged vit E–doped UHMWPE .0000 * .0005 * .0000 * .0461 * .0000 * .0000 *

* Indicates significant difference, P b .05.
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crystallinity likely because of the oxidation-induced
chain scission that typically results in recrystallization
of the smaller molecules [5] and a decline in ultimate
tensile strength as we observed here. The increase in the
crystallinity was likely responsible for the increase in the
yield strength of conventional UHMWPE. The increase
in the EAB with accelerated aging was surprising in that
oxidation and chain scission typically reduce the
ductility of UHMWPE. We postulate that because the
oxidation is typically limited to the surface, the more
ductile core of the test samples deformed with an
effectively smaller thickness, resulting in a higher EAB.
The oxidation potential as measured by the height of

the nitrate absorbance after reacting the hydroperoxides
with nitric oxide was about 25% higher with the
conventional UHMWPE, yet the difference in the extent
of oxidation between the conventional and vit E–doped
UHMWPE was much larger. Hydroperoxide decay
creates oxidation byproducts and free radicals. The latter
continue the oxidation chain reaction. In the case of the
conventional UHMWPE, the chain reaction likely
resulted in higher oxidation levels during accelerated
aging. In contrast, vitamin E must have terminated the
free radicals generated during hydroperoxide decay,
thus breaking the chain reaction and preventing its
progress in vit E–doped UHMWPE samples. As a result,
the vit E–doped UHMWPE did not oxidize during the
accelerated aging, and the changes in their mechanical
properties were not significant.
In another study conducted in this laboratory, we

reported the fatigue crack propagation resistance of 100-
kGy irradiated UHMWPE as 0.74 ± 0.03 MPa·m1\2, and
with subsequent melting, we showed a 32% decline to
0.56 ± 0.02 MPa·m1\2 [22]. In this study, the fatigue
crack propagation resistance for vit E–doped UHMWPE
was 0.65 ± 0.04MPa.m1\2, significantly greater than that
of 100-kGy irradiated and melted UHMWPE (P b .05).
The change in the fatigue crack propagation resistance of
vit E–doped UHMWPE was not significant with acceler-
ated aging largely due to the antioxidant properties of
vitamin E and its protection against oxidation, and the
decline in the fatigue crack propagation resistance of

conventional UHMWPE was not surprising because of
its oxidation during accelerated aging.
Irradiated and melted UHMWPE is the only alternative

bearing surface material used in total knees. Previously
reported knee simulator testing that was carried under
comparable conditions used for the present study
showed improved wear resistance with 65- and 95-
kGy irradiated and melted UHMWPE in comparison
with the conventional UHMWPE tibial inserts (Table 4)
[13], [14]. The vitamin E–stabilized radiation-cross-
linked UHMWPE tibial inserts also showed an increase
in the wear resistance in comparison with the cor-
responding conventional UHMWPE tibial inserts. The
comparison between the irradiated and melted and
vitamin E–stabilized tibial inserts in terms of wear rate
measured on the knee simulator is not possible because
they all used different tibial insert designs. However, one
can note that the percent reduction of the wear rates
with respect to the corresponding conventional
UHMWPE is approximately the same for all 3 highly
crosslinked UHMWPEs (Table 4). Therefore, the vitamin
E technology presented here is superior to the current
alternative bearing surface material in terms of its
fatigue strength and wear resistance simultaneously.

Conclusion
The irradiated and vitamin E–stabilized material

studied showed decreased adhesive/abrasive wear
when tested on a knee simulator for 5 million cycles of
normal gait. The vit E–doped UHMWPE material
retained its high wear resistance after aging and further
testing on the knee simulator. The presence of vitamin E
in irradiated UHMWPE did not adversely affect its wear
behavior while increasing the oxidation resistance of the
irradiated polymer.
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Table 4. Knee Simulator Wear Rates Measured With Irradiated and Melted UHMWPE Formulations With 2 Different Designs in
Comparison With the Wear Rates Measured in the Present Study

65-kGy Irradiated
and Melted
UHMWPE

NexGen CR*

Conventional
UHMWPE

NexGen CR [14]

95-kGy Irradiated
and Melted
UHMWPE

NK II CR [13] *

Conventional
UHMWPE
NK II CR

Vitamin
E–Stabilized
Vanguard

CR—Present Study

Conventional
UHMWPE Vanguard
CR—Present Study

Unaged wear rate
(mg/million cycle)

4.6 ± 2 23 ± 6 NT 8.8 ± 1.5 2.4 ± 0.5 26.9 ± 3.5

Aged wear rate
(mg/million cycle)

NT NT 0.7 ± 0.1 9.6 ± 3.6 2.5 ± 0.8 40.8 ± _3.0

Note that the head-to-head comparison of the wear rates is not possible because of the different designs resulting in different contact areas that
enhance different mechanics of loading during testing.
* Manufactured by Zimmer, Inc., Warsaw, Ind.
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Abstract: This study was undertaken to investigate the effect of crosslinking ultra-high

molecular weight polyethylene (UHMWPE) in a sequential manner to the final desired dose

and to compare the results to single-dose crosslinking. To verify these results, an explanted,

commercially available, sequentially crosslinked component was characterized. Finally,

additional tensile testing was conducted to determine if tensile-sample thickness has a

significant effect on the mechanical properties of UHMWPE. Based upon this well-controlled

study with the same starting material, there is no apparent benefit of sequential crosslinking

over crosslinking by single dose in any of the mechanical, thermophysical, physical, or

oxidative properties evaluated in this study. In contrast, the soak temperature of the

postirradiation heat treatment was more influential and exhibited statistically significant

effects on the stability, structure, and properties of the resultant material. Compared to virgin

material, crosslinking always resulted in decreases in tensile strength, elongation, and impact

strength. These results were confirmed by characterization of a retrieved, sequentially

crosslinked (X3
TM

) cup. All of the metrics derived for the retrieved cup were virtually

identical to the sequential- and single-dose-crosslinked materials produced in this study.

Examination of the effect of tensile-sample thickness demonstrated that there are significant

effects on the resultant properties. In particular, the ultimate tensile strength of UHMWPE

can be elevated by conducting tensile tests with thin specimens. ' 2008 Wiley Periodicals, Inc.

J Biomed Mater Res Part B: Appl Biomater 90B: 87–100, 2009

Keywords: UHMWPE; crosslinking; mechanical properties; oxidation; crystallinity

INTRODUCTION

In vitro studies1,2 and clinical experience3–9 have demon-

strated that crosslinking of ultra-high molecular weight poly-

ethylene (UHMWPE) with ionizing radiation significantly

reduces the volumetric wear of total hip arthroplasties. On

the other hand, there is a well-documented, concomitant

decrease in mechanical properties with increasing radiation

dose and crosslink density.10–12 Generally, the ultimate ten-

sile strength (UTS), elongation at break (EL), and impact

strength all decrease with increasing dose due to the increas-

ing constraint of the crosslinks, which results in decreases in

ductility and a reduction of strain-induced, polymer chain

reorientation. These decreases in mechanical properties are

also exacerbated by the postirradiation heat treatment that is

commonly conducted to reduce the residual free-radical con-

centration (FRC). Postirradiation remelting leads to addi-

tional decreases in crystallinity and mechanical properties,

but removes all of the measurable free radicals, which stabil-

izes the material against aging. Submelt annealing maintains

or increases the crystallinity and results in smaller decreases

in the strength of the crosslinked material, but leaves resid-

ual free radicals that could oxidize with time. Consequently,

the selection of radiation dose and heat treatment should be

made to achieve the proper balance of wear reduction, long-

term stability, and maintenance of adequate mechanical

properties for a given application.

Notwithstanding these fundamental effects of crosslink-

ing, sequential irradiation and submelt annealing of

UHMWPE has been suggested as a novel method to

achieve increased wear resistance and long-term stability

against oxidation without compromising ‘‘strength.’’13,14

The exact mechanism of this technique has not been

delineated. However, it has been reported that irradiation in

small steps, each step followed by submelt annealing,

results in a dramatic reduction of the free radicals, dramati-

cally reduced wear, and maintenance of the UTS at the

same level as the virgin material.13 This process is utilized

in commercially available hip- and knee-arthroplasty com-

ponents (X3TM, Stryker, Mahwah, NJ).

The first objective of this study was to determine if se-

quential irradiation and annealing produced a material that
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was measurably different from the standard single-dose

irradiation and annealing process. For direct comparison

between the processes, the total, cumulative radiation dose

was equivalent between the two processes. The effects of

annealing above and below the peak melt temperature in

the postirradiation heat treatment were also examined.

To verify the results for the sequentially crosslinked ma-

terial produced in the first portion of this study, an

explanted, commercially available, sequentially crosslinked

component (X3TM, Stryker, Mahwah, NJ) was received and

characterized. These results were compared to the proper-

ties reported for X3TM in the literature13,14 and to the

aforementioned materials produced through either single-

dose or sequential crosslinking. Because of the limited ma-

terial available, bulk mechanical properties of the X3TM

cup could not be assessed. Thus, the mechanical properties

of the retrieved cup were characterized by small-punch

testing.

As specified by the American Society for Testing and

Materials (ASTM F648-04), the mechanical properties of

UHMWPE should be determined according to ASTM D638

with the Type IV sample geometry. However, this standard

does not specify a particular thickness for the samples,

only a range of 4 mm or less. All mechanical testing in the

first part of this study was conducted with tensile-sample

thicknesses of 3.0 6 0.05 mm. On the other hand, tensile

testing of sequentially crosslinked materials in the literature

was conducted with tensile-sample thicknesses of 1 mm.15

To clarify the results of these testing differences, the third

part of this study was conducted to determine if tensile-

sample thickness has a significant effect on the mechanical

properties of UHMWPE materials.

MATERIALS AND METHODS

Effects of Sequential Irradiation

Compression-molded GUR1020 UHMWPE rod stock was

purchased from MediTECH Medical Polymers (Fort

Wayne, IN) with diameters of 7.6 cm. To eliminate batch-

to-batch variability, all of the test materials were produced

from the same resin and production lots and were subjected

to the standard postconsolidation anneal to relieve residual

stresses in the as-molded rod stock. The individual rods

were processed according to the gamma-radiation doses

and heat treatments outlined in Table I. Briefly, the materi-

als were gamma-irradiated (Steris, Libertyville, IL) in air to

total doses of 9 Mrad by either (a) single dose, or (b) three

sequences of 3 Mrad (SQXL-1). The materials crosslinked

with a single-dose were annealed at either 1308C for 8 h

(XL-130) or 1478C for 2 h (XL-147). Since the peak melt-

ing temperature of UHMWPE is typically in the range of

140–1458C, the 1308C heat treatment is considered to be a

submelt anneal, while the 1478C heat treatment is termed

remelting. The SQXL-1 material was annealed at 1308C for

8 h after each irradiation sequence, as taught in the publi-

cations and patent application for X3TM.16 Unirradiated,

virgin GUR1020 (CPE-1) from the same lot was utilized as

the control material.

All heat treatments were monitored with a ‘‘control rod’’

that contained a thermocouple in the core. The time period

for the heat treatment was begun when this thermocouple

reached 108C below the nominal heat-treatment tempera-

ture. After the specified time period for the heat treatments,

the oven was cooled at an average rate of not more than

5.68C/h until the control rod temperature was at 508C or

below.

Mechanical Properties Characterization. The bulk me-

chanical properties of the rod stock were characterized by

MediTECH. All tensile testing (n 5 5) was performed fol-

lowing ASTM D638-03 specifications with a displacement

rate of 50 mm/min and Type IV samples that were 3.0 6
0.05 mm thick. Izod impact testing (n 5 5) was conducted

according to ASTM F648-04.

Small-punch testing (SPT) was performed on these

materials by Exponent (Philadelphia, PA) according to

ASTM F2183-02. Test specimens (n 5 3) were fabricated

by punching cores (Ø 7.14 mm) from the bulk materials.

One disc-shaped specimen (Ø 6.35 3 0.5 mm) was

machined from each core. Mechanical testing was con-

ducted on a screw-driven load frame (Instron 4505, Canton,

MA) at a constant displacement rate of 0.5 mm/min. The

applied load and crosshead displacement were recorded

during each test and plotted to derive several test metrics.

An illustration of a typical small-punch load–displace-

ment plot is shown in Figure 1. The peak load is analogous

to the yield strength (YS) in a standard, uniaxial tensile test

and is indicative of the transition from the initial bending

phase to the drawing phase in which the specimen is plasti-

cally deformed by the head of the punch.17 The ultimate

load is defined as the load at failure and is indicative of the

strength of the material. The amount of ductility is indi-

cated by the extent of crosshead displacement at failure

(ultimate displacement) and is analogous to the EL. Finally,

the area under the load–displacement curve, or the energy

to failure, is a measure of the toughness (strength and duc-

tility) of the material. The samples were returned after test-

TABLE I. Experimental Materials and Processing Parameters

Sample

ID

Resin/

Production

Lot

Nominal

Radiation

Dose (Mrad)

Postirradiation

Heat Treatment

CPE-1 A – –

SQXL-1 A 3 3 3.0 3 3 1308C for 8 h

XL-130 A 9.0 1308C for 8 h

XL-147 A 9.0 1478C for 2 h

X3TM B 3 3 3.0 3 3 1308C for 8 h

CPE-2 C – –

SQXL-2 D 3 3 3.0 3 3 1308C for 8 h

All of these materials were fabricated from compression-molded GUR1020

UHMWPE rod stock.
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ing, sectioned along the fracture plane, sputter-coated with

gold, and examined by SEM with a secondary electron de-

tector.

Differential Scanning Calorimetry. Thermal analysis

was conducted according to ASTM F2625-07 using a

Netzsch 204 F1 Phoenix (Burlington, MA) differential

scanning calorimeter (DSC) and Proteus thermal analysis

software (Huntersville, NC). Five samples (n 5 5) were

removed from the core of each rod.

Samples were cut and weighed to a resolution of

0.01 mg and ranged in mass from �5 to 10 mg. An attempt

was made to keep the approximate dimensions of the sam-

ples consistent to minimize dimensional effects on the ther-

mogram variability. For all of the thermograms, an empty

aluminum crucible was used as the reference. First, an

empty aluminum crucible was run as a baseline correction.

For each of the materials, the samples were crimped into

aluminum crucibles and placed in the DSC chamber, which

was continuously flushed with nitrogen gas at a flow rate

of �30 mL/min. The DSC cycle consisted of a 1-min

equilibration at 258C, followed by heating to 1808C at

108C/min rate. The samples were then cooled to 258C at

208C/min. These thermograms were analyzed to determine

the extrapolated onset (TOM) and peak melting (TPM) tem-

peratures and the heat of fusion (DHm). For the determina-

tion of DHm, the lower limits of the peak-area calculation

were systematically placed at 508C. The upper limit was

varied to account for changes in the location of the melting

endotherm. The percent crystallinity (%X) for each condi-

tion was estimated as:

%X ¼ DHm

291
3 100 ð1Þ

where 291 is the enthalpy (J/g) associated with the melting

of 100% crystalline polyethylene.

Molecular Network Parameters. Portions of the rod

stock were sent to Cambridge Polymer Group (Boston,

MA) for determination of the swell ratio (qs), percent

extract (for CPE-1 only), crosslink density (md), and molec-

ular weight between crosslinks (Mc). Three cubes (n 5 3)

with nominal dimensions of 5 3 5 3 5 mm3 were prepared

from each material by Cambridge Polymer. The CPE-1

sample was evaluated according to ASTM D2765-01,

Method C, while the highly crosslinked samples (SQXL-1,

XL-130, and XL-147) were evaluated according to ASTM

F2214-02. Once qs was determined according to the perti-

nent ASTM standard, the crosslink densities and molecular

weights between crosslinks were calculated for all materials

according to the following equations delineated in ASTM

F2214-02:

Crosslink density ¼ md ¼
Ln 1� q�1

s

� �þ q�1
s þ v1q

�2
s

/1 q
�1=3
s � q�1

s

2

 ! ð2Þ

Molecular weight between crosslinks ¼ Mc ¼ ð�mmdÞ�1 ð3Þ

where v1 5 heat of mixing for the polymer–solvent system

(Flory interaction parameter) 5 0.3310.55/qs; /1 5 molar

volume of the solvent 5 136 cm3/mol 5 0.136 dm3/mol;

�m�1 5 specific volume of the polymer 5 920 g/dm3.

Electron Spin Resonance. Samples for electron spin

resonance (ESR) with diameters of 3 mm and lengths of 10

mm were punched from each of the materials in this study

(n 5 4). Because the free radicals in these materials are

highly reactive and sensitive to exposure to oxygen, care

was taken to minimize this exposure prior to analysis. The

ESR samples were removed from the center of the rod

stock where the material had been effectively shielded

from exposure to the atmosphere by the surrounding mate-

rial. In addition, the time from sample preparation to ESR

analysis was minimized and generally maintained at 1–2

days with storage at room temperature in the dark.

The FRC in each sample was determined with an X-

band ESR spectrometer (Bruker EMX300) operating at a

microwave frequency of �9.8 GHz and employing a high-

sensitivity universal X-band resonator cavity. ESR test pa-

rameters were constant for all measurements at 1 mW

microwave power, 5 Gauss amplitude modulation, 200 G

sweep width, 3500 center field, and a relatively high gain

and Q-value. The absolute magnitude of the FRC was ana-

lyzed and computed with WinEPR analysis software. The

area under the absorption curve of a test specimen was

compared to that of the National Institute of Standards and

Testing (NIST) intensity standard SRM-2601, and these

results were normalized to the specimen’s weight.

Oxidation. To assess the oxidation potential of these

materials, three specimens (25.4 3 25.4 3 4.76 mm3) of

each material were artificially aged according to ASTM

F2003-02. Briefly, the samples were placed in a pressure

vessel and heated to 708C in oxygen at 503 kPa (5 atm) for

a total of 14 days. A microtome was used to remove thin,

Figure 1. Schematic load–displacement plot from small-punch test-

ing demonstrating the derived mechanical parameters.
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through-thickness slices (�200 lm thick) from the artifi-

cially aged samples. These films were then briefly cleaned

with acetone to remove any oils or other contaminants and

dried.

For all oxidation measurements, a Thermo Nexus 670

Fourier-transform infrared (FTIR) spectrometer with a

Nicolet Centaurus microscope (Thermo Electron, Waltham,

MA) was used in transmission mode with a resolution of

4 cm21 and a triangular apodization function. Each profile

was begun �75 lm below the outer surface of the sample,

and spectra were recorded every 200 lm thereafter through

the thickness of the sample. Sixty-four spectra were col-

lected and averaged at each step in the profile, and back-

ground spectra were collected after every five steps in the

profile. The oxidation index (OI) was determined to be the

ratio of the area under the peak at 1720 cm21 to the area

under the peak between 1330 and 1396 cm21, as outlined

in ASTM F2102-06. Three profiles were measured per sam-

ple for a total of nine profiles per material (n 5 9). The

maximum oxidation indices (OImax) were determined for

each profile and averaged to produce a mean OImax for

each material.

Statistical Analysis. Statistical analyses of the results

were performed with Minitab 13.32 software (Minitab,

State College, PA). Analysis of variance (ANOVA) was

conducted to determine statistically significant differences

between all of the treatments. When significant differences

were found at a 0.05 level of significance (a), the exact

relationships between variables were examined through

post hoc Tukey or Dunnett’s analyses.

Analysis of an Explanted, Sequentially Crosslinked
Component

An explanted X3TM acetabular liner (Part #623-00-36E)

was obtained after revision for recurrent dislocations. Based

upon the identifying information on the component, it

appears that this acetabular cup was manufactured in 2005.

Since the cup was received in May 2007, it was 29 months

old, at most. Upon receiving the retrieved cup, it was

stored in air at room temperature in the dark. The durations

of preoperative shelf-aging, in vivo service, and postre-

trieval shelf-aging were unknown. According to the litera-

ture,13 X3TM components are also fabricated from

compression-molded GUR1020 UHMWPE.

This cup was sectioned into multiple specimens for anal-

ysis to directly compare the properties to the materials pro-

duced in this well-controlled study. Because of the limited

material available, bulk mechanical properties of the X3TM

cup could not be assessed. Thus, the retrieved cup was

characterized by SPT, DSC, ESR, FTIR, and swelling

experiments in the same manner as delineated above. For

SPT, three cores (Ø 7.14 mm) were punched from the

articular surface of the retrieved cup. One disc-shaped

specimen (Ø 6.35 3 0.5 mm) was machined from the mid-

dle of each core. For evaluation with DSC, five samples

each were removed from the rim and the bearing surface of

the cup, for a total of 10 samples. Samples for ESR with

diameters of 3 mm and lengths of �5 mm were punched

from the articular region (n 5 3). The X3TM acetabular

cup was not subjected to artificial aging; however, oxida-

tion of the as-received cup was evaluated. Extraction of

absorbed lipids from the retrieved cup was not performed

because an ester peak was not observed in the FTIR spectra

in the region of 1738 cm-1. A microtome was used to

remove thin, through-thickness slices (�200 lm thick) at

both the rim and the bearing portion of the articular surface

of the cup for analysis by FTIR. Finally, three samples for

the swelling experiments (ASTM F2214-02) were fabri-

cated from the articular region.

Effects of Tensile-Sample Thickness

In the third part of this study, additional compression-

molded GUR1020 materials were purchased from Medi-

TECH. One material remained in the virgin condition

(CPE-2) and a second rod was sequentially crosslinked

(SQXL-2) in the same manner as previously outlined for

the SQXL-1 material. It should be noted that these materi-

als were from different lots; therefore, these results also

include lot-to-lot variability.

Again, the tensile tests were conducted by MediTECH

following ASTM D638-03 specifications with the Type IV

sample at displacement rates of 50 mm/min. However, in

this part of the study, the nominal thicknesses of the sam-

ples were either 1, 2, or 3 mm with tolerances of 60.05

mm. Five replicates (n 5 5) of each material were tested at

each thickness.

Statistical Analysis. To evaluate the correlation between

a given mechanical property and the sample thickness, vari-

ous regression models (e.g., linear, power, exponential)

were fit to the data and the goodness-of-fit was assessed

through the coefficient of determination (r2). Significant

changes in a given mechanical property upon changes in

the thickness for a given material were evaluated by

ANOVA as previously described.

RESULTS

Effects of Sequential Irradiation

Mechanical and Physical Properties Characteriza-

tion. The mechanical and physical properties are reported

in Table II. A comparison of SQXL-1 and XL-130 demon-

strates that, at the tested levels, sequential irradiation had

no significant effect on the YS (p 5 0.611), UTS (p 5
0.9999), elongation (p 5 0.9999), or impact strength (p 5
0.8688). On the other hand, each of these properties, with

the exception of YS, decreased by significant amounts (p �
0.0014) for all forms of crosslinked materials compared to

the virgin CPE-1 material (Figures 2–4). Compared to
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annealing below the melt (SQXL-1 and XL-130), annealing

above the melt temperature (XL-147) produced a 10%

decrease in the UTS (p � 0.454), a similar EL (p �
0.485), and a 13–16% increase in impact strength (p �
0.001). These statistical differences are summarized in Ta-

ble III, where, within the derived parameter of interest,

materials not connected by the same letter are statistically

different.

Similar results were observed with SPT (Table II, Fig-

ures 5–9). All of the crosslinked materials were distinctly

different from CPE-1 with strain hardening behavior in the

load–displacement plots (Figure 5) and higher ultimate

loads (p 5 0.000). The crosslinked materials also exhibited

lower ultimate displacements than CPE-1, although only

SQXL-1 and the retrieved cup were significantly different

(p 5 0.029) at the tested levels. As found with the bulk

mechanical properties, no significant differences between

single-dose (XL-130) and sequential-dose (SQXL-1) irradi-

ation were observed in the load–displacement curves or

any of the mechanical properties derived through SPT (Ta-

ble IV). No significant differences were found for the peak

load (Figure 6) or the energy to failure (Figure 9) between

any of the samples evaluated, at the levels tested in this

study.

No statistically significant differences in the small-

punch-test metrics were observed between the X3TM re-

trieval and any of the crosslinked materials produced for

this study. In addition, the ultimate load and ultimate dis-

placement for the retrieved cup were significantly different

from the virgin material.

TABLE II. Mean 6 Standard Deviation Values of the Properties Evaluated

CPE-1 SQXL-1 XL-130 XL-147 X3TM

Yield strength (MPa) 23.0 6 0.3 23.3 6 0.2 23.6 6 0.4 21.0 6 0.2 –

Ultimate tensile strength (MPa) 57.4 6 3.1 47.7 6 1.9 47.3 6 3.2 42.9 6 3.1 –

Elongation at break (%) 509 6 29 267 6 6 264 6 17 279 6 19 –

Izod impact strength (kJ/m2) 158 6 3 60 6 2 59 6 3 68 6 1 –

Small-punch test peak load (N) 73.4 6 1.6 71.6 6 1.0 73.4 6 2.4 70.6 6 1.8 73.1 6 1.8

Small-punch test ultimate load (N) 62.0 6 1.0 95.8 6 6.1 97.8 6 3.2 91.5 6 2.0 100.7 6 4.7

Small-punch test ultimate

displacement (mm)

4.4 6 0.0 3.7 6 0.4 3.7 6 0.2 3.8 6 0.1 3.7 6 0.1

Small-punch test energy to failure (mJ) 243 6 5 222 6 39 229 6 17 222 6 8 231 6 31

Onset melting temperature, TOM (8C) 126.6 6 0.7 131.1 6 0.7 130.6 6 0.6 122.7 6 0.6 132.4 6 0.5

Peak melting temperature, TPM (8C) 140.7 6 1.8 145.8 6 1.1 144.5 6 1.1 140.5 6 1.5 146.3 6 1.2

Percent crystallinity, %X (%) 57.3 6 1.1 61.3 6 0.9 60.5 6 1.1 52.3 6 2.1 62.1 6 1.1

Free-radical concentration (31015 spins/g) ND 2.4 6 0.7 1.3 6 0.2 ND 0.73 6 0.16

Maximum oxidation index (OImax) 0.02 6 0.00 0.20 6 0.11 0.31 6 0.19 0.02 6 0.00 0.10 6 0.03a

Swell ratio, qs 15.77 6 0.76 3.14 6 0.08 3.12 6 0.09 2.98 6 0.01 3.34 6 0.15

Crosslink density, md (mol/dm3) 0.013 6 0.001 0.193 6 0.010 0.195 6 0.010 0.213 6 0.001 0.171 6 0.014

Extract (%) 21.0 6 3.5 – – – –

Molecular weight between

crosslinks, Mc (3103 g/mol)

78.97 6 5.72 4.77 6 0.23 4.72 6 0.26 4.31 6 0.03 5.39 6 0.46

ND, not detectable.
a As-received condition with no accelerated aging.

Figure 2. Plot of the ultimate tensile strength (UTS) for the com-

pression-molded GUR1020 UHMWPE samples subjected to various

gamma-radiation doses and heat treatments. The error bars repre-
sent the standard deviations.

Figure 3. Plot of the elongation at break for the compression-

molded GUR1020 UHMWPE samples subjected to various gamma-

radiation doses and heat treatments. The error bars represent the
standard deviations.
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Post-test examination of the sample cross-sections

(Figure 10) demonstrated that the CPE-1 samples experi-

enced greater amounts of drawing due to their inherent

ductility. This behavior was evidenced by the greater extent

of thinning of the sample [Figure 10(a)] and the ductile

appearance of the fracture surfaces. An attempt was made

to measure the cross-section thicknesses of the samples on

the fracture planes, but this was complicated by difficulties

in assuring that the viewing axis was perpendicular to the

fracture surface of interest. Therefore, only estimates of the

final thicknesses were possible. The thicknesses for CPE-1

ranged from 20 to 100 lm, while the thicknesses for the

remaining samples were on the order of 120–200 lm.

Thus, the true stresses at fracture for the thinner, CPE-1

samples were likely higher than those of the thicker, cross-

linked materials. As a result, the strain softening behavior

for the CPE-1 samples (Figure 5) in the small-punch tests

appears to be an artifact of the load–displacement plot.

Differential Scanning Calorimetry. The mean TOM, TPM,
and %X derived from the DSC thermograms are reported

in Table II. Again, no statistically significant differences

were found within these parameters between the single-

dose (XL-130) and sequentially (SQXL-1) irradiated mate-

rials (p � 0.365), at the levels tested (Table IV). On the

other hand, the crosslinked, submelt-annealed materials

(SQXL-1 and XL-130) exhibited significantly higher TOM,
TPM, and %X compared to the virgin (CPE-1) and cross-

linked, remelted (XL-147) materials. However, these

changes represented small increases that were �4% for

TOM, 4% for TPM, and 7% for %X, respectively.
At the levels tested in this study, there were no statisti-

cally significant differences (p � 0.409) in the thermophys-

ical properties found between the rim and the bearing

surface of the retrieved X3TM cup. Therefore, the values

for the cup reported in Table II and in the following statis-

tical analyses are representative of all 10 samples collected

at both locations.

The TOM for SQXL-1 and XL-130 were slightly lower

(21%, p \ 0.001) than for the X3TM cup, while the virgin

(CPE-1) and crosslinked, remelted (XL-147) materials were

4–7% lower, respectively. On the other hand, no statisti-

cally significant differences were detected for the TPM and

%X between the X3TM cup and either of the crosslinked,

submelt-annealed materials. For TPM and %X, only the vir-

gin and crosslinked, remelted materials were significantly

lower (p \ 0.001) than the X3TM cup. The crystallinity of

the retrieved X3TM cup was approximately equivalent to

values reported for sequentially crosslinked UHMWPE in

the literature.13,14,18,19

Molecular Network Parameters. The mean swell ratios

(qs), percent extracts, crosslink densities (md), and molecular

weights between crosslinks (Mc) are reported in Table II.

Again, there were no statistically significant differences

(p [ 0.50) detected between the sequential- and single-

dose materials at the levels tested in this study. In contrast,

postirradiation remelting increased the crosslink density by

a statistically significant amount for the XL-147 samples

compared to the submelt-annealed materials. No statisti-

cally significant differences in crosslink densities were

detected in this study between the X3TM cup, SQXL-1, and

XL-130. For comparison of these numerous crosslink den-

sities, the crosslink densities from this study have been

plotted as a function of radiation dose in Figure 11. Within

this plot, the reported ranges of crosslink densities for vari-

ous doses in the literature are denoted by the dashed lines.

It should be noted that it appears to be a common prac-

tice in the literature to truncate Eq. (2) by ignoring the final

term in the denominator (20.5q�1
s ), which, according to

Flory,20 is only applicable if the swell ratio is above 10.

Figure 4. Plot of the Izod impact strength for the compression-

molded GUR1020 UHMWPE samples subjected to various gamma-
radiation doses and heat treatments. The error bars represent the

standard deviations.

TABLE III. Summary of ANOVA Observed Levels of Significance (p) and the Post-Hoc Tukey Tests of the Yield Strength (YS), Ultimate
Tensile Strength (UTS), Elongation at Break, and Izod Impact Strength

YS (p 5 0.000)

UTS

(p 5 0.000)

Elongation

(p 5 0.000) Impact (p 5 0.000)

CPE-1 B A A A

SQXL-1 B C B B C

XL-130 C B B C

XL-147 A B B B

Within each of the derived parameters, materials not connected by the same letter are significantly different.
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For crosslinked UHMWPE, the swell ratio is far below 10;

therefore, the full equation should be used. This truncation

results in artificially decreased crosslink densities that devi-

ate further from the true value as the swell ratio decreases.

For materials with even low levels of crosslinking (e.g., 2

Mrad dose, qs � 5), this truncation results in a minimum

of a 15% error. Moreover, the error grows dramatically

with increases in the irradiation dose. At least two previous

studies of sequential crosslinking clearly utilized the trun-

cated equation to calculate the crosslink density.18,19 Since

several of these same values are also reported in other stud-

ies13,14 of X3TM, it is assumed that all of the crosslink den-

sities reported by these authors are calculated by the

truncated equation. To facilitate meaningful comparisons

with the current study, those crosslink densities were con-

verted to the correct value as determined by the full ASTM

equation [Eq. (2)].

Electron Spin Resonance. In the evaluation of the

FRCs (Table II), the difference between the sequential- and

single-dose materials (SQXL-1 and XL-130) was statisti-

cally significant (p 5 0.004); sequential crosslinking was

found to result in an 85% greater FRC than single-dose

crosslinking to the same dose. Based upon analyses of the

spectra for these submelt-annealed samples (Figure 12), the

appearance of six lines with hyperfine splitting of about

20 G is indicative of alkyl free radicals.21 The unirradiated

(CPE-1) and melt-annealed (XL-147) materials did not

show discernible peaks in the ESR spectra (Figure 12);

only system noise was observed for these materials. There-

fore, the FRCs for CPE-1 and XL-147 were considered to

be not detectable (ND).

For the retrieved cup, the FRC was significantly lower

than SQXL-1 and similar to XL-130 and previous studies

of sequentially crosslinked materials.13,14,18,19,22 However,

comparison of the ESR spectra (Figure 12) demonstrates

that the type of free radicals present in the retrieval is dis-

tinctly different from those of the other materials produced

for this study and subjected to accelerated aging.

Figure 5. Average load–displacement plots from small-punch test-

ing for the compression-molded GUR1020 UHMWPE samples sub-

jected to various gamma-radiation doses and heat treatments.

Figure 6. Plot of the peak load as determined by small-punch test-

ing for the compression-molded GUR1020 UHMWPE samples sub-

jected to various gamma-radiation doses and heat treatments. The

error bars represent the standard deviations, and the percent differ-
ences are relative to CPE-1.

Figure 7. Plot of the ultimate load as determined by small-punch

testing for the compression-molded GUR1020 UHMWPE samples

subjected to various gamma-radiation doses and heat treatments.

The error bars represent the standard deviations, and the percent
differences are relative to CPE-1.

Figure 8. Plot of the ultimate displacement as determined by small-

punch testing for the compression-molded GUR1020 UHMWPE

samples subjected to various gamma-radiation doses and heat
treatments. The error bars represent the standard deviations.
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Oxidation. The mean maximum oxidation indices

(OImax) for each material are reported in Table II. Acceler-

ated aging resulted in minimal OImax of 0.02 in the virgin

(CPE-1) and remelted (XL-147) materials, which denotes

little to no oxidation and is within the range of the uncer-

tainty of the test method.23 Measurably greater oxidation

was observed for both of the submelt-annealed materials

(SQXL-1 and XL-130) with no statistically significant dif-

ference (p 5 0.140) between the two, at the levels tested.

The OImax for SQXL-1 was much greater than those

reported for X3TM (0.05-0.1).13,14,22,24 On the other hand,

the OImax found for XL-130 in this study is 76% lower

than that reported previously (1.1 � OImax � 1.3) for a

similarly processed material.13,14,22

Analysis of the oxidation present in the as-received

X3TM cup by FTIR showed that minimal oxidation had

occurred in the component. The OImax was 0.10 6 0.03

(Table II), which is minimal and near the noise level of the

measurement technique. In every case, the OImax in each

profile was at the exposed surface.

Effects of Tensile-Sample Thickness

The results from tensile testing with Type IV samples of

various thicknesses are summarized in Table V. The power

regression model was the best fit for all of the materials

and mechanical properties (Tables VI and VII), with the

exception of EL for CPE-2. For CPE-2, the YS and UTS

were found to be inversely correlated with sample thick-

ness; more than 90% of the variability in those properties

was explained by the changes in the sample thickness (Ta-

ble VI). However, none of these trends were found to be

statistically significant (p � 0.163) at the levels tested in

this study. For SQXL-2, UTS and elongation were inver-

sely correlated with sample thickness (Table VII). More

than 88% of the variabilities in those properties were

explained by the changes in sample thickness. Only the

UTS for SQXL increased by a statistically significant

Figure 9. Plot of the energy to failure as determined by small-punch

testing for the compression-molded GUR1020 UHMWPE samples

subjected to various gamma-radiation doses and heat treatments.
The error bars represent the standard deviations.
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amount (p \ 0.001) with a decrease in sample thickness to

1 mm.

Based upon these correlations, the UTS is the primary

property that is affected by changes in the sample thick-

ness. A reduction of thickness from 3 to 1 mm resulted in

a 21% increase in UTS for SQXL-2, as shown in Figure

13. In contrast, the virgin material (CPE-2) was less sensi-

tive to the reductions in thickness and exhibited a 13%

increase (p 5 0.163) in UTS. Examination of the engineer-

ing stress-engineering strain plots demonstrated that the

increases in mechanical properties are primarily due to

increased strain hardening with decreasing thickness.

DISCUSSION

This study was undertaken to investigate the effect of

crosslinking UHMWPE in a stepped sequence to the final

desired dose and to compare the results to single-dose

crosslinking. Numerous properties were examined, with the

exception of wear resistance. The results of this study are

summarized below.

The mechanical properties of submelt-annealed

UHMWPE derived from bulk and SPT were found to be

indifferent to single- or sequential-dose irradiation. None of

the mechanical-test metrics showed measurable effects of

sequential irradiation. Furthermore, select mechanical prop-

erties (i.e., UTS, elongation, and impact strength) were

measurably decreased for all forms of crosslinked

UHMWPE compared to virgin UHMWPE. These findings

are in conflict with previous studies of sequential crosslink-

ing13,14,18,19,25 and product advertisements26 for commer-

cially available products that utilize sequential crosslinking

methods (X3TM, Stryker, Mahwah, NJ). Although the mean

YS and elongation determined in the current study are

approximately equivalent to those previously published val-

Figure 10. SEM photomicrographs of the cross-sections of the small-punch-test samples after testing.

(a) CPE-1, (b) SQXL-1, (c) XL-130, (d) XL-147, and (e) X3TM retrieval.
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ues, the UTS was considerably lower in this study. It is not

clear if these previous studies used the same starting virgin

UHMWPE in manufacturing the various formulations of

crosslinked UHMWPE. In contrast, it should be noted that

the present study was conducted with material produced

from single resin and production lots, thereby eliminating

resin-to-resin and compression-molding variabilities.

The findings of this study are consistent with the under-

standing that crosslinking and the subsequent properties are

primarily dominated by the total, cumulative irradiation

dose. Upon crosslinking, the new UHMWPE structure lim-

its the strain-induced chain alignment that accompanies me-

chanical loading of the material. Because the molecular

chains are constrained, applied strains are accommodated

by chain fracture, which results in a net decrease of the

UTS and EL. The same mechanism is also responsible for

the observed reduction of toughness (i.e., impact strength

and energy to failure) upon crosslinking. It is important to

note that the published studies for X3TM UHMWPE report

a reduction in EL that is similar to that found in the present

study. Additionally, Lancin et al.24 reported an Izod impact

strength of 78 kJ/m2 for the X3TM material. This value is

measurably lower than the impact strength of virgin, com-

pression-molded GUR1020 UHMWPE (�140 kJ/m2).27,28

Therefore, previously published results of elongation and

impact strength for X3TM are consistent with the present

study in that these metrics are measurably reduced upon se-

quential crosslinking of UHMWPE.

This study confirmed that certain mechanical properties

are affected by the temperature of postirradiation thermal

treatments, namely annealing below the melt temperature

and remelting above the melt temperature. Remelting

showed measurably greater elongation and impact strength,

while annealing below the melt showed a trend towards

greater YS and UTS.

Because the mechanical properties of UHMWPE are

directly influenced by the molecular structure of the mate-

rial, this study also measured thermophysical and molecu-

lar-network parameters for sequential- and single-dose-

crosslinked materials. Similar to the mechanical properties

discussed above, this study found that the temperatures at

the onset of melting (TOM) and at the peak melt (TPM),
along with the percent crystallinities (%X), were not differ-

ent for the sequential- and single-dose-crosslinked materi-

als. Furthermore, TOM, TPM, and %X for both of these

materials were measurably different from those of the orig-

inal, virgin UHMWPE. The crosslink density and molecular

weight between crosslinks of sequentially crosslinked mate-

rial were found to be the same as the submelt-annealed,

single-dose material. These observations lend further cre-

dence to the mechanical-property results that showed se-

quential irradiation and annealing had no effect compared

to a single-dose process.

Figure 11. Plot of crosslink density as a function of radiation dose

for the retrieved X3TM acetabular cup and the additional materials

produced from compression-molded GUR1020 UHMWPE for this

study. Data for X3TM reported in the literature (open symbols) are
also plotted for comparison.13,14,18,19 Based upon a survey of the lit-

erature, the typical range of crosslink densities is approximated by

the dashed lines.

Figure 12. Representative electron spin resonance (ESR) spectra

for the compression-molded GUR1020 UHMWPE samples sub-

jected to various gamma-radiation doses and heat treatments and
the retrieved X3TM cup.

Figure 13. Mean ultimate tensile strengths (UTS) for the virgin

GUR1020 (CPE-2) and sequentially crosslinked GUR1020 (SQXL-2)

tested with specimen thicknesses of 1, 2, and 3 mm.
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Comparison of the crosslink densities determined in this

study with those from the literature for similar materials

further verifies this study. The crosslink densities for the

materials produced in this study (SQXL, XL-130, and XL-

147) are within this expected range (0.150 � md � 0.260)

for materials irradiated to doses of 9 Mrad (Figure 11).27

The mean crosslink density for the X3TM retrieval was

determined to be 0.171 mol/dm3, which is on the lower end

of the range expected for a material crosslinked with a 9

Mrad dose. These values are in reasonably good agreement

with the corrected crosslink density of 0.197 mol/dm3 that

is reported in a previous study of sequential crosslinking in

the literature.18 On the other hand, these findings are dra-

matically different from several other studies13,14 in which

the X3TM process reportedly resulted in a corrected cross-

link density (md 5 0.387 mol/dm3) that was 2.7 times

greater than the value reported for a single-dose material

and 38% higher than the crosslink density reported for a

material irradiated to 20 Mrad.29 In these previous studies,

the crosslink density of X3TM is compared to that of a 9

Mrad, single-dose material (md 5 0.141 mol/dm3), which is

slightly lower than expected for a 9 Mrad material and

comparable to the values reported in other studies for mate-

rials crosslinked with doses of �3–5 Mrad.27,29,30 These

abnormally high (X3TM) and low (single-dose 9 Mrad)

crosslink densities result in dramatic differences that the

authors attribute directly to the sequential crosslinking pro-

cess. However, these values are difficult to reconcile based

upon comparisons with the majority of the studies in the

literature and the results in the current study.

When striving to duplicate previously published experi-

mental results, the results can often be confounded by not

knowing the nuances and minute details of all of the

experiments and processes. This concern was ameliorated

in this study by the commercial availability of the end

product of that previous research on sequential crosslinking

in the form of X3TM arthroplasty components. An X3TM

acetabular cup retrieved from a patient was available for

testing, the results of which can be compared directly with

the sequentially crosslinked UHMWPE produced in this

study. The acetabular cup size is such that it was amenable

only to mechanical testing through SPT. The bulk, uniaxial

mechanical properties of the SQXL-1 and XL-130 materi-

als were shown to be equivalent to each other and substan-

tially different from both the virgin material (CPE) and the

reported values for X3.13,24 In SPT, the mechanical proper-

ties of SQXL-1 and XL-130 were again found to be equiv-

alent to each other and substantially different from the

virgin material (CPE). Because the small-punch-test behav-

ior of the retrieved X3TM cup was virtually identical to

SQXL-1 and XL-130 (Figure 5), it is reasonable to con-

clude that X3TM would have bulk deformation behavior

similar to these crosslinked materials. In addition, the ther-

mophysical and molecular-network parameters were meas-

ured for the retrieved X3TM cup and were virtually

identical to the sequential- and single-dose-crosslinked

UHMWPE materials produced in this study.

In UHMWPE orthopedic implants, it is desirable not

only to have advantageous mechanical and wear properties,

but also to retain them over long durations in vivo. This
stability is typically measured by determining the residual

FRC in the material. It is well known that remelting is

vastly more effective in quenching the free radicals than

annealing below the melt temperature. The present study

confirmed this. Furthermore, no advantage was found in se-

TABLE VII. Best-Fit Regression Models and the Associated
Coefficients of Determination (r2) for the Correlations Between
Mechanical Properties and Tensile-Sample Thickness for the
Sequentially Crosslinked GUR1020 (SQXL-2)

Mechanical

Property Model r2 p

YS Power 0.009 0.488

UTS Power 0.995 \0.001

EL Power 0.880 0.066

The observed levels of significance (p) were determined by ANOVA.

TABLE VI. Best-Fit Regression Models and the Associated
Coefficients of Determination (r2) for the Correlations Between
Mechanical Properties and Tensile-Sample Thickness for the
Virgin GUR1020 (CPE-2)

Mechanical Property Model r2 p

YS Power 0.905 0.237

UTS Power 0.944 0.163

EL Exponential 0.150 0.908

The observed levels of significance (p) were determined by ANOVA.

TABLE V. Mean 6 Standard Deviation Mechanical Properties of the Virgin GUR1020 (CPE-2) and Sequentially Crosslinked GUR1020
(SQXL-2) Materials Tested With Specimen Thicknesses of 1, 2, or 3 mm

Material

Sample

Thickness

(mm)

Young’s

Modulus

(MPa)

Yield

Strength

(MPa)

Ultimate

Tensile

Strength (MPa)

Elongation

at Break (%)

CPE-2 1 472 6 19 23.2 6 0.3 59.7 6 6.8 476 6 58

2 525 6 30 23.0 6 0.3 53.8 6 5.1 485 6 59

3 475 6 32 22.9 6 0.3 52.8 6 5.1 470 6 45

SQXL-2 1 502 6 41 23.0 6 0.4 52.0 6 2.4 282 6 14

2 524 6 32 23.3 6 0.4 45.5 6 2.2 264 6 14

3 493 6 21 23.0 6 0.6 42.9 6 2.1 263 6 11
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quential irradiation and annealing, compared to single-dose

irradiation and annealing.

The presence of free radicals at similar levels was also

verified in the X3TM retrieval. However, it should be noted

that the extent of exposure to oxygen for the retrieved

X3TM cup is unknown, and that the effects of this time on

the FRC are unknown as well. The ESR spectra for the

retrieved cup were distinctly different from those of the

other materials analyzed. While the other materials exhib-

ited primary free radicals, the retrieval was found to have a

singlet resonance line that is the result of reactions of the

primary radicals with oxygen to produce an oxygen-

induced radical (OIR). Depending upon the study refer-

enced, this terminal radical has been defined as a polyenyl-

type radical,21 a peroxy radical,31,32 or multiple radical

types that remain undetermined.33

Because a measurable FRC was found in all of the sub-

melt-annealed materials (i.e., the sequential- and single-

dose UHMWPE materials and the X3TM retrieval), oxida-

tion is possible with time and exposure to oxygen.34,35 This

potential for oxidation was observed in both of the sub-

melt-annealed materials produced for this study, independ-

ent of the method of irradiation (i.e., sequential- or single-

dose). Limited oxidation was also measured in the retrieved

cup. However, conclusions about the extent of oxidation

measured in the retrieved cup are difficult, because its

exact history of oxygen exposure is unknown. In contrast

to these submelt-annealed materials, the remelted material

produced for this study exhibited a nondetectable level of

free radicals and no measurable oxidation after accelerated

aging. As a result, it can be anticipated that this material

will remain stable in vivo, and the mechanical and tribolog-

ical properties will not degrade with time.

For some perspective on the clinical implications of

these FRCs, the level of free radicals measured in the

X3TM cup is comparable to those reported for both gamma-

in-air-sterilized materials36 and CrossfireTM,36,37 another

submelt-annealed, highly crosslinked UHMWPE (Stryker,

Mahwah, NJ). Oxidation of gamma-in-air-sterilized compo-

nents has been thoroughly documented as detrimental to

the tribological and mechanical properties of knee compo-

nents in particular.38,39 With Crossfire, emerging clinical

experience35,40–42 is demonstrating that this level of resid-

ual free radicals leads to measurable levels of oxidation in

as little as several years in vivo.
The metastability of the retrieved X3TM cup with meas-

urable free radicals and the prior history of oxygen expo-
sure have the potential to influence the metrics derived in
this study. On the other hand, the low level of oxidation

measured in the retrieved cup suggests that few changes
had taken place in the relatively short duration of, at most,
29 months between manufacture and revision surgery. Fur-

thermore, the small-punch tests samples were extracted
from the core regions of the cup, which are less likely than
the near-surface regions to be influenced by the environ-
ment. The sum of these findings confirms that the sequen-

tially crosslinked material produced for this study

according to the teachings in the literature is a reasonable
representation of the commercially available product.

Previous studies13,14,18,19 reported that sequential irradia-

tion and annealing have a profound, beneficial effect on the

mechanical properties, particularly the UTS. The present

study was not able to duplicate these results. However, it

should be noted that these previous studies reported that se-

quential crosslinking did indeed result in greatly reduced

elongation to break and impact strength. The discrepancy

in UTSs between this study and the published literature

warrants examination, because UTS is a commonly

reported metric of UHMWPE materials for use as a medi-

cal implant. Mechanical testing for the determination of

UTS is typically conducted according to ASTM D638 uti-

lizing Type IV samples. However, this standard does not

specify a particular thickness for the samples, only a range

of 4 mm or less. At the same time, this standard acknowl-

edges that variations in the sample thickness ‘‘may influ-

ence the test results.’’ It has been confirmed that all

previous reports on sequential crosslinking utilized samples

with thicknesses of 1 mm.15,43 On the other hand, the mate-

rials produced in the present study were tested with sample

thicknesses of 3.0 6 0.05 mm. To elucidate the effect of

these differences in sample thickness, additional mechani-

cal testing was conducted with Type IV samples of varying

thickness. The UTS of sequentially crosslinked UHMWPE

was found to be measurably more sensitive to sample

thickness than virgin UHMWPE.

Although this effect is not fully understood, it may be

related to a higher probability of critical sized flaws in

thicker samples. The additional constraint of more material

in the thicker samples may also be influential in these

results. However, the large changes in UTS with little to

no change in EL suggest that the mechanism is not due to

a higher probability of flaws in a thicker sample. If this

were the operating mechanism, one would expect both

UTS and elongation to decrease with increasing thickness.

Notwithstanding these considerations, it is possible that the

UTS results reported for X3TM in the literature are con-

founded by the choice of 1 mm-thick tensile samples.

CONCLUSIONS

Based upon a well-controlled study with the same starting

material, there is no apparent benefit of sequential cross-

linking over crosslinking by single dose in any of the me-

chanical, thermophysical, physical or oxidative properties

evaluated in this study. In contrast, the soak temperature of

the postirradiation heat treatment was more influential and

exhibited statistically significant effects on the stability,

structure, and properties of the resultant material. This

study confirms that irradiation always results in decreases

in tensile strength, elongation, and impact strength, as com-

pared to unirradiated, virgin UHMWPE. Furthermore, this

study confirmed that submelt annealing leaves residual free

radicals in the materials, independent of whether the mate-
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rial was crosslinked by the sequential- or single-dose meth-

ods. As a result, oxidation of these materials is possible

with time and exposure to oxygen.

These results were confirmed by characterization of a

retrieved, sequentially crosslinked (X3TM) retrieval. Evi-

dence of strength preservation, elimination of free radicals,

or elevated crosslink density was not observed for this

explanted X3TM component.

Examination of the effect of tensile sample thickness on

the resultant properties demonstrated that the UTS of

UHMWPE can be elevated by conducting tensile tests with

thin specimens. Therefore, the purported benefits of sequen-

tial crosslinking may, in actuality, be an artifact of the

sample thickness.
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Abstract

Longevity of total joints has been compromised by wear and fatigue of ultrahigh molecular weight polyethylene (UHMWPE)

components. Crosslinking reduces UHMWPE wear, but combined with postirradiation melting, also reduces its fatigue strength,

therefore limiting its use in high-stress applications. We hypothesized that a lipophilic antioxidant (a-tocopherol, a-T) can protect

UHMWPE against oxidation eliminating the need for postirradiation melting of crosslinked UHMWPE and improve its fatigue

strength. To test these hypotheses, 65- and 100-kGy irradiated, a-T-doped and subsequently g-sterilized UHMWPE were used. (I)

a-T-doped irradiated UHMWPEs showed significantly lower oxidation levels (0.4870.25 and 0.4470.06) compared to 100-kGy

irradiated UHMWPE (3.7470.16) after 5 weeks of accelerated aging at 80�C in air. (II) Wear rate of a-T-doped irradiated

UHMWPE (1.970.5, and 0.970.1mg/million cycles (MC) for 65- and 100-kGy irradiated UHMWPE, respectively) were

comparable to that of 100-kGy irradiated/melted UHMWPE (1.170.7mg/million cycles). (III) The stress intensity factor at crack

inception (DKi) of 100-kGy irradiated UHMWPE increased significantly upon doping with a-T from 0.74 to 0.87MPam1/2

(po0:01). The DKi for the 100-kGy irradiated and melted UHMWPE, currently in clinical use, was 0.55MPam1/2. Doping with a-T
eliminated the need for postirradiation melting to protect irradiated UHMWPE against long-term oxidation. The fatigue strength

was improved by 58% for a-T-doped 100-kGy irradiated UHMWPE compared to irradiated and melted UHMWPE. The increase

in oxidative stability of a-T-doped UHMWPE is attributed to the ability of a-T to react with peroxy free radicals on lipid chains and

arrest the oxidation reactions. The improved fatigue strength is attributed to the increase in plasticity of UHMWPE due to the

lipophilic nature of a-T.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Ultrahigh molecular weight polyethylene
(UHMWPE) has been the material of choice for the
load-bearing, articulating surface for the metal/articular
pair used in total joint arthroplasty [1]. Despite high
long-term success rates for such reconstructions, wear
and fatigue damage of UHMWPE components can limit
the in vivo longevity of the joint replacement.

Adhesive/abrasive wear is the primary cause of failure
in total hips as it is a source of particulate debris leading
to peri-prosthetic osteolysis [2]. In total knees, implant
failure is caused primarily by fatigue damage secondary
to oxidation of UHMWPE components [3]. Peri-pros-
thetic osteolysis in total knees is also a growing problem
and plays a secondary role in implant failure [4–6].

Radiation crosslinking and melting increases the wear
and oxidation resistance of UHMWPE [7–9]. Ionizing
radiation creates free radicals that recombine to form
crosslinks. Some of these radicals (‘residual free
radicals’) are trapped, mostly in the crystalline domains.
The residual free radicals react with diffused oxygen and
consequently cause oxidative chain scission and embrit-
tlement. Typically, UHMWPE is melted subsequent to
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irradiation to recombine the residual free radicals.
However, radiation crosslinking and melting reduces
the fatigue strength of UHMWPE, thereby limiting the
use of highly crosslinked UHMWPE to low-stress
applications. Therefore, methods other than postirra-
diation melting are needed to provide long-term
oxidative stability and prevent loss of crystallinity. Also,
improvement of the fatigue strength of highly cross-
linked UHMWPE would allow its use in high-stress
applications.

High toughness and high fatigue strength of polymers
are attributed to energy absorbing mechanisms such as
cavitation and plastic deformation [10]. A fatigue crack
starts and propagates when the localized stress at the
crack tip cannot be dissipated through energy absorbing
mechanisms in the process zone ahead of the crack tip.
Micromechanical processes, such as cavitation and
plastic deformation are usually present in this process
zone, thereby decreasing the localized stresses at the
crack tip and resisting crack growth.

The major energy absorbing mechanism in
UHMWPE is the plastic deformation of the crystalline
domains (crystal plasticity), which depends on ductility
and crystallinity. We postulate that crosslinking and
melting decrease fatigue strength of UHMWPE by a
combination of two separate factors. First, the cross-
links formed during irradiation reduce the chain
mobility of UHMWPE, decreasing its ductility [8].
Second, the postirradiation melting decreases the
crystallinity, which is likely caused by the decrease
in amorphous content of the polymer available for
recrystallization after crosslinking. This decrease
in crystallinity might lead to a decrease in fatigue
strength [11].

We hypothesized that the incorporation of an
antioxidant would prevent oxidation and could be used
instead of postirradiation melting to protect UHMWPE
against oxidation. We further hypothesized that a
lipophilic antioxidant would locally plasticize the
irradiated UHMWPE, improving its fatigue strength.

We used a-tocopherol (also called a-T, vitamin E) as
the lipophilic antioxidant compound (Fig. 1). a-T is
biocompatible and is lipophilic owing to its phytyl tail,
providing favorable interactions with UHMWPE.
Furthermore, it is an antioxidant which can serve the
purpose of eliminating long-term adverse effects of
postirradiation oxidation. Kamal-Eldin and Appelqvist
[12] described the antioxidant mechanism of a-T on
lipids. The alkyl, oxy and peroxy free radicals on the
lipid molecules are spared from further reaction by the
donation of the phenolic hydrogen on the chroman ring
of a-T to the oxidized molecule (Fig. 1). The chroman
ring becomes resonance stabilized and subsequently
reacts further with free radicals. In the presence of
oxygen and oxidized species, the average reduced
molecule per molecule of a-T is theoretically 2.0 [13]

and was reported to be 1.3–1.6 experimentally [14].
Because of its hydrophobic nature, it blends easily with
UHMWPE. a-T has been blended with UHMWPE
powder before consolidation, and shown to reduce
oxidation levels in g-sterilized UHMWPE after acceler-
ated aging [15]. However, a-T is an efficient free radical
scavenger and stabilizes free radicals on alkyl chains
even at low concentrations. Therefore, we performed
our doping experiments by diffusion of a-T into
UHMWPE after irradiation in order to ensure high
and reproducible crosslinking. Although it would take a
large amount of time to obtain a high and uniform
concentration of a-T in UHMWPE, the highly efficient
antioxidant nature of a-T should allow us to use low
concentrations for improved oxidation resistance.

Irradiated UHMWPE without postirradiation stabi-
lization oxidizes to a large extent because the residual
free radicals react with diffusing oxygen molecules,
forming one peroxy free radical and one primary carbon
free radical, which induces more oxidation. Typically,
oxidative stability of irradiated UHMWPE is measured
by accelerated aging methods [16,17]. We expected the
oxidative stability of irradiated UHMWPE to improve
when doped with a-T because of this compound’s ability
to react with peroxy radicals on the UHMWPE chains.
Therefore, a-T would hinder the oxidation reaction from
continuing in a cascading manner. The wear behavior of
crosslinked UHMWPE should not be affected by a-T
doping based on our previous studies showing the effect
of lipid absorption on the wear behavior of UHMWPE
in a bidirectional pin-on-disc (POD) wear study [18]. a-T
was also expected to increase the plasticity of irradiated
UHMWPE, thereby increasing energy absorption
around a crack tip by increasing the extent of plastic
deformation.

Our objectives for this study were to investigate the
effect of a-T on: (1) the oxidative stability of irradiated
(highly crosslinked) UHMWPE as a means to eliminate
postirradiation melting, (2) fatigue strength of irradiated
UHMWPE, and (3) the wear behavior of irradiated
UHMWPE to prove that low wear exhibited by cross-
linked UHMWPE was not compromised in the presence
of a-T.
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2. Materials and methods

In the following studies, artificial aging and infrared
spectroscopy were used to determine the effect of a-T on
the oxidative stability of UHMWPE. Fatigue crack
propagation testing was used to measure the fatigue
resistance and bidirectional POD testing was used to
determine the wear resistance of a-T-doped irradiated
UHMWPE.

2.1. Preparation of test samples with a-T

Consolidated GUR 1050 UHMWPE bar stock
(Perplas Ltd., Lancashire, UK) was g-irradiated to 65-
and 100-kGy (Steris Isomedix, Northborough, MA).
Cubes (2 cm) for diffusion and oxidative stability
experiments, cylindrical pins (9mm diameter, 13mm
length) for POD wear testing and compact tension (CT)
specimens (ASTM E-647 A1) for fatigue crack propaga-
tion testing were machined from these irradiated
UHMWPEs. Samples were then doped with a-T for
16 h at room temperature or 100�C in air. Following
doping, the samples were further g-sterilized at a dose of
27 kGy. These two test groups will be referred to as a-T-

92 and a-T-127 with a total radiation dose of 92 and
127 kGy, respectively.

The preparation of relevant control materials for each
testing condition is detailed in each of the following
sections. A summary of test and control samples used in
this study are given in Table 1.

a-d,l-Tocopherol was purchased from Fischer Scien-
tific (Houston, TX) and used without further processing.

2.2. Diffusion of a-T into UHMWPE

To measure the extent of a-T diffusion into
UHMWPE, 2 cm cubes of 100-kGy g-irradiated
UHMWPE (Steris Isomedix, Northborough, MA)
(CI 100) were immersed in a-T at 100�C for 16 h under

0.5–0.6 atm of nitrogen pressure. Pressure was applied
by first purging the oven with nitrogen, then applying
vacuum and then adjusting the amount of nitrogen.

To measure the diffusion profile, a cross-section was
cut out of the immersed cube (100–150mm) using an
LKB Sledge Microtome (Sweden). The thin cross-
section was then analyzed using a BioRad UMA 500
infrared microscope (Natick, MA). Infrared spectra
were collected with an aperture size of 50� 50 mm2 as a
function of depth away from one of the edges that
coincided with the free surface of the cube. The infrared
spectra of UHMWPE and a-T are shown in Fig. 2 along
with the spectrum of a thin UHMWPE section with a
thin layer of a-T spread over it. The absorbance between
1226 and 1295 cm�1 is characteristic of a-T and
UHMWPE does not absorb near these frequencies.
With a selection of internal reference that is propor-
tional to the beam path length, one can accurately
calculate the relative composition of the material. For
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Table 1

A summary of samples used in this studya

Sample name Type of irradiation Irradiation dose (kGy) Postirradiation stabilization method

Test samples for accelerated aging, fatigue and wear testing

a-T-92 Gamma 65 a-T doping followed by 27-kGy g irradiation

a-T-127 Gamma 100 a-T doping followed by 27-kGy g irradiation

Control samples for accelerated aging

CI-100 E-beam 100 —

Control samples for fatigue testing

Unirradiated — — —

Conventional Gamma 25 —

CI-100 E-beam 100 —

CISM E-beam 100 Melting

aStarting material was consolidated GUR 1050.
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UHMWPE, the 1895 cm�1 wave number for the CH2

rocking mode is a typical choice as an internal reference
[19]. The normalized value, which is the ratio of the
integrated absorbances of 1260 and 1895 cm�1, is an
index (a-TI) that provides a relative metric of a-T
composition in UHMWPE. Spectra of a-T-doped
UHMWPE are shown as a function of distance away
from the surface in Fig. 3.

2.3. Accelerated aging and oxidation

We studied the protective effects of a-T on the
oxidation of irradiated UHMWPE during artificial
aging using a-T-92 and a-T-127 samples that had been
doped at room temperature. The objective of this study
was to show that the oxidation levels of a high-dose
irradiated, aggressively aged UHMWPE would be much
higher than that of a high-dose irradiated/a-T stabilized
and aggressively aged UHMWPE. Therefore, the control
used in this study was 100-kGy g-irradiated UHMWPE
(CI 100) without postirradiation stabilization.

Accelerated aging was performed by placing cubes
(n ¼ 3) in an oven at 80�C in air for 5 weeks. These
aggressive conditions for aging were chosen in order to
simulate extreme oxidation levels in UHMWPE and to
show the protective effects of a-T even under these
aggressive conditions. After aging, the cubes were
microtomed to thin sections (100–200 mm) using an
LKB Sledge Microtome (Sweden). A BioRad UMA 500
infrared microscope (Natick, MA) was used to measure
the extent and depth of oxidation. Infrared spectra were
collected with an aperture size of 50� 50 mm2 as a
function of depth away from one of the edges that
coincided with the free surface of the cube. The infrared
spectra were analyzed to calculate an oxidation index, as
the ratio of the areas under the 1740 cm�1 carbonyl and
1370 cm�1 methylene stretching absorbances.

2.4. Fatigue crack propagation testing

Fatigue crack propagation testing was performed on a
MiniBionix 858 (MTS, Eden Prairie, MN) following
ASTM E-647, the standard method for the measure-
ment of fatigue crack growth rates. We used compact
tension (CT) specimens of Type A1, precracked the
notch and conducted the tests with a stress ratio of 0.1 in
a 40�C water bath to simulate the in vivo temperature of
an articulating joint.

Unirradiated, 25-kGy g-irradiated (conventional), ac-
celerated aged conventional, 100-kGy g-irradiated (CI

100) and 100-kGy g-irradiated/melted UHMWPE
(CISM) were used as controls. These controls were
chosen to investigate the separate effects of irradiation,
aging and melting on UHMWPE. The a-T-doped
samples (a-T-92 and a-T-127) were tested in two distinct
concentration regimes that were observed. First, the
stress intensity factor at crack inception was measured
within the a-T-rich surface region. Second, the same
measurement was repeated after driving the crack tip
well into the bulk of the test sample, at least 3mm from
the original notch tip, to measure the fatigue strength of
the a-T-poor bulk region.

2.5. Wear testing

POD wear testing was done to determine the wear
resistance of high-dose irradiated UHMWPEs subse-
quently doped with a-T. The wear rates of unaged and
accelerated aged a-T-92 and a-T-127 samples that had
been doped at room temperature were compared to
literature values of unaged and aged conventional
25-kGy g-irradiated (in N2), 100-kGy electron beam
irradiated and melted and 105-kGy g-irradiated and
-annealed UHMWPEs that we previously reported [20].
These samples were chosen as control material because
they provided means of comparing a-T-doped samples
to commercially used UHMWPE with different levels of
residual free radicals. Unaged samples were compared
to accelerated aged ones because aging was used to
investigate the wear rates for a-T-doped test samples
when compared to samples containing residual free
radicals due to oxidative degradation.

Unaged and accelerated aged cylindrical a-T-92 and
a-T-127 samples were tested on a custom-built bidirec-
tional POD wear tester at a frequency of 2Hz before or
after accelerated aging as described above [21]. We used
undiluted bovine calf serum (JRH Biosciences, Inc.,
Lenexa, KS) as lubricant with 0.3wt% of sodium azide
as antibacterial agent and 0.1m ethylenedimainetetraa-
ceticacid as metal chelating agent. Wear was quantified
gravimetrically at 0.5 million cycle intervals. Initially, we
subjected the pins to 200,000 cycles of POD testing to
remove any loosely bound a-T. Thereafter, pins of each
group (n ¼ 3) were tested for a total of 2 million cycles.
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The wear rate was calculated by a linear regression of
weight change versus number of cycles from 0.5 to 2
million cycles.

2.6. Optical microscopy

We qualitatively analyzed the fatigue fracture surface
of a CT specimen of a-T-92. The fracture surface of the
sample was gold coated using an Edward Sputter Coater
S150B and observed under an optical microscope
(Olympus SZX12, Melville, NY).

In the following studies, statistical analysis was
performed using a Student’s t-test for two-tailed
distributions with equal variance.

3. Results

In order to measure the extent and depth of a-T
diffusion, we obtained infrared spectra of 100-kGy

irradiated UHMWPE that had been doped with a-T.
The change in the a-T absorbance as a function of depth
away from the free surface is shown in Fig. 3. Diffusion
profiles of a-T in 100-kGy irradiated UHMWPE at
100�C are shown in Fig. 4. This figure demonstrates the
a-T-rich and -poor regions. From the surface to as deep
as 500 mm, there was a large concentration of a-T
whereas beyond this depth, the bulk of the polymer
contained no detectable a-T. a-T-rich and -poor regions
are also qualitatively observed in the optical micrograph
of the fracture surface of a a-T-92 CT specimen (Fig. 5).

The effects of aging on the oxidation of undoped and
a-T-doped samples (at room temperature) are shown in
Fig. 6. The curves represent averages of three samples.
The 100-kGy g-irradiated control samples (CI 100)
showed significantly higher oxidation levels when
compared to a-T-92 and a-T-127; maximum oxidation
indices were 3.7470.16, 0.4870.25 (po0:001) and
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0.4470.06 (po0:001), respectively. The presence of a-T
protected irradiated UHMWPE against oxidation dur-
ing 5-week accelerated aging at 80�C in air.

The stress intensity factor range at crack inception
(DKi) for undoped samples is shown in Table 2. The
decrease in fatigue strength of the GUR 1050 upon
g-sterilization at a low dose of 25 kGy was not
significant in the unaged specimens (p > 0:1); however,
aged conventional UHMWPE showed significantly
lower fatigue strength (po0:01) compared to unaged
UHMWPE. Irradiation to 100 kGy (CI-100) signifi-
cantly reduced the fatigue resistance of UHMWPE
(po0:01). CISM samples that were 100-kGy irradiated
and melted had lower fatigue strength than CI-100 that
were only irradiated to 100 kGy (po0:001).

For the a-T-doped samples, there were two different
regimes of fatigue crack propagation (Fig. 7) corre-
sponding to different concentration of a-T within the
sample. The values obtained from the surface region
were higher than the bulk values for both a-T-92 and
a-T-127 samples (Table 3). Although the bulk values for
a-T-92 and a-T-127 samples prior to a-T doping were
similar, the samples with less irradiation (a-T-92) prior
to a-T doping had higher fatigue resistance.

The wear rate of the a-T-92 and a-T-127 samples did
not change upon aging (p>0.05, Fig. 8). The wear rate
of a-T-92 was 111% higher than that of a-T-127.

4. Discussion

Ionizing radiation and subsequent melting increases
the wear resistance of UHMWPE, but decreases its
mechanical properties, especially fatigue resistance.
Crosslinking that results from irradiation reduces the
wear of UHMWPE. Postirradiation melting is necessary
to remove the residual free radicals that would otherwise
cause oxidative embrittlement in the long term. Our aim
was to create a wear-, oxidation- and fatigue-resistant
material by the incorporation of a-T (a lipophilic
antioxidant) into irradiated UHMWPE, eliminating
the need for postirradiation melting. a-T is an antiox-
idant which can serve the purpose of eliminating long-
term adverse effects of postirradiation oxidation. As
described above, it acts on alkyl, oxy and peroxy free
radicals on lipids to spare them from further reaction
with oxygen.
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Table 2

Stress intensity factor range at fatigue crack inception (DKi) for unirradiated, sterilized and aged UHMWPE, and crosslinked and crosslinked/melted

UHMWPE

Material Unirradiated Conventional

(25 kGy in air)

100 kGy

(CI-100)

100 kGy irradiated/

melted (CISM)

Aged conventional

(25 kGy in air)

DKi (MPam1/2) 1.3770.06 (n ¼ 3) 1.2970.04 (n ¼ 3) 0.7470.01 (n ¼ 3) 0.5670.02 (n ¼ 3) 0.1870.06 (n ¼ 3)

Table 3

Stress intensity factor range at fatigue crack inception (DKi) in the bulk

and at the a-T-rich border for irradiated/a-T-doped polyethylenea

Material a-T-92 a-T-127

Total radiation dose (kGy) 92 127

DKI (MPam1/2) at the a-T-rich border 0.94 (n ¼ 2) 0.8370.02 (n ¼ 4)

DKi (MPam1/2) at the bulk with no a-T 0.76 (n ¼ 2) 0.70 (n ¼ 1)

aa-T doping was performed at 100�C for 16 h in air.
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The presently used doping conditions (16 h and
100�C) resulted in a surface region (o500 mm) that
was rich in a-T (Fig. 4). The 16-h duration for a-T
doping was chosen to comply with practical considera-
tions for the potential use of this technique in
manufacturing. We chose to increase diffusion by using
elevated temperatures but elected not to go above 100�C
to avoid any decrease in the crystallinity of UHMWPE
upon cooling down.

The 100-kGy irradiated UHMWPE (CI-100) oxidized
more than the irradiated and a-T-doped UHMWPE
(a-T-92 and a-T-127) after accelerated aging. This was
presumably a manifestation of the strong antioxidant
and scavenging ability of a-T, supporting our hypothesis
that a-T can provide oxidative stability to irradiated
UHMWPE eliminating the need for postirradiation
melting.

We examined the effects of sterilization, sterilization
and aging, high-dose irradiation and melting subsequent
to irradiation on the fatigue strength of UHMWPE to
determine how each of these UHMWPEs compared to
a-T-doped test samples. Table 2 shows the fatigue
behavior of conventional and highly crosslinked con-
temporary UHMWPEs.

Although conventional UHMWPE had high fatigue
resistance, g-sterilization in air made it prone to
oxidation following accelerated aging, hence signifi-
cantly lowering its fatigue resistance to values below
that for unaged crosslinked material. Compared to
conventional material, crosslinked UHMWPE displayed
much lower fatigue resistance presumably due to
decreases in chain mobility with increased crosslinking
as mentioned above. Also, there was a significant
decrease in fatigue resistance associated with melting
subsequent to irradiation likely due to a decrease in
chain mobility and hence amorphous content available
for recrystallization after crosslinking.

Our second hypothesis was that a-T would form a
blend with UHMWPE to increase its fatigue strength.

The fatigue resistance of crosslinked UHMWPE
increased with the addition of a-T as was measured at
the border region of the irradiated and a-T-doped
UHMWPE. The fatigue strength was lower in the bulk
of the a-T-doped samples because the concentration of
a-T decreased to undetectable levels. The fracture
surface of one of the doped samples supports this
observation with a more ductile fracture appearance
near the a-T rich surface region (Fig. 5). This ductile
surface region also coincided with the measured diffu-
sion profile for a-T (Fig. 4). These observations are in
support of our hypothesis that a lipophilic compound
compatible with UHMWPE would increase the fatigue
resistance of irradiated UHMWPE.

One limitation of the use of diffusion to blend a-T
with UHMWPE is the limited depth of a-T distribution.
We recognize this limitation and our current studies

focus on obtaining deeper penetration of a-T through-
out UHMWPE. Preliminary studies are already en-
couraging in obtaining a uniform distribution through
CT specimens.

The incorporation of a-T did not adversely affect
the wear resistance of irradiated UHWMPE. The wear
rate of the a-T-92 and a-T-127 doped at room
temperature were comparable to the wear rates of
contemporary highly crosslinked UHMWPEs pre-
viously reported by our group [20] (Fig. 8). Muratoglu
et al. [20] showed an over 14-fold increase in the wear
rate of 105-kGy irradiated and annealed UHMWPE
following 3 weeks of 80�C accelerated aging in air. This
increase in wear rate was presumably due to oxidation
during aging secondary to the large amount of residual
free radicals. In contrast, the B100-kGy irradiated and
a-T-doped UHMWPEs of the present study showed no
significant increase in the wear rate following 5 weeks of
accelerated aging in 80�C in air, similar to what was
reported by Muratoglu et al. [20] for the 100-kGy
irradiated and melted UHMWPE. This shows that a-T
doping can protect irradiated UHMWPE against
oxidation without the further need for melting.

Our results supported our hypotheses that an anti-
oxidant molecule, one that is compatible with
UHMWPE, would be able to protect it from post-
irradiation oxidation and form a blend with improved
fatigue resistance. Despite the gradient in concentration
of a-T across our samples and a relatively low
concentration of a-T, oxidative stability of irradiated
UHMWPE was improved. The antioxidant capabilities
of a-T on UHMWPE have been investigated here;
however, the mechanism by which it provides higher
fatigue resistance to UHMWPE is not yet known. We
have presumed that the local plasticization effect of such
a lipophilic molecule would participate in energy
absorbing mechanisms around the fatigue crack. Con-
sequently, the effect of a-T on the morphology and
hence the crystal plasticity of UHMWPE warrants
further investigation. Our current and future work focus
on investigating the morphology around a crack tip of
irradiated UHMWPE in the absence and presence of a-
T by optical and diffraction methods to quantify
plasticization on a local scale.

Future work will also include testing of irradiated and
a-T doped UHMWPE test samples on hip and knee
simulators. Such experiments are delayed until the
optimum radiation dose level, a-T concentration and
doping methodology is developed.

5. Conclusion

We have created a highly crosslinked UHMWPE
blended with the lipophilic antioxidant a-tocopherol
that showed oxidation and wear resistance comparable
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to contemporary highly crosslinked/melted UHMWPEs
and fatigue resistance higher than these contemporary
crosslinked UHMWPEs. These are encouraging results
on the way to creating a novel material that will allow
the use of low-wear crosslinked UHMWPE in high-
stress orthopedic applications and increase the longevity
of joint implants in general.
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Abstract

Adhesive/abrasive wear in ultra-high molecular weight polyethylene (UHMWPE) has been minimized by radiation cross-linking.

Irradiation is followed by melting to eliminate residual free radicals and avoid long-term oxidative embrittlement. However, post-

irradiation melting reduces the crystallinity of the polymer and hence its strength and fatigue resistance. We proposed an alternative

to post-irradiation melting to be the incorporation of the antioxidant a-tocopherol into UHMWPE prior to consolidation. a-
Tocopherol is known to react with oxygen and oxidized lipids, stabilizing them against further oxidative degradation reactions. We

blended GUR 1050 UHMWPE resin powder with a-tocopherol at 0.1 and 0.3wt% and consolidated these blends. Then we gamma-
irradiated these blends to 100-kGy. We characterized the effect of a-tocopherol on the cross-linking efficiency, oxidative stability,
wear behavior and mechanical properties of the blends. (I) The cross-link density of virgin, 0.1 and 0.3wt% a-tocopherol blended,
100-kGy irradiated UHMWPEs were 175719, 14674 and 9374mol/m3, respectively. (II) Maximum oxidation indices for 100-kGy
irradiated UHMWPE previously blended with 0, 0.1 and 0.3wt% a-tocopherol that were subjected to accelerated aging at 80 1C in
air for 5 weeks were 3.32, 0.09, and 0.05, respectively. (III) The pin-on-disc wear rates of 100-kGy irradiated UHMWPE previously

blended with 0.1 and 0.3wt% a-tocopherol that were subjected to accelerated aging at 80 1C in air for 5 weeks were 2.1070.17 and
5.0170.76mg/million cycles, respectively. (IV) Both accelerated aged, a-tocopherol-blended 100-kGy irradiated UHMWPEs
showed higher ultimate tensile strength, higher yield strength, and lower elastic modulus when compared to 100-kGy irradiated,

virgin UHMWPE. These results showed that a-tocopherol-blended 100-kGy irradiated UHMWPEs were not cross-linked to the
same extent as the 100-kGy irradiated, virgin UHMWPE.

r 2005 Elsevier Ltd. All rights reserved.

Keywords: Antioxidant; Polyethylene; Wear mechanism; Lipid; Gamma-irradiation; Hip replacement prosthesis

1. Introduction

Adhesive/abrasive wear of ultra-high molecular
weight polyethylene (UHMWPE) is the primary source

of debris leading to peri-prosthetic osteolysis, compro-
mising the long-term performance of total joint implants
[1]. Wear is decreased by radiation cross-linking and
melting of UHMWPE [2–5]. Cross-links are imparted
between the polyethylene chains by the recombination
of free radicals formed by high-dose ionizing radiation.
The carbon free radicals formed during radiation
(‘primary free radicals’) in the amorphous region of
the semi-crystalline UHMWPE possess enough mobility
to recombine to form cross-links in the polymer.
The free radicals formed in the crystalline phases of

the polymer network, however, lack the mobility to

ARTICLE IN PRESS

www.elsevier.com/locate/biomaterials

0142-9612/$ - see front matter r 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.biomaterials.2005.04.026

$This study was funded by NIH R01 AR051142-01.
�Corresponding author. Orthopaedic Biomechanics and Biomater-

ials Laboratory, Massachusetts General Hospital, 55 Fruit Street, GRJ

1206, Boston, MA 02114, USA. Tel.: +1617 726 3869; fax:

+1 617 726 3883.

E-mail address: orhun@alum.mit.edu (O.K. Muratoglu).
1Now at Department of Cellular and Integrative Physiology,

Indiana University School of Medicine.

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118

www.elsevier.com/locate/biomaterials


recombine and hence are trapped for prolonged periods
of time in the lamellae. These ‘residual free radicals’ can
react with diffused oxygen to form peroxy radicals.
These peroxy radicals attack other polyethylene chains,
which leads to a second generation of free radicals and
hence furthers the reactions with oxygen. This cascade
of events results in the oxidative embrittlement and
reduction in the mechanical properties of UHMWPE.
Post-irradiation melting is used effectively to remove

the residual free radicals effectively. Melting releases the
trapped free-radicals from the crystalline regions and
allows them to recombine in the form of cross-links.
Therefore, the irradiated and melted polymer is pro-
tected against reactions with diffused oxygen and
oxidative embrittlement.
Cross-linking by irradiation reduces the fatigue

strength of UHMWPE. Post-irradiation melting leads
to a decrease in the crystallinity of the polymer; further
decreasing the fatigue strength of irradiated UHMWPE
[6]. Fatigue failure of UHMWPE components has been
a rare occurrence mostly due to severe oxidation [7,8].
Nevertheless, fatigue damage, especially in components
under high cyclic stresses, is a major problem after wear,
limiting the longevity of joint implants. Hence, there is a
need to find alternative methods of processing
UHMWPE to combine decreased wear with higher
crystallinity and high fatigue resistance.
Introducing an antioxidant such as a-tocopherol into

UHMWPE is an alternative to post-irradiation melting
to render it stable against oxidation without further
sacrificing its mechanical strength. a-Tocopherol is
biocompatible and is lipophilic owing to its phtyl tail,
easily blending with UHMWPE. Furthermore, it is an
antioxidant, which can serve the purpose of eliminating
long-term adverse effects of post-irradiation oxidation.
a-Tocopherol spares free radicals on lipid molecules
[9,10] from further reactions with oxygen and each other
by the donation of the phenolic hydrogen on its
chroman ring (Fig. 1).
We have diffused a-tocopherol into UHMWPE after

high-dose irradiation and shown that a-tocopherol
protected high-dose irradiated UHMWPE against oxi-
dation during in vitro accelerated aging and did not

detrimentally affect its wear behavior [6]. These high-
dose irradiated and a-tocopherol-doped UHMWPEs
showed wear resistance comparable to irradiated and
subsequently melted UHMWPE. As described above, a-
tocopherol incorporated irradiated UHMWPE is sought
as an alternative to irradiated and subsequently melted
UHMWPE because of the possibility to avoid the
decrease in mechanical properties caused by post-
irradiation melting. In our previous study, we showed
that 100-kGy irradiated, a-tocopherol diffused
UHMWPE had 22% increase in fatigue propagation
resistance over irradiated/non-melted UHMWPE and
58% increase over irradiated/melted UHMWPE [6].
An alternate way of introducing a-tocopherol into

UHMWPE is blending a-tocopherol with UHMWPE
resin powder and consolidating the mixture. The blend is
then irradiated for cross-linking, machined into compo-
nents, and packaged. Mori et al. [11] have shown that
blending a-tocopherol with UHMWPE and subjecting
this blend to 25-kGy gamma-irradiation for sterilization
resulted in a more oxidation resistant material than
conventional gamma-sterilized UHMWPE. Also, Tomi-
ta et al. [12] have shown that a-tocopherol-blended,
gamma-sterilized UHMWPE had increased delamina-
tion resistance, which they attributed to a decreased
hardness in the grain boundaries of the resin.
We hypothesized that a-tocopherol, blended with

UHMWPE prior to irradiation, would react with the
primary free radicals formed during irradiation; decreas-
ing the cross-linking efficiency of UHMWPE. Parth et
al. [13] showed that the gel content of samples taken
from a-tocopherol-containing and 10, 17, 22 and 100-
kGy irradiated (by e-beam) UHMWPE decreased as the
a-tocopherol content increased from 0.1 to 0.8wt/wt%.
A hypothesized decrease in cross-linking density may
lead to increase in wear of a-tocopherol-blended and
irradiated UHMWPE compared to a virgin, irradiated
UHMWPE.
It is also not known if high-dose irradiated and cross-

linked UHMWPE has oxidative stability owing to
blended a-tocopherol and if this stability is maintained
after oxidative aging. We hypothesized that the effi-
ciency of a-tocopherol will be reduced because it will
absorb some of the radiation dose intended to cross-link
UHMWPE.
To test our hypotheses, we (i) measured the cross-link

density in a-tocopherol-blended and high-dose irra-
diated UHMWPE, and (ii) determined the oxidation
and wear resistance and mechanical properties of a-
tocopherol-blended high-dose irradiated UHMWPE.

2. Materials and methods

In the following studies, swelling in hot xylene was

used to determine cross-link density of blended and virgin
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Fig. 1. a-Tocopherol. The chroman head is responsible for abstracting
free radicals and stabilizing them within the structure. The long

lipophilic chain termed the ‘phytyl tail’ provides compatibility with

UHMWPE.
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UHMWPEs. Accelerated aging and infrared spectroscopy

were used to determine the effect of blended a-tocopherol
on the oxidative stability of polyethylene. Bidirectional pin-

on-disc (POD) wear testing was performed to measure

the wear rate, thereby, determine the wear resistance.

Finally, tensile testing was performed to determine mechanical

properties.

2.1. Sample preparation

GUR 1050 powder (Ticona, Houston, TX) was blended

with a-tocopherol (Fisher Scientific, Houston, TX) and
consolidated (Perplas Technologies, Lancashire, UK). Con-

solidated GUR 1050 UHMWPE powder was used as virgin

material. The concentrations at which a-tocopherol was
incorporated in the UHMWPE were 0.1 and 0.3wt/wt%.

The blends were first prepared in 5wt% for consistency, after

which they were diluted down to their respective concentra-

tions by adding UHMWPE powder. These molded blocks

were packaged under vacuum and g-irradiated to 100 kGy
(Steris Isomedix, Northborough, MA).

Out of these blocks, cylindrical pins (9mm diameter, 13mm

length) were machined for oxidative stability experiments and

POD wear testing and 3.2mm thick sections were machined

for tensile testing. Dogbone specimens (ASTM D-638) and

swelling samples used in measuring cross-link density (approx.

3� 3mm) were cut out from these 3.2mm thick sections.

2.2. Determination of a-tocopherol content

The presence of a-tocopherol was ascertained by calculating
an a-tocopherol index for each sample. A thin section

(100–200 mm) was microtomed using a LKB Sledge Microtome
(Sweden). A BioRad UMA 500 infrared microscope (Natick,

MA) was used to measure the a-tocopherol content. The
infrared spectra were analyzed to calculate an ‘a-tocopherol
index’, as the ratio of the areas under the a-tocopherol
absorbance at 1276 cm�1 and the polyethylene skeletal

absorbance at 1895 cm�1. The limits of integration for the

a-tocopherol absorbance were adjusted to 1245 and 1275 cm�1

to achieve a more sensitive measurement. Therefore, the

index reported here is different than our previously published

results [6].

2.3. Determination of cross-linking density

Cross-link density measurements were performed with a

thermal mechanical analyzer (TMA) (DMA 7e, Perkin Elmer,

Wellesley, MA). Thin sections were machined out of virgin, 0.1

and 0.3wt% a-tocopherol-blended and 100-kGy irradiated
UHMWPE (thickness 3.2mm). These thin sections were

melted at 170 1C under flowing nitrogen to remove residual

stresses from the consolidation process that might result in

additional swelling.

Small sections were cut out by razor blade from these thin

sections to be analyzed (approximately 3mm� 3mm). These

small pieces were placed under the quartz probe of the TMA

and the initial height of the sample was recorded. Then, the

probe was immersed in xylene, which was subsequently heated

to 130 1C and held for at least 100min. The UHMWPE

samples swelled in hot xylene until equilibrium was reached.

The final height was recorded.

The cross-link density of the blends was calculated as

described previously [5] and are reported as mol/m3.

2.4. Accelerated aging and oxidative stability

Accelerated aging was performed on some of the cylindrical

samples (9mm diameter, 13mm length) to determine the

extent of oxidation in blends of a-tocopherol and UHMWPE
under adverse conditions.

One cylindrical sample each of irradiated, virgin, and

irradiated 0.1 and 0.3wt% blocks was aged at 80 1C in a

convection oven for 5 weeks in air. After aging, the cylinders

were microtomed to thin sections (100–200mm) using a
LKB Sledge Microtome (Sweden). A BioRad UMA 500

infrared microscope (Natick, MA) was used to measure the

extent and depth of oxidation. Infrared spectra were collected

with an aperture size of 50� 50 mm as a function of depth
away from one of the edges that coincided with the free surface

of the sample. The infrared spectra were analyzed to cal-

culate an oxidation index, as the ratio of the areas under the

1740 cm�1 carbonyl and 1370 cm�1 methylene stretching

absorbances.

2.5. Bidirectional pin-on-disc (POD) wear testing

Three cylindrical samples (9mm in diameter and 13mm in

length) out of each of the three irradiated blocks (virgin, 0.1%,

and 0.3wt%) were used for POD wear testing. These pins were

accelerated aged at 80 1C in air for 5 weeks and tested on our

custom-built bi-directional POD tester at a frequency of 2Hz

for 2 million cycles (MCs) with gravimetric assessment of wear

at every 0.5 MCs. Undiluted bovine serum was used as

lubricant with 0.3wt% sodium azide as antibacterial agent and

1mM EDTA as chelating agent. The wear rate was determined

by linear regression of the weight change of each pin over

number of cycles from 0.5 to 2 MCs.

2.6. Determination of percent crystallinity by differential

scanning calorimetry (DSC)

The DSC specimens were weighed with a Sartorius CP 225D

balance to a resolution of 0.01mg and placed in aluminum

sample pans. The pan was crimped with an aluminum

cover and placed in a Q-1000 Differential Scanning Calori-

meter (TA Instruments, Newark, DE). The sample and the

reference were then heated at a heating rate of 10 1C/min

from �20 to 180 1C, cooled to �20 1C at �10 1C/min and

subjected to another heating cycle from �20 to 180 1C at

10 1C/min. Heat flow as a function of time and temperature

was recorded and the cycles are referred to as 1st heat, 1st cool

and 2nd heat.

Crystallinity of the irradiated virgin, 0.1 and 0.3wt% a-
tocopherol-blended UHMWPEs was determined by integrat-

ing the enthalpy peak from 20 to 160 1C, and normalizing it

with the enthalpy of melting of 100% crystalline polyethylene,

291 J/g.
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2.7. Mechanical testing

Dogbone specimens (n ¼ 5 each) were stamped from virgin,

0.1 and 0.3wt% a-tocopherol-blended and 100-kGy irradiated
UHMWPE in accordance with ASTM D638, standard test

method for tensile properties of plastics. The dogbone speci-

mens were accelerated aged at 80 1C for 5 weeks in air. These

samples were then tested in accordance with ASTM D-638

using a MTS II machine (Eden Prarie, MN) at a crosshead

speed of 10mm/min.

Tensile specimens prepared in the same manner from

unirradiated GUR 1050, 100-kGy irradiated GUR 1050 and

100-kGy irradiated and subsequently melted (at 150 1C) GUR

1050 were also tested as control.

In the following studies, where nX3, statistical analysis was

performed using a Student’s t-test for two-tailed distributions

with unequal variance.

3. Results

The content of a-tocopherol in the 0.1 and 0.3wt%
blended UHMWPE was ascertained by determining a-
tocopherol index. a-Tocopherol index was determined
to be 0.01270.003 and 0.03070.003 for 0.1 and
0.3wt% blended samples, respectively.
Cross-link density of both 100-kGy irradiated 0.1 and

0.3wt% a-tocopherol-blended UHMWPE was lower
than 100-kGy irradiated virgin UHMWPE. These
values for 0.1 and 0.3wt% blends were 14674 and
9374mol/m3, respectively, compared to 175719mol/
m3 for virgin UHMWPE (Fig. 2).
Neither of the irradiated a-tocopherol blends oxidized

when subjected to accelerated aging compared to virgin
irradiated UHMWPE. The maximum oxidation levels
were 0.09, 0.04 and 3.32 for blends with 0.1, 0.3wt% a-
tocopherol and virgin irradiated polyethylene, respec-
tively. An oxidation profile as a function of depth is
shown in Fig. 3 for all three samples.
The POD wear rates of 0.1 and 0.3wt% blended and

irradiated UHMWPE were both higher than the wear
rates that our group published for 100-kGy irradiated
and melted UHMWPE [14]. The in vitro wear rates
obtained from POD testing for 0.1 and 0.3 wt% a-
tocopherol-blended, and 100-kGy irradiated UHMWPE
following accelerated aging were 2.1070.17 and
5.0170.76mg/MC, respectively (Fig. 4). The wear rate
for the 0.3wt% blended UHMWPE was higher than
that for 0.1wt% blended UHMWPE (p ¼ 0:018).
Percent crystallinity of 0, 0.1 and 0.3wt% a-toco-

pherol-blended UHMWPE all increased as a result of
irradiation and accelerated aging; however, the increase
in crystallinity due to aging for the sample containing no
a-tocopherol was greater than either blend (Table 1).
The ultimate tensile strength (UTS) of 0.1 and 0.3wt%

a-tocopherol-blended, unirradiated UHMWPEs were
comparable to unirradiated GUR 1050 control and to
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each other (Table 2, p ¼ 0:25, 0.60, 0.15, respectively).
After irradiation and accelerated aging, their UTS was
still not different from unirradiated GUR 1050
(p ¼ 0:09, 0.5), whereas the UTS of virgin, 100-kGy
irradiated and accelerated aged GUR 1050 was lower
than before aging (po0:00001). The same effect was seen
on the yield strength (YS).

4. Discussion

The a-tocopherol content of the samples was estab-
lished by using the a-tocopherol index. The ratio of the
index for 0.3wt% blended sample was three times that
for 0.1wt% blended sample, showing that an a-
tocopherol content of 0.1wt% could be detected by
our technique, and that the ratio of a-tocopherol
concentration of the blends was maintained during
consolidation.

The first aim of this study was to calculate the cross-
link density of a-tocopherol-blended and subsequently
irradiated UHMWPE. According to our hypothesis, a-
tocopherol would react with the primary free-radicals
formed on the UHMWPE chains during irradiation,
thereby decreasing the amount of free radicals available
for the formation of cross-links.
The 17% and 47% decrease in the cross-link density

of 0.1 and 0.3wt% a-tocopherol-blended and 100-kGy
irradiated UHMWPE compared to the virgin material
(Fig. 2) supports the hypothesis that a-tocopherol
stabilized some of the primary free-radicals required
for cross-linking of UHMWPE. As a result, increasing
a-tocopherol concentration to 0.1 and 0.3wt% led to
fewer primary free-radicals available for cross-linking
UHMWPE and a decrease in overall cross-linking
proportional to a-tocopherol concentration. Hence, the
efficiency of cross-linking was reduced in 0.1 and
0.3wt% a-tocopherol-blended UHMWPE.
The interference of a-tocopherol in the cross-linking

reaction did not detrimentally affect the oxidation
resistance of the two a-tocopherol blends subjected to
accelerated aging (Fig. 3). a-Tocopherol was able to
react also with the residual free-radicals, stabilizing
UHMWPE against oxidation.
Although a-tocopherol is a potent antioxidant at

room temperature and ambient pressure, it is heat and
light-sensitive. Thus, the effect of high consolidation
temperatures and pressures on a-tocopherol’s efficiency
to stabilize the residual free radicals subsequently caused
by ionizing irradiation was not known. The oxidation
resistance shown by these blends demonstrated that
despite high temperatures and pressures under consoli-
dation conditions, the resulting antioxidant efficiency
was not detrimentally affected. Blended a-tocopherol
with UHMWPE resin powder prior to irradiation was
able to stabilize 100-kGy irradiated UHMWPE against
oxidation.
The high oxidation of irradiated and accelerated aged

virgin UHMWPE was accompanied by an increase in
crystallinity, which was not observed in the two a-
tocopherol blends (Table 1). The slight increase in
crystallinity due to irradiation in all samples was an
expected result since chain scission due to free radical
formation and rearranging of these new chains into
crystals occurred to some extent in the blends as well as
virgin UHMWPE. The increase in crystallinity as a
result of accelerated aging, however, is a result of the
rearranging of smaller chains formed as a part of
the oxidation and chain scission cascade. This effect
was observed only in the virgin UHMWPE, which
was highly oxidized, and not observed in the a-
tocopherol blends, which did not oxidize. Highly
oxidized UHMWPE showing high crystallinity was also
brittle, whereas the a-tocopherol blends did not show
embrittlement.

ARTICLE IN PRESS

Table 1

Percent crystallinity of 0, 0.1 and 0.3wt% a-tocopherol-blended GUR
1050 UHMWPE before and after irradiation and accelerated aging

Unirradiated 100-kGy

irradiated

100-kGy

accelerated

aged

No a-tocopherol 60.972.0 65.471.1 68.470.3
0.1wt% a-
tocopherol

63.970.1 66.370.6 64.270.3

0.3 wt% a-
tocopherol

63.770.4 65.070.3 65.770.1

Table 2

Mechanical properties of a-tocopherol-blended and 100-kGy irra-
diated GUR 1050 UHMWPE as compared to unirradiated GUR 1050

and 100-kGy irradiated GUR 1050

Ultimate tensile

strength (MPa)

Yield strength

(MPa)

Elongation at

break (%)

a-Tocopherol-blended GUR 1050
Virgin 5272 2371 521716
0.1wt% a-

tocopherol

5573 2371 42378

0.3wt% a-
tocopherol

5173 2371 392716

Accelerated aged 100-kGy irradiated and melted GUR 1050

Virgin 3372 2171 301718

Unaged 100-kGy irradiated GUR 1050

Virgin 4571 2471 213733

Accelerated aged 100-kGy irradiated GUR 1050

Virgin 2071 1971 NA

0.1wt% a-
tocopherol

4972 2471 28272

0.3wt% a-
tocopherol

5172 2571 349710
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The decrease in cross-link density of 0.1 and 0.3wt%
a-tocopherol-blended, 100-kGy irradiated UHMWPE
resulted in increased wear rates that were higher than
that for 100-kGy irradiated and subsequently melted
UHMWPE after accelerated aging [14] (Fig. 4). At the
same time, these values were lower than that for gamma-
sterilized GUR 1050 (38 kGy) [14]. Since the cross-link
density of 0.3wt% blended UHMWPE was lower than
that for 0.1wt% blended samples, the wear rate was
significantly higher with the former.
The wear rate of 100-kGy irradiated, and a-tocopher-

ol-diffused (at room temperature for a duration of 16 h)
and gamma-sterilized UHMWPE (27 kGy) [6] was lower
than that of 0.1 and 0.3wt% a-tocopherol-blended
UHMWPE in this study. This was because a-tocopher-
ol-diffused samples received 100-kGy irradiation before
the introduction of a-tocopherol; hence, there was no
decrease in the cross-linking density due to the presence
of a-tocopherol during the cross-linking process.
Wear rate of those materials that contain some

unstabilized residual free radicals increase due to
cascading oxidation and chain scission reactions when
subjected to accelerated aging [14]. The difference in the
wear rates of unaged and aged gamma-sterilized
UHMWPE (Fig. 4) demonstrated this phenomenon
since the residual free-radicals caused by 38 kGy of
ionizing radiation in this material had not been
stabilized. However, this type of increase in wear rate
was not expected for a-tocopherol-blended samples,
since these UHMWPEs showed very low oxidation
indicative of stabilization of residual free-radicals. These
results further corroborated the cross-link density
measurements and showed that some of the radiation
dose was absorbed by a-tocopherol such that the
intended cross-link density was not imparted on a-
tocopherol-blended UHMWPE.
Tensile testing of 0.1 and 0.3wt% a-tocopherol-

blended UHMWPE showed small changes from their
unirradiated state to their irradiated and accelerated
aged state (Table 2): a decrease in UTS, an increase in
YS; and a decrease in elongation at break (EB).
The effects of oxidation and chain scission caused

large decreases in UTS and YS in the accelerated aged,
irradiated virgin UHMWPE. The UTS of a-tocopherol-
blended, irradiated and accelerated aged UHMWPEs
was between that of unirradiated and 100-kGy irra-
diated virgin material. YS values were similar to that of
unirradiated material. There was a decrease in EB of
irradiated and accelerated aged a-tocopherol blends
compared to unirradiated blends, which can presumably
be associated with cross-linking. This measure of
mechanical property perhaps provided a more sensitive
measurement of the effects of the degree of cross-linking
on UHMWPE because of the difference that it showed
as a function of a-tocopherol concentration. Since 0.1
and 0.3wt% a-tocopherol-blended UHMWPE showed

very low oxidation after irradiation and accelerated
aging and no differences in crystallinity (Table 1), the
difference in EB for the two concentrations were
attributed to differences in cross-link density.

a-Tocopherol blending with UHMWPE prior to
irradiation presents some advantages compared to
introducing a-tocopherol after irradiation; very small
amounts of a-tocopherol can be introduced into the
polymeric material reliably and the concentration, low
or high, would be uniform throughout. Based on
previous studies, very small concentrations of a-toco-
pherol are enough to stabilize high-dose irradiated
(�100-kGy) UHMWPE against oxidation even when
the concentration is not uniform and only the surface is
a-tocopherol-rich [6]. In terms of mechanical properties,
a concentration of 0.2wt% has been proposed for
optimal results [15].
In this study, we have shown that a-tocopherol can react

with the free radicals induced by ionizing radiation during
and after irradiation. Therefore, interactions between the
free-radicals and a-tocopherol as well as absorbed dose for
cross-linking as a function of concentration of a-tocopher-
ol warrant further investigation in order to render
UHMWPE more wear resistant by blending with a-
tocopherol and cross-linking by irradiation.

5. Conclusion

We have shown that a-tocopherol-blending with
UHMWPE prior to irradiation imparts considerable
oxidation resistance to irradiated UHMWPE and is a
good stabilization method. However, cross-link density
measurements and wear testing showed that a-tocopher-
ol hinders cross-linking by reacting with some of the
free-radicals during irradiation. Therefore, it is more
desirable to diffuse a-tocopherol into previously irra-
diated UHMWPE to obtain a highly oxidation and
wear-resistant cross-linked UHMWPE.
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a b s t r a c t

Vitamin E-stabilized, highly cross-linked ultrahigh molecular weight polyethylene (UHMWPE) is
a promising oxidation and wear resistant UHMWPE with improved mechanical strength in comparison
with the first generation, irradiated and melted UHMWPE. One approach of incorporating vitamin E in
UHMWPE is through blending of vitamin E in UHMWPE powder followed by consolidation and radiation
cross-linking. However, radiation cross-linking efficiency of UHMWPE decreases in the presence of vi-
tamin E. Therefore an optimum vitamin E concentration and radiation dose level need to be determined
to achieve a cross-link density comparable to 100-kGy irradiated and melted UHMWPE, which has
shown excellent wear properties in vivo. We investigated the cross-link density and mechanical prop-
erties of vitamin E-blended UHMWPEs as a function of vitamin E concentration in the blend and gamma
irradiation doses up to 200 kGy. We found that 0.3 wt% vitamin E-blended UHMWPE could not be cross-
linked above a cross-link density achieved at a radiation dose of 65 kGy for virgin UHMWPE and 1.0 wt%
vitamin E-blended UHMWPE could not be cross-linked above a cross-link density achieved at a radiation
dose of 25 kGy for virgin UHMWPE even when the these UHMWPEs were irradiated to a radiation dose
of 200 kGy. In addition, higher plasticity at vitamin E concentrations at and above 0.3 wt% indicated that
increased chain scissioning may be prevalent. Since the wear resistance of this irradiated UHMWPE
would be expected to be low, vitamin E concentrations equal to or above 0.3 wt% are not recommended
for subsequent irradiation to achieve a wear resistant cross-linked UHMWPE. The long-term oxidative
stability of irradiated blends with low vitamin E concentrations has yet to be studied to determine an
optimum between cross-link density and long-term oxidative stability.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Ultrahigh molecular weight polyethylene (UHMWPE) is the
material of choice for total joint arthroplasty bearings. Wear of
UHMWPE bearing surfaces contributes to the particulate debris
burden that eventually leads to peri-prosthetic osteolysis in total
joints. Radiation cross-linking of UHMWPE has been used to de-
crease wear successfully in vitro [1,2] and in vivo [3]. In addition,
oxidation of cross-linked UHMWPE can decrease the mechanical
properties and wear resistance substantially. Oxidation is pri-
marily caused by trapped residual free radicals in the crystalline
regions of UHMWPE after irradiation. Currently, thermal anneal-
ing below the melting point or melting of the cross-linked ma-
terial is used to stabilize cross-linked UHMWPE, however,

thermally annealed cross-linked UHMWPE has shown oxidation in
vivo, presumably, due to the lack of elimination of all free radicals
[4]. In contrast, melting subsequent to radiation cross-linking
decreases the concentration of residual free radicals to undetect-
able levels and prevents long-term oxidation. However, melting
also reduces crystallinity and mechanical properties of the irra-
diated polymer [5].

A second generation of cross-linked UHMWPE has been de-
veloped by stabilizing irradiated UHMWPE by the incorporation of
vitamin E, an antioxidant, without melting the irradiated polymer,
thus avoiding the reduction of mechanical properties [6,7]. Vitamin
E hinders the cascading oxidation reactions in UHMWPE [8] by
donating a hydrogen to the primary alkyl free radicals on poly-
ethylene chains and the peroxy free radicals caused by reactions
with oxygen. One approach is to diffuse the antioxidant into virgin
UHMWPE after consolidation and radiation cross-linking. Another
is to blend the vitamin E into UHMWPE powder and consolidate the
blend. This blend subsequently can be irradiated to achieve a de-
sired cross-link density. In addition to cross-linking, main chain
scissioning is a mechanism that occurs when polymers are
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irradiated. These mechanisms are characterized by their respective
yields, which are defined as the number of newly formed in-
termolecular linkages, Gx and the number of main chain bonds
broken, Gs per 100 eV of absorbed energy. Chain scission in poly-
ethylene is very low with Gs/Gx values of 0.3–0.6 [9], where cross-
linking dominates below a ratio of 4.0 [10]. The free radical
scavenging ability of vitamin E interferes with cross-linking in
UHMWPE [9,11], therefore, vitamin E concentration and radiation
dose have to be optimized to achieve a desired cross-link density,
comparable to 100-kGy irradiated and melted UHMWPE, which has
shown very high wear resistance in vivo [12].

Another concern when considering the vitamin E concentration
in blended UHMWPE is long-term oxidative stability. The advan-
tage of vitamin E-stabilized cross-linked UHMWPE is improved
mechanical properties over irradiated and melted UHMWPE while
maintaining wear and oxidation resistance. However, some of the
vitamin E is exhausted during radiation cross-linking of the blend
[13]. Although not the topic of this paper, another optimum has
to be considered between the cross-link density in the presence
of vitamin E and the vitamin E concentration which will be
enough to protect irradiated UHMWPE against oxidation in the
long term.

The aim of this study was to investigate the effect of vitamin E
concentration and radiation dose on cross-linking and mechanical
properties. We further aimed to determine the vitamin E concen-
trations and subsequent radiation doses that could be used to
achieve a cross-link density and mechanical properties equivalent
to that of 100-kGy irradiated virgin UHMWPE. Since cross-link
density has been shown to be directly related to wear [14], it is used
as an indicator of wear resistance.

2. Materials and methods

2.1. Sample preparation

Blocks of UHMWPE (5.5�10�12 cm, GUR1050) containing vitamin E (D,L-a-
tocopherol, >98%, Alfa Aesar, Ward Hill, MA) were prepared by mixing UHMWPE
powder with vitamin E and consolidating the mixture. The UHMWPE powder was
first mixed with vitamin E to obtain a 5 wt% mixture for consistency after which the
mixture was adjusted to 0.1, 0.3, and 1.0 wt% vitamin E by diluting with virgin
UHMWPE powder (Orthoplastics Ltd, Lancashire, UK). Virgin UHMWPE consolidated
without vitamin E was used as control. Samples were irradiated by gamma irradi-
ation to 25, 65, 100, 150 and 200 kGy (Steris Isomedix, Northborough, MA) in air.
Thin sections (3.2 mm) were machined from samples for further testing.

2.2. Determination of cross-link density

Cross-link density measurements were performed by thermal mechanical
analysis (DMA 7e, Perkin Elmer, Wellesley, MA). Thin sections (thickness 3.2 mm)
were melted at 170 �C under nitrogen purge to remove any stresses residual from
the consolidation process that might result in additional swelling during cross-link
density measurements. Small sections were cut out by razor blade from these thin
sections to be analyzed (approximately 3 mm by 3 mm). These pieces were placed
under the quartz probe of the DMA (10 mN) and the initial height of the sample
was recorded after about 10 min when the creep deformation equilibrated. Then,
the probe was immersed in xylene, which was subsequently heated to 130 �C
and held for at least 100 min. The UHMWPE samples swelled in hot xylene
until equilibrium was reached. The final height was recorded. The cross-link
density of the samples was calculated as described previously [14] and are reported
as mol/m3.

2.3. Mechanical testing

Dogbone specimens (n¼ 5 each) were stamped from 3.2 mm-thick sections in
accordance with ASTM D638, standard test method for tensile properties of plastics.
These samples were then tested in accordance with ASTM D638 using a MTS II
machine (Eden Prarie, MN) at a crosshead speed of 10 mm/min. The engineering
ultimate tensile strength (UTS) and work-to-failure (WF), calculated as the area
under the engineering stress–strain curve are reported here. In addition, the elon-
gation at break (EAB) was determined using an extensometer.

In all studies in which there were at least three samples, statistical analysis was
performed using a Student’s t-test for two-tailed distributions with unequal vari-
ance. Significance was reported if p< 0.05.

3. Results

The cross-link density of virgin UHMWPE increased from about
90 mol/m3 at a radiation dose of 25 kGy to about 210 mol/m3 at
200 kGy (Fig. 1). The cross-link density did not change significantly
above 150 kGy as previously shown for electron beam irradiated
UHMWPE [14]. Except for 65-kGy irradiated 0.1 wt% vitamin E
blend, the cross-link density of vitamin E-blended and irradiated
UHMWPE was less than virgin UHMWPE at all radiation doses and
decreased with increasing vitamin E concentration (Fig. 1).

Although the gel content increased with increasing radiation
dose, except for 0.1 wt% vitamin E-blended UHMWPE, it decreased
with increasing vitamin E concentration compared to virgin irra-
diated UHMWPE; this decrease was significant with the 0.3 wt%
blend that was irradiated at a radiation dose of 65 kGy and 1 wt%
blend at all radiation doses (Table 1).

The UTS and WF of irradiated virgin UHMWPE did not change
significantly at 25 kGy and decreased gradually over the radiation
dose range from 25 to 200 kGy compared to virgin, unirradiated
UHMWPE (Figs. 2 and 4). The EAB decreased significantly at all
doses (Fig. 3). The UTS, EAB and WF of 0.1 wt% vitamin E-blended
UHMWPE stayed constant up to 100, 25 and 65 kGy, respectively,
after which they decreased significantly (Figs. 2–4).

The UTS for 0.3 and 1 wt% vitamin E-blended UHMWPEs did not
change at 25 kGy and increased significantly at 65 kGy compared to
their unirradiated counterparts, then decreased significantly at
200 kGy (Fig. 2). The EAB and WF for 0.3 wt% vitamin E-blended
UHMWPE increased significantly at 25 and 65 kGy was similar to
unirradiated 0.3 wt% blended UHMWPE at 100 kGy and decreased
significantly at 150 and 200 kGy. The EAB and WF of 1.0 wt%
vitamin E-blended UHMWPE were similar to unirradiated 1.0 wt%
blended UHMWPE at 25 kGy, increased significantly at 65 and
100 kGy, were similar to unirradiated 1.0 wt% blended UHMWPE at
150 kGy and decreased significantly at 200 kGy (Figs. 3 and 4).
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Fig. 1. Cross-link density of vitamin E-blended and subsequently irradiated UHMWPE
as a function of vitamin E concentration.

Table 1
Gel content of vitamin E-blended and irradiated UHMWPEs

Vitamin E concentration (wt%) Radiation Dose (kGy)

25 65 100 150 200

0 NT 97.6� 0.3 99.0� 0.5 98.2� 0.3 97.4� 0.1
0.1 NT 98.3� 0.8 98.4� 0.1 98.6� 0.1 98.2� 0.1
0.3 NT 95.1� 0.5 97.4� 1.4 97.4� 1.0 97.2� 0.4
1.0 NT 92.3� 0.4 93.7� 0.9 92.8� 0.1 93.5� 0.1
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4. Discussion

The goal in irradiating vitamin E/UHMWPE blends is to obtain
a cross-linked UHMWPE with enough cross-link density to achieve
(1) wear properties equivalent to that of 100-kGy irradiated and
melted UHMWPE, (2) improved strength to resist cyclic stresses
even under adverse conditions and (3) long-term oxidative stability
such that the wear and mechanical properties can be maintained in
the long term. One disadvantage of blending vitamin E with
UHMWPE prior to irradiation is decreasing the potency of vitamin E
during irradiation. Since vitamin E is a free radical scavenger, it
interacts with the free radicals formed on polyethylene chains
during irradiation and sacrifices some of its activity. In addition, we
[11] and others [9] have shown that cross-linking efficiency in
UHMWPE is decreased with increasing vitamin E concentration due
to its activity during irradiation. Therefore, it is proposed that high
radiation dose with low vitamin E concentration is required to
obtain a desired cross-link density. Although not the topic of this
paper, it has to be noted that the vitamin E concentration has to be
kept high enough to protect irradiated UHMWPE against oxidation
in the long term.

In light of these general goals, the specific aim of this paper was
to investigate the effects of vitamin E concentration and radiation
dose on the cross-link density and mechanical properties of irra-
diated blends. The dependence of cross-linking of virgin UHMWPE

on radiation dose (Fig. 1) was previously reported [14] and relates
directly to increased wear resistance. Similar to the cross-link
density of radiation cross-linked virgin UHMWPE, the cross-link
density for vitamin E blends reached an equilibrium value above
150 kGy. In contrast, the maximum value of cross-link density
reached at 200 kGy was lower than virgin UHMWPE and decreased
with increasing vitamin E concentration. Of the vitamin E-blended
samples used in this study, 0.3 and 1.0 wt% vitamin E-blended
UHMWPEs reached an equilibrium cross-link density of 144 and
89 mol/m3, respectively, at 200 kGy; this value was lower than that
of 100-kGy irradiated virgin UHMWPE (175 mol/m3; Fig. 1).
UHMWPE bearing surfaces cross-linked to approximately 65–
100 kGy have been successful in reducing the wear rate of
UHMWPE substantially. Ideally, an optimized vitamin E-blended
UHMWPE would have a cross-link density and thus a wear rate
comparable to or better than 100-kGy irradiated, virgin UHMWPE.
Looking at the minimal incremental change in cross-link density of
1 wt% vitamin E-blended UHMWPE over the 25–200 kGy dose
range, it appeared that it was not even possible to obtain a sub-
stantially cross-linked UHMWPE from stock containing 1 wt% vi-
tamin E (Fig. 1). Moreover, the gel content of 0.3 and 1.0 wt% blends
are substantially lower than that of virgin and 0.1 wt% blended
UHMWPE, even at the highest radiation dose (Table 1). These re-
sults suggest that vitamin E concentrations equal to or above
0.3 wt% prevent achieving desirable cross-link density in UHMWPE
for improved wear resistance.

Cross-links introduced into the amorphous phase by radiation
decrease the mobility of the chains and the overall plasticity of the
polymer. While this phenomenon results in a decrease in wear, it
also leads to a decrease in mechanical properties of virgin irradi-
ated UHMWPE ([5], Figs. 2–4). The decrease in plasticity is man-
ifested as a dose-dependent decrease in elongation to break (EAB)
and work-to-failure (WF). If the mechanical properties were de-
pendent solely on the cross-link density, then we would have
expected that EAB, WF and UTS of vitamin E-blended, irradiated
UHMWPE to be similar to those of virgin UHMWPE of similar cross-
link density and gradually decrease as a function of radiation dose
as observed in virgin irradiated UHMWPE. However, the increase
and eventual decrease in UTS, EAB and WF of 0.3 and 1.0 wt% blends
over the studied radiation dose range suggested that there may be
increased chain scissioning affecting the properties despite in-
creasing cross-linking.

We propose that because vitamin E could hinder cross-linking,
that chain scissioning became more prominent. Consider that a vi-
tamin E molecule is in the vicinity of a C–C bond, which has been
broken and has created two C free radicals due to radiolytic
cleavage. It is possible that the recombination probability of these
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two free radicals is decreased because vitamin E can donate a pro-
ton to at least one of these free radicals. This would result in in-
creased incidence of chain scission and a decrease in effective
molecular weight by an increase in the number of chain ends. This
mechanism would also compete with the effect of cross-linking in
terms of mechanical properties. While cross-linking creates a less
mobile network, chain scissioning would increase local mobility of
the chains. We discuss the possibility of increased chain scission
through mechanical properties because it was not possible to cal-
culate reliable GS and GX values for such highly cross-linked sam-
ples, whose gel content did not change substantially with
increasing radiation dose within the studied range (Table 1). These
values are reliably calculated for irradiated UHMWPEs below or
around gelation [15].

Similar to virgin UHMWPE, 0.1 wt% vitamin E-blended
UHMWPE showed gradually decreasing mechanical properties as
a function of increasing radiation dose. This suggested that cross-
linking was the dominating mechanism in this irradiated
UHMWPE. In contrast, in 0.3 wt% up to 100 kGy and in 1.0 wt% vi-
tamin E-blended UHMWPE up to 150 kGy, plasticity (as quantified
by EAB and WF) increased, suggesting that the effect of chain
scissioning may have dominated, despite increasing cross-linking
density. We postulate that at radiation doses higher than 150 kGy
for 0.3 and 1.0 wt% vitamin E-blended UHMWPE, the activity of
vitamin E was substantially decreased and therefore cross-linking
became more prominent; as a result, the UTS, EAB and WF
decreased.

We determined that not only is the cross-link density at a given
radiation dose lower for increasing vitamin E concentration
blended into UHMWPE, but also that the limit of cross-link density
is lower at higher concentrations of vitamin E, making it impossible
to achieve high cross-link density despite high radiation doses for
some vitamin E concentrations. In addition, we found that at high
vitamin E concentrations and low irradiation doses, chain scis-
sioning in UHMWPE may become prevalent. This study suggests
that there is a maximum concentration of vitamin E below 0.3 wt%
feasible for use in radiation cross-linking of vitamin E blends as
alternative total joint replacement bearing surfaces.

Another concern in considering what vitamin E concentration
should be used in highly cross-linked UHMWPE is long-term oxi-
dative stability. Since vitamin E is used up during irradiation, there
should also be a lower limit of vitamin E that can be used such that
irradiated UHMWPE is protected against oxidation. Our current
studies focus on accelerated and real-time aging of vitamin E-
blended UHMWPEs of different concentrations irradiated up to
200 kGy to determine this yet unknown limit.

5. Conclusions

The cross-linking density of 100-kGy irradiated virgin UHMWPE
could not be achieved by increasing radiation dose for 0.3 and
1.0 wt% vitamin E-blended UHMWPE due to the free radical scav-
enging activity of vitamin E. Irradiation at this concentration of

vitamin E also resulted in higher plasticity over 65–150 kGy irra-
diation range, suggesting increased chain scissioning in addition to
decreased cross-linking compared to virgin, irradiated UHMWPE.
Since these will lead to decreased wear resistance, vitamin E con-
centrations equal to or above 0.3 wt% are not recommended for
subsequent irradiation to achieve a wear and oxidation resistant
cross-linked UHMWPE.
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The patello-femoral joint (PFJ) enhances our ability

of knee flexion and extension and is assumed to have

evolved through men’s ability of having adopted a

bipedal gait. This articulation between patella and

femur is relatively complex and displays intricate bio-

mechanical behaviour. Forces in the patello-femoral

joint are a function of the quadriceps force, and the

angle of flexion of the knee. They are highly depend-

ent on the distance between the patello-femoral joint

and the centre of gravity, which explains why differ-

ent activities despite equivalence in tibio-femoral

angle may exert wide variations in patello-femoral

reaction forces and contact pressures. During normal

daily activities the PFJ becomes exposed to force val-

ues between 0.5 to 9.7 × body weight, whilst sporting

activities create force values that approach up to 20 ×
body weight. Those forces are considerable and it is

therefore not surprising that the PFJ is particularly

susceptible to degenerative disease especially if its

mechanical equilibrium is disturbed through injury,

muscle weakness and congenital or developmental

abnormalities. The clinician must be aware of bio -

mechanical and kinematic specifics, the high patello-

femoral load values, small patellofemoral contact

areas, and resultant high stress magnitudes when

 trying to remedy such abnormalities.

Keywords : patellofemoral joint ; kinematics ; bio -
mechanics.

INTRODUCTION

Any clinician contemplating treatment for
 conditions affecting the patello-femoral joint must

possess some basic knowledge of anatomy, bio -
mechanics and kinematics of the knee and the loco-
motor system. Without such understanding it is
 difficult to appreciate the implications associated
with the various surgical and conservative treatment
modalities. this is of particular importance when
considering surgical remedies in the treatment of
patello-femoral disorders (e.g. localised cartilage
defects, chondromalazia) especially if associated
with patella mal-tracking, as changes in the rela-
tionship between patella and femur may significant-
ly alter the distribution of forces and any overcor-
rection may potentially hasten the development of
degenerative disease. Similar concerns exist with
regard to the treatment of the patella in total knee
arthroplasty, where surgically imposed changes
through resurfacing may have significant effects on
performance and behaviour of the  patello-femoral
joint (1,11). Complications arising from patella
resurfacing are still considerable and analysis of
retrieved patellar components and the significant
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failure rate of metal backed patella designs contin-
ue to underscore the extreme mechanical environ-
ment in which these implants are expected to per-
form (8,12,42). 

Kinematics of the patello-femoral joint

Kinematics of knee joint characterises the rela-
tive motion that exists between femur, tibia and
patella (53). the patella is a sesamoid bone implant-
ed within the tendon of the extensor mechanism.
Arguably its most important function is its role in
facilitating extension of the knee by increasing the
efficacy of the quadriceps muscle (26). this is
achieved through the patella’s function as a ful-
crum, thus anteriorly displacing the line of pull and
increasing the moment arm of the quadriceps mus-
cle force in relation to the centre of rotation of the
knee. the patella has shown to enhance the force of
extension by as much as 50% throughout the entire
range of motion (53). the patella also facilitates
improved distribution of patello-femoral compres-
sive force on the femur through an increase in con-
tact area during flexion (Fig. 1). in addition the
patella acts as a guide for the extensor mechanism
by centralising the divergent pull from the four
muscles of the quadriceps and transmitting these
forces to the patella tendon. together with the
anatomical shape of the patello-femoral articulation
this protects the extensor apparatus from dislocat-
ing.

When the knee is extended, the tightened quadri-
ceps pulls the patella upwards until the upper bor-
der reaches beyond the femoral trochlea groove. So
long as the line of gravity falls behind the center
axis of the knee joint when standing upright, the
quadriceps must contract to neutralize the rotatory
effect of gravity on the knee, which would other-
wise force the knee into flexion. As soon as the line
of gravity falls within or in front of the knee, as
seen in full extension or hyperextension, the quadri-
ceps becomes relaxed. the quadriceps apparatus,
being oblique in its angulation towards the patella
and patellar tendon, creates a line of pull with an
outward directed horizontal component when con-
tracted. the angle between the line of pull and the
patella tendon is often referred to as the Q-angle,

which is responsible for a tendency of the patella to
slip outward over the lateral femoral condyle creat-
ing a lateral force vector (18). to offset this propen-
sity the lateral condyle projects farther forward
whilst the fibres of vastus medialis which secure the
patella medially extend farther distally compared to
those of the vastus lateralis (53). the reversal of the
‘screw home mechanism’ during the initial 30° of
knee flexion, essentially derotates the tibia, leading
to a reduction in Q-angle and lateral force vector
(7,19,23,40,41). in the coronal and axial views, this
sideways component (lateral vector), which reduces
with knee flexion, is balanced by the reaction occur-
ring on the slope of the femoral trochlea (Fig. 2)
(60). hence the patella is most vulnerable during the
initial degrees of knee flexion, when its engage-
ment into the trochlea may still be incomplete
whilst the effect of the Q-angle, albeit reduced,
remains present. 

Patello-femoral contact areas

the patella is usually out of contact with the
trochlea groove in full extension. Depending on the
length of the patellar tendon, the patella is drawn
into the trochlea from a slight lateral position and
gains contact with the femur between 10° to 20°
(Fig. 1) (20,51). the contact begins with the inferior
margin of the patella and moves proximally as flex-
ion proceeds (Fig. 3) (36). Beyond 30° the patella
settles into the deepening trochlea groove where it
is further stabilised by the quadriceps and patellar
tendon force. 

the patello-femoral contact area extends from
the medial margin of the medial facet to the lateral
margin of the lateral facet as a broad band of con-
tact moving from distal to proximal (2,19,22,25,29).
Between 30° to 60° of flexion the contact is across
the centre, at 90° of flexion the contact moves
towards the superior pole, and beyond 90° the
 patella is astride the medial and lateral condyles,
forming two separate contact areas (Fig. 4). During
flexion the patella maintains a lateral shift as well
as a subtle degree of rotation around a longitudinal
axis, positioning the medial facet more posteri-
or (47,56,58). in full flexion the lateral femoral
condyle is completely covered by the lateral patella
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facet whilst the medial condyle is almost complete-
ly uncovered being merely in contact with the odd
facet. Ficat and hungerford have described this
movement of the patella in the coronal plane during
flexion as a ‘gentle curve with its concavity facing
laterally’ (19). Studies of the tracking pattern of the
natural patella have confirmed that the patella
rotates as much as 12° to 15° in relation to the
femur, with most of the rotation occurring beyond
50° of knee flexion (31,47,49,56,57). Furthermore the
patella tilts about a medio-lateral direction in the
axial plane, being influenced by knee flexion, the
degree of internal or external rotation and the
varus/valgus alignment of the tibio-femoral
joint (56,57). Similarly, the patella undergoes medi-
ally directed displacement by as much as 5 mm in
the coronal plane, with most of the displacement
occurring during the initial 30° of knee flexion. 

in the transverse or axial plane, as seen on sky-
line radiographs, the patella is perfectly congruent
with the trochlea, assuring its medial/lateral stabili-
ty. longitudinal sectioning of the patella, as per-
formed by Krakow and hungerford, has confirmed
that the patella adopts almost a flat surface in the
sagittal plane making it perfectly unconstrained as
far as its anatomical form is concerned (34). they
concluded that the length of the patella tendon and
the angle between the patellar tendon and the
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Fig. 1. — Patello-femoral (solid area) and tendo-femoral
 (shaded area) contact areas at various degrees of knee flexion.

Fig. 2. — internal rotation of tibia during flexion neutralises Q-
angle and reduces lateral patello-femoral vector. in the coronal
and axial views, the sideways component is balanced by the
reaction occurring on the slope of the femoral trochlea
(Adapted from Walker (60), courtesy of Charles C thomas
Publishers ltd, Springfield, illinois).*

FIGURES (* where necessary permission has been obtained
from publisher).

Fig. 3. — Contact points between patella and femur move from
proximal to distal on the femur and from distal to proximal on
the patella during knee flexion (adapted from Walker (60),
 courtesy of Charles C thomas Publishers ltd, Springfield,
illinois).*
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quadriceps tendon determine the load bearing area
of the patella. the patella form, therefore, provides
stability against lateral subluxation but does not
impede the patella from rocking around its trans-
verse axis to the point at which the resultant of the
patello-femoral joint reaction force is perpendicular
to the contact surface. 

As with the location of patello-femoral contact
areas, the size of the contact areas is highly depend-
ent on knee position. From 20° to 60° of flexion the
average contact area increases linearly from around
150 mm2 to 480 mm2 (2,28,39,55). it then remains
almost constant up to about 90° of flexion after
which a linear reduction occurs (25,28,39). At 120°
the contact area will have dropped to 360 mm2 (55).
Due to the drastically changed contact pattern
beyond 100°, when the patella leaves the trochlea
straddling the intercondylar notch, contact areas
may fall well below 100 mm2 at full flexion
(Fig. 4) (25). Matthews et al have shown that on
average only 19% of the patella bearing surface is
engaged at 30° of flexion, 29% at 60°, 28% at 90°,
and 13% at 120° (39). these values compare
favourably with those obtained by huberti et al who
measured percentage values of the patello-femoral
contact area of between 20.5% to 32.2% (28). 

Biomechanics 

Wide attention has been given to define the force
transmission in the patello-femoral joint. For ease
of calculation it is sufficiently accurate to consider
these forces to lie in a sagittal plane. Reaction

forces are equal and opposite forces that exist
between adjacent bones at a joint and caused by the
weight and inertial forces of the two segments. the
term patello-femoral compressive force (PCF), rep-
resenting the sole load acting on the patella, and
patello-femoral reaction force (PRF) may be used
interchangeably, although it is conceivable that the
resultant (reaction) force produced by the quadri-
ceps mechanism at different angles of flexion may
be broken into normal (compressive) and tangential
force components. For the purpose of this review
however, we may assume equality between PCF
and PRF, with the latter acting perpendicular to the
articulating surface of the patella and equal and
opposite to the resultant of the patellar tendon and
quadriceps force, based on the 'Parallelogram of
Forces' (Fig. 5) (60). With increasing flexion the line
of reaction moves upwards leading to an increase in
PRF for the following reasons. As the angle
between the patella tendon and the quadriceps
becomes more acute the resultant force vector
increases. With knee flexion effective leaver arms
of femur and tibia increase, requiring greater
quadriceps power to resist the flexion moment of
the body weight. Close to extension the PRF is only
about 1/3 of the quadriceps force, whilst beyond
60° of flexion the patella force is about 1 ¼ times
the quadriceps force (60). the line of pull between
the quadriceps and patella tendon when viewed in
the coronal plane is affected by the Q-angle, giving
a resultant force in the lateral direction (Fig. 2) (19).
in the axial plane this is balanced by a reaction
force which is inclined inwards. Walker conceded
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Fig. 4. — Bifurcation of patello-femoral contact area beyond 100° of knee flexion. the odd facet of the patella only makes contact
with the medial femoral condyle beyond 125° to 135° of knee flexion.
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that in the midrange of flexion up to 60°, the condi-
tion for lateral stability of the  patella is namely that
the angle of inclination of the lateral trochlea
groove is larger than the Q-angle (60,61).

the most important variable in the calculation of
static forces is the distance between the line of body
weight (centre of gravity) and the patello-femoral
joint. Changes of posture in the sagittal plane (lean-
ing forward or backward) will alter this distance
and lead to substantial differences in static force
transmission, whilst changes in the coronal plane

will exert little influence (Fig. 6) (5,14). in full
extension the centre of gravity falls anterior to the
knee, moment arms become 0, hence no forces act-
ing on the patello-femoral joint (5). Whenever the
line of body weight is moved posterior and away
from the patello-femoral joint, muscle activity and
tension in the patellar ligament will increase to
maintain position, resulting in higher patello-
femoral compressive forces. 

During normal activities requiring flexion under
load, hip flexion is also present, thus bringing the
centre of gravity forward and shortening the
femoral lever arm. this relationship is exemplified
by the skier, who, by leaning backwards on his skis,
has to increase his quadriceps force to prevent a
fall. this in turn dramatically increases PRF poten-
tially leading to quadriceps tendon or anterior cru-
ciate ligament rupture (6). On the other hand the
patient with quadriceps weakness can rise from a
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Fig. 5. — Free-body diagram of the patello-femoral joint
showing the ‘Parallelogram of Forces’. the patella-femoral
reaction force (PRF) is the resultant vector of the quadriceps
tendon strain force (QtF) and the patellar tendon strain force
(PtF). the tendo-femoral reaction force (tRF = force between
quadriceps tendon and trochlea) is also shown. CG = centre of
gravity. iCR = instant centre of rotation.

Fig. 6. — Moment arms acting on the patello-femoral joint are
depending on body position and the distance between the
 centre of gravity (CG) and the patello-femoral joint (Adapted
from Bandi (5,6), courtesy of hans huber Verlag, Bern,
Switzerland).*
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chair by leaning forward, bringing the centre of
gravity closer to the knee. Similarly there are signif-
icant differences in PRFs in ascending and descend-
ing stairs (Fig. 7). Predicted force values for stair
ascend range from 1.8 to 2.3 × BW, compared to
those for stair descent which are ranging from 2.9 to
6 × BW (4,45). the increased values on descending
are due to the centre-of- gravity being moved further

backward behind the patello-femoral joint in order
to maintain balance. Force transmission in the
patello-femoral joint is therefore dependent on the
relationship between the centre of gravity of the
body and the knee flexion angle and calculations
should not be based simply on the length of the
femur and the position of the hip joint alone (5). to
demonstrate the calculation of PRF we may use a
simplified model of a person standing with both
knees flexed to 45° and with half the body weight
(0.5 × BW) being transferred through each knee
(Fig. 5). in this position the centre of gravity is
approx. 42 mm posterior, and the patella tendon 30
mm anterior to the centre of rotation of the knee.
let us further assume that there is no frictional loss
at the patello-femoral interface and quadriceps and
patellar tendon forces are equal. the patellar tendon
force (PtF) = (0.5 × BW) × 42 mm / 30 mm = 0.7
× BW. the parallelogram of forces can now be
scaled to obtain a value of approx. 0.8 × BW for the
resultant patello-femoral force.

in 1911 Fick first recognised that the quadriceps
tendon started to abut onto the proximal aspect of the
femoral trochlea in mid range of knee flexion (20). As
a result the compressive forces become divided
between the tendo-femoral and patello-femoral
contact areas (6,21,24,44). this phenomenon later
described by Goymann & Müller as the ‘turn-
round’ of forces, represents an elegant way of main-
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Fig. 7. — During stair ascend the centre of gravity (CG) is
positioned almost above the patello-femoral joint, hence
moment arm of femur and tibia are relatively short and the
patello-femoral reaction force (PRF) is low. During stair
descend the CG is positioned further posterior to the patello-
femoral joint, creating longer moment arms and a subsequent
increase in PRF.

Fig. 8. — Patello-femoral reaction force (PRF) plotted against the tendo-femoral reaction force (tRF). Calculated values for PRF
show noticeable tail-off beyond 50° of knee flexion due to the turn-round phenomenon of the quadriceps tendon against the femoral
trochlea (adapted from Bandi6, courtesy of hans huber Verlag, Bern, Switzerland).*
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taining relatively constant unit load under a
mechanical situation where total load is increasing
(Fig. 8) (24,25). the efficacy of the turn-round of the
divided forces is dependent on the length and the
altitude of the patella (24). the ‘turn-round’ of
forces takes effect between 50° to 90° of flex-
ion (5,21,25). According to measurements obtained
by hehne the contact area of the quadriceps tendon
is significantly larger compared to the contact area
of the patello-femoral joint (27). At 90° the quadri-
ceps contact area measures approx. 1 to 2 times, at
120° 2 to 3 times, and at 140° 3 to 4 times that of
the patello-femoral contact area (Fig. 1). 

huberti et al calculated average tendo-femoral
contact forces at 120° of approximately 550N,
whilst patello-femoral contact forces at the same
degree of knee flexion measured on average
1600N, indicating a ratio of 1:3 between tendo-
femoral and patello-femoral contact force (28). this
may at least to some extent explain the higher fre-
quency of chondromalacia in patella alta, as tendo-
femoral contact may be eliminated or substantially
decreased, creating an increase in patello-femoral
reaction force (3,28,30,35). 

Static measurements of patello-femoral reaction
forces (PRF) have been reported as showing an
almost linear increase in force values up to 110°
after which they decline (table i). the first such
measurements were performed by Burckhardt in
1924, who disregarded the load sharing function of

the quadriceps tendon, hence his results have been
flawed (10). Furmaier in 1953 and Bandi in 1972
made appropriate adjustments in their force calcula-
tions incorporating tendo-femoral contact
forces (5,21). Calculated PRF values range from 0 ×
BW at 15° to 12.9 × BW at 135° (5,21,28,38,46,51). 

Patello-femoral reaction forces (PRF) during
activities vary greatly and are essentially dependent
on the type of activity performed (table ii).
Predicted force values range from 0.6 × BW for
level walking to 7.7 × BW for jogging, and 20 ×
BW for jumping (9,13,16,17,32,33,43-45,48,52,59,62,63).
For isokinetic exercise Kaufman et al found that
PFR peaked at around 70° to 75° of knee flexion.
Calculated values are dependent on exercise speed
and ranged from 3.4 to 6.8 × BW. Ericson and
Nisell noted that both patello-femoral and tendo-
femoral reaction forces during cycling were gener-
ally lower when compared to those generated
through daily and most other sporting activities
(Fig. 9) (17). the magnitude of joint forces was
almost independent of body weight, but increased
with work load and reduced saddle height. tendo-
femoral reaction force rose to 295N at 108° of knee
flexion. Anterior knee pain during cycling may
henceforth be associated with compression of the
supra-patellar bursa or medial para-patellar plica at
higher knee flexion angles if the saddle position is
kept low and knee flexion angles are subsequently
increased throughout all stages of the revolu-

Acta Orthopædica Belgica, Vol. 77 - 4 - 2011

BASiC KiNEMAtiCS AND BiOMEChANiCS OF thE PAtEllO-FEMORAl jOiNt 427

table i. — Static measurements of patello-femoral joint reaction forces in relation to knee flexion angle.
(Values should be viewed with due regard to the complexity of the problem and with the knowledge

of the assumptions which must necessarily be made in obtaining them)

° based on an average total contact area of 1340 mm2.

Knee flexion
angle

Average PF
 contact area

(mm2)

Percentage of
total contact

area°

tendo-femoral
compressive

force (Newtons)

Peak PRF
(Newtons)

Peak PRF
(body weight)

Peak PF contact
pressure (N/mm2)

0° 140 10 0 0 - -

10° 200 15 0 100 0.2 0.5

30° 280 20 0 300 0.5 1.1

50° 320 23 250 860 1.2 2.7

70° 450 32 1300 1810 2.7 4.0

90° 350 25 2200 2860 4.2 8.1

110° 260 19 4500 3300 4.8 12.7

135° 130 9 5800 7500 12.9 57.7
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tion (15,50). Cycling should be considered a prefer-
able activity for most patients recovering from knee
surgery, but especially for those who are obese.
Proper attention however should be given to appro-
priate adjustment of work load and saddle height.. 

When considering the magnitude of patello-
femoral compressive force it has to be remembered
that this force acts through an area which varies
with knee flexion (37,54,60). henceforth an increase
in PRF does not necessarily assume an increase in
patello-femoral pressure. Patello-femoral contact
area is small close to full extension of the knee,
indicating that patello-femoral pressure is higher
for the same PRF magnitude. From this follows,

that the patello-femoral pressure, near extension
may be relatively high although the compressive
force appears comparatively low (44).

to obtain a rough estimate of the resulting con-
tact pressures in the patello-femoral joint, the mean
pressure is calculated by dividing patello-femoral
force values by the patello-femoral contact area.
Patello-femoral contact pressure values are depend-
ent on activity and knee flexion angle, and range
from 1.28 to 12.6 N/mm2 (28,29). Accordingly a
696 Newton man climbing stairs would generate a
patello-femoral compression force of 1754N equiv-
alent to 2.5 × BW and experience patello-femoral
pressures between 3.73 and 6.87 N/mm2 (39).
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table ii. — Patello-femoral joint reaction forces for various activities. (Values should be viewed with due regard to the complexity
of the problem and with the knowledge of the assumptions which must necessarily be made in obtaining them)

Author Year Activity Body
Weight
(kg)

Knee
flexion
Angle

Peak
PRF
(N)

Peak
PRF (xBW)

Reilly & Martens 1972 level walking 70 10° 334 0.5

Morra & Greenwald 2006 Walking gait - 15° 420 0.6

Bresler & Frankel 1950 level Walking 71 20° 840 1.2

Ericson & Nisell 1987 Cycling 71 83° 905 1.3

Nisell 1985 lifting (12.8 kg box) 77 90° 1600 2.2

Andriacchi et al 1980 Stair ascent
Stair descent

71
71

65°
60°

1500
4000

2.1
5.7

Morra & Greenwald 2006 Stair ascent - 45° 1760 2.5

Reilly & Martens 1972 Stair walking 85 55° 2500 3.3

Smidt 1973 isometric quads contraction 82 75° 2127 2.6

Morra & Greenwald 2006 Rising from a chair - 90° 1950 2.8

Ellis et al 1979 Rising from a chair - 120° - 3.1

Kelley et al 1978 Rising from a chair - 90° 3800 5.5

Kaufman et al 1991 isokinetic exercise 81 70° - 5.1

huberti & hayes 1984 isometric extension 90° 4600 6.5

Nisell 1985 isometric extension 72 90° 6900 9.7

Dahlqvist et al 1982 Ascending from squat
Descending from squat

140°
140°

6.0
7.6

Reilly & Martens 1972 Squatting 85 130° 6375 7.6

Winter 1983 jogging 72 50° 7.7

Wahrenberg et al 1978 Kicking 76 100° 5800 7.8

Smith et al 1972 jumping - - 20

Nisell 1985 Quadriceps tendon rupture 10900-18300 14.4-24.2

Zernicke et al 1977 Patellar tendon rupture - 90° 25
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Women have smaller knees and hence shorter patel-
lar tendon moment arms than men. Subsequently
the PRF increases by up to 20% for the same knee
extending moment which would explain the some-
what higher frequency of patello-femoral disorders
in females (44).

Denham and Bishop have shown that the patello-
femoral reaction force exceeds the tibio-femoral
reaction force in angles above 25°. At near full knee
flexion these values rose to almost 150% of the
forces passing through the tibio-femoral joint (14). it
is therefore not surprising that the patello-femoral
articulation is covered by a deep and deformable
layer of hyaline cartilage. With 4 to 6 mm in depth,
this cartilaginous cover is the thickest to be found in
the body, and designed to protect the richly inner-
vated subchondral bone in such a way that the pain
threshold is not surpassed (19). 

Articular cartilage carries viscoleastic properties
enabling it to adapt to the changing surface
 contours whilst the patella moves along its irregular
pathway. At the same time surface deformation
under load will lead to a subsequent increase in
pressure transmitting area. this process is time
dependent and pressure values will thus be different
for short-term and long-term loading. the above

mentioned values concerning patello-femoral pres-
sure should hence be regarded as reference values
only, as pressure transmitting areas of the patello-
femoral joint increase with increasing load and
duration of loading (5,22,28,39,55). this may explain
why peak stresses of up to 20 times body weight
can be tolerated without causing lasting damage as
they are applied over a relatively large area for only
very short periods of time, whilst long term applica-
tion of such loads would invariably lead to cartilage
breakdown. 
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Patellar and femoral component in total knee arthro-
plasty are inextricably linked as a functional unit.
The configuration of this unit has been a matter of
ongoing debate, and the myriad of different patellar
and femoral components currently available reflect
the lack of consensus with respect to the ideal design.
One of the major challenges is to overcome the bio-
mechanical disadvantages of a small contact area
through which high contact pressures are trans-
ferred, making this mechanical construct the weakest
part of the prosthetic knee. Contact areas are highly
dependent on the congruency of the patellofemoral
joint articulation, and are significantly smaller for
dome shaped patellar components compared to those
of more anatomic designs. However, when exposed to
3-dimensional movements, the contact areas of the
dome shaped patella are significantly greater, indicat-
ing enhanced forgiveness regarding patellar malposi-
tioning. Although contact stresses, a function of
implant design and surface conformity, can reach lev-
els far beyond the yield strength of UHMWPE, cata-
strophic failure of resurfaced patellar components,
commonly seen in metal backed patellae, fashionable
in the 1980s, has rarely been observed since.
Although plastic deformation and wear of UHMWPE
continue to represent a problem, in the absence of
suitable alternatives polyethylene remains the bear-
ing surface of choice. The appreciation of the conse-
quences of the mechanical environment on the behav-
iour of the patellofemoral joint is of particular impor-
tance in the endeavour to develop knee replacement
systems which provide satisfactory function together
with clinical long-term success.

Keywords : TKA ; patella ; patellofemoral joint ; kine-

matics ; biomechanics ; contact area ; UHMWPE.

INTRODUCTION

The articulation between patella and femur is

 relatively complex and displays intricate bio -

mechanical behaviour. Concerns exist with regard

to the treatment of the patella in total knee arthro-

plasty, as surgically imposed changes through

resurfacing may have significant effects on kine-

matic behaviour and clinical performance of the

patello-femoral joint (28). Although symptoms orig-

inating from the patello-femoral joint, following

knee arthroplasty, are rarely severe enough to justi-

fy revision, they may be sufficient to spoil an other-

wise satisfactory result.

Matthews and associates, who investigated the

load bearing characteristics of the patello-femoral

joint, remarked that ‘High patello-femoral load val-

ues, small patello-femoral contact areas, and

resultant high stress magnitudes indicate the need

for caution in the design and development of a

patello-femoral component for total joint replace-

ment prostheses’ (61). Analysis of retrieved patellar

components and the significant failure rate of metal
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backed patellar designs continue to underscore the

extreme mechanical environment in which these

implants are expected to perform (20). Complica -

tions arising from patellar resurfacing are still

 considerable and include patellar component defor-

mation, wear, fracture and loosening (49,64,67,76). it

is therefore not surprising that patellar resurfacing

remains controversial (49,52,87,88).

Patellar tracking, contact area, and pressure dis-

tribution differ quite significantly between native

and prosthetic knee (47,100). Mechanical features to

be considered in the creation of a prosthetic patello-

femoral joint should include functional range of

motion in multi-axial planes, stability, fixation,

dimensions, load transfer areas, and materials. A

successful patello-femoral articulation must be

designed to function under high stress conditions,

and over a long period of time, as ground reaction,

gravitational, ligamentous, and muscular forces all

act to produce significant compressive, shear, and

torsional loads (38,69,92). Hence both design and

materials used must be at least compatible with the

mechanical forces of up to 5 × body weight (BW),

as encountered during activities of daily living (87).

PATELLAR COMPONENT DESIGN

The multitude of patellar components currently

available reflects the lack of consensus with respect

to the ideal design (Fig. 1). Articular surface

geometries of patellar components vary greatly but

can be classified into five basic shapes : convex or

dome shaped ; modified dome shaped, also known

as sombrero hat ; anatomically shaped ; cylindrical

or saddle shaped ; mobile bearing (Fig. 2) (51).

Every implant design bears particular advantages

regarding conformity, stability, forgiveness and

wear pattern, with none being ultimately superior.

Advantages attributed to a particular design should

however not be generalized to all designs of similar

shape as the behaviour of a particular patellar com-

ponent is directly dependent on a number of vari-

ables with the surface geometry of the mating

femoral component probably being the most impor-

tant (18,25,63,102,104,116). Apart from component

positioning and alignment other factors such as

patient’s demographics (e.g. body mass index,

mechanical leg-alignment, range of motion) will

also influence the performance of the patello-

femoral joint (41).

Dome shaped patella

The majority of currently available patellar

 components belongs to the all-polyethylene dome

shaped type ; its prevalence today is itself an off-

shoot of its practicality. The mating geometries

between patella and femur are simple spherical

shapes, which usually provide congruency only in

the early flexion range up to 70° (Fig. 2 & 3). At

higher flexion angles the convex patellar surface

contacts the convex inner surfaces of the femoral

condyles, exposing the patella to high stresses and

point contact. Some of these problems have been

addressed successfully through design adaptation of

femoral condylar and trochlear geometries.

Extension of the trochlear groove concavity onto

the inner portion of the femoral condyles has pro-

vided for an increase of patello-femoral congruency

in flexion. The principal advantage of dome shaped

components compared to all other designs is their

ability to allow for flexion to occur in various

planes, hence avoiding edge loading, a problem

associated with modified-dome and anatomic patel-

lar devices (Fig. 4). Because of the spherical shape,

rotatory alignment of the implant is less critical,

highlighting the relative forgiveness of dome

shaped patellae regarding minor degrees of mal-

positioning and making it easy to implant. Despite

their excellent clinical results however, failure of

cemented all-polyethylene dome shaped patellar

components is not uncommon and is attributed to

the exposure to high contact stresses (4,24,32,33,45,89,

113).

Modified dome shaped patella or sombrero hat

in an attempt to increase the contact area in flex-

ion, the standard dome patella was modified to

include a concave surface near the circumference,

allowing it to more closely match the curve of the

femoral condyles in the axial plane (9). The modi-

fied dome shaped patella, also known as ‘sombrero

hat’, improves the articulation with the convexities

12 O. S. SCHinDlER
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of the femoral condyles especially at higher flexion

angles (Fig. 2). Wear simulator studies confirmed

that the increased conformity enhances the life of

the component by more than 20 times when com-

pared to a standard dome component (44). Concerns

however remain, since the amount of conformity

that is acceptable must be considered in relation to

patellar motion.

Anatomically shaped patella

Prostheses with anatomical surface profile

(Fig. 2) have distinct lateral and medial facets. They

provide a more conforming articulation with an

increased contact area and reduced contact stresses

between patellar and femoral component, thereby

decreasing the risk of subluxation (10,12,46). A vari-

ety of anatomically shaped patellar implants have

been available over the years, including a mobile

bearing variant. Although anatomic patellar

implants make the most sense theoretically, they

have introduced a number of complexities into the

instrumentation and surgical technique. Due to their

high level congruency with the femoral component

they are more sensitive to mal-positioning and

hence more difficult to implant (56).

Cylindrical or saddle shaped patella

The cylindrical or saddle shaped patellar compo-

nent (Fig. 1 & 2) occupies a fringe position in total

knee arthroplasty. The initial idea was developed by

Acta Orthopædica Belgica, Vol. 78 - 1 - 2012
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Fig. 1. — Commercially available patellar components. Articulating surface (top), retro-patellar surface (bottom). Top row from
left to right : MEDiAl ROTATiOn KnEE®, Finsbury ; GEnESiS® ii (biconvex), Smith&nephew ; VAnGUARD®, Biomet ;
 OPTETRAK®, Exactech ; GEnESiS® ii dome, Smith&nephew ; ADVAnCE® Medial-Pivot, Wright inc. ; AGC®, Biomet inc.
Bottom row : PFC-Sigma®, DePuy ; JOURnEY® (off-set dome) Smith&nephew ; TRiATHlOn® (off-set dome), Stryker inc. ;
TRiATHlOn® (sombrero), Stryker ; lCS® (all poly), DePuy ; lCS® (rotating platform), DePuy.
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Freeman and Swanson in the late 1970s, who

attempted to combine a high level of congruency

with relatively large contact areas throughout flex-

ion of up to 110° (34,35). Due to design specifics, the

patella becomes highly dependent on a close match-

ing geometry of the femoral component in the sagit-

tal plane, requiring a femoral trochlea with a single

radius (35,53). The diameter of the patellar compo-

nent is reduced to 25-30 mm, allowing the implant

to be recessed into the patella, similar to an inlay

technique. Subsequently the remaining patellar rim

participates in articulating with the femoral compo-

nent and in further assisting stress dissipation. The

patellar implant possesses a central peg with a col-

lar and can be used with or without cement. if left

uncemented the implant retains the ability to self-

centre and to rotate as has been observed in revision

situations for reasons unrelated to the patella (2,53).

Although fibrous in-growth may eventually halt

this process, the implant is likely to have already

adopted favourable alignment (107). Despite con-

cerns of being rotationally constrained, the design

concept has provided for satisfactory function and

pain relief, with 10 year survival rates of 96 to

98.4% (35,53,57,108).

Mobile bearing patella

A different biomechanical concept has been con-

ceived with the anatomically shaped mobile bearing

metal backed patella (Fig. 1 & 2) (11,12,13). The

design is based on the same principle as rotating

platform tibial components. The clinical perform-

ance record of mobile bearing patellae has been sur-

prisingly good and has not been characterized by

the complications generally associated with metal

backed prostheses. Reported survival rates of up to

99.5% at 12 years have been attributed to the high

conformity and low stresses permitted by the

mobile bearing articulation (48). The absence of sig-

nificant back-side wear in mobile patellar bearings

has led some clinicians to believe that these devices

may not actually rotate in service. it has therefore

14 O. S. SCHinDlER
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Fig. 2. — Common types of patellar component surface
configuration (Copyrights of illustration remain with author).

Fig. 3. — Contact position between patellar implant and femoral component at various degrees of knee flexion. Point contact in
extension and early flexion, due to limited conformity between patellar implant and femoral flange ; line contact in mid-flexion (30°-
70°), due to increasing conformity between patellar implant and trochlea ; bifurcation of contact area beyond 70° (Copyrights of illus-
tration remain with author).
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been speculated that the advantages of mobile bear-

ing patellae may in fact be their ability to compen-

sate for variations in surgical alignment by rotating

into a preferential position after engagement with

the femoral component and simply to stay

there (14,63).

PATELLAR CONTACT AREA AND

KINEMATICS

The contact area of the prosthetic patello-femoral

joint measures, at best, no more than 40% of the

contact area established for the native knee (40,51,59,

Acta Orthopædica Belgica, Vol. 78 - 1 - 2012
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Fig. 4. — Dome-shaped patellar components when articulating with a designated femoral component may compensate for limited
degrees of patellar tilt and rotation by maintaining acceptable contact congruency, especially in the mid-flexion range.

Fig. 5. — Changes of patellar position in relation to the femoral component during extension, mid-flexion and full flexion in the
sagittal plane. With increasing flexion the patella declines and moves in a posterior direction with the femur, whilst the patellar con-
tact area moves proximally. The centre image also shows the force vectors acting on the patellofemoral joint (Copyrights of illustra-
tion remain with author).
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68,103,115). Measurements obtained experimentally

vary widely and depend on the technical set-up and

the level of compression force applied during test-

ing. For dome shaped designs contact areas range

from 13 to 162 mm2, with highest values usually

observed between 30° and 90° degrees of knee flex-

ion (68). Values for modified dome shaped, anatom-

ic, and cylindrical patellar components may vary,

but due to the increased level of conformity are

 generally higher with contact areas of up to

270 mm2 (59,68,94,97).

Up to 75° of flexion the contact area between

prosthetic patella and femur is relatively large and

contact pressures are generally low. As with the

native patella the area of contact on the patellar

component moves proximally with increasing flex-

ion reaching the superior patellar pole between 60°

to 90° depending on trochlea design (Fig. 5).

Beyond this point the patella leaves the trochlea in

most arthroplasty designs, leading to bifurcation of

the patello-femoral contact area (Fig. 3). The tran-

sition from a one-area to a two-area contact is asso-

ciated with a significant decrease in contact surface,

whilst patello-femoral compressive force continues

to rise. The direct influence of this transition in con-

tact area on wear pattern can be observed in

retrieved patellar components, which demonstrate

deformation and development of characteristic

facets at the margin of the polyethylene surface

(Fig. 6) (29,44, 62,63,114).

As with the native patella the motion path of the

resurfaced patella is complex and influenced by

extrinsic stability, provided by muscle and soft

 tissue support, and intrinsic stability, provided by

implant design. intrinsic design stability is defined

as the capacity of the implant alone, with or without

patellar resurfacing, to resist interaction between

implant and muscular, capsular, or ligamentous

structures.

The geometry of the prosthetic components, as

well as surgically imposed changes, will bring with

them a plethora of variables, which all have the

potential to influence patellar tracking. However,

even in a well aligned and balanced total knee pros-

thesis the resurfaced patella will present a complex

three-dimensional movement pattern broadly simi-

lar to the native knee, and predominantly consisting

of rotation in both sagittal (flexion-extension) and

axial (medio-lateral tilt) planes, as well as rotation

and translation in the coronal plane (Fig. 7) (82).

Studies have shown that the patella may rotate as

much as 15° with respect to the femur, with most of

the rotation occurring beyond 50° of knee flexion

(82). The patella may translate medially in the coro-

nal plane during the initial 30° of knee flexion,

returning to neutral at about 60° after which it

moves laterally by as much as 8° (70). Finally, for

every 30° of knee flexion, 20° of patello-femoral

flexion occur, defined as rotation in the sagittal

plane (Fig. 5) (55).

Stiehl et al (99) assessed patellar kinematic pat-

terns and were able to demonstrate that patellar axis

rotation, which compares the angle between the

patellar tendon and the sagittal axis of the patella,

increases with flexion in TKA (Fig. 5 & 7) beyond

the levels observed in normal knees. Contact posi-

tion of dome-shaped and anatomically shaped

patellar components showed greater variability

compared to the normal knee, with the average con-

tact position for the resurfaced patellae lying more

superior, and tilt angles being significantly

increased. However, the kinematic behaviour of an

anatomically shaped or an unresurfaced patella

16 O. S. SCHinDlER
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Fig. 6. — Focal area of polyethylene deformation (cold-
flow) at the periphery of a retrieved patellar component, creat-
ed through bifurcation of contact at flexion > 70°. Changes
considered to accommodate non-conformity between patellar
implant and femoral condyle by creeping in ways to reduce
contact stress . Component courtesy of Prof. W. Plitz, ludwig-
Maximilian-University, Munich.
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more closely resembled normal knee kinematics,

compared to those observed with dome shaped

designs.

The complexities of the patello-femoral move-

ment pattern highlight the difficulties in reproduc-

ing natural patellar kinematics when resurfacing the

patello-femoral joint. Although an unconstrained

patello-femoral articulation would allow the patella

to move relatively unrestrictedly, it requires a low

level of conformity between the mating  surfaces,

which in turn would lead to an increase in

contact stresses. in contrast, a highly conforming

articulation will constrain patellar movement,

imparting unwanted shear forces which may

increase the risk of patellar subluxation and compo-

nent loosening.

in a cadaver study Kim et al (51) assessed the

effect of patellar kinematics on the contact area of

dome, modified dome, anatomic and rotating patel-

lar designs. Under optimal tracking conditions the

contact areas of the dome shaped patella were sig-

nificantly smaller compared to the modified dome

and anatomic designs. When exposed to 3-dimen-

sional movements however, the contact area of the

dome shaped patella was significantly greater, indi-

cating enhanced forgiveness regarding patellar mal-

positioning, whilst modified dome and anatomic

components appeared more sensitive to patellar

mal-alignment.

PATELLO-FEMORAL FORCES

The mechanical environment of the replaced

patello-femoral joint differs quite significantly from

the natural knee and is biomechanically disadvan-

taged by having smaller contact areas through

which high contact stresses are transferred. Anterior

patellar strain, a measure of the effect of external

forces on the geometric configuration of the patel-

la, has shown a threefold increase following TKA

(62). Contact stress, measured in megapascal

(1 MPa = 1 n/mm2), is defined as force divided by

the area over which the force is applied. it will

increase with a rise in reaction force, but decrease

with an increase in contact area. As we know from

the native knee, the increase in patello-femoral con-

tact area with flexion up to 90° together with the

‘turn-round’ phenomenon of the quadriceps tendon

beyond 90°, help to dissipate the patello-femoral

reaction force (PRF) over a larger area (37,38).

Despite these compensatory mechanisms however,

we observe a net increase in contact stress during

Acta Orthopædica Belgica, Vol. 78 - 1 - 2012
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Fig. 7. — Various types of patellar movement known to occur in both resurfaced and un-resurfaced patellae when articulating with
a prosthetic femoral component. From left to right : rotation in the sagittal plane (flexion-extension), in the axial plane (medio-lateral
tilt), and in the coronal plane ; translation in the coronal plane (Copyrights of illustration remain with author).
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flexion in TKA as reaction forces increase dispro-

portionately compared to the contact area.

The forces transmitted by the patella originate

from the pull of the quadriceps, resulting in a ten-

sion force in the patellar tendon and a contact pres-

sure force between the patella and the trochlea. in a

practical simplified model, these forces act copla-

nar (in the sagittal plane) and even concurrent, in

such a way that it is permissible to consider them as

a single resultant force (Fig. 5). Experimental in

vitro studies have been able to show that these

forces can be quite considerable, with PFR values

of 1.2 × body weight (BW) for simple activities

such as walking on level ground, 5.7 × BW for

descending stairs or rising from a chair and 7.7 ×

BW for jogging (87). In vivo studies have so far only

looked at peak forces generated within the replaced

tibio-femoral joint, which confirmed approximate

values of 1.3 × BW for biking, 2.7 × BW for walk-

ing, 3.8 × BW for tennis and up to 4.5 × BW for

golf (21). The level of contact stresses is directly

influenced by the magnitude of the contact force

(PRF). The magnitude of PRF is a function of

implant design. Certain patient demographics like

younger age, above average BMi, and increased

post-operative flexion, especially in those patients

of high demand, are likely to further increase the

level of compressive and shear forces on the patel-

lar component during knee flexion (29,64,72).

The fixation surface of all-polyethylene onlay

patellar components has also been subject to biome-

chanical investigations. large single central fixa-

tion lugs, which were popular in the 1970s and 80s,

required significant bone removal leaving only a

relatively shallow bone bridge below the lug. This

created focal stress raisers leading to an increased

risk of patellar fracture close to the fixation

site (9,19). Single lug patellar components have

hence been largely abandoned in favour of three

smaller fixation lugs placed more peripherally.

Such an arrangement is subject to less stress com-

pared to lugs placed centrally, especially if lugs are

oriented in a transverse direction (17). The construct

of three smaller and peripherally placed lugs has

been shown to avoid precarious bone weakening

and provides better resistance against tilt and rota-

tional forces (54,58). inlay patellar components of

convex, biconvex or cylindrical configuration are

inset into the retropatellar surface and continue to

use single peg fixation. These pegs are usually quite

small in size and the low rate of complication with

this technique may be due to the additional strength

gained through peripheral bone preservation. in

addition the particular geometry of the patellar

component and the moving centre of loading pro-

duced by knee mechanics and interaction with the

femoral trochlea impose peculiar stresses on the

patellar fixation site. The resulting strains are com-

pressive, shear, and tensile in character and pre-

sumed to be relatively small. They are often

referred to as ‘micromotion’ and implicated as a

mechanical contribution to loosening (8).

MATERIAL SCIENCE AND PERFORM-

ANCE OF PATELLAR IMPLANTS

Owing to the great disparity between moduli and

strength of cobalt-chrome alloys on the one hand

and ultra high molecular weight polyethylene

(UHMWPE) on the other, wear is primarily

observed on the polymeric side of the prosthetic

patello-femoral articulation. notwithstanding its

limitations, UHMWPE has evolved as the material

of choice for the patellar component based on the

low friction principle (16). Mechanical properties of

UHMWPE are far from being ideal, with yield

strength affected by the level of molecular weight,

degree of cross linking and sterilisation method.

Uniaxial yield strength of UHMWPE, which

equals the lowest stress at which the material under-

goes plastic deformation, is estimated at around

23 MPa (3,20,39,83,96). Concerns have been raised if

such stresses are applied continually. For industrial

applications repeated maximum contact stresses of

10 MPa are hence recommended, a value which

incidentally is identical to the yield strength esti-

mated for articular cartilage (80). Buechel et al (12)

have even suggested that for long-term human use

maximum contact stresses of 5 MPa may be more

appropriate, as body temperature further reduces

the strength of UHMWPE by almost 25%. In vitro

contact stress analysis has confirmed that all-poly-

ethylene dome shaped patellar components pro-

duced contact pressures between 20 to 30 MPa in

18 O. S. SCHinDlER
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extension, rising to between 36 and 100 MPa at 90°

to 120° of knee flexion, therefore exceeding the

yield strength of UHWMPE (23 MPa) by up to

400% (20,47,51,63,115). Anatomically shaped rotating

platform patellar components produced significant-

ly lower values, mostly staying below the yield

strength of UHMWPE (20,63). Wear simulator stud-

ies further confirmed that congruent patellar com-

ponents (modified dome and anatomic) exhibited

significantly lower rates of creep and wear than

dome shaped designs, again indicating that con-

formity is critical to wear resistance and protection

against post-yield deformation (20,43,44).

Viscoelastic properties of surface cartilage allow

for its deformation under load and subsequent

increase in pressure transmitting area. Due to differ-

ences in elastic modulus between cartilage and

UHMWPE, the prosthetic patella however has lim-

ited ability to change its surface contact area

through variations in patello-femoral load

(6,42,44,63).

Xu et al (115) and associates were able to demon-

strate the effect of patellar resurfacing on contact

area and pressure in cadaveric knees. The mean

contact area between 30° to 120° of flexion in the

non-resurfaced patello-femoral joint ranged from

70 to 150 mm2, whilst peak patellar contact pres-

sures did not exceed 12 MPa (115). Once resurfaced

the mean contact area decreased almost 10 fold to

10 to 15 mm2, creating a dramatic increase in patel-

lar contact pressure values of 50 to 100 MPa.

Greenwald et al (15,68,98) performed biomechanical

studies assessing patellar surface contact area, com-

pression force, and contact pressure using a variety

of different prosthetic models. These authors (15)

found that patello-femoral contact pressure values

at knee flexion angles beyond 45° exceeded poly-

ethylene yield strength in all tested components

with peak measurement of up to 75 n/mm2

(= 75MPa) (Fig. 8). The authors postulate that con-

temporary component designs should provide for

congruent patellar contact throughout flexion and

extension, which seeks to minimise surface and

sub-surface stresses.

Steubben et al (97,98) measured the distribution of

patello-femoral surface stresses by mapping areas

above and below the tensile yield strength of poly-

ethylene. All implants whether of dome, modified-

dome, or anatomic shape demonstrated material

yielding over their range of flexion. Their results

indicated the importance in appreciating the loca-

tion of the yield areas within a given patellar com-

ponent, as rim loaded contact areas above yield are

more likely to deform and wear. it has hence been

suggested that polymer integrity does not rest pri-

marily with the size of the contact area, but rather

with the extent of the surface within this region

which exceeds yield condition.

Subsequently, contact stresses above the yield

strength do not necessarily lead to catastrophic

 failure as demonstrated by the large number of

 relatively undamaged retrievals. As highest values

of contact stress are experienced during flexion,

variations in patient’s activity may not expose the

patellar component to large cyclic loads frequently

enough to accumulate damage. Mcnamara (63)

 considered the constraining effect of surrounding

polyethylene responsible for this phenomenon.

Yield in polyethylene is characterized by plastic

deformation (creep) rather than brittle failure,

which explains why non-conforming patellar com-

ponents are capable of ‘wearing-in’ (6). Retrieval

studies (32,114) have shown that creep of poly -

ethylene occurs independent of wear, which permits

adaptation to the tracking position. Such surface

adaptation produces characteristic facets at the

 margin of spherical patellar components, increasing

the contact area particularly in flexion where there

is least congruency between patella and femur

(Fig. 6) (19,44,63). Although reduction in contact

stresses of 23% to 58% through increased conform-

ity have been reported, contact stress values remain

above the UHMWP yield strength (20,29,40). Elbert

et al (29) were surprised that, despite artificial

“wearing in” of a polyethylene patellar surface into

a concave shape, the von Mises stress (a criterion

used in predicting the onset of yield in ductile mate-

rials) was at or near the polyethylene yield stress in

most of the contact areas, which suggested that the

deformation might continue anyway. Williams (112)

found, via analysis of von Mises stress, that most

stresses above yield strength occurred 1-2 mm

below the articulating surface area in the newly

manufactured component, whilst in retrieved com-
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ponents von Mises stress remained near yielding

through the depth of the implant (112) (Fig. 8). due

to sub-surface stresses, permanent deformation may

henceforth be expected to continue even when the

component has ‘worn-in’ (29). Although Collier et

al (20) conceded that “all-polyethylene patellar

components are not the answer as an ideal bearing

surface”, in the absence of a suitable alternative,

UHMWPe is likely to remain the material of choice

at least in the foreseeable future (20).

FEMORAL COMPONENT DESIGN

The patella, whether native or prosthetic, cannot

be considered in separation as it works in direct

partnership with the femoral component. Contact

areas are highly dependent on the congruency of the

patello-femoral joint articulation at all angles of

knee flexion, whilst motion constraints of the patel-

la are determinated by the surface geometry of the

femoral component (intrinsic stability) and by the

balance of soft-tissue forces (extrinsic stability).

Following on from the disappointing results of

early arthroplasty designs which frankly ignored

the patello-femoral joint, Seedhom suggested an

array of design changes to the femoral component

in order to improve patello-femoral kinematics and

function (Fig. 9) (91). It is generally believed that a

more congruent patello-femoral articulation with a

deepened trochlear groove that extends both proxi-

mally and distally together with a build-up lateral

trochlear wall is likely to provide for improved

patellar tracking and enhance patellar stability dur-

ing flexion and extension (Fig. 10) (18,91,104, 116).

Bartel et al (3) demonstrated the importance of

conformity in prosthetic design to increase contact

area and to decrease contact stress. Current femoral

prosthesis designs display a wide variation in

20 O. S. SCHINdLeR
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Fig. 8. — Green background : contact areas and contact stress images, simulating walking gait (15°, PRF = 420N, top row), stair
ascend (45°, PRF = 1760N, middle row), and chair raise (90°, PRF = 1950N, bottom row) for anatomic and dome shaped patellar com-
ponents. Purple background : von Mises subsurface stress images for the same activities, illustrating the volume of polymer stressed
above 9 MPa (68). Illustration courtesy of Seth Greenwald of the Orthopaedic Research Laboratories, Cleveland/OH, USA.
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length, depth and orientation of the trochlear

groove, sagittal radius, and axial geometry (25,104).

Anatomically shaped femoral component designs

appear to be particularly suitable when articulating

against the non-resurfaced patella, and hence

referred to as 'patella-friendly (Fig. 11). They pro-

vide increased conformity between native patella

and femoral component and require minimal bio-

logical patellar remodelling (12,49). Non-anatomical

designs are those where the trochlear groove is con-

cave spherical and designed to accommodate a non-

anatomical patella usually of dome-shaped design.

The group of Freeman (30,36,53) believes that the

design of the trochlea is the key feature in provid-

Acta Orthopædica Belgica, Vol. 78 - 1 - 2012
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Fig. 9. — Failure to accommodate the patella in early arthroplasty designs resulted in patello-femoral impingement (areas denot-
ed in red) and anterior knee pain. The 3 images on the right denote design alterations suggested by Seedhom in 1974 to overcome
problems of impingement and to improve patello-femoral kinematics and function (91). 

Fig. 10. — Characteristic design features of various femoral components which have shown to exert significant effects on patellar
kinematics and biomechanics. Femoral components with relatively ‘patella-unfriendly’ design features usually provide a symmetric,
shallow and short trochlear groove (A = unmodified Ortholoc®, dow Corning Wright ; B = Townley®, Biopro). Femoral components
with relatively ‘patella-friendly’ design features usually provide an asymmetric, deepened central femoral groove, elevated lateral
trochlear flange, and distal extension of trochlear groove (C = modified Ortholoc®, Wright Medical ; d = Buechel-Pappas®, endotec).
Ortholoc implants courtesy of Leo Whiteside of the Missouri Bone & Joint Research Foundation, St. Louis, MO.
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ing satisfactory clinical results. They postulate that

the floor of the prosthetic trochlea, viewed from the

side, should be circular (single radius), similar to

the native knee, extending from 0° to 110° of flex-

ion. Furthermore it should be recessed to an

anatomical extent in order to restore the patello-

femoral joint line, a feature not to be confused with

the height of the patella in relation to the tibio-

femoral joint. in a large cohort study using such a

design the same authors found no clinical differ-

ences between resurfaced and native patellae at a

mean follow-up of 10 years. Based on this observa-

tion it has generally been accepted that increasing

the radius of curvature and deepening of the

trochlear groove reduces patello-femoral shear and

compressive forces (15,18,74,104). Some experimen-

tal evidence also exists that the depth of the

trochlear groove may be a more important variable

in the prevention against patellar subluxation than

the shape of the articulating surface itself (15).

Excessive deepening of the trochlea groove howev-

er will decrease the moment arm of the quadriceps

muscle force as the patella is brought closer to the

centre of rotation of the knee.

The importance of femoral component design

and its influence on patello-femoral performance

has been highlighted by Theiss et al (104), based on

clinical results of two arthroplasty designs with dis-

tinct differences in trochlear geometry. A 14-fold

decrease in patellar related complications was

observed when using a patellar friendly design.

Similar results have been reported by Yoshii et

al (116) in an experimental study. These authors

were able to demonstrate that specific femoral

design changes (e.g. 1 mm deepening of the

trochlear groove, elevation of the lateral trochlear

flange) improved patellar tracking compared to an

unmodified femoral component (Fig. 10).

Proximal extension of the femoral flange will

help to capture the patella during early flexion

whilst extension of the concave shape of the

trochlear groove onto the intercondylar surface will

allow for increased metal-to-plastic contact at high-

er flexion angles (85,90,116).

The effect of valgus alignment of the trochlear

groove on shear stresses, compared to symmetrical

designs, has been investigated with mixed results.

Asymmetric trochlear groove designs are thought to

provide for earlier patellar capture through promi-

nence of the lateral flange and to decrease the pre-

dominant valgus force vector thus reducing patellar

shear (25). in some reports reduction in lateral shear

forces of up to 10% was observed, whilst others

saw either no effect or even a shift toward the gen-

eration of medial shear forces (18,25,74,104). The

exact clinical advantages of asymmetric designs

have remained largely theoretical, lacking com-

pelling clinical proof of their effectiveness (18,111).

lateral subluxation. Compressive and lateral

forces acting at the patello-femoral articulation

increase with knee flexion (110). The magnitude of

the lateral forces, which are depending on valgus

alignment, Q-angle and soft tissue balance may, if

excessive, cause patellar subluxation and contribute

to component failure. Steubben, Postak and

Greenwald (98) investigated the resistance offered

to lateral subluxation of the resurfaced patella by

defining the intrinsic lateral stability of various

patello-femoral designs. They disregarded surgical

variables such as component placement, alignment

and correction of varus and valgus deformity, but

22 O. S. SCHinDlER
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Fig. 11. — Postoperative radiographs (Merchant’s view)
showing a 'patellar-friendly' anatomic femoral component (top)
and a patellar unfriendly femoral component (bottom), both
articulating against the native patella.
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recognized their importance in assisting this

process. They found that the medio-lateral compo-

nent of force was highly dependent on the interac-

tion of condylar and patellar surface geometry. All

tested implants presented force values required to

produce lateral subluxation at or above those meas-

ured for the native knee. Force values of up to

2250 n at 90° were generated by some designs

 representing a 6 fold increase compared to the

native patella, highlighting that appropriate design

changes, e.g. deepening of the trochlear groove, can

significantly increase resistance to patellar subluxa-

tion (97,98).

Conformity or non-conformity between femoral

and patellar components (82,99,101,109) ? The level

of conformity between femoral and patellar compo-

nents influences the joint’s ability to tolerate natural

variations in motion. Conformity increases contact

area and stability, whilst non-conformity allows the

patella to establish an ‘equilibrium of forces’, and

avoids excessive shear forces from arising.

Potential advantages of conforming designs may

hence be offset by an increase in constraint, poten-

tially resulting in deleterious effects on patellar

tracking and fixation. This typically leads to a

 compromise whereby conformity and subsequently

contact areas are reduced to avoid over-constrain-

ing the joint. The question however, of how much

 contact area to sacrifice and how to best achieve

this compromise remains unanswered. As a general

trend most clinicians favour spherical patellar

implants over anatomic patellar designs for ease of

application, since they are less prone to surgical

malalignment (79,84). Especially in combination

with a mobile bearing TKA, dome patellar compo-

nents have provided improved tracking and reduc-

tion in patello-femoral contact stress (86).

EFFECT OF CRUCIATE RETENTION

OR SUBSTITUTION

Moment arms affecting the patella are dependent

on the distance between the patello-femoral joint to

the axis of rotation (flexion and extension) of the

femoral component. They are increased if the axis

is deviated posteriorly from its physiologic posi-

tion. Femoral rollback facilitates this process and

represents a characteristic feature of normal knee

kinematics. increased rollback effectively length-

ens the patellar moment arm, thus increasing the

efficacy of the extensor mechanism. D’lima et al

(25) investigated the influence of various degrees of

posterior femoral rollback on patellofemoral com-

pressive force. Femoral rollback resulting from

PCl preservation produced reductions in

patellofemoral compressive force of up to 7%

throughout knee flexion, whereas the effect in PCl-

substituting devices only became noticeable after

cam-post engagement, with maximum effect

recorded at 85 degrees of knee flexion. Miller et al

(66), in an earlier study comparing PCl-retaining

with PCl-substituting arthroplasties, failed to note

femoral rollback when the PCl was retained. They

stipulated that the absence of the anterior cruciate

ligament may render the PCl ineffective, which

may explain the appearance of paradoxical move-

ments (reverse rollback) observed on fluoroscopic

investigation (22,23,25). Although PCl substitution

kept patellofemoral forces close to the level of the

native knee, a lateral release became necessary in

50% of knees, raising potential concerns about an

increase in patellofemoral stress through ligamen-

tous tension. This notion has also been expressed by

Ranawat and Sculco (75,76), who raised concern that

femoral rollback either through a cam and post

mechanism, as in posterior-stabilizing designs, or

through a functional posterior cruciate ligament

(PCl) may increase tensile forces across the patel-

la in flexion. Overall, patellar thickness following

resurfacing should therefore not exceed preopera-

tive values, particularly in posterior-stabilized

designs, as this will tighten the extensor mecha-

nism, create loss of flexion, and increase both ante-

rior patellar strain and PRF (27,65,81,95,106).

THE UNRESURFACED (NATIVE) PATELLA

Due to differences in the modulus of elasticity,

the articular surface of the patella, if left un-resur-

faced, must adapt to the geometry of the opposing

surface by bedding-in. This process of remodelling,

also known as ‘stress contouring’, produces gradual

adaptation of the retro-patellar surface and sub-

chondral bone plate to the trochlear shape (93).
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Keblish et al (50) noted that minimal remodelling

was required if the patella was exposed to an

anatomical design with constant radius of curvature

and uniform femoral geometry, whilst excessive

remodelling was observed in non-anatomical

designs. The remodelling process is time dependent

and not displayed on axial radiographs much before

two years after implantation.

Matsuda et al (59) assessed patellofemoral con-

tact stress and contact area following TKA by com-

paring a non-conforming dome patella, a conform-

ing anatomic patella and an unresurfaced patella

with those values obtained in the native knee. in the

un-resurfaced patella, peak contact stress and con-

tact area remained almost at the level of the native

knee. Following patellar resurfacing patello-

femoral contact stress rose beyond yield strength

for UHMWPE, with an average increase of 200%,

whilst patello-femoral contact area decreased on

average by 60%. The authors concluded that

although the effect of metal action on cartilage was

uncertain, the option of leaving the patella without

a prosthetic component remains an attractive one.

This is thought to apply especially to those cases

where the patella is not severely worn, as peak

stresses are known to be closer to normal if the

patella is left unresurfaced.

Tanzer et al (102) looked at the effect of femoral

component designs on contact and tracking charac-

teristics of the unresurfaced patella in total knee

arthroplasty. The authors noted substantial alter-

ations in patellofemoral contact areas, contact pres-

sures and tracking at higher flexion angles when the

native patella was articulating with a prosthetic

femoral component. The percentage of

patellofemoral contact area compared to the native

knee reduced markedly with increasing knee flex-

ion, with measured values of 79%, 69% and 65% at

60°, 90° and 105° respectively.

The surface geometries of some prosthetic

femoral components, particularly those of posteri-

or-stabilized design, appear incompatible with the

native patella, as the apex of the retropatellar ridge

may impinge on the prosthetic intercondylar notch

beyond 90° of knee flexion. Patellar deformation

and wear are likely consequences and in the case of

significant patellar tilt, displacement of the patella

into the notch becomes possible (62). Whiteside’s

group (116) was able to show that distal extension of

the trochlea and shortening of the intercondylar

notch safeguard patellar support beyond 90° of

knee flexion. Such design modifications are hence

important if one considers leaving the patella

unresurfaced. Most current femoral components

present a surface geometry designed to articulate

with a designated patellar component but are ill

equipped to accommodate the native patella

(Fig. 11) (60). Specific efforts are required to

improve patellar kinematics and biomechanics by

creating a femoral component which not only con-

forms to the normal trochlea and intercondylar

notch topography, but which also takes the move-

ment pattern of the native patella into account. Only

then would we be in a position to offer prostheses

dedicated to be used with the native patella, com-

pared to the mostly inadequate femoral designs cur-

rently available.

SURGICAL EFFECT ON

PATELLAR TRACKING

Despite major contributions through geometrical

specifics of the replacement, performance and

 function, the resurfaced patella remains highly

dependent on the surgical technique safeguarding

correct placement of the components (52,77,78,88).

Decisions made by the surgeon can compensate for

implant design limitations, but conversely may also

exacerbate such limitations (26). Any digression

from the ideal position may affect the proper func-

tion and lead to deviation from the ideal tracking

pattern. if mal-tracking is not corrected it may

increase shear stresses at the fixation site which are

likely to increase wear and affect the long-term sur-

vival of the patellar component (49,105,107). intra -

operative assessment of component positioning is

unable to account for the effect of muscles and ten-

dons on the kinematic behaviour of the replace-

ment. Despite careful surgical technique patellar tilt

often occurs, as intraoperative tests are static while

postoperative function is dynamic (7,73).

Mistakes that are known to detrimentally affect

patellar tracking are manifold and relate to compo-

nent mismatch and sizing errors (e.g. undersized
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patella, overstuffing), component malpositioning

(e.g. lateralisation of patellar component, internal

rotation and medialisation of femoral component,

internal rotation of tibial component, excessive

joint line elevation > 8 mm), overall leg mal-align-

ment (e.g. excessive valgus or varus), and ligamen-

tous imbalance (1,5,31,66,71,79,81,85). even minor

alterations, such as patellar component placement

on the retropatellar surface, have been shown to

influence intra-articular force distribution (Fig. 12)

(1). Any of the aforementioned surgical impropri-

eties may exert a cumulative effect on patellar

tracking and stability, potentially leading to disas-

trous results (Fig. 13). The author would like to

Acta Orthopædica Belgica, Vol. 78 - 1 - 2012

BAsiC kineMATiCs And BiOMeChAniCs OF The PATeLLOFeMORAL jOinT 25

Fig. 12. — Left knee : lateral positioning of the patellar implant on the retro-patellar surface (A) will tighten the lateral retinacu-
lar structures (LR) and may provoke lateral subluxation. Overzealous medial positioning of the patellar implant (C) may create later-
al patellar tilt through off centre positioning of the quadriceps tendon force (QTF). Moderate medialisation (B) will re-create the asym-
metrical contour of the native retropatellar high point, centralise both, QTF and patello-femoral reaction force (PRF), and improve
patellar tracking (Copyrights of illustration remain with author).

Fig. 13. — Potential complications, commonly associated with patellar mal-tracking, following patellar resurfacing (Copyrights of
illustration remain with author).
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refer the reader to other publications on this subject

matter as this aspect remains outside the realm of

this  article (73,78,79,88).
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Abstract: Ultra-high molecular weight polyethylene (UHMWPE) was irradiated with

accelerated electrons (1 MeV in air) using high dose rates (> 25 kGy/min) and thin specimens

(thickness 1 mm). Parts of the specimens were remelted (2008C for 10 min; 1508C for 0, 2, 10,

30, 60 min). All specimens were stored in nitrogen in the dark at 58C. Supermolecular

structure, extent of crosslinking, oxidative degradation, and macroradical content were

studied by a number of methods (SAXS, WAXS, SEM, DSC, FTIR, ESR, TGA, solubility

experiments, image analysis). The results obtained with irradiated samples were compared

with those obtained with irradiated and remelted samples. It was confirmed that crosslinking

predominates over chain scission at very high dose rates, even if the irradiation is performed

in air. Discrepancies concerning supermolecular structure changes in UHMWPE after

irradiation and thermal treatment, found in various studies in the literature, are discussed. A

simple model, which describes and explains all supermolecular structure changes, is

introduced. An effective way of eliminating residual macroradicals in UHMWPE is proposed.

' 2007 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 85B: 240–251, 2008

Keywords: UHMWPE supermolecular structure; e-beam irradiation; thermal treatment;

oxidative degradation; macroradicals

INTRODUCTION

Ultra-high molecular weight polyethylene (UHMWPE) is

used in arthroplasty as a bearing component of total joint

replacements (TJR).1 Despite the development of metal-on-

metal and ceramic-on-ceramic replacements, UHMWPE is

still regarded as one of the best materials for TJR, both for

total hip replacements (THR, Ref. 2) and total knee

replacements (TKR, Ref. 3). However, the UHMWPE com-

ponent of TJR articulates with metallic or ceramic parts of

TJR, which leads to release of tiny wear particles, whose

dimensions range from 0.1 mm to 10 mm (e.g., Ref. 4). Sev-

eral studies report that the wear particles are even smaller5

or larger.6 The wear of UHMWPE is considered to be one

of the most important life-limiting factors of TJRs. A

reduced thickness polymer layer may lead to mechanical

failure of the TJR, and the wear debris causes complex

inflammatory reactions that may lead to osteolysis of bone

and, consequently, to implant loosening.7 Therefore, it is

desirable to prepare UHMWPE with increased wear resist-

ance, while keeping all other relevant mechanical proper-

ties at sufficient level.

The wear resistance of UHMWPE can be increased by

crosslinking with ionizing radiation, such as c-rays or

accelerated electrons.1,8 The irradiation causes homolytic

cleavage of C��C and C��H bonds.9 The resulting alkyl

radicals are not stable and enter a complex system of reac-

tions, which lead to crosslinking, but also to chain scis-

sions, oxidation, formation of C¼¼C double bonds and

transformations to more stable allyl and peroxy radicals.10

In the presence of oxygen, the radicals in UHMWPE sur-

vive for up to 30 months.11 Crosslinking improves wear

resistance but it leads to certain reductions in mechanical

properties.12 The formation of C¼¼C bonds is not assumed

to have a significant effect, but all other reactions influence

wear and mechanical properties adversely. Chain scission

leads to lower-molecular-weight-polyethylene, whose wear

and mechanical performance is worse than that of the origi-
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nal UHMWPE.13 Oxidation of UHMWPE during irradia-

tion, that is, immediate oxidative degradation, is always

associated with chain scissions.14 Transformation to more

stable radicals leads to long-term oxidative degradation,

which also results in chain scissions, and which occurs

both during the UHMWPE shelf-life and in vivo.9 Immedi-

ate oxidative degradation is minimized by irradiation in an

inert atmosphere12,15 or vacuum.16,17 Long-term oxidative

degradation is minimized by destroying the residual radi-

cals by thermal treatment.12,15 Hence, the preparation of

commercial crosslinked UHMWPEs includes remelting

(i.e., thermal treatment above 1408C), annealing (thermal

treatment below 1408C), and/or irradiation of UHMWPE in

its molten state.8

Both irradiation and thermal treatment influence the

supermolecular structure of UHMWPE, which impacts on

mechanical properties.1,18,19 A number of articles on super-

molecular structure changes in UHMWPE exist,11,12,15–31

but the majority concentrate on irradiation-induced

changes11,17,18,20,21,25–27,29,31,32 and do not take into account

thermal treatment, which means that the very important

aspect of residual radical elimination is not taken into

account. Studies of residual macroradicals in UHMWPE

have also been performed,10,33–36 but only a small number

of them33,35,36 deal with thermal treatment and mostly they

are focused on macroradical transformations after irradia-

tion.10,34 Moreover, the results in the literature are often

contradictory. For instance, in some studies15,21 a peak in

the dose-crystallinity curve was found around 25 kGy,

whereas in other studies this was not observed.18,17 In the

present study, a number of methods (small- and wide-angle

X-ray scattering, differential scanning calorimetry, ther-

mogravimetric analysis, scanning electron microscopy,

infrared spectroscopy, electron spin resonance (ESR), solu-

bility experiments, image analysis of light micrographs)

were employed to study the influence of both e-beam irra-

diation and thermal treatment on the supermolecular struc-

ture, oxidation and elimination of residual radicals in

UHMWPE. A simple and reliable model is introduced,

which explains all the observed changes of the supermolec-

ular structure. In addition, we discuss various discrepancies,

connected with supermolecular structure changes. Finally,

we propose an efficient way of eliminating residual mac-

roradicals, which minimizes oxidative degradation of

UHMWPE.

EXPERIMENTAL

Materials and Preparation of Samples

Ultra-high molecular weight polyethylene (UHMWPE)

Chirulen 1020 (PolyHi Solidur, Germany), prepared by

compression molding, was used in all experiments. Thin

samples (50 3 50 3 1 mm3) were cut from the virgin

UHMWPE to assure homogeneous radiation dose distribu-

tion in the material. During cutting the material was inten-

sively cooled to prevent changes of internal structure: The

speed of cutting and the flow of cooling liquid were set in

such a way that UHMWPE did not melt and the final plates

were perfectly flat and noncrooked.

Irradiation, Thermal Treatment and Shelf Life
of the Samples

Irradiation with Accelerated Electrons. This was per-

formed by using an electron beam accelerator ELV-2

(Budker Institute of Nuclear Physics, Novosibirsk, Russia)

at the Leibniz Institute of Polymer Research Dresden (IPF

Dresden e.V.), Germany.37 The electron beam irradiation

was carried out in air. The electron energy was 1.0 MeV.

Application of high dose rates ([ 25 kGy/min) should

minimize oxidation during the irradiation process.11 Two

series of samples were generated with irradiation doses of

0, 15, 25, 35, 50, 100, and 200 kGy. The third series of

samples was irradiated under the same conditions as

described above but using an irradiation dose of 50 kGy

only.

Thermal Treatment. The first series of samples was

left at room temperature. The second series of samples was

remelted (RM): they were placed in a hot press (2008C, 10
min, zero pressure) and then cooled to room temperature

(cooling rate �58C/min). The samples from the third series

were remelted for 0, 2, 10, 30, and 60 min at 1508C as

described above.

Shelf Life. After irradiation and between all experi-

ments, the samples were kept in the dark (in a paper box),

in nitrogen atmosphere (small PE bags filled with N2), and

at low temperature (refrigerator, 58C).

Notation and Number of Samples. The nonirradiated

and nonremelted samples are denoted as 0 kGy in the fol-

lowing text. The irradiated samples are denoted as 15 kGy,

25 kGy, 35 kGy, etc. The remelted samples are referred to

as 0 kGy_RM, 15 kGy_RM, 25 kGy_RM, etc. Total num-

ber of samples was 18 (1 nonirradiated sample 1 1 nonir-

radiated, remelted sample 1 6 irradiated samples 1 6

irradiated, and remelted samples 1 4 different thermal

treatments for sample 50 kGy).

Characterization of Structural Changes

Small-Angle X-ray Scattering. SAXS curves were

measured using a Kratky camera (A. Paar, Austria). After

background subtraction, the scattering curves were des-

meared and Lorentz correction was applied. Peak positions

qm were employed to obtain long periods (LP) according to

Bragg’s law, LP 5 2p/qm, where q 5 (4p/k)sin y, k 5
CuKa 5 1.54 Å, and 2y is the scattering angle.

Wide-Angle X-ray Scattering. Wide-Angle X-ray

Scattering (WAXS) patterns were obtained with a powder

diffractometer HZG/4A (Freiberger Praezisionsmechanik
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Freiberg GmbH, Germany). The total integral intensity I
and integral intensity diffracted by crystalline part ICR
of samples were used for determination of crystallinity CR

5 ICR/IALL.

Scanning Electron Microscopy. SEM was used to

observe amorphous and crystalline parts of the samples

directly. Before scanning electron microscopy (SEM) ob-

servation, the crystalline lamellae were visualized as

described elsewhere.38 Briefly, small pieces of the samples

(�3 3 3 3 3 mm3) were cut out, smooth surfaces of the

samples were prepared by microtoming at room tempera-

ture and etched with permanganic mixture (a 1:1 mixture

of conc. H2SO4 and conc. H3PO4, containing 1 wt % of

KMnO4). It is worth mentioning here that washing of the

samples is crucial to the success of the procedure. In this

study, the samples were washed immediately after etching

with four solutions: (i) mixture H2SO4:H2O (2:7 vol.,

cooled in refrigerator at 58C), (ii) conc. H2O2 (cooled in re-

frigerator at 58C), (iii) H2O, and (iv) acetone. In each step,

a sample was placed in 2 mL of the wash solution in an ul-

trasonic bath. The etched and washed samples were fixed

to copper supports, sputtered with platinum (�5 nm; Vac-

uum sputter coater SCD 050, Balzers) to avoid charging,

decrease sample damage due to electron beam, and increase

resolution. Finally, the samples were observed in scanning

electron microscope (Vega Plus TS 5135, Tescan) in the

secondary electron mode at 30 kV. Image analysis of SEM

micrographs was performed with our own program

MDFT.39

Differential Scanning Calorimetry. Differential scan-

ning calorimetry (DSC) was measured using the Pyris 1

DSC apparatus (Perkin-Elmer, USA), in nitrogen at a heat-

ing rate of 108C/min. Tm was determined from the position

of the peak maximum, and crystallinity (CRDSC) was calcu-

lated as the area under the melting peak.

Solubility Experiments. Determination of insoluble

fraction (gel content), soluble fraction (extract percentage),

and mass swell ratio was based on a modified procedure

described in ASTM D 2765-95. Samples (1 mm thick,

weight �0.5 g) were submerged in 100 mL of xylene in a

250-mL flask. Commercial antioxidant (BHT; 1 wt %) was

added to prevent degradation of the sample. The xylene so-

lution was boiled under reflux (1388C) for 8 h. Separate

experiments showed that after 8 h the decrease in insoluble

fraction is less than 1%. Three measurements were per-

formed per sample: (i) initial mass of the sample, m0, was

measured before the experiment, (ii) mass of the sample

swollen with xylene, mX, was measured immediately after

taking out the specimen from xylene and fast removal of

the liquid on the surface by means of nitrogen flow, and

(iii) mass of the dried sample, mD, was measured after vac-

uum drying at 608C, which was carried out to constant

weight. All measurements were made on a balance with an

accuracy of 0.1 mg. The insoluble fraction, g, soluble frac-

tion, e, and mass swell ratio, qm, were calculated as follows:

g ¼ mD=m0 3 100; ð1Þ
e ¼ ðm0 � mDÞ=m0 3 100; ð2Þ

qm ¼ mX=mD: ð3Þ

The crosslinking density according to Flory-Rehner expres-

sion was not calculated as the crosslinking was not homoge-

neous because more irradiation-induced crosslinks were

formed in the amorphous phase.

Infrared Spectroscopy. This was employed to deter-

mine the oxidation index and vinylene index.38 Infrared

spectroscopy (IR) spectra of the samples (1 mm thick and

4–12 mm in diameter) were measured in transmission

mode, using the FTIR spectrometer Bruker IFS-55 with

DTGS detector. Oxidation index (OI, Refs. 33 and 40) and

trans-vinylene index (VI, Ref. 33) were defined as follows:

OI ¼ absorption area1720cm�1

absorption area2022cm�1

; ð4Þ

VI ¼ absorption area965cm�1

absorption area2022cm�1

; ð5Þ

where absorption_area1720 is the absorbance of C¼¼O bonds

in aldehydes, ketones, and carboxyls; absorption_area965 is

the absorbance of C¼¼C bonds (mostly trans-vinylene,
��CH¼¼CH��); and absorption_area2022 is the absorbance

of the reference peak corresponding to vibrations of both

amorphous and crystalline parts of virgin polyethylene.40

Electron Spin Resonance. ESR was used for the

detection and quantitative identification of free radical

intermediates occurring in chemical reactions of the poly-

mer degradation. A sample tube (internal diameter 5 4

mm) was filled with thin 1-cm long strips of UHMWPE,

which were cut out of the original plates. Electron spin res-

onance (ESR) spectra were recorded using continuous X-

band (9 GHz) ESR spectrometer Bruker ELEXSYS E-540

in the usual form of the first derivative of the microwave

absorption curve. A double integral of the spectra, which is

the area under the absorption peaks, is proportional to the

number of detected spins. A standard calibration procedure

using a sample of known spin concentration (DPPH 1023

M in benzene) allows for estimation of absolute spin con-

centration. A sufficient signal/noise ratio for determination

of the radical concentration in irradiated UHMWPE sam-

ples was typically obtained for �50 mg of sample. ESR

spectra were measured at 6 mW microwave power, 1 G

modulation width at 100 kHz frequency, Q-value about

4000, and accumulation time about 3 min.

Thermogravimetric Analysis. Thermogravimetric Anal-

ysis (TGA) curves were obtained with Perkin Elmer TGA
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7 apparatus equipped with Pyris 1 software. The measure-

ments were performed in air using a longer-term isothermal

mode at different temperatures, ranging from 1208C up to

2008C in 108C intervals. The mass increase due to the absorp-

tion of oxygen by the sample was monitored and the respec-

tive induction period of oxidation at a given temperature was

evaluated.

Image Analysis of Light Micrographs. Small sections

of 1-mm thick samples were placed on a light box LP 310

(Fomei) and light micrographs were made with a digital

camera DXM 1200 (Nikon) with macroobjective (Nikon),

which allowed all samples to be photographed at once.

This guaranteed recording of all samples at constant illumi-

nation. Image analysis was performed with the program

Lucia (Laboratory Imaging, Czech Republic). The goal of

the image analysis was to quantify slight changes in color,

which were observable even with the naked eye. Nonirradi-

ated samples appeared white and with increasing radiation

dose the samples became slightly yellow. Two image anal-

ysis parameters were evaluated: HueTypical and MeanSatu-
ration. The first parameter, HueTypical, gives the hue

(color) value with maximum frequency in a hue value his-

togram; red, green, and blue color correspond to 0, 120,

and 240 value of hue, respectively. The second parameter,

MeanSaturation, is a statistical mean of the saturation val-

ues of pixels; generally speaking, it determines how much

the color of the sample differs from white.

RESULTS

Small- and Wide-Angle X-Ray Scattering

UHMWPE long periods (LPs) and crystallinities (CRs)

were determined from SAXS and WAXS, respectively. The

results are summarized in Figure 1. The CR and LP of non-

irradiated and nonremelted samples were within usual lim-

its.15,16,18,24 The CR of nonremelted samples monotonically

increased with radiation dose. This is usually attributed to

irradiation induced chain scissions of loops and tie mole-

cules, followed by additional crystallization of released

chain segments.11,15,17,18,25–27 Also, the LPs of the nonre-

melted samples grew slightly with increasing dose. As the

LP corresponds to average distance between amorphous

and crystalline regions, the only possible explanation is that

some lamellae must disappear or merge. We assume that

both disappearing and merging of lamellae took place as

discussed below. After remelting, both CR and LP values

went down. The drop in CR and LP results from different

thermal history of the samples: the original bulk material is

consolidated from the UHMWPE resin at elevated tempera-

tures and pressures followed by several-hour annealing,19,41

whereas our remelting procedure consisted of relatively fast

heating and cooling without any annealing. Further

decrease in CR and LP of the irradiated and remelted sam-

ples with radiation dose was caused by the fact that the

crosslinking partially prevents crystallization.

Scanning Electron Microscopy

SAXS and WAXS (or SWAXS) experiments yielded useful

but indirect pieces of information on supermolecular struc-

ture of UHMWPE. SEM micrographs of smoothed and

etched surfaces showed the supermolecular structure

directly (Figure 2, upper row). Crystalline lamellae were

etched more slowly than amorphous regions and, conse-

quently, the crystalline phase appeared light and the amor-

phous phase appeared dark in SEM micrographs taken in

the secondary electron mode. Qualitative information con-

tained in the images is evident: sample 0 kGy exhibited rel-

atively coarse structure, the structure in sample 0 kGy_RM

was much finer, sample 100 kGy seemed to show the coars-

est structure while the structure in sample 100 kGy_RM

was destroyed by the etching. Quantitative information con-

cerning structure coarseness can be extracted from the SEM

micrographs only by image analysis. Standard image analy-

sis of the micrographs, based on setting the threshold and

further PC-assisted image processing, would be very labori-

ous, time-consuming and hard to reproduce. Therefore, we

have developed an automatic image analysis technique,

based on our program MDFT.39 In the first step, program

MDFT calculates the two-dimensional discrete Fourier

transform of the images (Figure 2, lower row). The two-

dimensional Fourier transform (2D-FT) is calculated as:

Fðk; lÞ ¼
XN�1

x¼0

XN�1

y¼0

f ðx; yÞ3 exp 2piðkx=N þ ly=NÞ½ �; ð6Þ

where (x,y) are coordinates of the pixel in the input image,

(k,l) are coordinates of the pixel in the output image, f(x,y)

Figure 1. Small- and wide-angle scattering results. CR(irr) and

LP(irr) denote the crystallinity and long period of UHMWPE after

irradiation, whereas CR(irr1rm) and LP(irr1rm) represent crystallinity
and long period of UHMWPE after irradiation and remelting. Error

bars give 95% confidence limits, which were calculated as 1.96 3
r/Hn, where r is the estimated standard deviation calculated from

all n measurements.
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and F(k,l) represent the grayscale intensity of the pixel in

input and output image, respectively, N is the dimension of

the (square) input image and the double summation runs

through the whole picture. In the second step, MDFT con-

verts two-dimensional Fourier transform to one-dimensional

Fourier transform (1D-FT), which is the grayscale intensity

as a function of distance from the centre of the image. This

is achieved by a simple averaging process. In the third step,

long period (LP) is calculated from the position of the first

peak on the 1D-FT curve using modified Bragg’s Law:

LP ¼ 1=SMAX 3 RWI; ð7Þ

where SMAX is the position of the first local maximum on

the calculated 1D-FT curve and RWI is the real width of

the analyzed SEM micrograph. The use of Bragg’s Law fol-

lows from the analogy between Fourier transform of a SEM

micrograph and small-angle X-ray scattering by the sample

itself.39 The results of calculation for samples 0 kGy, 0

kGy_RM, 100 kGy, and 100 kGy_RM are summarized in

Figure 3. It is worth noting that sample 100 kGy_RM,

whose SEM micrograph did not show the correct structure,

exhibited no peak on 1D-FT curve. The other values of LPs

calculated from SEM micrographs, LP(SEM), exhibit the

same trend as the LPs determined from SAXS curves,

LP(SAXS). Both LP(SAXS) and LP(SEM) decreased in the

order 100 kGy [ 0 kGy [ 0 kGy_RM. Nevertheless, the

values of LP(SEM) differed from those of LP(SAXS),

which may have been caused by several facts: (i) the thin-

nest lamellae are below the SEM resolution, which makes

the values from SEM systematically higher. (ii) In SAXS,

we investigate quite a large part of the sample while in

SEM we see just a small region. (iii) The position of the

first peak on 1D-FT curve must be estimated by the user,

which may not be absolutely precise. (iv) SAXS determines

the LP from 3D sample, while in SEM we investigate a 2D

section of the sample. To conclude, SEM micrographs

allowed the direct qualitative look at the supermolecular

structure and MDFT program extracted semiquantitative

information from the micrographs, which confirmed and

verified the SAXS results.

Differential Scanning Calorimetry

DSC results, which were used to supplement and verify

SWAXS measurements, are summarized in Figure 4 and

Figure 2. SEM micrographs (upper row) and their two-dimensional Fourier transforms (lower row):

(a) virgin UHMWPE, sample 0 kGy; (b) remelted UHMWPE, sample 0 kGy_RM; (c) irradiated

UHMWPE, sample 100 kGy; (d) irradiated and remelted UHMWPE, sample 100 kGy_RM. Fourier
transforms were calculated according to Eq. (6).

Figure 3. One-dimensional Fourier transforms of SEM micrographs

with calculated values of long periods, LP(SEM), which were calcu-
lated according to Eq. (7).
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Table I. Both melting points (Tm) and crystallinities

(CRDSC) were determined from DSC curves and decreased

in the following order: 100 kGy [ 0 kGy [ 0 kGy_RM [
100 kGy_RM. As for crystallinities, the trend in DSC was

exactly the same as in WAXS. The increase in melting

points after irradiation was in agreement with the concept

of additional crystallization, which results in thicker lamel-

lae. The decrease in Tm after remelting agreed with the

drop in CR and LP indicated by SWAXS: this means that a

higher number of thinner lamellae were formed during the

remelting process. Further decrease in Tm observed in the

irradiated and remelted sample 100 kGy_RM results from

the fact that the thickness of the lamellae in this sample

was further limited due to crosslinks. In other words, the

new lamellae that were formed after remelting in the irradi-

ated sample were thinner not only because of faster cool-

ing, but also due to space constraints as they had to fit in

among the existing crosslinks.

Solubility Measurements

Insoluble fractions, soluble fractions, and swell ratios of

selected samples are summarized in Table II. Insoluble

fraction (or gel fraction, g) is given in weight percent and

increases with both molecular weight of polymer due to

entanglements (physical crosslinks) and crosslinking den-

sity (chemical crosslinks). Soluble fraction (or extract per-

centage, e) gives the dissolved fraction of the sample in

weight percent. The value of e represents a fraction of

shorter, nonentangled, and noncrosslinked polymer chains.

Mass swell ratio, qm, gives a measure of how tightly the

polymer is crosslinked. Higher crosslinking density results

in lower swelling and lower values of qm. The data in Ta-

ble II showed that (i) irradiation crosslinking predominated

over chain scission in all studied samples, (ii) the differ-

ence between samples irradiated at 50 kGy and 100 kGy

was almost negligible from the point of view of solubility

measurements, and (iii) remelting did not significanlty

influence crosslinking and chain scission in the polymer.

The irradiation procedure (very fast e-beam irradiation of

thin samples in air) led to crosslinking rather than to chain

scission because the insoluble fraction of all irradiated sam-

ples was more than 40% higher than the insoluble fraction

of virgin UHMWPE. The extract percentage was very

small. Similar results were obtained in the study of Pre-

mnath et al.,11 in which a zero extract percentage was

found in e-beam-irradiated samples for radiation doses

higher than 25 kGy. The remelting procedure (remelting of

thin samples at 2008C for 10 min) did not influence cross-

linking density, because no solubility parameter changed

significantly.

Infrared Spectroscopy

Oxidation index, OI, is widely accepted as a measure of

oxidation of UHMWPE.40 Trans-vinylene index, VI, might

be used as an estimate of crosslinking, because it increases

with radiation dose almost linearly33,42 and higher radiation

doses result in higher crosslinking density, if the doses are

smaller than 100 kGy.11,17,18,33 FTIR measurements are

shown in Figure 5. OI increased with radiation dose, sug-

gesting that the oxidation took place in spite of the very

high dose rate. This was confirmed by ESR measurements.

Further increase in OI was observed after remelting of both

nonirradiated and irradiated samples, indicating that the

Figure 4. Differential scanning calorimetry curves for: virgin sample

(0 kGy), remelted sample (0 kGy_RM), irradiated sample (100 kGy),

and irradiated1remelted sample (100 kGy_RM).

TABLE I. Comparison of X-ray Scattering and Differential
Scanning Calorimetry Results

Sample

LP

(SAXS)a

(Å)

CR

(WAXS)b

(%)

CR

(DSC)c

(%)

Tm
(DSC)d

(8C)

0 kGy 447(27) 47(2) 56(2) 136(1)

0 kGy_RM 319(12) 38(2) 44(2) 133(1)

100 kGy 508(35) 54(3) 64(2) 140(1)

100 kGy_RM 229(6) 30(3) 38(2) 131(2)

Estimated standard deviations of each measurement are given in brackets.
a LP(SAXS), long period determined by small-angle X-ray scattering.
b CR(WAXS), crystallinity determined by wide-angle X-ray scattering.
c CR(DSC), crystallinity determined by differential scanning calorimetry.
d Tm(DSC), melting point determined from differential scanning calorimetry.

TABLE II. Results of Solubility Measurements: Values of g
and e Give Insoluble and Extract Fraction of UHMWPE After 8 h
in Boiling Xylene, Respectively, Value of qm Gives Swell
Ratio (Dimensionless)

Sample g (%) e (%) qm ( )

0 kGy 54.37 45.63 7.31

50 kGy 95.57 4.43 2.81

100 kGy 96.04 3.96 2.40

50 kGy_RM 95.02 4.98 2.58

100 kGy_RM 96.69 3.31 2.15

All values are averages of two independent measurements; maximum absolute

differences between corresponding measurements were less than 1 % (for g and e)

and 0.3 (for qm).
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selected remelting procedure was not optimal, as oxidation

is usually associated with undesired chain scissions. This

was confirmed by thermogravimetric analysis (TGA). VI

increased with irradiation dose and did not change after

remelting, which was in agreement with our assumption

that the remelting procedure did not impact on crosslinking

significantly. This was also confirmed by solubility mea-

surements.

Thermogravimetric Analysis

Medical grade UHMWPE is very sensitive to oxidation

because it must not contain stabilizers and/or antioxidants,

although the use of a-tocopherol (vitamin E) is being con-

sidered.9 IR measurements signaled that some oxidation

occurred during the remelting procedure at 2008C for 10

min. Consequently, a set of TGA experiments was per-

formed to quantify the stability of virgin UHMWPE at ele-

vated temperatures (Figure 6). To our knowledge and

surprise, such a study has not been published so far. Figure 6

shows that UHMWPE oxidation was quite slow if the tem-

perature was below Tm. At 1208C the mass change of the

sample was almost unobservable. At 1308C the sample was

also stable but, after �100 min, its weight slightly

increased, indicating that oxidation products inside the

polymer started to form. At 1408C the observable oxidation

started after �50 min, at 1508C after �10 min and at

1608C it started almost immediately. At higher tempera-

tures the rate of oxidation increased as evidenced by

steeper and steeper slopes of the curves. For the tempera-

tures higher than 1508C the TGA curves exhibited a peak,

indicating that after a certain amount of oxygen was con-

sumed, the polymeric hydroperoxides formed in the sample

underwent decomposition: volatile oxidation products were

released and thus the weight of the sample decreased. In

accord with the expectations, the peak occurred after

shorter time periods with increasing temperature, being

330, 180, 70, 40, and 15 min for 160, 170, 180, 190, and

2008C, respectively. The peak height decreased with the

growing temperature, which indicated that the release of

low-molecular-weight oxidation products was faster as the

temperature went up. It should be noted, however, that our

remelting procedure was performed in a closed hot press,

which could be regarded as a low-oxygen atmosphere.

Therefore the oxidation rate during our remelting procedure

may have been lower.

Image Analysis of Light Micrographs

The irradiated samples exhibited yellowing that is associ-

ated with oxidation and can be estimated at a semiquantita-

tive level using image analysis (Figure 7). The yellowing

indicated that oxidation occurred even if very high dose

rates and correspondingly short irradiation times were used.

Oxidation of the 200 kGy sample, whose yellow color was

Figure 5. Oxidation index (OI) and trans-vinylene index (VI) as a

function of radiation dose.

Figure 6. Thermogravimetric analysis (TGA) curves of virgin
UHMWPE at various temperatures.

Figure 7. Image analysis of light micrographs of irradiated

UHMWPE. HueTypical and MeanSaturation are image analysis pa-

rameters giving hue and saturation of a color image as explained in
the Experimental section.
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observable even with naked eye, was too high and so it

was excluded from further experiments. The parameters of

supermolecular structure of the 200 kGy sample differed

significantly from all other samples and were completely

off all trends observed by SAXS, WAXS, and SEM. This

was caused by the elevated temperature during irradiation:

each 10 kGy increases the temperature of the irradiated

sample by �78C, which gives the temperature inside the

sample at around 1658C. Such a high temperature leads to

fast oxidative degradation as evidenced by TGA (Figure 6).

Electron Spin Resonance

ESR spectroscopy was employed in the investigation of

both oxidation and radical content after irradiation and

remelting. The samples 0 kGy and 0 kGy_RM did not con-

tain any detectable amount of radicals. The spectra of sam-

ples 50 kGy and 100 kGy (Figure 8, dashed lines) were

measured immediately after irradiation. The number of rad-

icals in sample 50 kGy and 100 kGy was 2.61 3 1028

mol/g and 5.30 3 1028 mol/g, respectively. This corre-

sponded to a linear increase in macroradical concentration

with radiation dose. The ESR spectrum of sample

100kGy_RM (Figure 8, full line) proved that our remelting

procedure removed all radicals. The noncentrosymmetric

shape of ESR spectra in Figure 8 (and OI measurements

summarized in Figure 5) indicated that the samples suf-

fered from oxidation despite the extremely high dose rates

and storage under nitrogen. Primary products of irradiation

are alkyl radicals (��CH2��CH*��CH2��), which undergo

crosslinking, chain scission, oxidation, double bond formation,

or transformation to more stable radicals such as allyl

(��CH2��CH*��CH¼¼CH��) and peroxy (��CH2��C(OO)*

��CH2��) radicals.10,11,34,35,36 The peroxy radicals are the

primary product of oxidation; the final oxidation products

are alcohols, aldehydes, ketones, carboxylic acids, and

esters. The overall reaction is known as the Bolland’s

cycle43; during this cyclic reaction the peroxy radical

abstracts hydrogen from the same or another polymer chain

with the formation of hydroperoxide and of further alkyl

radical, which reacts with oxygen forming again the peroxy

radical. Hydroperoxide transforms into more stable, final

oxidation products and peroxy radical reenters the Bol-

land’s cycle; this is the chemical principle of UHMWPE

oxidative degradation.9 The somewhat irregular shapes of

the spectra of the 50 kGy and 100 kGy samples in Figure 8

indicated the presence of allyl and peroxy radicals.10,34 The

ESR spectra of the 50 kGy sample that was held in a hot

press at 1508C for 0, 2, 10, 30, and 60 min are shown in

Figure 9. The single peak corresponding to the nonremelted

50 kGy sample results from the fact that this set of experi-

ments was performed several weeks after irradiation, and

indicated that the alkyl and allyl radicals formed after irra-

diation transformed into oxidized species.11,35 The total dis-

appearance of the peak in Figure 9 for the 50 kGy sample,

which was remelted for 2 min, proved that all macroradi-

cals were removed in a very short period of time on the

condition that the specimen was thin (here 1 mm) and the

RM temperature (here 1508C) slightly exceeded the Tm of

UHMWPE.

DISCUSSION

Changes of Supermolecular Structure

UHMWPE supermolecular structure changes after irradia-

tion and remelting can be summarized as follows: (i) after

irradiation, both CR and LP increased slightly in compari-

son with virgin polymer; (ii) after remelting, both CR and

LP markedly decreased and this drop in CR and LP ampli-

fied with increasing radiation dose (Figure 1). We propose

a simple model explaining the observed changes (Figure

10). The model is based on the assumption that three dif-

ferent phases—amorphous, crystalline, and crosslinked—

exist in the UHMWPE.

The small increase in CR after irradiation [Figure

10(a,b)] is well established in the literature. It is usually

Figure 8. Electron spin resonance spectra of irradiated samples
before and after remelting (10 min at 2008C).

Figure 9. Electron spin resonance spectra of 50 kGy samples,
which were remelted for 0, 2, 10, 30, and 60 min at 1508C.
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attributed to preferential scission of highly constrained

entanglements,21 tie molecules,15,17 and the loops on the

surface of crystallites.17,26 These chain scissions are fol-

lowed by crystallization of freed molecular fragments as

shown schematically in Figure 11.

The small increase in LP after irradiation [Figure

10(a,b)] is more difficult to explain. LP represents average

distance between amorphous and crystalline regions and,

consequently, it can increase only if some lamellae disap-

pear or merge. Disappearance of lamellae is practically

impossible unless the polymer is heated. The smallest

lamellae start to melt when the temperature rises above 60–

908C.44 Our e-beam irradiation increases the temperature

inside the sample by �78C per 10 kGy. Thus, the approxi-

mate temperature in the 100 kGy sample should be 958C.
The temperature in the 50 kGy sample (608C) is just at the
lower limit of lamellar melting. Therefore, in the samples

irradiated at more than 50 kGy, a fraction of the smallest

lamellae can melt, increasing the final LP value. In the

samples irradiated with doses lower than 50 kGy, the only

possible way to increase LP is the merging of existing

lamellae. However, full merging of the lamellae is highly

improbable due to tie molecules, whose parts are anchored

in different lamellae. It is possible that some small lamellae

do not merge fully, but the amorphous region between

them may become so thin that it is not visible with X-rays.

Moreover, this partial merging of the lamellae might be

easier due to preferential chain scissions of the tie mole-

cules.15,17 To conclude, limited partial merging of the

lamellae takes place at all radiation doses, whereas melting

of the smallest lamellae may be due to increased tempera-

ture at higher radiation doses. Both effects lead to an

increase in LP.

The drop in both CR and LP after remelting [Figure

10(a,d)] is caused by the change in the thermal history

of the sample. It has been shown that different thermal

treatments result in different supermolecular struc-

tures.15,16,19,23,29 Virgin bulk UHMWPE is consolidated

from resin at elevated pressures and temperatures, which is

usually followed by annealing to remove residual stresses.19

In contrast, our remelting procedure comprised fast heating,

only 10 min remelting and fast cooling. Fast cooling results

in thinner lamellae, whereas annealing and slow cooling

leads to thicker lamellae.19 Therefore, after our remelting

procedure both CR and LP are lowered.

Further decrease in CR and LP after both irradiation and

remelting [compare Figure 10(c) with Figure 10(d)] results

from two facts: (i) our remelting procedure leads to lower

CR and LP as explained in the previous paragraph and (ii)

the crystallization in the irradiated samples is further con-

strained due to crosslinks in the polymer. The crosslinks

are formed preferentially in the amorphous region [Figure

10(b), Refs. 15, 17, 21, and 26] and so the lamellae in the

crosslinked phase are especially thin. The lamellae grown

at sites that were occupied by a crystalline phase before

remelting are also thinner in comparison with nonremelted

samples. This is caused both by faster cooling in our

remelting procedure, and a limited amount of crosslinks

formed in the crystalline phase.

Although the model in Figure 10 is based mostly on

SWAXS results, it should be emphasized that all the other

techniques confirm its correctness and, consequently, repro-

ducibility and reliability of our irradiation and remelting

procedures. Image analysis of SEM micrographs showed

that remelting resulted in significantly smaller lamellae

(Figures 2 and 3). DSC curves confirmed the increase in

CR and formation of thicker lamellae after irradiation as

well as the decrease in CR and formation of thinner lamel-

lae after irradiation and remelting (Table I, Figure 4). Solu-

bility experiments indicated the presence of crosslinks in

irradiated samples (Table II). FTIR and ESR measure-

ments, together with analysis of light micrographs, con-

firmed oxidation in irradiated samples (Figures 5, 7, and 8),

which is usually associated with additional crystalliza-

tion.27,31

Oxidative Degradation and Macroradicals

Medical grade UHMWPE must be a pure polyethylene

because of biocompatibility; it must not contain any stabil-

izers and, as a result, it is more prone to oxidative degrada-

tion than the common, stabilized polymers. As already

Figure 11. Additional crystallization: (a) edge of a lamella with

loops, (b) chain scissions due to irradiation, (c) additional crystalliza-

tion due to increased mobility of UHMWPE chains. Capital letters C
and A denote crystalline and amorphous regions, respectively.

Figure 10. Proposed model of supermolecular structure changes in:

(a) virgin UHMWPE, (b) UHMWPE after irradiation, (c) UHMWPE af-

ter irradiation and remelting, (d) UHMWPE after remelting. CR,
LP, IRR, and RM stand for crystallinity, long period, irradiation and

remelting, respectively.

248 SLOUF ET AL.

Journal of Biomedical Materials Research Part B: Applied Biomaterials

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



mentioned in the introduction and section on ESR results,

oxidation may take place during irradiation (immediate oxi-

dative degradation), shelf life, and in vivo (long-term oxi-

dative degradation). In this study, immediate oxidative

degradation was minimized by using a very high dose rate,

although the irradiation was performed in air. Long-term

oxidative degradation was limited by storing the samples in

the dark, at 58C and in nitrogen atmosphere. Moreover, we

investigated elimination of macroradicals, which are the

cause of long-term oxidative degradation.

In spite of all efforts, the FTIR and ESR methods

revealed that our methods of irradiation, storage, and

remelting did not prevent oxidation completely. IR spectra

measured immediately after e-beam irradiation showed an

increase in oxidation index (Figure 5) and ESR spectra

indicated the presence of some peroxy radicals (Figure 8).

ESR spectra measured after several weeks of shelf-life

(samples in a box, in a refrigerator at 5 8C, in polyethylene

bags filled with nitrogen) exhibited even more peroxy

radicals (compare Figures 8 and 9 with Refs. 10, 34, 35,

and 36). IR spectra of samples after our remelting proce-

dure (10 min at 2008C) showed further increases in oxida-

tion index (Figure 5), which indicates that the remelting

procedure is far from ideal. All these facts confirm extreme

sensitivity of UHMWPE to oxidation.

In the next step, we investigated the rate of UHMWPE

oxidative degradation by means of thermogravimetric anal-

ysis (Figure 6). It was demonstrated that the temperature of

the thermal treatment played a crucial part in oxidation.

During annealing (thermal treatment below Tm(UHMWPE)

5 1408C) the oxidation rate is slow but not all radicals are

removed.33 During remelting (treatment above 1408C) it is
possible to destroy all radicals (Figure 8), but the oxidative

degradation proceeds much faster (Figure 6). TGA experi-

ments prove that longer remelting times in combination

with temperatures slightly above 1408C lead to lower oxi-

dation damage than shorter remelting time at higher tem-

peratures. This knowledge was employed in the second

ESR experiment (Figure 9), which revealed that a surpris-

ingly short time (2 min) is sufficient to scavenge all radi-

cals. However, our sample was rather thin (1 mm) in

comparison with commercially produced crosslinked

UHMWPEs (irradiated bars with diameter [ 50 mm). On

the other hand, the producers of crosslinked polyethylene

use several-hour-long remelting8 to remove all radicals and

remove residual stresses in the material.19,41 This may

impact on supermolecular structure and, consequently,

slightly improve mechanical properties of UHMWPE such

as modulus and yield stress.1,19

Differences Among Various Studies of
UHMWPE Structure

Our proposed model of supermolecular structure changes

(Figure 10) is in agreement with all experimental results.

However, some problems with reproducibility of the results

were experienced. Moreover, some other studies dealing

with changes of UHMWPE supermolecular structure lead

to different conclusions. Below we summarize possible

sources of discrepancies and errors.

As to the reproducibility, the biggest problems were

with SWAXS and DSC data. SWAXS measurements are

very sensitive to preferred orientation of polymer chains.

Preferred orientation may be introduced into the structure

during UHMWPE consolidation.45 DSC measurements are

sensitive to residual stresses, which can be caused by cut-

ting the thin specimens from the bulk.46 Moreover, cutting

the thin specimens results in preferred orientation on the

surface. SWAXS experiments should always be performed

in transmission mode to minimize the surface effects.

Reproducibility of DSC results improves if the measure-

ments are performed with three-dimensional samples cut

from inside of the material, rather than from thin sections

close to the surface. In this study, some measurements

were performed several times, using different locations

and/or orientations on the same specimen. The following

variability in the measured data was observed: up to 5% in

CR(WAXS), up to 30 Å in LP(SAXS), up to 48C in

Tm(DSC) and up to 5% in CR(DSC).

As to the different results obtained in various studies,

there are several possible explanations. Structural changes

of UHMWPE after irradiation are strongly influenced

not only by total dose, but also by dose rate, which is

rarely taken into consideration.15,22 Structural changes of

UHMWPE after thermal treatment are significantly affected

not only by temperature, but also by the rate of cooling.19

Two other important factors are variation of radiation dose

with depth11 and aging associated with oxidative degrada-

tion.11,33 Nevertheless, in this study the variation of radia-

tion dose with depth was reduced by using 1 mm-thin

specimens and the effect of long-term oxidative degradation

was limited by characterizing the specimens in a few days

after irradiation and thermal treatment. The importance of

an inert atmosphere during both irradiation and thermal

treatment has already been widely accepted and in this

study it was reconfirmed. We believe that most of the dif-

ferent results found in the literature are due to the extreme

sensitivity of UHMWPE to oxidative degradation, which is

linked with the majority of the effects listed above.

CONCLUSION

Several facts concerning UHMWPE irradiation and remelt-

ing have been shown and/or confirmed.

1. It has been shown that crosslinking predominates over

chain scission in medical grade UHMWPE if the

e-beam irradiation dose rates are high. This holds even

if the irradiation is performed in air, although some

oxidation products were detected in this case.

2. A model of UHMWPE supermolecular structure

changes after irradiation and remelting was proposed.

Despite its simplicity the model describes all the
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observed effects in a consistent way. The reliability of

the model has been verified by a number of micro-

scopic, diffraction, thermal, and other methods.

3. The importance of inert atmosphere during both irradi-

ation and remelting was re-confirmed. This study has

shown that the temperatures higher than 1608C result

in severe oxidation in a low oxygen atmosphere,

whereas longer remelting times are acceptable if the

temperature is just slightly above the Tm.
4. In addition, a new program MDFT, which calculates

long periods, LP(SEM), directly from SEM micro-

graphs of etched UHMWPE, was introduced. It was

demonstrated that the values of LP(SEM) agree quali-

tatively with the corresponing values of long periods,

LP(SAXS), obtained in a standard way from SAXS

measurements.
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Abstract: Polyethylene (PE) debris has been well studied in clinical retrievals and laboratory

wear simulations of total hip replacements. However, little is known about PE debris from

total knee replacements. In this study, we investigated the effects of crosslinking PE bearings

and alternate counterface material. Mildly (35 kGy) and highly (70 kGy) crosslinked PE were

studied in combination with CoCr and zirconia femoral counterfaces. Wear debris was

isolated and its morphology characterized. Except for changes in PE debris size with the

zirconia bearings, there were no morphological changes greater than 10%. The average

submicron volume fraction decreased from about 65% to 45% with both increased

crosslinking and changing counterface material from CoCr to zirconia. The averaged number

of generated particles decreased by �fourfold with increased crosslinking and threefold with

changing counterface material from CoCr to zirconia. This showed that the degree of PE

crosslinking and the choice of counterface material were important factors in the PE wear

debris production in total knee simulator replacements. ' 2009 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 92B: 78–85, 2010

Keywords: polyethylene; crosslinking; debris; knee; ceramic

INTRODUCTION

One of the principle goals in material science studies of

total joint replacements is the reduction of wear, thereby

reducing the risk of the bone disease termed osteolysis.1–4

One such technology involves crosslinking of polyethylene

(PE) bearings while taking steps to reduce the risk of oxi-

dation.5–8 Improved wear resistance of crosslinked PE has

been well-demonstrated in both hip and knee bearings.5,9–11

Gamma radiation (25–33 kGy) was originally introduced in

1977 for sterilization of PE hip cups. Now both laboratory

and clinical data support the fact that PE wear could be

reduced by 50–90% depending on the amount of cross-

linking.3 Similarly, crosslinked tibial inserts in total knee

replacements (TKR) demonstrated 50% wear reduction in

simulator studies with 70 kGy gamma-irradiated, highly

crosslinked PE (HXPE).9,11–15 The comparable reduction in

hip simulator studies would be �60%.3

The relationship between wear, the debris particles, and

osteolysis is a complex issue.16–21 The volumetric wear,

number of particles, and volume fraction of submicron

particles are important factors in the bioreactivity of the

wear debris.16,18,22 The submicron PE debris appears to be

responsible for the bioreactive response involved in implant

loosening (bone loss termed osteolysis).16,17,19,22 Investiga-

tions of crosslinked PE hip bearings indicated that the wear

debris decreased in size with increased crosslinking.23–25

The largest decrease in particle diameter was �50% when

changing from noncrosslinked to 35 or 50 kGy crosslinked

PE.23,25,26 Crosslinking PE with more than 50 kGy of

gamma irradiation appeared to decrease particle diameter

by an additional 20% at most. However, it has been indi-

cated that this size reduction could lead to higher bioreac-

tivity.16,18,19,27,28 It has also been suggested that this size

decrease may offset any reduction in wear such that the

osteolytic potential may be the same or higher.19,20,22,24,29

Although the wear may be very low or nondetectable with

some highly crosslinked bearings, large numbers of par-

ticles can still be generated.26,30 Therefore, both the wear

rate and the debris size are critical in determining the

osteolytic potential.

PE wear in total knees has been reported as lower than in

total hips.22 The effect of crosslinking PE has been shown to

be less in knees than that found in hips.10,12,22 This differ-

ence in PE wear between knees and hips has been attributed

to the differences in wear mechanisms.10,22 The wear of PE
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in knees is influenced by the kinematics, crosslinking, and

conformity of the tibial insert.9,10,31–34 The particulates pro-

duced in the knee joint also appear to be different from that

of hips, tending to be slightly larger and more flakelike.35–37

For moderately crosslinked (40 kGy) PE, the debris has

been reported as mostly rounded submicron with a very

small number of larger flake like particles.38 PE bearings

irradiated at 50 kGy yielded a submicron volumetric fraction

of �50% in a knee simulator with CoCr femoral condyles.22

Highly crosslinked PE ([50 kGy) debris in the knee has not

been extensively studied.

The role of ceramic bearings in reducing PE wear in hip

joints has been somewhat controversial but there appeared to

be clinical benefits.39–41 Both alumina and zirconia ceramic

knee components have been used in Asia for some time, but

have not received FDA approval for use in the United

States.42–44 In the laboratory, knee simulator studies have

indicated that ceramic counterfaces were much more effec-

tive at reducing PE wear than CoCr bearings.11,45 Use of

alumina bearings with noncrosslinked PE inserts generated

fewer and more rounded particles compared to CoCr coun-

terfaces.43 The computed number of particles generated with

the alumina/PE combination was eight times lower than the

CoCr/PE combination (Table I). Although the particulates

averaged 18% larger with alumina/PE, this difference was

not statistically significant (Table I: p 5 0.12).43

A recent knee study showed that both increased cross-

linking (35–70 kGy) and use of zirconia femoral condyles

(Figure 1) reduced wear more than 60%.11 It was also

noted that the Y-TZP zirconia condyles did not exhibit

phase transformation or other surface changes over five

million cycle duration test.46 However, very little is known

about how PE debris production will be affected by use of

crosslinked PE and ceramic material combinations in knee

joints. Therefore, the objective of this study was to deter-

mine how increased PE crosslinking from 35 to 70 kGy

and changing the counterface material from CoCr to zirco-

nia would influence the particulate morphology in a knee

wear model. The first hypothesis was that neither increased

crosslinking (35; 70 kGy) nor counterface material (CoCr;

zirconia) would significantly change debris morphology by

more than 20%. The second hypothesis was that the submi-

cron volume fractions would be �50% or higher, implying

that such a reduction in wear also represented a reduction

in the particulate numbers, thereby lowering the osteolytic

potential.3,22,43

MATERIALS AND METHODS

Lubricant samples were obtained from a prior knee simula-

tor wear study.11 The four implant groups (Table II)

included CoCr (M) and zirconia ceramic (Zr) femoral com-

ponents combined with 35 kGy (CXPE) and 70 kGy

(HXPE) tibial inserts (Figure 1). A knee simulator (Shore

Western Manufacturing, Monrovia, CA) was used with 208
flexion, 6 mm of anterior–posterior translation, and 658
internal–external rotation. A Paul load profile with 2.6-kN

peak load at 1.8 cycles/second were used and the lubricant

was 50% alpha calf serum (20 mg of protein/mL) with

EDTA added.11 The lubricant samples selected at 2 and

4 Mc durations represented the stable, steady-state wear

phase of the six million cycle (6 Mc) wear study.

Debris processing used a base (NaOH) for the protein

digestion, a separation technique, and subsequent washing

cycles for purification (Figure 2).23,47,48 Debris samples

were collected on 0.1-lm pore filters and mounted on SEM

stubs. The specimens were imaged by SEM (Philips, XL30,

FEG) and the micrographs processed for debris morphology

(Image J software, NIH). Approximately 300–860 particles

were analyzed per group (Tables III and IV). The equiva-

lent circular diameter (ECD), aspect ratio (AR), and circu-

lar shape factor (CSF) were calculated.

Descriptive statistics were calculated and groups were

compared using both parametric (one-way ANOVA with

TABLE I. Summary of Noncrosslinked Polyethylene
Wear Debris Isolated from Synovial Fluid of Patients with
Medial-Pivot Knees43

Tibial

Insert

Femoral

Condyle

ECD

(microns)

Numbers

of Particles

Eto gas CoCr 0.66 6 0.06 (57.0 6 28.2) 3 106

Alumina 0.78 6 0.04 (7.10 6 2.86) 3 106

Figure 1. Image of total knee replacement specimens used in

study. On the left in the picture is a CoCr femoral component, top

center is a 70 kGy PE tibial insert, bottom center is a 35 kGy PE tib-
ial insert, and right is a zirconia femoral component. [Color figure

can be viewed in the online issue, which is available at www.inter

science.wiley.com.]

TABLE II. Description of Knee Materials for Groups Studied

Group Designation Femoral Condyle Tibial Insert

1 M-CXPE CoCr 35 kGy XLPE

2 M-HXPE CoCr 70 kGy XLPE

3 Zr-CXPE Zirconia 35 kGy XLPE

4 Zr-HXPE Zirconia 70 kgy XLPE
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Tukey test for multiple comparisons) and nonparametric

(Mann–Whitney) tests. To test for differences between

2 and 4 Mc, nonparametric statistics were used, but for

differences between the four groups parametric multiple

comparisons were required. To further characterize the de-

bris morphology, box plots were performed on the ECD,

AR, and CSF. It has been suggested that the size (ECD)

distribution can be represented by a log-normal function.49

Therefore, both number and volume fractions were gener-

ated and compared to log-normal distributions. The volu-

metric fractions were calculated as they directly related to

wear rates (mm3/Mc) and bioreactivity of the debris.3,18,22

The number of particles generated was estimated from the

volumetric wear rates and size distributions.11,50 Number

fractions were fitted to log-normal distributions and the

Kolmogorov–Smirnov test was used to evaluate the

goodness-of-fit.

RESULTS

With CoCr femoral condyles, debris morphology (size;

shape) at 2 and 4 Mc showed little or no differences

(\10%) between CXPE and HXPE inserts (Tables III and

IV; Figures 3–5). With zirconia femoral condyles, the

debris shape (AR; CSF) at 2 and 4 Mc also showed little

difference (\10%) between CXPE and HXPE inserts

(Figures 4 and 5). Compared to M-CXPE at 2 Mc, the

Zr-CXPE reduced the median ECD by 15% whereas the

Zr-HXPE inserts showed a 34% increase (Table III). This

change meant that the debris size was �50% larger at 2

Mc for Zr-HXPE compared to Zr-CXPE (Table III).

At 4 Mc duration, the only notable changes were that

both Zr-CXPE and Zr-HXPE revealed a 13% reduction in

ECD compared to M-CXPE controls (Table IV). This

showed that there was no measurable difference ([10%) in

debris size at 4 Mc for CXPE and HXPE with zirconia.

Comparing the debris morphology between 2 and 4 Mc

duration, the only notable changes were a 39% decrease in

median ECD for Zr-HXPE compared to only 13% decrease

for M-HXPE (Tables III and IV). For the CXPE, there was

minimal decrease from 2 to 4 Mc with either CoCr or

zirconia (Figure 3).

Because the largest particle was �5 mm in size (ECD),

the data consisted of submicron (\1 mm) and micron

(1–5 mm) sized particles (Tables III and IV). Although the

Figure 3. Box plot of ECD for the four groups at 2 and 4 Mc.

Figure 2. Schematic of the debris sample processing method used

in isolating and separating the debris particulate from the serum
lubricant. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

Figure 4. Box plot of aspect ratio for the four groups at 2 and
4 Mc.

Figure 5. Box plot of the CSF for the four groups at 2 and 4
Mc.
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micron-sized particles have been shown to be bioreactive,

the submicron particles are considered the most bioreac-

tive.16,18,22,24,27 Therefore, the submicron particles were the

main focus. Submicron number fractions demonstrated no

specific sensitivity with respect to groups (Table V). How-

ever, submicron volume fractions showed differences

between both groups and durations. With M-HXPE, the

submicron volume fraction decreased from 2 to 4 Mc. The

Zr-CXPE showed the opposite trend by increasing dramati-

cally from 2 to 4 Mc (Table V). The Zr-HXPE demon-

strated the lowest average submicron volume fraction of

45% compared to �60% with the other groups (Table V).

Except for the Zr-CXPE with its particle generation

showing a 3.3-fold increase from (2–4 Mc), the particulate

numbers for the other groups were consistent at 2 and 4

Mc (Table VI). In general, changing from CoCr to zirconia

yielded about a threefold decrease in the number of gener-

ated particles whereas increased PE crosslinking resulted in

approximately a fourfold decrease (Table VI).

The number fractions for particle size (ECD) approxi-

mated a log-normal distribution (Figure 6). Statistical anal-

ysis showed that such data was significantly different

(p \ 0.01) from the log-normal distribution. ECD means

estimated from the log-normal distribution (Table VII)

were generally 13% lower than calculated from the debris

data (Tables III and IV). The log-normal distribution also

poorly represented the volume fractions from 1 to 2 lm

(Figure 7). The volume fraction of the log-normal distribu-

tion approached zero similar to the number distribution

(Figure 6). However, the data sets indicated that large par-

ticles ([1 lm) represented a higher volume fraction than

predicted by the log-normal distribution (Figure 7).

DISCUSSION

The specific knee used in the previous study (Figure 1)

used a bi-surface design with a spherical cam that engages

at 808 of flexion, however, because the flexion was 208 this

cam had no influence on the wear.11,46 Although the PE

wear rates were less than those for a total hip under similar

conditions, this is common due to the differences in kine-

matics and wear mechanisms between total hips and total

knees.9,10,12,22,31 The wear rates from the previous knee

simulator study were consistent with those from other

knee simulator studies with similar designs under similar

conditions.11,46

There were no differences greater than 10% with shape

(AR and CSF) between any groups or between durations.

However, at 2 Mc, the median ECD for Zr-HXPE was

34% higher than for M-CXPE, whereas Zr-CXPE was 15%

lower. This 34% increase in size was counter to our first

hypothesis. Previously, it was observed that the wear rate

for highly crosslinked PE (HXPE) with a zirconia femoral

condyle was nondetectable.11 Although such a low-wearing,

Zr-HXPE bearing may still be in an earlier stage at 2 Mc,

it is unknown why this result was present. At 4 Mc, the

size of the Zr-CXPE and Zr-HXPE was 13% less compared

to the M-CXPE. Increased crosslinking had little effect

with the CoCr femoral condyle. This was comparable to

the 20% or less decrease in size reported by others.23,25,26

Therefore, this result was consistent with our first hypothe-

sis. Because the PE in this study was either moderately

(35 kGy) or highly (70 kGy) crosslinked, the debris were

mainly round submicron with a few larger flake like par-

ticles as previously described by others.38

TABLE IV. Descriptive Statistics for the Debris for the Four Groups at 4Mc, with Number of Particles Measured (N),
Mean 6 1 std, (Median), and [Minimum – Maximum]

M-CXPE M-HXPE Zr-CXPE Zr-HXPE

N 368 733 337 581

ECD (m) 0.348 6 0.224 (0.282)

[0.107 – 1.556]

0.315 6 0.200 (0.264)

[0.066 – 2.434]

0.265 6 0.126 (0.244)

[0.066 – 0.928]

0.284 6 0.182 (0.245)

[0.066 – 2.086]

Aspect Ratio 1.59 6 0.50 (1.47)

[1.00 – 5.13]

1.60 6 0.53 (1.47)

[1.00 – 7.79]

1.60 6 0.42 (1.51)

[1.03 – 3.85]

1.58 6 0.48 (1.46)

[1.02 – 5.00]

CSF 0.837 6 0.097 (0.853)

[0.371 – 0.998]

0.847 6 0.093 (0.862)

[0.246 – 0.998]

0.851 6 0.094 (0.862)

[0.472 – 0.998]

0.855 6 0.093 (0.870)

[0.454 – 0.998]

TABLE III. Descriptive Statistics for the Debris for the Four Groups at 2Mc, with Number of Particles Measured (N),
Mean 6 1 std, (Median), and [Minimum – Maximum]

M-CXPE M-HXPE Zr-CXPE Zr-HXPE

N 669 393 861 437

ECD (m) 0.356 6 0.202 (0.301)

[0.092 – 1.605]

0.343 6 0.181 (0.305)

[0.065 – 1.961]

0.304 6 0.240 (0.256)

[0.075 – 3.862]

0.473 6 0.349 (0.404)

[0.128 – 5.204]

Aspect Ratio 1.55 6 0.45 (1.45)

[1.00 – 6.00]

1.57 6 0.43 (1.49)

[1.01 – 4.40]

1.60 6 0.45 (1.49)

[1.00 – 4.00]

1.69 6 0.51 (1.57)

[1.04 – 6.13]

CSF 0.834 6 0.089 (0.844)

[0.460 – 0.999]

0.796 6 0.102 (0.802)

[0.444 – 0.996]

0.826 6 0.098 (0.842)

[0.439 – 0.994]

0.835 6 0.103 (0.856)

[0.305 – 0.996]
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The average submicron volumetric fractions for

M-CXPE and M-HXPE were comparable to the 50%

reported by others.22 However, in this study, there was a

difference in submicron volume fraction for both M-HXPE

and Zr-CXPE from 2 to 4 Mc (Table V). There is little in-

formation in the literature to provide an explanation, but it

could be hypothesized that these differences in submicron

volume fractions were due to surface interactions with test

duration. The average of submicron volume fractions at

2 and 4 Mc for both M-HXPE and Zr-CXPE gave �60%

ratio, comparable to M-CXPE (Table V). However, the

Zr-HXPE had an average submicron volume fraction of

45% (Table V). Therefore, very little, if any, reduction

would occur for the volume of bioreactive particles for

H-HXPE or Zr-CXPE unless there was a reduction in wear.

However, Zr-HXPE would have a decreased volume of bio-

reactive submicron particles in addition to any reduced

wear. Previously, it has been shown that both the M-HXPE

and Zr-CXPE had produced similar wear reductions com-

pared to M-CXPE.11 However, this was not necessarily

reflected in the average submicron volume fractions in that

they were comparable to M-CXPE. Therefore, the wear

reduction probably related to a uniform decrease across the

range of debris sizes.

Even given the minimal decrease in submicron volumet-

ric fraction for M-HXPE and Zr-CXPE, due to their large

wear decrease, there was at least a threefold decrease in

particles generated compared to M-CXPE (Table VI).11

The particulate numbers in this study were much higher

than those measured in vivo.43 However, in such studies,

there were important differences in that the PE bearings

were noncrosslinked, and the wear debris was extracted

only from the patients’ synovial fluid.43 In vitro debris

studies have shown that the size decrease affected by cross-

linking greatly increased the number of particles per unit

wear (Table VIII).22,25,26 However, the number of PE

particles produced in hip simulators studies was even

higher than in the present knee study (Table VIII). Cross-

linking PE with 100 kGy dose yielded a fivefold decrease

in particle numbers compared to noncrosslinked PE in a

hip simulator (Table VIII).30 Scott and coworkers showed a

5.2-fold decrease in numbers of PE particles from 50 to

100 kGy (Table VIII). In this study, increasing the cross-

linking from 35 to 70 KGy resulted in a fourfold decrease

in PE particle numbers (Table VI). With increased cross-

linking or the changing of counterface material, there was

a reduction in the number of total particles generated,

which could result in less biological activity produced by

the debris.

The distributions and log-normal fits revealed that any

assumption of normal or log-normal behavior is not

strongly supported. The previous study49 suggesting that

log-normal distributions fit the number fractions had four

weaknesses:

1. No graphs of both data and log-normal fit.

2. No descriptive statistics from the data were provided.

3. Distributions of the volume fractions were not shown.

4. There were no debris particle \1 lm in diameter.

TABLE V. The Number and Volume Fractions of the
Sub-Micron (<1 Micron) Particles for the Four Groups

Number

Fraction

(%)

Volume

Fraction

(%)

Groups 2 Mc 4 Mc 2 Mc 4 Mc Difference Average

M-CXPE 98.2 98.1 66.8 64.1 22.7 65.5

M-HXPE 99.5 98.1 72.8 52.4 220.4 62.6

Zr-CXPE 99.1 100 24.5 100 75.5 62.3

Zr-HXPE 96.6 98.8 43.0 47.2 4.2 45.1

TABLE VI. Estimated number of particles generated per
one million cycles for each group at 2 and 4 Mc

Groups

Number of Particles (109/Mc)

Ratio2Mc 4Mc Average

M-CXPE 203 207 205

M-HXPE 51 49 50 4.10

Zr-CXPE 32 106 69 2.97

Zr-HXPE N/A N/A N/A N/A

Also shown are the average values and the ratios of M-CXPE to M-HXPE and

Zr-CXPE.

Figure 6. Number fraction histograms of the ECD data for M-CXPE

and Zr-HXPE at 2Mc with log-normal distributions shown.

TABLE VII. Results of Fitting Log-Normal Distributions for
the Number Fraction of the Particle Size (ECD) Data for Each
Group at 2 and 4 Mc

Groups

Two Million Cycles Four Million Cycles

l r l r

M-CXPE 21.177 0.462 21.237 0.546

M-HXPE 21.184 0.446 21.308 0.472

Zr-CXPE 21.340 0.415 21.426 0.405

Zr-HXPE 20.901 0.398 21.398 0.421

Shown are l, the mean of ln(x), and r, the standard deviation.
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With PE debris in both total hips and knees submicron

particles usually represent 80–95% of the number of par-

ticles.22,25,36,51 The debris distributions of Ge and others49

were inconsistent with those obtained by Elfick and

coworkers52 under similar conditions. In this study, the

log-normal distribution appeared to represent the number

fractions, but this was obviously not the case for the vol-

ume fraction (Figures 6 and 7). Elfick and coworkers dem-

onstrated measurable affects in the volume fraction

distributions, while showing very small, if any effects with

the number fractions.52 In addition, the volume fractions

did not seem to correspond to a single distribution.52,53 Pre-

viously, we have shown that the size distribution of PE

debris from total hip simulators can be represented as a

mixture model of at least two distributions.53 The size dis-

tributions from this study behaved in a manner more con-

sistent with those from Elfick et al. and our previous

work.52,53 Therefore, this study would suggest that care

should be taken in the statistical analysis and interpretation

of wear debris particle size. A better understanding of the

debris size distribution could be of benefit.

In the previous knee study, wear was nondetectable for

the Zr-HXPE combination.11 PE weight changes of

��0.15 mg for can be confidently detected in such studies.

This in combination with other factors such as fluid absorp-

tion54 would permit discrimination of wear rates greater than

0.5 mm3/Mc. If it were assumed that the effect of crosslink-

ing and counterface material were cumulative, then from the

previous study a 22-fold decrease would be possible for Zr-

HXPE as compared to M-CXPE, that is, an estimated wear

rate of circa 0.2 mm3/Mc. Thus, the results from this knee

study yielded a 12-fold decrease relating to 17 3 109 par-

ticles generated per million cycles. To provide a framework

for this large number of particles, it can generally be

assumed that an elderly patient can walk 106 cycles per

year.55 Thus, such knee joint wear is capable of releasing

17,000 PE particulates with every step the patient takes.

This is much lower than the estimated 500,000 PE particles

per step in the human hip joint,55 but is still a sizeable quan-

tity. Therefore, increased crosslinking and counterface mate-

rial are important factors in the wear and numbers of

generated particles. Combining these two effects provided

additional improvement in wear performance.

CONCLUSIONS

In this study we found that

1. Except for the Zr-HXPE, overall there was no signifi-

cant difference in particle size and shape with changes

in crosslinking or counterface material.

2. Increasing the PE crosslinking created a fourfold

decrease in the number of particles generated per mil-

lion cycles.

3. Changing from the counterface of CoCr to one of zir-

conia created a threefold decrease in the number of

particles generated per million cycles.

4. The averaged submicron volumetric fractions were

comparable between the M-CXPE, M-HXPE, and

Zr-CXPE, but the reduced wear decreased the number

of particles for both the M-HXPE and Zr-CXPE.

5. The Zr-HXPE showed the largest difference in particle

size and submicron volume fraction.

The authors thank the Peterson Family Foundation of Loma
Linda University and the Department of Orthopaedic Surgery,

Figure 7. Volume fraction histograms of the ECD data for M-CXPE

and Zr-HXPE at 2 Mc with the curves for log-normal distributions

fitted to the data.

TABLE VIII. Comparison of the Number of Generated Particles from Two Simulator Studies

Bearing Combination

(Femoral/PE)

Number of Particles (1012/Mc) Ratio (Normal to Control)

Good et al., 2003 Scott et al., 2005 Present Study Good et al., 2003 Scott et al., 2005 Present Study

CoCr/PE 8.0 6 1.2 6.6 6 0.9 1.00 1.00

OxZr/PE 5.6 6 0.6 1.43

CoCr/CXPE 12.0 6 1.9 0.205 0.55 1.00

Zr/CXPE 0.069 2.97

CoCr/HXPE 2.2 6 0.5 2.3 6 0.2 0.050 3.64 2.87 4.10

Zr;OxZr/HXPE 1.6 6 0.8 N/A 5.00 N/A

The ratios were normalized by the control group, which was CoCr with noncrosslinked PE for the studies of Good et al.30 and Scott et al.26 and for the present study CoCr

with UHMWPE irradiated with 3.5 Mrad.

83PE WEAR DEBRIS PRODUCED IN A KNEE SIMULATOR MODEL

Journal of Biomedical Materials Research Part B: Applied Biomaterials

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



Loma Linda University School of Medicine for their support.
Finally, grateful thanks are due to Krassimir Bozhilov, Central
Facility for Advanced Microscopy and Microanalysis, University
of California, Riverside for assistance with SEM.

REFERENCES

1. Clarke I, Donaldson T, Jobe C. Chapter 1: Total joint replace-
ment: Effects of materials and designs on osteolysis. In:
Garino J, Beredjiklian P, editors. Adult Reconstruction and
Arthroplasty: Core Knowledge in Orthopaedics. Mosby, New
York: Elsevier; 2007. pp 1–40.

2. Schmalzreid TP, Clarke IC, McKellop H. Bearing surfaces.
In: Callaghan JJ, Rosenberg A, Rubash H, editors. The Adult
Hip. Philadelphia: Lippincott-Raven; 1998. pp 247–265.

3. Williams PA, Yamamoto K, Masaoka T, Oonishi H, Clarke
IC. Highly crosslinked polyethylenes in hip replacements:
Improved wear performance or paradox? Tribol Trans 2007;
50:277–290.

4. Fisher J, Dowson D. Tribology of total artificial joints. Proc
Inst Mech Eng [H] 1991;205:73–79.

5. McKellop H, Shen FW, Lu B, Campbell P, Salovey R. Devel-
opment of an extremely wear-resistant ultra high molecular
weight polyethylene for total hip replacements. J Orthop Res
1999;17:157–167.

6. Oonishi H, Clarke IC, Yamamoto K, Masaoka T, Fujisawa A,
Masuda S. Assessment of wear in extensively irradiated
UHMWPE cups in simulator studies. J Biomed Mater Res
2004;68A:52–60.

7. Muratoglu OK. The comparison of the wear behavior of four
different types of crosslinked acetabular components. J Orthop
Res 2001;19:1210.

8. Muratoglu OK, Bragdon CR, O’Connor DO, Jasty M, Harris
WH. A novel method of cross-linking ultra-high-molecular-
weight polyethylene to improve wear, reduce oxidation, and
retain mechanical properties. Recipient of the 1999 HAP Paul
Award. J Arthroplasty 2001;16:149–160.

9. Akagi M, Asano T, Clarke IC, Niiyama N, Kyomoto M,
Nakamura T, Hamanishi C. Wear and toughness of cross-
linked polyethylene for total knee replacements: A study
using a simulator and small-punch testing. J Orthop Res
2006;24:2021–2027.

10. Wang A, Essner A, Polineni VK, Stark C, Dumbleton JH.
Lubrication and wear of ultra-high molecular weight polyeth-
ylene in total joint replacements. Tribol Int 1998;31:17–33.

11. Tsukamoto R, Chen S, Asano T, Ogino M, Shoji H, Naka-
mura T, Clarke IC. Improved wear performance with cross-
linked UHMWPE and zirconia implants in knee simulation.
Acta Orthop 2006;77:505–511.

12. Asano T, Akagi M, Clarke IC, Masuda S, Ishii T, Nakamura
T. Dose effects of cross-linking polyethylene for total knee
arthroplasty on wear performance and mechanical properties.
J Biomed Mater Res B Appl Biomater 2007;83:615–622.

13. Tsukamoto R, Williams PA, Shoji H, Hirakawa K, Yamamoto
K, Tsukamoto M, Clarke IC. Wear of sequentially enhanced
9-Mrad polyethylene in 10 million cycle knee simulation
study. J Biomed Mater Res B Appl Biomater 2008;86:119–
124.

14. Hodrick JT, Severson EP, McAlister DS, Dahl B, Hofmann
AA. Highly crosslinked polyethylene is safe for use in total
knee arthroplasty. Clin Orthop Relat Res 2008;466:2806–
2812.

15. Muratoglu OK, Bragdon CR, Jasty M, O’Connor DO, Von
Knoch RS, Harris WH. Knee-simulator testing of conven-
tional and cross-linked polyethylene tibial inserts. J Arthro-
plasty 2004;19:887–897.

16. Ingham E, Fisher J. Biological reactions to wear debris in
total joint replacement. Proc Inst Mech Eng [H] 2000;214:21–
37.

17. Ingham E, Fisher J. The role of macrophages in osteolysis of
total joint replacement. Biomaterials 2005;26:1271–1286.

18. Fisher J, Bell J, Barbour PS, Tipper JL, Matthews JB, Besong
AA, Stone MH, Ingham E. A novel method for the prediction
of functional biological activity of polyethylene wear debris.
Proc Inst Mech Eng [H] 2001;215:127–132.

19. Ingram JH, Stone M, Fisher J, Ingham E. The influence of
molecular weight, crosslinking and counterface roughness on
TNF-a production by macrophages in response to ultra high
molecular weight polyethylene particles. Biomaterials 2004;
25:3511–3522.

20. Ingram J, Matthews JB, Tipper J, Stone M, Fisher J, Ingham
E. Comparison of the biological activity of grade GUR 1120
and GUR 415HP UHMWPE wear debris. Biomed Mater Eng
2002;12:177–188.

21. Sundfeldt M, Carlsson LV, Johansson CB, Thomsen P, Gret-
zer C. Aseptic loosening, not only a question of wear: A
review of different theories. Acta Orthop 2006;77:177–197.

22. Fisher J, McEwen HM, Tipper JL, Galvin AL, Ingram J,
Kamali A, Stone MH, Ingham E. Wear, debris, and biologic
activity of cross-linked polyethylene in the knee: Benefits and
potential concerns. Clin Orthop 2004:114–119.

23. Yamamoto K, Clarke IC, Masaoka T, Oonishi H, Williams
PA, Good VD, Imakiire A. Microwear phenomena of ultra-
high molecular weight polyethylene cups and debris morphol-
ogy related to gamma radiation dose in simulator study.
J Biomed Mater Res 2001;56:65–73.

24. Endo M, Tipper JL, Barton DC, Stone MH, Ingham E, Fisher
J. Comparison of wear, wear debris and functional biological
activity of moderately crosslinked and non-crosslinked poly-
ethylenes in hip prostheses. Proc Inst Mech Eng [H] 2002;
216:111–122.

25. Williams P, Yamamoto K, Oonishi H, Clarke I. Highly cross-
linked polyethylenes in hip replacements: Improved wear per-
formance or paradox? Tribol Trans 2007;50:277–290.

26. Scott M, Morrison M, Mishra SR, Jani S. Particle analysis for
the determination of UHMWPE wear. J Biomed Mater Res B
Appl Biomater 2005;73:325–337.

27. Green TR, Fisher J, Stone M, Wroblewski BM, Ingham E.
Polyethylene particles of a ‘critical size’ are necessary for the
induction of cytokines by macrophages in vitro. Biomaterials
1998;19:2297–2302.

28. Green TR, Fisher J, Matthews JB, Stone MH, Ingham E. Effect
of size and dose on bone resorption activity of macrophages by
in vitro clinically relevant ultra high molecular weight polyeth-
ylene particles. J Biomed Mater Res 2000;53:490–497.

29. Bowsher JG, Williams PA, Clarke IC, Green DD, Donaldson
TK. ‘‘Severe’’ wear challenge to 36 mm mechanically
enhanced highly crosslinked polyethylene hip liners. J Biomed
Mater Res B Appl Biomater 2008;86:253–263.

30. Good V, Ries M, Barrack RL, Widding K, Hunter G, Heuer
D. Reduced wear with oxidized zirconium femoral heads.
J Bone Joint Surg Am 2003;85A (Suppl 4):105–110.

31. Kawanabe K, Clarke IC, Tamura J, Akagi M, Good VD, Wil-
liams PA, Yamamoto K. Effects of A-P translation and rota-
tion on the wear of UHMWPE in a total knee joint simulator.
J Biomed Mater Res 2001;54:400–406.

32. Kuster MS, Stachowiak GW. Factors affecting polyethy-
lene wear in total knee arthroplasty. Orthopedics 2002;25
(2 Suppl):s235–s242.

33. Blunn GW, Joshi AB, Minns RJ, Lidgren L, Lilley P, Ryd L,
Engelbrecht E, Walker PS. Wear in retrieved condylar knee
arthroplasties. A comparison of wear in different designs of
280 retrieved condylar knee prostheses. J Arthroplasty 1997;
12:281–290.

84 WILLIAMS ET AL.

Journal of Biomedical Materials Research Part B: Applied Biomaterials

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



34. Trent PS, Walker PS. Wear and conformity in total knee
replacement. Wear 1976;36:175–187.

35. Kobayashi A, Bonfield W, Kadoya Y, Yamac T, Freeman
MA, Scott G, Revell PA. The size and shape of particulate
polyethylene wear debris in total joint replacements. Proc Inst
Mech Eng [H] 1997;211:11–15.

36. Schmalzried TP, Campbell P, Schmitt AK, Brown IC,
Amstutz HC. Shapes and dimensional characteristics of poly-
ethylene wear particles generated in vivo by total knee
replacements compared to total hip replacements. J Biomed
Mater Res 1997;38:203–210.

37. Schmalzried TP, Jasty M, Rosenberg A, Harris WH. Polyeth-
ylene wear debris and tissue reactions in knee as compared to
hip replacement prostheses. J Appl Biomater 1994;5:185–190.

38. Tipper JL, Galvin AL, Williams S, McEwen HM, Stone MH,
Ingham E, Fisher J. Isolation and characterization of
UHMWPE wear particles down to ten nanometers in size
from in vitro hip and knee joint simulators. J Biomed Mater
Res A 2006;78:473–480.

39. Heisel C, Silva M, Schmalzried TP. Bearing surface options
for total hip replacement in young patients. Instr Course Lect
2004;53:49–65.

40. Urban JA, Garvin KL, Boese CK, Bryson L, Pedersen DR,
Callaghan JJ, Miller RK. Ceramic-on-polyethylene bearing
surfaces in total hip arthroplasty. Seventeen to twenty-one-
year results. J Bone Joint Surg Am 2001;83A:1688–1694.

41. Haraguchi K, Sugano N, Nishii T, Sakai T, Yoshikawa H,
Ohzono K. Influence of polyethylene and femoral head sur-
face quality on wear: A retrieval study. Int Orthop 2001;25:
29–34.

42. Oonishi H, Kim SC, Clarke IC, Asano T, Bal BS, Kyomoto
M, Masuda S. Retrieved ceramic total knee prosthesis in clini-
cal use for 23 years. Bioceramics 15. Zurich-Uetikon: Trans
Tech; 2003. pp 797–799.

43. Minoda Y, Kobayashi A, Iwaki H, Miyaguchi M, Kadoya Y,
Ohashi H, Takaoka K. Polyethylene wear particle generation
in vivo in an alumina medial pivot total knee prosthesis. Bio-
materials 2005;26:6034–6040.

44. Oonishi H, Ueno M, Kim SC, Iwamoto M, Kyomoto M.
Ceramic versus cobalt-chrome femoral components; Wear of
polyethylene insert in total knee prosthesis. J Arthroplasty
2008;24:374–382.

45. Oonishi H, Clarke IC, Good V, Amino H, Ueno M, Masuda
S, Oomamiuda K, Ishimaru H, Yamamoto M, Tsuji E. Needs

of bioceramics to longevity of total joint arthroplasty. Biocer-
amics 15. Zurich-Uetikon: Trans Tech; 2003. pp 735–754.

46. Tsukamoto R, Williams PA, Clarke IC, Pezzotti G, Shoji H,
Akagi M, Yamamoto K. Y-TZP zirconia run against highly
crosslinked UHMWPE tibial inserts: Knee simulator wear and
phase-transformation studies. J Biomed Mater Res B Appl
Biomater 2008;86:145–153.

47. Campbell P, Ma S, Schmalzried T, Amstutz HC. Tissue
digestion for wear debris particle isolation. J Biomed Mater
Res 1994;28:523–526.

48. Campbell P, Ma S, Yeom B, McKellop H, Schmalzried TP,
Amstutz HC. Isolation of predominantly submicron-sized
UHMWPE wear particles from periprosthetic tissues.
J Biomed Mater Res 1995;29:127–131.

49. Ge SR, Wang SB, Gitis N, Vinogradov M, Xiao J. Wear
behavior and wear debris distribution of UHMWPE against
Si3N4 ball in bi-directional sliding. Wear 2008264:571–578.

50. Williams P, Clarke I. A unified approach for evaluation of
UHMWPE performance in a hip simulator using wear volume
and debris size distribution: Effect of fabrication method. Pro-
ceedings of the 53rd Annual Meeting of the Orthopaedic
Research Socciety, San Diego, California, February 11–14,
2007.

51. Endo MM, Barbour PS, Barton DC, Fisher J, Tipper JL, Ing-
ham E, Stone MH. Comparative wear and wear debris under
three different counterface conditions of crosslinked and non-
crosslinked ultra high molecular weight polyethylene. Biomed
Mater Eng 2001;11:23–35.

52. Elfick APD, Smith SL, Green SM, Unsworth A. The quantita-
tive assessment of UHMWPE wear debris produced in hip
simulator testing: The influence of head material and rough-
ness, motion and loading. Wear 2001;249:517–527.

53. Williams PA, Clarke IC. Understanding polyethylene wear
mechanisms by modeling of debris size distributions. Wear
17th Int Conf Wear Mater 2009;267:646–652.

54. Affatato S, Vandelli C, Bordini B, Toni A. Fluid absorption
study in ultra-high molecular weight polyethylene
(UHMWPE) sterilized and unsterilized acetabular cups. Proc
Inst Mech Eng [H] 2001;215:107–111.

55. McKellop HA, Campbell P, Park SH, Schmalzried TP, Grigo-
ris P, Amstutz HC, Sarmiento A. The origin of submicron
polyethylene wear debris in total hip arthroplasty. Clin Orthop
1995:3–20.

85PE WEAR DEBRIS PRODUCED IN A KNEE SIMULATOR MODEL

Journal of Biomedical Materials Research Part B: Applied Biomaterials

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



 
 
 
 

Section 19 
Performance Testing – Animal 

 
This section does not apply to the current submission. 
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Food and Drug Administration

ifCOVER SHEET MEMORANDUM Office of Device Evaluation &
Office of In Vitro Diagnostics and

Radiological Health

From: Reviewer Name Michael C. Owens

Subject: 51 0(k) Number K1 31337

To: The Record

Please list Cl'S decision code: SE - Substantially Equivalent

ElRefused to Accept (Note: this is considered the first review cycle. See screening checklist.)-

flHold (Additional Information or Telephone Hold)

Z Final Decision (SE, SE with Limitations, NSE (select code below), Withdrawn, etc.)

Please complete the following for a final clearance decision (i.e. SE, SE with Limitations, etc.) YES NO

Indications for Use Page (A ttach /FU) X

51 0(k) Summary or 51 0(k) Statement (Attach Summaryor Statement) X

Truthful and Accurate Statement (Must be present fora Final Decision) X

Is the device Class Ill? X

Does firm reference standards? (if yes, please attach Form 3654.)X

Is this a combination product? x
Is this a reprocessed single use device? (See Guidance for Industry and FDA Staff - MDUFMA - Validation Data in S1 0(k)s
for Reprocessed Single-Use Medical Dev-ices.)

Is this device intended for pediatric use only? X

Is this a prescription device? (if both prescription & OTC, check both boxes.) X
Is clinical data necessary to support the review of this 51 0(k)? X
For United States based clinical studies only, did the application include a completed Form FDA 3674, Certification with
Requirements of ClinicalTrials.gov Data Bank? (if study was conducted in the United States and Form FDA 3674 was not
included or was incomplete, then applicant must be contacted to obtain completed form.)

Does this device include an Animal Tissue Source? X
All Pediatric Patients age <= 21 X

Neonate/Newborn (Birth to 28 days) x
Infant (29 days to < 2 years) x
Child (2 years to < 12 years)

Adolescent (12 years to < 18 years) X
Transitional Adolescent A (18 years to <21 years); Special considerations are being given to this group, different from
adults age >= 21 (different device design or tesating, different protocol procedures, etc.)

Transitional Adolescent B8(18 years to <21 years); No special considerations compared to adults >= 21 years)
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Nanotechnology

Is this device subject to the Tracking Regulation? (Medical Device Tracking Guidance)

Regulation Number: 21 CFR 888.3560

Class: 11

Product Code: JWH

Additional Product Codes: ONY

Digital Signature Concurrence Table
(Not all signatures may be required)

Branch Chief Sign-Off Cae
2013.1 %i[ 0p546)04'00'

Division ErinOf I K Ej lh~rAi
2013.1 j1z1["IAQQ-0'4sO4'00'
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24 May 2013 

To: Michael Owens 

U.S. Food and Drug Administration 
Center for Devices and Radiological Heath 
Document Control Center - WO66-G609 
10903 New Hampshire Avenue 
Silver Spring, MD 20993-0002 

RE: RTA Response to K131337 

Dear Michael, 

This letter is to provide response to the observations made in the Refuse To Accept (RTA) Checklist for 
K131337. The observations are listed below, with the response from Ortho Development. Per request 
from the agency, an electronic copy is also provided, which is the same as the paper copy. 

RTA Issue: 

23 b) A description of method to validate the sterilization parameters (e.g., half-cycle method 
and full citation of FDA-recognized standard, including date) is provided for each 
proposed sterilization method. 

The sponsor has not describe the method used for validation (e.g., Bioburden or Overkill). 

Ortho Development Response: 

Section 14 of the submission has been updated to include the method used for the validation. A copy is 
attached.  
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Sterilization and Shelf Life 

 

 

14.1 Sterilization:   

 14.1.1 Implant Sterility: 

The implants are sterilized by ethylene oxide in accordance with ISO 11135-1.  Each 
lot is processed in a validated cycle to achieve a sterility assurance level (SAL) of 10-6.  
ISO 11135-1:2007 half cycle method was used for validation. 

Residual exposure limits for ethylene oxide and ethylene chlorohydrin comply with 
ISO 10993-7. 

The sterilization validation method is conducted per ISO 11135-1.  Sterilization is 
performed by   The responsibility of both 
parties is defined in a signed contract, consistent with FDA guidance on contract 
sterilization.   

Ortho Development does not certify the sterile packaged device as pyrogen-free. 

Refer to Section 14.2 for a description of the packaging used to maintain sterility.  
Refer to Section 13 for a copy of the labels identifying the product as STERILE. 

 14.1.2 Instrument Sterility: 

(b)(4) 

(b)(4) 
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Surgical instruments will be supplied non-sterile and are intended for sterilization or 
re-sterilization by the user. 

 14.1.3 Instrument Kit Sterility: 

Surgical instrument kits will be supplied as non-sterile and are intended for 
sterilization or re-sterilization by the user.  The validated steam sterilization cycles 
given below must be followed in order to ensure sterility.  Cycles were validated 
using ISO 17665-1:2006 overkill. 

Instrument kits pertaining to Balanced Knee® System High Flex Vitamin E have been 
either revalidated or justified with a steam sterilization cycle, sterility assurance 
level (SAL) of 10-6.  Refer to the re-sterilization instructions in the IFU in Section 13. 

 14.1.4 Instrument Cleaning: 

The IFU contains a statement that “all instruments shall be cleaned prior to 
sterilization” and provides cleaning instructions for reusable ODEV instruments.  All 
the instruments pertaining to Balanced Knee® System High Flex Vitamin E are similar 
in material and similar or less complex than other instruments which have been 
validated for cleaning by Ortho Development and do not present new worst case 
instruments. 

14.2 Implant Packaging: 

14.2.1 The packaging configuration used for High Flex Vit E patella is identical to the 
packaging configuration used for BKS Revision tibial augments (K031201).  The 
packaging configuration used for High Flex Vit E PS tibial inserts is identical to that 
used for the largest BKS High Flex femoral component (K123457).  

(b)(4) 

(b)(4) 
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14.3 Packaging Shelf Life: 

 

(b)(4) 

(b)(4) 
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6 September 2013 
 
 
U.S. Food and Drug Administration 
Center for Devices and Radiological Health 
Document Mail Center – WO66-G609 
10903 New Hampshire Avenue 
Silver Spring, MD  20993-0002 
 
ATTN: 
Michael Owens 
Biomedical Engineer 
CDRH/ODE/DOD/JFOB 
MichaelC.Owens@fda.hhs.gov 
 
RE: K131337/S002 Additional Information Request Response 
 
 
Dear Mr. Owens, 
 
This letter is to detail the responses from Ortho Development to the letter dated 7/25/2013 received via 
e-mail. This letter will provide the responses and will refer the location of the documentation to support 
the responses. The Replacement eCopy is an exact duplicate of the paper copy. 
 
ISSUE 1:  
 
According to the device description, the subject component will come with yellow Radel trials.  We 
acknowledge that the same trial material is used in your predicate devices.  However, no 
biocompatibility information was provided on this material with the identified colorant in either 
submission.  Therefore, please provide the following information on the yellow color additive used in 
the trial component: 
 

• Chemical name and the Chemical Abstract Services (CAS) number of each key colorant in the 
formulation. 

• Estimated absolute amount of colorant (in weight) per device. 
• Size range of colorant.  
• Purity level of colorant. 
• Release capability of colorant.  
• Material Safety Data Sheet (MSDS) for each colorant.  
• Identification of other US marketed medical devices by device name, manufacturer, submission 

#, where the colorants have been previously used, if known. 
• Biocompatibility testing of the device containing the colorant. 
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• Toxicity assessment of the colorant or a rational for why additional toxicity testing for the device 
containing the colorant is unnecessary. 
 

Ortho Development Response: 

ISSUE 2: 

Ortho Development Response: 
 
Pursuant to our phone conversation of August 8, 2013, the response to these questions is located in the 
attached “Response for Item 2.” 
 
ISSUE 3: 
 
In your submission, you note that the re-usable instruments are provided in a storage tray/kit. Please 
provide a description of the tray/kit.  Please clarify if this is a sterilization tray, if the sterilization tray is 
currently part of the submission, and if this tray is specific to your system. Please also confirm whether 
the tray was included in your validation testing.  Please note that general sterilization trays are class II 
devices regulated under 21 CFR 880.6850 under the product code KCT. General sterilization trays are 
currently reviewed by the infection control branch in DAGID.  As stated in our guidance titled “Bundling 
Multiple Devices or Multiple Indications in a Single Submission”, which issued on June 22, 2007, devices 
with different indications for use in multiple medical specialties, which would require reviews by 

(b)(4) 

(b)(4) 
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different divisions, should have separate submissions. Therefore, if it is a general sterilization tray, 
please verify whether the tray mentioned has been previously cleared, and if so, please provide the 
510(k) number.  Alternatively, you may use a different commercially available tray and revalidate your 
device/instrument sterilization with the cleared tray.  In this case, JFDB1 does not need to review the 
validation data (only the validation method and sterility assurance level achieved need to be supplied).  
Should you not wish to include the tray as accessories to your device for sterilizing the instruments in 
the tray, you may request the withdrawal of the trays by providing the appropriate withdrawal 
statement.  In this case, you would need to validate your instrument/device sterilization without the use 
of a sterilization tray. 

 
Ortho Development Response: 

 
Pursuant to our discussion of August 8, 2013, the reusable instruments for this submission are unique to 
the Balanced Knee System and have been validated for the times indicated in the IFU.  

 
ISSUE 4:  
 
You provided draft instructions for use with your proposed labeling.  The indications for use outlined the 
instructions do not include the method of fixation.  Please provide a revised package insert that includes 
the method of fixation.  In addition, please make sure that the instructions for use match the Indications 
for Use Statement.  Finally, you have included additional intended use language in the package insert 
that should be separated from the indications for use statement.  Therefore, please provide a revised 
package insert with this language separated from the indications for use.   
 
Ortho Development Response: 
 
The attached IFU has been modified to include the method of fixation in the ‘INDICATIONS FOR USE’ 
section. In addition, the additional language has been separated from the Indications for Use Statement. 
Section 4 has also been updated with the same language as used in the ‘INDICATIONS FOR USE’. 
 
ISSUE 5: 
 
You provided a 510(K) Summary with your submission.  However, the summary does not identify all of 
the correct product codes.  Please provide a revised 510(K) Summary that identifies the OIY product 
code indicating your device contains a component manufactured from polyethylene containing an 
additive. 
 
Ortho Development Response: 
 
The attached 510(k) Summary has been modified to include the OIY product code.  
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Device Description 

1. Overview 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) PS tibial insert and patella are machined 
from extensively crosslinked, compression molded, Vitamin E UHMWPE.  Both components are single 
use only.  The High Flex Vit E PS insert must be used in conjunction with the High Flex PS femoral 
component (K123457).  Used together, these components are designed to accommodate increased 
range of motion up to 150° of flexion.  The High Flex Vit E patella may be used in conjunction with the 
Balanced Knee® System (BKS) femoral components (K994370), the BKS modular femoral components 
(K060569), or the High Flex PS femoral components (K123457).  Both the High Flex Vit E PS  insert and 
patella may be used in conjunction with the BKS standard and modular tibial trays, tibial augments, and 
stems to complete the semi-constrained modular knee prosthesis.  The tibial trays, tibial augments, and 
stems were approved under K994370 and K031201. The High Flex Vit E PS system is designed for 
cemented use only.  A basic configuration of the High Flex Vit E PS system is shown below.  Part 
numbers for all implants are found in Appendix A and drawings of representative sizes of each 
component are found in Appendix B of this section. 

       
 

(b)(4) 
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2. Intended Use 
The Balanced Knee® System High Flex Vitamin E PS tibial insert and patella are intended for use in 
cemented total knee arthroplasty procedures with the following indications: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 
 

3. Design Requirement 

 
4. High Flex Vit E PS Tibial Insert 

High Flex Vit E PS  inserts are manufactured from Compression Molded Vitamin E Ultra High Molecular 
Weight Polyethylene 

The High Flex Vit E PS  inserts are available in identical sizes to the High Flex PS  inserts (K123457).  The 
seven insert sizes match each respective size of tibial tray. The insert is symmetric, not left/right specific.  
It is supplied in thicknesses of 7, 8, 9, 10, 11, 12, 13, 14, 16, 17, 18, and 20mm.  Minimum polyethylene 
thickness, at the thinnest measurement point, is 7mm for every size of tibial insert.  The 
anterior/posterior and medial/lateral dimensions are outlined for each size in the following table.  

(b)(4) 

(b)(4) 
(b)(4) 
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5. High Flex Vit E Patella 

High Flex Vit E patellae are manufactured from Compression Molded Vitamin E Ultra High Molecular 
Weight Polyethylene 

The patella is available in five sizes.   The 
patella will work on either right or left knees; it is not side-specific.  It is supplied in diameters of 29, 32, 
35, 38 and 41 mm.   

(b)(4) 

(b)(4) 

(b)(4) 

(b)(4) 

(b)(4) 
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6. Size Compatibility 

The High Flex Vit E PS  inserts and High Flex PS femoral components (K123457) can be sized together 
according to the table below.  The insert is matched to the tibial tray size, one-to-one. 

(b)(4) 
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7. System Compatibility 

510(k) Number 
K123457 
K994370 
K031201 

510(k) Number 
K994370 
K123457 
K060569 

8. Surgical Instruments 

All instruments are standard for the placement of total knee implants and do not represent new or 
novel technologies.  Instrumentation is provided with the High Flex Vit E PS  insert and patella for trialing 
the implants and preparing the patella.  A summary of new instruments included in the system is 
provided in the table below.  All other necessary instruments used with this system have been cleared in 
K994370, K031201, K060569, and K123457.   

(b)(4) 

(b)(4) 

(b)(4) 

(b)(4) 

(b)(4) 

(b)(4) 
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Appendix B, Representative Component Drawings 
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August 13, 2013 
 
Patricia Parish 
Ortho Development Corporation 
12187 S Business Park Dr. 
Draper, Utah 84020 
patriciap@orthodevelopment.com 
 
 
Device Master File No. MAF-2122 for Radel® 
 
Dear Customer: 
 
Information on Solvay Specialty Polymers USA, L.L.C. Radel® Polyphenylsulfone has been submitted 
in our Device Master File No. MAF-2122.   We hereby authorize the FDA Bureau of Devices to refer to 
information contained in Device Master File MAF-2122 in support of the Balanced Knee System High 
Flex Vitamin E PS Tibial Insert and Patella submitted by Ortho Development Corporation of Draper, 
Utah, whenever Solvay Specialty Polymers is proposed as a supplier. The specific Radel products are 
listed below:  

Toxicology information can be found on pages 28-30 in the MAF. 
 
As of the date of this letter, four Amendments have been submitted for this MAF.  
 
The compositional information is confidential, as referred to in Section 1905, of Title 18, of the United 
States code Annotated and is exempt from disclosure under Section 552(b)(4), of Title 5, of the United 
States Code Annotated and Part 20, Subpart D of Title 21, Code of Federal Regulations.  
 
Please direct any questions concerning the above products to me by telephone at 770-772-8584 or by 
e-mail at john.bankston@solvay.com. 
 
Sincerely, 

 
 
John Bankston 
Regulatory Affairs & Product Stewardship Manager, Aromatic Polymers 
 

(b)(4) 
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Instructions for Use 
Balanced Knee® System 

 
 
Manufacturer 
Ortho Development® Corporation 
12187 South Business Park Drive 
Draper, UT 84020 
Phone 801-553-9991 
Fax 801-553-9993 
www.orthodevelopment.com 

 
 
For cemented use only 

 
 
DESCRIPTION 
Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System Revision are a 
multi-compartmental total knee replacement providing a system of components for posterior cruciate ligament 
retaining and substituting procedures. Balanced Knee® System, Balanced Knee® System High Flex, and 
Balanced Knee® System Revision are indicated for cemented use only.  Choice of specific femoral and tibial 
components depends on whether the posterior cruciate ligament is retained or excised, and the extent and 
nature of anterior/posterior (A/P) and medial/lateral (M/L) stabilization. 

 

 
Cobalt Chromium Alloy Femoral Component 
The femoral components are cobalt chromium (Co-Cr-Mo, ASTM F-75). 

 
 

Component 510(k) Number 
BKS Cruciate Retaining (CR) K994370 
BKS Posterior Stabilized (PS) K994370 
High Flex Posterior Stabilized (High Flex PS) K123457 
Modular Femoral K060569 

 
Femoral components with porous coating are porous coated with cobalt chromium (Co-Cr-Mo, ASTM F-75). 

 
 
The semi-constrained posterior stabilizing femoral components are designed to provide anterior/posterior (A/P) 
stability, but rely on collateral ligament balancing techniques for medial/lateral (M/L) stability. 
 
The High Flex PS (HFPS) components are semi-constrained posterior stabilizing components designed to 
accommodate a higher level of flexion up to 150°, while providing anterior/posterior stability, but rely on 
collateral ligament balancing techniques for medial/lateral (M/L) stability.  

 
The cruciate retaining femoral components are designed for use with a functional posterior cruciate ligament. 
These components also rely on collateral ligament balancing techniques for medial/lateral (M/L) stability. 

 

 
The modular femoral components are posterior stabilized with the option of intramedullary stem extensions 
and are designed to provide additional anterior/posterior (A/P) and medial/lateral (M/L) stability if needed or 
desired. 

 

 
Titanium Tibial Tray 
The titanium tibial tray (Ti-6Al-4V ELI, ASTM F-136) is available either with or without porous coating of 
commercially pure titanium (CP Ti, ASTM F-1580). 
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Component 510(k) Number 
BKS Non-Porous Tray K994370 
BKS Porous Tray K994370 
BKS Porous Pegged Tray K020383 
Modular Tray K031201 
Offset Tray K103837 

 
The porous coated tibial trays are available in two options. The first option is supplied with removable 
polyethylene screw hole plugs (UHMWPE, ASTM F-648) for optional screw fixation using cancellous bone 
screws. The second porous coated option is offered with titanium pegs (Ti-6Al-4V ELI, ASTM F-136) instead of 
screw holes. 

 

 
The modular tibial trays (Ti-6Al-4V ELI, ASTM F-136) are supplied with a titanium keel cap (Ti-6Al-4V ELI, 
ASTM F-136) which is removable in cases where a stem extension is needed. 

 

 
The offset tibial trays (Ti-6Al-4V ELI, ASTM F-136) are used with an offset adapter, offset screw, and stem 
extension to accommodate various tibial anatomies. 

 

 
Polyethylene Tibial Insert 
The polyethylene tibial inserts are available in six variations: 

 
 

Component 510(k) Number 
BKS Cruciate Retaining (CR)          K994370 
BKS Posterior Stabilized (PS)          K994370 
BKS Ultra Congruent (UC)          K090705 
High Flex Posterior Stabilized (HFPS)          K123457 
High Flex Crosslinked Vitamin E Posterior Stabilized 
(HFVPS) 

          K131337 

Semi-Constrained Posterior Stabilized (SCPS)          K060569 
 
The PS, HFPS, CR, UC, and High Flex PS variations are made of polyethylene (UHMWPE, ASTM F-648) 
and are to be used with the matching femoral component variation (i.e., PS femoral for PS insert, HFPS 
femoral for HFPS insert, CR femoral for CR or UC insert). 

 

 
The High Flex Vitamin E PS is made of crosslinked Vitamin E polyethylene (Vitamin E UHMWPE, ASTM F- 
648) and is to be used with the matching femoral component variation (i.e. High Flex PS femoral with High Flex 
Vitamin E PS insert). 

 
 
The SCPS variation is made of polyethylene (UHMWPE, ASTM F-648) and includes a titanium (Ti-6Al-4V ELI, 
ASTM F-136) reinforcement pin for added stability. The SCPS tibial insert is to be used with the matching 
femoral component (i.e., modular) when additional medial/lateral (M/L) stability is required. The SCPS tibial 
insert must also be used with the matching modular tibial tray or offset tibial tray. 

 

 
Patella 
The patellae are available in two variations: 

 
 

Component 510(k) Number 

Compression Molded Polyethylene Patella          K994370 
Crosslinked Vitamin E Polyethylene Patella          K131377 

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



The compression molded polyethylene patella (UHMWPE, ASTM F-648) is a resurfacing patellar prosthesis. 
510(k) Number: K994370. 

 
 
The Crosslinked Vitamin E Polyethylene Patella (Vitamin E UHMWPE, ASTM F-648) is a resurfacing patellar 
prosthesis.  510(k) Number: K131337. 

 

 
Titanium Femoral Augments 
The titanium femoral augments (Ti-6Al-4V ELI, ASTM F-136) are provided with a locking screw (Ti-6Al-4V ELI, 
ASTM F-136) and a locking ring (Ti-6Al-4V ELI, ASTM F-136).  Femoral augments may only be used with the 
Balanced Knee® System Revision modular femoral components. 510(k) Number: K060569. 

 

 
Femoral augments are provided for optional use in order to augment either the distal and/or posterior femur 
with bony deficiencies. Femoral augments are provided in assorted stepped configurations to facilitate surgeon 
selection for addressing typical bony defects. 

 

 
Titanium Tibial Augments 
The titanium tibial augments (Ti-6Al-4V ELI, ASTM F-136) are provided with a locking screw (Ti-6Al-4V ELI, 
ASTM F-136) and a locking ring (Ti-6Al-4V ELI, ASTM F-136). Tibial augments may only be used with the 
Balanced Knee® System Revision modular or offset tibial tray components. 510(k) Number: K031201. 

 

 
Tibial augments are provided for optional use in order to augment a tibial plateau with bony deficiencies. Tibial 
augments are provided in assorted hemispherical stepped and angled configurations to facilitate surgeon 
selection for addressing typical bony defects. 

 

 
Titanium Cemented and Fluted Stem Extensions 
The titanium cemented and fluted stem extensions (Ti-6Al-4V ELI, ASTM F-136) are provided for optional use 
with Balanced Knee® System Revision femoral components and tibial trays to provide increased stability. The 
stem extensions attach into the modular femoral junction box, the modular tibial tray, or the offset adapter as 
needed. 510(k) Number: K031201. 

 

 
Cobalt Chromium Alloy Junction Box 
The junction box is manufactured from forged cobalt chromium (Co-Cr-Mo, ASTM F-799) and is used with the 
modular femoral component when a stem extension is needed. The junction box is available in 5° and 7° 
options. 510(k) Number: K060569. 

 

 
Titanium Offset Adapter 
The titanium offset adapters (Ti-6Al-4V ELI, ASTM F-136) are provided with one screw (Ti-6Al-4V ELI, ASTM 
F-136).  Offset adapters must be used with Balanced Knee® System Revision offset tibial tray and stem 
extension components. One screw is required for sufficient fixation of the offset adapter. 510(k) Number: 
K103837. 

 

 
Titanium Offset Screw 
The titanium offset screws (Ti-6Al-4V ELI, ASTM F-136) are provided for optional use beyond the single screw 
that is required with the offset adapter. Offset screws may only be used with Balanced Knee® System 
Revision offset tibial tray and offset adapter components. 510(k) Number: K103837.
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INDICATIONS FOR USE 
Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System Revision are  
intended for use in cemented total knee arthroplasty procedures. 

Total knee arthroplasty is indicated for the following conditions: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 

  
   INTENDED USE 
Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System Revision are 
intended for total knee arthroplasty procedures. 

 
Balanced Knee® System is intended in the salvage of previously failed surgical attempts where femoral bone 
loss does not require the use of augments or stem extensions and where collateral ligaments may be relied 
upon for medial/lateral (M/L) stability. 
 
Balanced Knee® System High Flex is intended in the salvage of previously failed surgical attempts where 
femoral bone loss does not require the use of augments or stem extensions, where collateral ligaments may be 
relied upon for medial/lateral stability, where post-operative flexion up to 150° may be desirable, and the patient 
meets all indications/contraindications requirements. 

 
Balanced Knee® System Revision is intended in the salvage of previously failed surgical attempts where 
femoral bone loss may require the use of augments or stem extensions. 

 

 
Balanced Knee® System Revision SCPS Tibial Insert is intended for use with Balanced Knee® System 
Revision modular femoral and modular or offset tibial components where collateral ligaments may not be 
relied upon for medial/lateral (M/L) stability. 

 

 
Balanced Knee® System Revision Offset Tibia is intended for use in the salvage of previously failed surgical 
attempts where bone loss may require the use of augments or stem extensions or in difficult primary surgical 
cases where a long extension stem is necessary. 

 

 
CONTRAINDICATIONS 
1. Any patient not experiencing a compromised quality of life by loss of joint function and/or joint configuration, 
or pain from arthritis disease. 
2. Any patient whose knee cannot be returned to normal function and normal stability through reconstructive 
procedures, including ligamentous balancing. 
3. Active infection in or near the knee joint, fever and/or local inflammation signs, and elevation of 
sedimentation rate unexplained by other diseases should not be treated unless preoperative infection is ruled 
out. 
4.  Distant foci of infection, such as genitourinary, pulmonary, skin (chronic lesions or ulcerations), and other 
sites, that may result in hematogenous spread to the implant site. 
5. Rapid joint destruction or bone absorption apparent on roentgenograms.6.  Neuromuscular disorders in 
which the potentially adverse effects on prosthesis function are not outweighed by the benefits gained by the 
patient from usage of the prosthesis. 
7. Mental disorders that would compromise essential patient post-operative care. 
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8. A painless, stable arthrodesis in a functional position. 
9. Allergic reactions to implant materials and/or tissue reactions to the products of corrosion or wear. 
10. Skeletal immaturity. 

 
 
INFORMATION FOR USE 
To ensure proper placement and fit, only Balanced Knee® System, Balanced Knee® System High Flex, and 
Balanced Knee® System Revision instruments and trials manufactured by Ortho Development® Corporation 
should be used to implant the Balanced Knee® System, Balanced Knee® System High Flex, and Balanced 
Knee® System Revision components. 

 
Components, trials, and instruments from other knee systems must not be used with components, trials, and 
instruments from Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System 
Revision and vice versa, unless specifically labeled for such use.  Different engineering specifications and 
dimensional incompatibilities among the various systems may cause premature wear or loosening of the 
implant. 

 

 
Components of Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® 
System Revision are not compatible with components of any other knee system. 

 

 
Optimal fixation and implant stability are achieved by maximizing bone coverage.  Components are provided in 
a variety of sizes. The largest available components should be chosen that cover, but do not overhang, the 
femur, tibia, or patella. 

 

 
Several thicknesses and styles of polyethylene tibial inserts are supplied separately from the tibial tray, but in 
corresponding sizes to the tibial tray.  The surgeon should choose an insert of appropriate thickness and style 
to restore the original joint line and to achieve proper ligament tension. 

 

 
PRECAUTIONS 
Preoperative: 
The surgeon should thoroughly understand all aspects of the surgical procedure and limitations of the device. 
The surgeon should instruct patients as to the limits of the prosthesis and the impact of excessive loading 
through patient weight or activity.  Patients should also be taught to govern and/or restrict their activities 
accordingly. 

 

 
Strict adherence to the indications, contraindications, precautions, and warnings for this product is essential to 
potentially maximize the success of the procedure and the service life of the implant. 

 

 
Intraoperative: 
If the implant site has been improperly prepared or excessive force is used to seat the implant, fracture of the 
proximal tibia or femoral condyles may occur. 

 

 
Polyethylene tibial inserts can be removed after they have been snapped into place. Once removed, however, 
they must be discarded, as the removal process deforms the plastic and reduces attachment strength.  Use 
trials to determine proper tibial insert sizing. 
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An implant should never be reused.  Any implant, once used, should be discarded. Though it appears 
undamaged, it may have small defects and internal stress patterns that may eventually lead to failure. 
Likewise, care must be taken in handling new implants to avoid damage that could compromise the 
mechanical integrity of the device and cause early failure or loosening, such as marring, nicks, or notches 
caused by contact with metal or abrasive objects. 

 

 
The SCPS polyethylene insert can only be used with the modular tibial tray or offset tibial tray. It is not 
compatible with the primary porous coated, non-coated or pegged tibial trays. The modular femoral component 
with augments and stem may be used with the primary tibial trays only if a standard tibial insert is used. 

 

 
If loose fragments of bone cement become detached, they can act as an abrasive on the contact surfaces of 
the implant, greatly accelerating the wear rate of the prosthesis.  Care should be taken to remove all excess 
cement from around the implant and its surfaces. 

 

 
WARNINGS 
Components of Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System 
Revision are not compatible with the components of any other knee system. Different specifications and 
dimensional compatibilities among the various systems may cause premature wear or loosening of the 
implant. 

 

1.  Use only Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System 
Revision femoral components with Balanced Knee® System, Balanced Knee® System High Flex, and 
Balanced Knee® System Revision tibial inserts and tibial trays. 
2. Use only Balanced Knee® System High Flex femoral components with Balanced Knee® System High Flex 
tibial inserts.  
3.  Use only Balanced Knee® System patella prostheses with Balanced Knee® System, Balanced Knee® 
System High Flex, and Balanced Knee® System Revision femoral components. 
4.  If optional screw fixation is desired with the porous-coated tibial tray, use only Ortho Development® 
Corporation cancellous bone screws. 
5.  Components that are labeled as PS should be used only with other PS components.  HFPS components 
should be used only with other HFPS components.  Likewise, CR components should be used only with CR or 
UC components.  In addition, components that are marked SCPS should be used only with other SCPS 
components.  If no specification is made, the part can be used with all three systems.  
6.  The correct selection of the implant is extremely important.  The potential for success in total joint 
replacement is increased by the selection of the proper size, shape, and design of the implant.  Balanced 
Knee® System, Balanced Knee® System High Flex, and the Balanced Knee® System Revision have 
interchangeable part sizes as described by the following chart, where the number in the shaded box refers to 
the tibial insert size: 
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 TIBIAL INSERT AND TRAY 
BKS Tray Modular and Offset Tray 
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UC HFPS 
HFVPS 

 

PS 
 

CR 
 

UC HFPS 
HFVPS 

 

PS 
 

SCPS 
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L BKS CR ● ●   ● ●    
High Flex PS   ●    ●   
BKS PS    ●    ●  
Modular Femoral    ●    ● ● 

 

7. The compatibility of the implants vary by what implant is being used. Correct implant choice is crucial in a 
successful joint replacement. Below is a compatibility chart which refers to the proper implants to be used: 
 

 

 
 
 
 
 

 
 
 
 
 
 
 
 

● = compatible 

 
ADVERSE EFFECTS 
Short-term complication rates may be similar to those occurring with any femoral joint replacement such as: 
1.  Changes in position and loosening of the implant. 
2.  Dislocation of implant. 
3.  Infection. 
4.  Reduced range of motion. 
5.  Heterotopic bone formation. 
6.  Incomplete pain relief. 

 
 
MAGNETIC RESONANCE (MR) 
Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System Revision have 
not been evaluated for safety and compatibility in the MR environment. Balanced Knee® System, Balanced 
Knee® System High Flex, and Balanced Knee® System Revision have not been tested for heating or 
migration in the MR environment. 

 

 
PACKAGING AND STERILITY 
All implants are sterilized to Sterility Assurance Level 10-6. All implants, except for the Vitamin E polyethylene 
components, are sterilized by a minimum of 25 kGy gamma irradiation.  All Vitamin E polyethylene 
components are ethylene oxide sterilized. 

 

 
All gamma irradiated polyethylene tibial inserts and polyethylene patellae are sterilized in an oxygen- 
free/nitrogen-rich environment. 

 

 
Sterile product packaging should be inspected for flaws before and after opening. In the presence of a flaw, 
assume the product is non-sterile and do not implant it into a patient. 

 

 
INSTRUMENT STERILITY 
All Instruments should be thoroughly cleaned prior to sterilization. Please refer to Ortho Development 
Reusable Instrument Care Manual for instrument cleaning and sterilization details. 
 

 
Unless otherwise indicated on the case labeling, the following Steam Sterilization Cycles must be followed in 
order to ensure sterility: 
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 Temperature Cycle Time (Minutes) Dry Time (Minutes) 
Prevacuum 270 °F (132°C) 4 60 
Gravity 270 °F (132°C) 30 90 

 
 

  
Kit Number Description Prevac (Minutes) Prevac Dry (Minutes) Gravity (Minutes) Gravity Dry (Minutes) 
261-9301 BKS Femoral 1 6 45 30 90 

261-9304(A) BKS Tibial 1 5 5 50 50 
 
PRODUCT HANDLING 
Always store implants unopened in their respective protective packages. Prior to use, inspect the packaging 
for damage, which may compromise sterility. When removing the implant from its packaging, observe relevant 
aseptic techniques.  Protect the prosthesis from contact with objects that may damage the surface finish. 
Inspect each implant prior to use for visual damage. 

 

 
PRODUCT COMPLAINTS 
Any complaint or dissatisfaction with product quality, performance, labeling, and/or safety should be reported to 
Ortho Development® Corporation. If any of the implants or instruments “malfunction” (i.e., do not meet any of 
their performance specifications or do not perform as intended), and/or are suspected to have caused or 
contributed to the death or serious injury of the patient, Ortho Development® Corporation should be notified 
immediately by phone, fax, or written correspondence. 

 

 
When filing a complaint, please provide the product description, product number, lot number, complainant’s 
name and address, and the nature of the complaint. 

 

 
 
 
 
CAUTION 
Federal Law (USA) restricts this device to sale, distribution, and use by or on the order of a physician. 

 
 
  351-1-10627 04/2013 
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Indications for Use Form 
Ortho Development  

Balanced Knee® System High Flex Vitamin E  
PS Tibial Insert and Patella 510(k)  

 

510(k) Number (if known): ___________ 

Device Name:  Balanced Knee® System High Flex Vitamin E PS Tibial Insert and Patella 

Indications for Use: 

Balanced Knee® System, Balanced Knee® System High Flex, and Balanced Knee® System Revision are  
intended for use in cemented total knee arthroplasty procedures. 

Total knee arthroplasty is indicated for the following conditions: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 

   
Prescription Use ____X___ 
(Part 21 CFR 801 Subpart D) AND/OR Over-The-Counter Use _______ 

(21 CFR 801 Subpart C)             

(PLEASE DO NOT WRITE BELOW THIS LINE-CONTINUE ON ANOTHER PAGE IF NEEDED) 

 

Concurrence of CDRH, Office of Device Evaluation (ODE) 
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510(k) Summary 

 

NAME OF SPONSOR: Ortho Development Corporation 
12187 South Business Park Drive  
Draper, Utah 84020 
 

510(k) CONTACT: Tom Haueter 
Regulatory Affairs Manager 
Telephone: (801) 553-9991  
Facsimile: (801) 553-9993  
Email: thaueter@orthodevelopment.com 
 

DATE PREPARED: April 24, 2013 
 

PROPRIETARY NAME: Balanced Knee® System High Flex Vitamin E PS Tibial Insert and 
Patella 
 

COMMON NAME: Total Knee Replacement Prosthesis 
 

CLASSIFICATION: 21 CFR 888.3560, Knee joint, patellofemorotibial, 
polymer/metal/polymer semi-constrained cemented prosthesis, 
Class II device 
 

DEVICE PRODUCT CODE: JWH, OIY 
 

PREDICATE DEVICES: Balanced Knee® System (K994370), Ortho Development Corp. 
 
Balanced Knee® System High Flex PS (K123457), Ortho Development 
Corp. 
 
Highly Cross-Linked Vitamin E UHMWPE Tibial Insert (K091956), DJO 
Surgical/Encore Medical 
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Device Description 

The Balanced Knee® System High Flex Vitamin E (High Flex Vit E) PS tibial insert and patella are machined 
from extensively crosslinked, compression molded, Vitamin E UHMWPE.  Both components are single 
use only.  The High Flex Vit E PS tibial insert must be used in conjunction with the High Flex PS femoral 
component (K123457).  Used together, these components are designed to accommodate increased 
range of motion up to 150° of flexion.  The High Flex Vit E patella may be used in conjunction with the 
Balanced Knee® System (BKS) femoral components (K994370), the BKS modular femoral components 
(K060569), or the High Flex PS femoral components (K123457).  Both the High Flex Vit E PS tibial insert 
and patella may be used in conjunction with the BKS standard and modular tibial trays, tibial augments, 
and stems to complete the semi-constrained modular knee prosthesis.  The tibial trays, tibial augments, 
and stems were approved under K994370 and K031201.  
 

 

Intended Use 

The Balanced Knee® System High Flex Vitamin E PS tibial insert and patella are intended for use in 
cemented total knee arthroplasty procedures with the following indications: 

1. Loss of knee joint configuration and joint function. 
2. Osteoarthritis of the knee joint. 
3. Rheumatoid arthritis of the knee joint. 
4. Post-traumatic arthritis of the knee joint. 
5. Valgus, varus, or flexion deformities of the knee joint. 
6. Revision procedures where other treatments or devices have failed. 

 

Technological Characteristics 

Feature Equivalent Device 
Indications for Use and Design 
 

Ortho Development: Balanced Knee® System (K994370) 
Ortho Development: Balanced Knee® System High Flex PS (K123457) 

Material: Extensively Crosslinked Vitamin E 
Polyethylene UHMWPE (α-tocopherol) 

DJO Surgical/Encore Medical: Vit E UHMWPE Tibial Insert (K091956) 

 

There is only one difference between the High Flex Vit E PS insert when compared to the BKS High Flex 
PS insert: the implementation of a different material, crosslinked Vitamin E UHMWPE.  Likewise, the 
High Flex Vit E patella is identical to the BKS patella except for the crosslinked Vitamin E UHMWPE 
material.  The indications for use for the High Flex Vit E PS tibial insert and patella are identical to the 
indications for use for the BKS High Flex.  The crosslinked Vitamin E UHMWPE for the High Flex Vit E PS 
insert and patella undergoes substantially equivalent fabrication and final processing as its predicate, 
DJO/Encore’s Vitamin E UHMWPE tibial insert.  

Records processed under FOIA Request #2014-8015; Released by CDRH on 12-8-2015

Questions? Contact FDA/CDRH/OCE/DID at CDRH-FOISTATUS@fda.hhs.gov or 301-796-8118



Performance Data 
The following non-clinical testing was performed to determined substantial equivalence to the predicate 
devices: 
 

Property Result 

Range of Motion Up to 150° flexion; Identical to predicate device, BKS High Flex 

Femorotibial 
Constraint 

Identical to predicate device, BKS High Flex 

Femorotibial 
Contact Area 

Identical to predicate device, BKS High Flex 

Patellofemoral 
Constraint 

Identical to predicate device, BKS High Flex 

Patellofemoral 
Contact Area 

Identical to predicate device, BKS High Flex 

PS Spine Fatigue Sufficient strength to survive in-vivo loading 

Insert Assembly/ 
Disassembly 

Sufficient strength to survive in-vivo loading 

Crosslinking 
Characterization of  
High Flex Vit E 

Substantially equivalent or better than BKS 

Vitamin E 
Characterization of  
High Flex Vit E 

Substantially equivalent or better than BKS 

High Flex Knee Wear 56% decrease in wear over BKS 

 

 

Basis for Substantial Equivalence 

Ortho Development believes that the High Flex Vit E PS tibial insert and patella are substantially 
equivalent to the previously cleared predicate devices based on similarities in intended use, design, 
materials, manufacturing methods, packaging, and mechanical performance. 
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