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1 Introduction 

In Compliance with Section 510(k) of the 1976 Medical Device Amendments to the 
Federal Food, Drug and Cosmetic Act, Penumbra Inc. is notifying the Food and Drug 
Administration of our intent to add two new Reperfusion Catheters, the ACE 64 and ACE 
68 catheters, to the ACE family of Penumbra System® catheters. 

Penumbra believes the Reperfusion Catheters ACE 64 and ACE 68 are substantially 
equivalent to other legally marketed devices included in the Penumbra System ®.  The 
Penumbra System® has been cleared under the following 510(k) pre-market notifications: 

Table 1: Predicate Device Listing 
510(k) Number / 
Clearance Date Name of Predicate Device Name of 

Manufacturer  
K072718 [28Dec2007] Penumbra System [026, 032, 041] Penumbra, Inc. 
K090752 [21Sep2009] Penumbra System [054] Penumbra, Inc. 
K100769 [21May2010] Penumbra System Separator Flex 

[026, 032, 041, 054] Penumbra, Inc. 

K113163 [28NOV2011] Penumbra System® MAX Penumbra, Inc. 
K133317 [13MAY2014] Penumbra System® and Penumbra 

System® MAX Penumbra, Inc. 

The subject Reperfusion Catheters ACE 64 and ACE 68 are composed of materials 
commonly utilized for interventional devices, manufactured using well-characterized and 
common technologies, and packaged and sterilized using the same materials and methods 
as the Reperfusion Catheter 5MAX ACE, which was added to the Penumbra System 
Reperfusion Catheter 054 [K090752] by Letter-To-File in May 2013 as a non-significant 
change that does not require a new 510(k).  Reperfusion Catheter 5MAX ACE data was 
subsequently reviewed by FDA during the review of K133317 and no issue was 
identified by FDA for Penumbra’s use of the Letter-to-File path for this product. 

The Reperfusion Catheters ACE 64 and ACE 68 will be individually packaged. 

Penumbra has demonstrated through bench-top testing that the Reperfusion Catheters 
ACE 64 and ACE 68 are as safe and effective as the aforementioned listed predicate 
devices. 
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1.1 Required Information 

(under Sections 510(k), 513(f) and 512(i) of the Act, and Subpart E of 21 CFR, Part 
807.87) 

Device Trade or Proprietary Name: Penumbra System® ACE 

Project Name: Reperfusion Catheter ACE 64 & ACE 68 
Device Common or Usual or Classification 
Name: 

Catheter, Percutaneous  (Product Code: NRY) 
 

Device Classification: Class II 
Classification Panel: Neurology 
Regulation Number per 21 CFR: 870.1250 (NRY)  
Reason for 510(k): Adding new Reperfusion Catheters to the Penumbra 

System 
Action taken to comply with Section 514 of 
the Act for Performance Standards: 

No performance standards exist for this device. 

Prior submissions for the same device: There have been no prior submissions for the ACE 64 
or ACE 68 Reperfusion Catheters. 

Prior approval/clearance for components 
or accessories: 

The Separator 054 and Separator 5MAX, which are 
compatible with the Reperfusion Catheters ACE 64 and 
ACE 68, were previously cleared by FDA under 
K090752, K100769 and K113163. 

Proposed labels, Labeling and 
Advertisements: 

See Section 6 

For Class III Devices Only, a Class III 
Summary and Class III Certification: 

Not Applicable. 

Device Photographs/ Drawings See Section 3.2 
Marketed Device to Which Equivalence is 
Claimed Including an Identification of 
Similar Products, Materials, Design 
Considerations, Energy Expected to Be 
Used/Delivered, and Operational 
Principles: 

See Section 3.4 

Statement of Similarities and/or Differences 
with the Marketed Devices: 

See Sections 3.4 and 7 

Data to Show Consequences and Effects of 
Modifications to a Device: 

Not Applicable. 

Truthfulness and Accuracy Statement: See Section 2 
510(k) Summary per 21 CFR Part 807.92 
or statement per 21 CFR Part 807.93 

See Section 8 

Financial Certification/Disclosure 
Statement, per 21 CFR 54: 

Not Applicable. The Reperfusion Catheters ACE 64 
and ACE 68 were not tested in human subjects. 
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1.2 Additional Information 
Submitter’s Name and Address: Penumbra, Inc. 

1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 
Establishment Registration # 3005168196 

Primary Contact Person, Title, Telephone 
and FAX Numbers and Email: 

Michaela Mahl 
Senior Manager, Regulatory Affairs 
TEL: 510-748-3288 
FAX: 510-217-6414 
E-MAIL: michaela mahl@penumbrainc.com 

Alternate Contact Person, Title, 
Telephone and FAX Numbers and Email: 

Seth A. Schulman 
Director, Regulatory Affairs  
TEL: 510-748-3223 
FAX: 510-217-6414 
E-MAIL: seth.schulman@penumbrainc.com 

Table of Contents with Pagination: See section titled “Table of Contents” of this 
application.  

Manufacturing Facility Name and 
Address: 

Penumbra, Inc. 
1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 

Sterilization Site Name and Address: Sterigenics US, LLC 
5725 W. Harold Gatty Drive 
Salt Lake City, Utah 84116 USA  

Product Characterization Data: See Section 5 
Physical/Mechanical Test Reports: See Section 5.2 [summary only] 
Safety/Biocompatibility Test Reports: See Section 5.1 [summary only] 
Effectiveness Test Reports: See Section 5 [summary only] 
Stability Information: See Section 5.4 
Packaging Information: See Section 5.5 
Sterilization Information: See Section 5.3 
Software Information: Not Applicable – no software is utilized with this 

device. 
Hardware Information: Not Applicable – no hardware is utilized with this 

device. 
Is the Device Subject to Issues that Have 
Been Addressed in Specific Guidance 
Documents? 

Guidance on 510(k) - Short-term & long-term 
intravascular catheters (1995)                                
Guidance - General Considerations for Animal Studies 
for Cardiovascular Devices (2010)   
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3 Device Description 

3.1 Description 

The Penumbra System was designed to remove thrombus from large intracranial vessels by 

aspirating the proximal side of the thrombus using the Penumbra Reperfusion Catheter, 

Penumbra Separator, and Penumbra Aspiration Tubing.  The Penumbra System was cleared 

under K072718, K090752, K100769, K113163 & K133317. The Reperfusion Catheter 

5MAX ACE was added to the Penumbra System Reperfusion Catheter 054 [K090752] by 

Letter-To-File. The Penumbra Aspiration Tubing is connected to the Penumbra Aspiration 

Pump and Penumbra Pump/Canister Tubing (K051758 & K122756).   

 

The Penumbra System (Figure 1) is designed to remove thrombus from the vasculature 

using continuous aspiration.  The Reperfusion Catheter targets aspiration from the pump 

directly to the thrombus.  The Separator may be used to clear the lumen of the Reperfusion 

Catheter should it become blocked with thrombus. The use of the Separator may not be 

necessary when using a Reperfusion Catheter with an I.D. of 0.054in or larger.  The 

Reperfusion Catheter is introduced through a guide catheter or long femoral sheath and into 

the intracranial vasculature and guided over a neurovascular guidewire to the site of the 

primary occlusion. The Penumbra Reperfusion Catheter is used with the Aspiration Pump 

to aspirate thrombus from an occluded vessel.  As needed, a Penumbra Separator may be 

deployed from the Reperfusion Catheter to assist with thrombus removal. The Penumbra 

Separator is advanced and retracted through the Penumbra Reperfusion Catheter at the 

proximal margin of the primary occlusion to facilitate clearing of the thrombus from the 

Reperfusion Catheter tip. For the aspiration source, the Penumbra Reperfusion Catheter is 

used in conjunction with the Aspiration Pump, which is connected using the Penumbra 

Aspiration Tubing and the Penumbra Pump/Canister Tubing. The Penumbra Reperfusion 

Catheter is provided with a steam shaping mandrel and rotating hemostasis valve, and a 

peelable sheath. The Penumbra Separator is provided with an introducer and torque device. 

The devices are visible under fluoroscopy. 
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Figure 1: Assembled Penumbra System for Thrombus Debulking  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
The Penumbra System is intended for use in the revascularization of patients with acute 

ischemic stroke secondary to intracranial large vessel occlusive disease (within the internal 

carotid, middle cerebral – M1 and M2 segments, basilar, and vertebral arteries) within 8 

hours of symptom onset. 

 
The ACE 64 and ACE 68 Reperfusion Catheters are additional larger catheters to the 

currently available Penumbra System Reperfusion Catheters. The subject Reperfusion 

Catheters ACE 64 and ACE 68 are substantially equivalent to the current available 

Reperfusion Catheter 5MAX ACE. The subject Reperfusion Catheters ACE 64 and ACE 

68 will have a slightly larger I.D.s and will be available in five different length 

configurations.  

The Reperfusion Catheters ACE 64 and ACE 68 are compatible with the currently 

available Separator 054 and Separator 5MAX.  

 

Both the ACE 64 and ACE 68 Reperfusion Catheters will be separately available in one 

packing configuration including a packaging hoop, card, rotating hemostasis value (RHV), 

a 6F peelable sheath, and a 0.038” shaping mandrel. 
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Figure 2: Reperfusion Catheters ACE 64 and ACE 68 

 

 Reperfusion Catheter ACE 64 Reperfusion Catheter ACE 68 

Catheter 

  

Tip 

  

Hub Side 1 

  

Hub Side 2 

  
 
 

The engineering drawings [SAs] for the Reperfusion Catheters ACE 64 [SA-7083-XX] and 
the ACE 68 [SA-7240-XX] can be found in: 

 
Appendix 1: Engineering Drawings – ACE 64 and ACE 68 
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3.3 Reperfusion Catheter ACE 64 & ACE 68 – Catalog Numbers & Descriptions 

 

Table 4: ACE 64 & ACE 68: Catalog Numbers and Descriptions 
 

Catalog Number Description 

5MAXACE064L115 Reperfusion Catheter ACE 64, 115 cm 
5MAXACE064L120 Reperfusion Catheter ACE 64, 120 cm 
5MAXACE064L125 Reperfusion Catheter ACE 64, 125 cm 
5MAXACE064L127 Reperfusion Catheter ACE 64, 127 cm 
5MAXACE064 Reperfusion Catheter ACE 64, 132 cm 
5MAXACE068L115 Reperfusion Catheter ACE 68, 115 cm 
5MAXACE068L120 Reperfusion Catheter ACE 68, 120 cm 
5MAXACE068L125 Reperfusion Catheter ACE 68, 125 cm 
5MAXACE068L127 Reperfusion Catheter ACE 68, 127 cm 
5MAXACE068 Reperfusion Catheter ACE 68, 132 cm 
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4 Design Control Activities 

4.1 Summary of Design Control Activities 

The subject Penumbra System ACE devices, were developed in accordance with the 

Penumbra Design Control System.  The Design Control system at Penumbra has been 

implemented in accordance with the US FDA Quality System Regulation, EN ISO 134852, 

and Medical Device Directive.3  The intent of the Design Control system is to establish and 

meet the requirements of the Design Control activities relative to product reliability and 

safety during product design and development, to establish Design Control responsibilities 

and documentation requirements, and to specify the policies for approval, release, 

modification, compilation, and retention of Design Control documents.  All products 

designed and developed by Penumbra follow this Design Control system. A  

 

 

 

 

 

 

 

 

 

2 EN ISO 13485:2012    Medical Devices - Quality Management Systems - Requirements For Regulatory 
Purposes 
3 93/42/EEC    Medical Device Directives (as amended, including 2007/47/EC) 
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4.2 Risk Analysis 

4 EN ISO 14971:2012   Medical devices – Application of risk management to medical devices 
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Appendix 2:  Reperfusion Catheters ACE 64 and ACE 68 
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ACE 68 to be non-cytotoxic, non-reactive (short and long-term implantation), non-

sensitizing, a non-irritant, and non-toxic (acute systemic).   

The Reperfusion Catheters ACE 64 and ACE 68 meet the requirements of USP and EN 

ISO 10993-1, Biological Evaluation of Medical Devices for limited exposure (≤ 24 hours), 

externally communicating devices with circulating blood contact. With these acceptable 

results, this data provides supportive evidence that the materials used in the Reperfusion 

Catheters ACE 64 and ACE 68 are safe for the intended use. 

5.2 Design Verification / Validation  

5.2.1 Introduction 

5.2.2 Design Verification (Bench-Top Testing) 
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No gross pathologic abnormalities were noted in any animal.  
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6 Labeling 

The subject Penumbra System ACE devices (Reperfusion Catheters ACE 64 and ACE 68) 
utilize the labeling described below for the established packaging configuration.  

Each label is used for a distinct purpose with the necessary information to ensure clear 
identification and traceability of the product.  Following is a description of the use of each 
label.   

• Unit/Display Box Label – Placed on the external surface of both the Pouch and 
Display Box. 

• Package Insert [Instructions for Use] – Included in display box.  

Final label stock will incorporate a combination of pre-printed content and Lot specific 
“print on demand” information.    

Copies of the proposed representative labels and the Instructions for Use are provided in: 

Appendix 3: Representative Labels 
Appendix 4: Instructions for Use 
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Special 510(k) 
 

7 Rationale for Substantial Equivalence 

The subject Penumbra System ACE devices (Reperfusion Catheters ACE 64 and ACE 68) 
are substantially equivalent to the predicate Reperfusion Catheter 5MAX ACE which was 
added to the Reperfusion Catheter 054 (K090752).  The subject devices have the identical 
intended use and employ the same fundamental technology as the predicate device. The 
subject devices are substantially equivalent with regard to design, function, packaging, 
indications, sterilization, and manufacturing specifications, but differ  

 
  Please note that these modifications do not alter the subject device’s 

functional or biocompatibility profile.  Like the predicate device, the subject device is 
indicated for use in the same population of patients for the identical treatment modality. 

Design: The subject and predicate devices are substantially equivalent with respect to 
design characteristic.  

Function: The subject and predicate devices are substantially equivalent with respect to 
functional characteristics.  

Manufacturing: The subject and predicate devices are manufactured with commonly utilized 
manufacturing technologies.  

Materials: The subject and predicate devices are all composed of biocompatible materials 
with the necessary functional characteristics to perform their intended use.   

Design Characteristics: The subject and predicate devices all maintain appropriate design characteristics, 
which enable the devices to function as needed for their intended use. 

Performance 
Characteristics: 

The subject and predicate devices performed in a substantially equivalent 
manner in in vivo studies. 

Indications: The subject and predicate devices maintain identical indications. 
Packaging: The subject and predicate devices utilize identical packaging configurations 

designed to protect the product through its labeled shelf-life. 
Sterilization: The subject and predicate devices are terminally sterilized and maintain a SAL 

of 10-6. 
Labeling: The subject and predicate devices have similar labeling. 
 

7.1 Substantial Equivalence Decision Making Process 

The “510(k) ‘Substantial Equivalence’ Decision-Making Process (Detailed)” decision tree 
(ODE Guidance Memo #K86-3) was utilized to make a determination of substantial 
equivalence of the Reperfusion Catheters ACE 64 and ACE 68 to other currently marketed 
products.  In accordance with the above-mentioned guidance, the answers to the following 
questions lead to a determination of substantial equivalence: 
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8 510(k) Summary of Safety & Effectiveness 
(as required by 21 CFR 807.92) 

Pursuant to Section 12, Part (a)(i)(3A) of the Safe Medical Devices Act of 1990, 
Penumbra Inc. is providing the summary of Substantial Equivalence for the Penumbra 
System ACE. 

8.1 Sponsor/Applicant Name and Address 
Penumbra, Inc. 
1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 

8.2 Sponsor Contact Information 
Michaela Mahl 
Senior Manager, Regulatory Affairs 
Phone: (510) 748-3288 
FAX:   (510) 217-6414 
Email:  michaela.mahl@penumbrainc.com 

8.3 Date of Preparation of 510(k) Summary 

August 29, 2014 

8.4 Device Trade or Proprietary Name 

Penumbra System ACE 

8.5 Device Classification 
 Regulatory Class: II 
 Classification Panel: Neurology 
 Classification Name: Catheter, Thrombus Removal 
 Regulation Number: 21 CFR §870.1250  
 Product Code:  NRY 

8.6 Predicate Devices 
510(k) Number / Clearance 

Date Name of Predicate Device Name of Manufacturer  

K072718 [28Dec2007],  
K090752 [21Sep2009],  
K100769 [21May2010],  
K113163 [28NOV2011],  
K133317 [13MAY2014] 

Penumbra System /  
Penumbra System MAX® 

Penumbra, Inc. 
1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 
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9 Statement of Indication for Use 

Indications for Use 

510(k) Number (if known):   ________ 

Device Name: ___ Penumbra System ACE  _____ 

 

Indications for Use: 

The Penumbra System is intended for use in the revascularization of patients with acute 
ischemic stroke secondary to intracranial large vessel occlusive disease (within the 
internal carotid, middle cerebral – M1 and M2 segments, basilar, and vertebral arteries) 
within 8 hours of symptom onset. 

 

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 
OF NEEDED) 
 
 

Concurrence of CDRH, Office of Device Evaluation (ODE) 
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8 510(K) SUMMARY OF SAFETY & EFFECTIVENESS 
(as required by 21 CFR 807.92) 

Pursuant to Section 12, Part (a)(i)(3A) of the Safe Medical Devices Act of 1990, Penumbra Inc. 
is providing the summary of Substantial Equivalence for the Penumbra System ACE. 

8.1 Sponsor/Applicant Name and Address 
Penumbra, Inc. 
1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 

8.2 Sponsor Contact Information 
Michaela Mahl 
Senior Manager, Regulatory Affairs 
Phone: (510) 748-3288 
FAX:   (510) 217-6414 
Email:  michaela.mahl@penumbrainc.com 

8.3 Date of Preparation of 510(k) Summary 

September 22, 2014 

8.4 Device Trade or Proprietary Name 

Penumbra System ACE 

8.5 Device Classification 
 Regulatory Class: II 
 Classification Panel: Neurology 
 Classification Name: Catheter, Thrombus Removal 
 Regulation Number: 21 CFR §870.1250  
 Product Code:  NRY 

8.6 Predicate Devices 

510(k) Number / Clearance 
Date Name of Predicate Device Name of Manufacturer  

K072718 [28Dec2007],  
K090752 [21Sep2009],  
K100769 [21May2010],  
K113163 [28NOV2011],  
K133317 [13MAY2014] 

Penumbra System /  
Penumbra System MAX® 

Penumbra, Inc. 
1351 Harbor Bay 

Parkway 
Alameda, CA 94502 USA 
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Abstract

Purpose The development of intracranial internal carotid

artery (ICA) stenoses may be associated with the morphol-

ogy of the siphon. The aim is to quantitatively characterize

the geometry of ICA, and develop a classifier of the ICA

shape in relation to the location and incidence of stenoses.

Methods The ICA geometry from 74 subjects was ana-

lyzed by means of image-based computational techniques.

The siphon was split into two bends, and was described in

terms of curvature radius, radius of vessel, angle of bending,

and length. Differences of geometry between ICA classes

were assessed in control group, consisted of 30 subjects

without stenoses. In stenosed group, the association between

the ICA classes and the incidence of stenoses were investi-

gated and validated by hemodynamic simulation.

Results The curvature radius and angle of the posterior

bend were significantly different between ICA classes, as

well as the angle between the two bends. An innovative

classifier was developed with the three geometric

parameters. The ICA classification was found associated

with the incidence of stenoses at the siphon.

Conclusions Geometric factors relative to the ICA were

correlated with the location and incidence of stenoses at the

siphon. The present work has potential implications in the

quest for hemodynamic factors contributing to the initia-

tion and progression of intracranial ICA stenoses.

Keywords Geometry � Internal carotid artery �
Carotid siphon � Stenosis � Hemodynamics

Introduction

Evidence gathered in the last decades supports the

hypothesis that the formation and development of arterial

stenoses are the result of a complex interplay between

systemic factors, changes in the biomechanical properties

of vessel walls, and local hemodynamic factors such as low

and oscillatory wall shear stress (WSS) [14, 29]. In par-

ticular, the involvement of hemodynamics in arterial ste-

noses is supported by the circumstantial evidence that

stenoses tend to develop in areas generally associated with

altered hemodynamic forces such as bends and bifurcations

[4, 5]. One of the most susceptible sites for vascular lesions

lays at the siphon of internal carotid artery (ICA), which is

famous for the tortuous shape [25]. Unfortunately, the ICA

stenosis has been proven to be correlated to stroke and

transient cerebral ischemia [3, 15].

Recent image-based computational studies have shown

how a hemodynamic pattern is represented by the mor-

phology of blood vessels, and that geometry can constitute

a simple surrogate for complex hemodynamic behaviors

[6, 11]. In that context, the study on 3D geometry of

cerebral vasculature in vivo may contribute to elucidate the
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key hemodynamic factors correlating to the initiation and

progression of the vascular disease. In additional, the

concept of ICA classes has also been found to be correlated

to hemodynamic patterns [28, 30]. Actually, the classifi-

cation of the ICA shape has been proposed for decades [8]

(Fig. 1). But the clinical application for the ICA classifi-

cation was realized recently [7]. The investigation on the

association between the classification and the stenosis of

ICA may contribute to the risk prediction for stenoses at

the siphon.

To date, the majority of works dealing with ICA

geometry have focused on the correlation between the

morphological features and the development of vascular

lesions located in or after the ICA [20, 21, 24]. Although

the importance of 3D geometric characterization of ICA

has been realized in cerebrovascular diseases, the signifi-

cance of ICA classification in exploring the hemodynamic

mechanism of stenoses remains inexplicit [16, 17]. In

additional, robust and objective approaches for the ICA

classification based on the measurement of 3D geometric

quantities have been seldom considered [1].

In this work, the geometry of each class of ICA is quan-

titatively characterized. An innovative method for the ICA

classification is proposed. The correlation between the ICA

classes, the incidence of stenoses, and the hemodynamic

factors in ICA are also investigated. This work suggests the

significance of the ICA classification for the hemodynamic

investigations linked to stenoses in the siphon.

Materials and methods

Patient population, image acquisition, and model

reconstruction

The study population consisted of the inpatients at Peking

University First Hospital between 2006 and 2008, who met

the following inclusion criteria: (1) Over 40 years old, (2)

Anterior cerebral arteries, middle cerebral arteries and

basilar artery remained patent, (3) Systemic vascular dis-

eases like vasculitis were not found clinically, and (4) No

evidence of ICA stenosis or common carotid artery on

transcranial Doppler (TCD), carotid duplex ultrasound or

MRA. Accordingly, 74 subjects namely 148 branches of ICA

were chosen for the study. 44 patients were found to have

unilateral or bilateral ICA stenoses at the siphon section,

composing the stenotic group. The others formed the control

group. Patient demographic data are summarized in Table 1.

The study was approved by the Ethics Committees of both

Beihang University and Peking University First Hospital.

All MRA images were acquired on a 1.5T magnetic

resonance (MR) scanner (GE HD, Milwaukee) with an

8-channel head coil in the cross-sectional direction. A 3D

TOF sequence was used for the image acquisition. The

settings were: TR/TE 22/6.9 ms, flip angle 20�, field of

view 220 9 180 mm2, matrix 288 9 192, slice thickness

1.4 mm. The raw data of MRA was reconstructed with the

technique of maximal intensity projection. All images were

reviewed by a senior radiologist, who also classified the

ICA according to the anatomical shape.

The 3D reconstruction of the ICA was performed with

the Mimics software (Materialise, Belgium) [12, 13]. The

ICA lumen images were segmented with the threshold

method and reconstructed into the 3D models. The ICA,

including its bifurcation into anterior cerebral artery (ACA)

and middle cerebral artery (MCA), were reconstructed for

every subject (Fig. 2). The centerlines were generated for

each model from the intracranial ICA to the ACA and

MCA by joining the center of maximal spheres locally

inscribed within the vessel. Two bends were defined as B1

and B2 along the centerline at the siphon section.

Geometric characterization

The geometry of ICA was measured based on the mea-

surement of the centerline. As two obvious bends were

found at the siphon section, the geometry of the bends was

measured. The curvature radius of the bend (CR) is defined

Fig. 1 Examples of carotid

siphon shape classes
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as the radius of the osculating circle (OC) fitting to the

centerline in the osculating plane (OP), using least squares

optimization method (Fig. 3). The first and last overlapped

point between OC and the centerline were defined as P1

and P2, respectively, which were referred as the beginning

and end of the bend. The midpoint between P1 and P2

along the centerline was defined as P3. Vessel cross-section

area is considered related to hemodynamic properties [2].

Thus, we defined local vessel radius at P1, P2, and P3 (R1,

R2, R3) as the radius of a circle perpendicular to the

centerline at these three points, respectively.

The vectors tangent to the centerline at P1 and P2 in OP

were defined as V1 and V2, respectively. The angle of the

bend was characterized in terms of the angle from V1 to

V2. The distance from the end of B2 to the beginning of B1

was defined as the distance of the two bends (D). The angle

between the two bends was characterized as the angle

between the two OPs (orientation of OP was defined as

VOP).

All the geometric parameters described above are

summarized in Table 2.

Statistical analysis

For all geometric parameters listed in Table 2, mean, SD

(in the following reported as mean ± SD), and range were

computed.

Control group was divided into three types according to

the anatomical shape, as clinically reported. Means and

SDs of each parameter were calculated separately for each

type. The statistical significance of the differences in the

distribution of the geometric parameters between the three

types was assessed by means of a Student t test.

To identify the performance of individual geometric

parameters as classifiers of ICA shape, receiver-operating

characteristics (ROC) analysis was performed on each of

them. The area under the curve (AUC) was taken as a

global figure of classifier performance. Optimal thresh-

olds for the classifiers were obtained by maximizing the

Matthews correlation coefficient which aims at find-

ing the levels that maximize the sensitivity and

specificity.

Multivariate logistic regression analysis was per-

formed to assess the potential for a combination of

geometric parameters in discriminating ICA shapes.

Multivariate logistic regression models built from dif-

ferent combinations of geometric parameters, taken as

independent variables, underwent a selection process

based on the minimization of the Akaike information

criterion. The geometric parameters with larger AUC

(AUC [ 0.75) in the ROC analysis were selected for the

model. Estimates of coefficients and P values were

reported for the obtained optimal model. The optimal

model was expressed as:

Table 1 Patients’ demographics data

Subjects Age Gender Hypertension Diabetes Smoker

N years Male Female N N N

Control group 30 68 ± 10 16 14 26 16 5

Stenosed group 44 59 ± 9 30 14 41 21 9

Fig. 2 a MRA image for internal carotid arteries (ICA). The yellow

parts denote the horizontal sections of ICAs. b 3D model of an ICA

reconstructed from the MRA images. The red rectangle covers the

siphon section. c Centerline extracted from the artery. B1 and B2 are

the anterior and posterior siphon bends, respectively

Surg Radiol Anat (2013) 35:385 394 387
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ln
Pv

Pu

¼ Const1þ
X

i

B1iGi ð1Þ

ln
Pc

Pu

¼ Const2þ
X

i

B2iGi ð2Þ

where Pu, Pv, and Pc are the odds of finding a U, V, and

C-shaped ICA, respectively; Gi means the geometric

parameters selected by the multivariate logistic regression

analysis; B1i and B2i are the coefficients. The model means

that if the siphon of ICA is U-shaped, then the ratio of Pu

Pv

and Pu

Pc
would be much larger than 1. ICAs in control group

were reclassified according to the multivariate logistic

regression models. The results were compared with the

classification clinically reported. The average geometric

parameters were calculated for each type of ICA that was

same, classified by the multivariate logistic regression

model and the radiologist. Hemodynamic analysis was

performed for the ICA models with the average geometric

parameters.

The incidence of stenoses in the stenotic group was

compared between each type of ICAs with Chi-square test.

The difference of the incidence was compared with the

results of hemodynamic simulation.

Hemodynamic validation

According to the average geometric parameters of each

types of ICA, three models of ICA were designed for the

hemodynamic analysis. The models of ICAs were meshed

in Gambit software (ANSYS, US). The tetrahedral meshes

were used for the interior of the blood vessel, while more

detailed hexahedral meshes were used near the wall of the

blood vessel, to acquire precise results of WSS.

Fig. 3 Geometric

characterization of internal

carotid artery (ICA).

a Representation of the local

osculating circle (OC) fitting to

the bend of the centerline and

the osculating plane (OP). The

curvature radius (CR) of the

bend is defined as the radius of

OC. The first and last overlap

point between OC and the

centerline are defined as P1 and

P2. The midpoint between P1

and P2 is P3. The radius of the

artery at P1, P2, and P3 are

defined as R1, R2, and R3,

respectively. b Measurement of

CR, R1, R2, and R3 at B1 and

B2. c The vectors tangent to the

centerline at P1B2, P2B2, P1B1,

and P2B1 are defined as V1B2,

V2B2, V1B1, and V2B1,

respectively. d The vectors

normal to OP B2 and OP B1 are

defined as VOP B2 and VOP B1,

respectively. D denotes the

distance from P2B2 to P1B1

Table 2 Symbols and descriptions of geometric parameters

Symbol Description

Geometric parameters for B1

R1B1, R2B1, R3B1 Radius of ICA at P1, P2, P3 in B1, respectively

Rav B1 Average of R1B1, R2B1, R3B1

CRB1 Curvature radius of B1

CRstd B1 Ratio of CRB1 to Rav B1

aB1 Angle between V1B1 and V2B1

Geometric parameters for B2

R1B2, R2B2, R3B2 Radius of ICA at P1, P2, P3 in B2, respectively

Rav B2 Average of R1B2, R2B2, R3B2

CRB2 Curvature radius of B2

CRstd B2 Ratio of CRB2 to Rav B2

aB2 Angle between V1B2 and V2B2

Geometric parameters between two bends

D Distance between P2B2 and P1B1

b Angle between VOP B2 and VOP B1

388 Surg Radiol Anat (2013) 35:385 394
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The inlet and outlet were set perpendicular to the cen-

terline for ICA models. The inflow boundary condition was

a time-dependent velocity inlet, described as:

v ¼
0:3þ 0:1 cos 8p t� 0:125ð Þ½ � t 2 0; 0:125½ Þ
0:35þ 0:05 cos 8p t� 0:125ð Þ½ � t 2 0:125; 0:25½ Þ
� 2

15
t� 2:5ð Þ t 2 0:25; 1½ Þ

8
<

:

ð3Þ

The outlet was set to be a free outflow without any mass

loss. The blood was considered as incompressible

Newtonian fluid with the density q ¼ 1056 kg/m3 and the

dynamic viscosity l ¼ 4� 10 3 kg/ms [10]. Flow in ICA

was simulated with the finite volume-based software Fluent

(ANSYS, US) and using a second-order unsteady solver.

The time step was set to 0.001 s to get time step

independent results. The calculation was performed for

six cycles. And the data of the last cycle were considered as

the simulation results to make sure the convergence of the

solution.

Results

Although four types of ICA shape had been clinically

reported before, S-shaped ICA was not found in the present

study. The shape of ICA was classified into three types by a

senior radiologist for the cases in control group. The

number and proportion of the ICAs with different shapes

are reported in Table 3.

ICA geometry

Geometry reconstruction was performed successfully for

all cases in control and stenosed groups in the study

(Fig. 4). In each model, centerlines were successfully

computed for all the branches. Means, SDs, and range of all

geometric parameters computed for control group are

reported in Table 4.

The curvature radii of the two bends along the carotid

siphon (CRB1 and CRB2) were measured, and ranged from

1.71 to 6.56 mm (mean 3.44 ± 0.82) and 2.74 to

12.83 mm (mean 4.82 ± 2.19) for B1 and B2, respec-

tively. The mean radius of the siphon (Rav-B1 and Rav-B2)

was 2.22 ± 0.32 and 2.49 ± 0.36 mm at B1 and B2,

respectively, in accordance with a value of about 2 mm

commonly found in the literature [18]. Because of ana-

tomic differences in the course of ICA among subjects, the

mean radius of blood vessel and the curvature radius at B2

were found significantly different between three types of

ICA (Rav-B2: puv = 0.001; CRB2: puv = 0.000, puc =

0.000) (Fig. 5). The effect of curvature is normally asses-

sed by the ratio of the curvature to the radius of vessel [23].

Therefore, the curvature radius is standardized by the

local radius of blood vessel (CRstd-B1 and CRstd-B2). The

difference between ICA classes was even larger when

the standardized curvature was analyzed (puv = 0.000,

puc = 0.000). Consequently, the standardized curvature

radius was used for further analysis in the study.

The angles of the two bends along the siphon (aB1 and

aB2) were 155.2 ± 24.4 and 110.6 ± 38.8� for B1 and B2,

respectively. The angle of B1 was found significantly dif-

ferent between U and C-shaped ICAs (p = 0.011). The

difference was also significant between the angles of B2 in

the three types of ICA (puv = 0.000, puc = 0.000). For the

distance between the two bends (D), the value was

4.02 ± 1.32 mm which was significantly different between

U and C-shaped ICAs (puc = 0.007). The angle between

the two bends (b) was 45.5 ± 17.4�, which was also sig-

nificantly different between the three ICA classes

(puc = 0.000, pvc = 0.000).

For all the geometric parameters that were found sig-

nificantly different between ICA classes, ROC analysis was

performed to select the optimal threshold for the classifi-

cation of ICA. As a result, the parameters with that AUC

larger than 0.75 were highlighted in Table 5 because they

demonstrate some effectiveness in discriminating ICA

shapes, and were also selected for the multivariate logistic

regression model. Of all quantities, CRstd-B2 and b were

associated with the highest AUC (0.95) reflecting the fact

that the shape of ICA mainly depends on the curvature of

B2 and the angle between B1 and B2. aB2 had the second-

largest AUC (0.94) indicating that the angle of B2 also

played an important role in the ICA classification. Optimal

thresholds were computed for these parameters based on

the Matthews correlation coefficient.

Multivariate logistic analysis led to an optimal model

including only CRstd-B2, aB2, and b as independent vari-

ables. The multivariate logistic model takes the form:

ln
Pv

Pu

¼ �12:704þ 5:259CRstd B2 � 0:833bþ 3:206aB2

ð4Þ

ln
Pc

Pu

¼ �16:788þ 1:82CRstd B2 þ 5:035bþ 3:878aB2

ð5Þ

A summary of the coefficients and P values reported in

Table 6. To classify the anatomic shape of ICA, the

Table 3 The number and proportion of the ICAs with different

shapes

U shape V shape C shape

Number 33 17 10

Proportion (%) 55.0 28.3 16.7

Surg Radiol Anat (2013) 35:385 394 389

1 3

Records processed under FOIA Request # 2015-4313; Released by CDRH on 10-08-2015

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



average accurate rate of the model was 88.5 %, which was

computed by comparing the classification results of control

group with the clinical report.

Stenosed group was classified by the multivariate

logistic model. The incidence of stenoses was compared

between the three types. According to the clinical reports,

the stenosis usually occurs at C2 (the latter half of B1) and

C4 (the whole B2) sections [16, 22]. Therefore, the inci-

dences of stenoses at C2, C4 were also analyzed individ-

ually. The results show that the incidence in the U-shaped

ICA is higher than the other two types (Fig. 6). At C2

section, the incidence has no significant differences. But at

C4 section, the incidence is significantly higher in the

U-shaped ICA.

In order to reconstruct the typical shapes of ICAs, the

average geometric parameters of each type of ICA were

computed for ICAs that were same, classified by the mul-

tivariate logistic model and the clinical report in control

group (Table 7). Rav is the mean of Rav-B1 and Rav-B2.

Typically, the U-shaped ICA has a larger angle and smaller

curvature radius at B2 than the other two types; the

C-shaped ICA has the largest angle between the two bends.

Hemodynamic validation

According to the average geometric parameters of each

type of ICA, three typical models were reconstructed. The

cross-section was simplified as a circle with a uniform radius.

All the bifurcations along the ICA were removed. The shapes

of the three models are obviously different because of

the significant differences between CRB2, aB2, and b. The

hemodynamic results also show obvious differences

between three types of ICA, reflecting the fact that the shape

plays a significant role in the hemodynamics in ICAs

(Fig. 7). The time-averaged WSS contour shows that there

are three low WSS regions along the carotid siphon in all

types of ICA. The three low WSS regions are at the outer wall

of the former half of B2, the inner wall of the latter half of B2,

and the inner wall of the latter half of B1, respectively. But in

the former two regions, the magnitude of WSS in the

U-shaped ICA is even lower than the other two types. The

oscillation shear index (OSI, the measurement of oscillatory

WSS) contour shows that the value is only high at the third

region in the V and C-shaped ICAs. But in the U-shaped, the

value is high in the three regions indicating that the U-shaped

ICA may have more locations preferred to stenoses, and have

high risk for atherosclerotic stenoses.

Discussion

In this study, the complex geometry of ICA was quantita-

tively investigated between three types of ICAs. For each

case, a 3D model of the ICA was reconstructed, and the

centerline was automatically generated along the carotid

siphon. Geometry of the bends along the siphon was

characterized in relation to the ICA classification. Statis-

tical analysis and hemodynamic simulation were both

performed to assess the effect of ICA geometry on the

incidence of stenoses.

Geometric parameters

In light of present results, the ICA is described as two near-

planar bends concatenated in a nonplanar fashion. As a

result, the anatomic shape of ICA is mainly characterized

by the geometric parameters in and between the local

planes of curvatures.

Among the geometric parameters studied in this paper,

CRstd-B2 and aB2 basically quantifies the intensity of

Fig. 4 Surface models reconstructed from MRA images. The upper raw control group, the lower raw stenosed group

Table 4 Mean ± SD, minimum, and maximum values for geometric

parameters

Geometric parameter Mean ± SD Minimum Maximum

Rav B1 (mm) 2.22 ± 0.32 1.62 3.00

CRB1 (mm) 3.44 ± 0.82 1.71 6.56

CRstd B1 1.56 ± 0.37 1.04 2.85

aB1 (�) 155.2 ± 24.4 110.3 211.8

Rav B2 (mm) 2.49 ± 0.36 1.45 3.24

CRB2 (mm) 4.82 ± 2.19 2.74 12.83

CRstd B2 2.02 ± 1.07 1.04 5.35

aB2 (�) 110.6 ± 38.8 32.1 204.4

D (mm) 4.02 ± 1.32 1.28 6.76

b (�) 45.5 ± 17.4 9.8 84.7
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curvature at B2. Therefore, the differences of the two

parameters between ICA classes cause different distribu-

tion of hemodynamic factors along the arterial wall at B2.

The hemodynamic simulation validates that small CRstd-B2,

but large aB2 would result in disadvantageous hemody-

namic factors such as low WSS and high OSI, at both the

inner wall and outer wall of B2. b denotes the angle

between the two bends along the siphon which also plays

Fig. 5 Box plot showing the

distribution of the geometric

parameters between different

shapes. Top raw Rav B1 and

Rav B2, second raw CRB1

and CRB2, third raw CRstd B1

and CRstdB2, forth raw aB1

and aB2, bottom raw D and b.

Statistically significant

difference: *(p \ 0.05),

**(p \ 0.01), ***(p \ 0.001)
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an important role in the ICA classification. Lee et al. [9]

recently studied fluid dynamics in double bends paying

particular attention to the effect of their nonplanar con-

catenation. In their simulations, the terminal bend influ-

ences the out flow pattern to a different extent depending

on the orientation of its upstream bend. However, in the

present study, the angle between the two bends may

influence the hemodynamic factors between B1 and B2, but

not at B1 and the downstream.

Shape classification

The geometric description of the ICA siphon confirmed the

heterogeneity of the anatomic shape reflected by the inter-

and intra-individual variability in the geometric parameters

in the study. Nevertheless, common patterns could be

indentified within each type of ICAs. Significant differ-

ences exist between the three ICA classes regarding the

geometric parameters of CRstd-B2, aB2, and b. The distri-

bution of the geometric parameters tends to cluster to

several classes, which is the basis for developing a classi-

fier for the anatomic shape of ICAs.

To the best of our knowledge, with the exception of

selected works, the methods and significance of the clas-

sification for the ICA shape has not been thoroughly

investigated[19, 26]. Recently, Bogunovic [1] developed a

classifier for the ICA shape with a computer-based auto-

matic method. But the accurate rate (63 84 %) is lower

than that achieved in this study. In additional, the three

geometric parameters correlated to the ICA classification

were firstly abstracted from the shape feature of ICA by the

multivariate logistic regression, facilitating the clinical

application of the measurement.

The significance of the ICA classification was realized

recently. The ICA classification was found correlated to

different settings of aneurysm development [27]. Sangalli

et al. studied 65 subjects and found that in the ICAs with

aneurysms at or after the terminal bifurcation, 70 % of

them are V-shaped. Moreover, all the ICAs without aneu-

rysm are U-shaped. Therefore, the ICA classification was

considered as an important factor correlated to the hemo-

dynamics and pathological mechanism of intracavernous

aneurysms. Besides the correlation between the ICA clas-

ses and the presence of aneurysm or its rupture status, the

direct clinical relevance of the shape classes in selecting

Table 5 Receiver operating characteristics curve analysis of the

geometrical parameters

Geometric parameter AUC Optimal threshold Odds ratio

CRstd B2 0.95 1.655 82.67

Rav B2 0.74 2.455 6.40

b 0.95 56.35 82.80

D 0.70 4.21 3.23

aB1 0.70 149 4.18

aB2 0.94 101.35 20.53

Table 6 Multivariate logistic regression model selected through

minimization of the Akaike information criterion with three

covariates

Geometric parameter p B1* B2

Intercept 0.000 12.704 16.788

CRstd B2 0.000 5.259 1.82

b 0.000 0.833 5.035

aB2 0.008 3.206 3.878

* B1 and B2 denote the coefficients in formula (1) and (2),

respectively

Fig. 6 Comparison of the incidence of stenoses between three types of ICAs. a Total incidence at C2 and C4. b Incidence at C2. c Incidence at

C4

Table 7 The average geometrical parameters of each ICA class

Geometric parameter U V C

Rav (mm) 2.5 2.2 2.4

CRB1 (mm) 3.6 3.4 3.5

CRB2 (mm) 3.4 7.3 6.8

aB1 (�) 164 143 142

aB2 (�) 139 77 82

b (�) 42 37 74

D (mm) 4.4 3.7 3.0
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the endovascular treatment strategy has also been proposed

in 2008.

However, the potential association between the ICA

classification and stenoses was firstly mentioned by us in

2012 [30]. In the present study, the association was proved

by the statistic results and validated by the hemodynamic

simulation. The different incidence of ICA stenoses

between the three types indicates that the geometry of ICA

plays a significant role in the development of stenoses.

Hemodynamic simulation shows that the hemodynamic

factors have different distribution pattern between ICA

classes, validating the effect of ICA geometry on the

hemodynamics and stenoses. Therefore, the significance of

the study on the geometry and classification of ICA is

obvious, because it has potential implication in predicting

the risk for stenoses in the siphon.

Study limitation

The first limitation is related to the imaging modality used

in the present study. The accuracy of the geometry mea-

surement heavily depends on the imaging quality.

Fig. 7 The magnitude of time averaged WSS and OSI at the siphon for three types of ICA. a, b U shaped; c, d V shaped; e, f C shaped. The

color scale is in Pa in average WSS contours
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Therefore, subjects were firstly selected according to the

quality of MRA images. The increasing availability of

high-resolution computed tomography and MR scanners

will make it possible to extend a 3D arterial study to a

larger number of subjects and to decrease the bias in the

selection of the population in future studies.

The geometric measurement was simplified to several

parameters along the siphon, which were selected according

to the anatomical description for the shape classification. The

parameters selected in the study represent the main charac-

teristics of the ICA shape. The classifier developed with the

three of the parameters shows an ability to classify the ICA

shape effectively. However, the simplification may influence

the ICA classification. More detailed measurement could

achieve a better classifier for ICA.

Conclusion

In the present study, the potential of 3D geometric analysis

for highlighting ICA classes associated with the location

and incidences of stenoses has been demonstrated. Our

results indicate the quantitative differences between three

ICA classes, and provide an innovative classifier for the

ICA shapes. The typical geometry of the three classes were

modeled and hemodynamically simulated. The results

suggest the association between the ICA classes, the

hemodynamic factors, and the incidence of stenoses in the

siphon, thus implying the potential significance in the risk

prediction for intracranial ICA stenoses.
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DEVICE DESCRIPTION 
The Penumbra System® is comprised of several devices: 

• Penumbra Reperfusion Catheter 
• Penumbra Aspiration Pump 
• Penumbra Pump/Canister Tubing 
• Penumbra Aspiration Tubing 
• Penumbra Separator 

The Penumbra System is designed to remove thrombus from the vasculature 
using continuous aspiration. The Reperfusion Catheter targets aspiration from 
the pump directly to the thrombus. The Separator may be used to clear the 
lumen of the Reperfusion Catheter should it become blocked with thrombus. 
The use of the Separator may not be necessary when using a Reperfusion 
Catheter with an I.D. of 0.054in or larger. The Reperfusion Catheter is 
introduced through a guide catheter or long femoral sheath and into the 
intracranial vasculature and guided over a neurovascular guidewire to the site 
of the primary occlusion. The Penumbra Reperfusion Catheter is used with the 
Aspiration Pump to aspirate thrombus from an occluded vessel. As needed, a 
Penumbra Separator may be deployed from the Reperfusion Catheter to assist 
with thrombus removal. The Penumbra Separator is advanced and retracted 
through the Penumbra Reperfusion Catheter at the proximal margin of the 
primary occlusion to facilitate clearing of the thrombus from the Reperfusion 
Catheter tip. For the aspiration source, the Penumbra Reperfusion Catheter 

• Use the Penumbra System in conjunction with fluoroscopic visualization. 
• Maintain a constant infusion of appropriate flush solution. 
• When performing aspiration, ensure that the Penumbra Aspiration Tubing 

valve is open for only the minimum time needed to remove thrombus. 
Excessive aspiration or failure to close the Penumbra Aspiration Tubing valve 
when aspiration is complete is not recommended. 

• The Penumbra Separator is not intended for use as a neurovascular 
guidewire. If repositioning of the Penumbra Reperfusion Catheter is 
necessary during the revascularization procedure, such reposition 
should be performed over an appropriate neurovascular guidewire using 
standard microcatheter and guidewire techniques. 

• Do not use automated high-pressure contrast injection equipment with 
the Penumbra Reperfusion Catheter because it may damage the device. 

• Administration of anticoagulants and antiplatelets should be suspended until 
24 hours post-treatment. Medical management and acute post stroke care 
should follow the ASA guidelines.1 Any neurological deterioration should be 
evaluated by urgent CT scan and other evaluations as indicated according to 
investigator/hospital best practice. 

• The total time allowed to achieve patient revascularization is 120 minutes of 
using the Penumbra System. 

 

POTENTIAL ADVERSE  EVENTS 
Possible complications include, but are not limited to, the following: 

is used in conjunction with the Aspiration Pump, which is connected using the 
Penumbra Aspiration Tubing and the Penumbra Pump/Canister Tubing. The 
Penumbra Reperfusion Catheter is provided with a steam shaping mandrel and 
rotating hemostasis valve, and a peelable sheath. The Penumbra Separator is 
provided with an introducer and torque device. The devices are visible under 
fluoroscopy. 

 

INDICATION FOR USE 
The Penumbra System is intended for use in the revascularization of patients 
with acute ischemic stroke secondary to intracranial large vessel occlusive 
disease (within the internal carotid, middle cerebral – M1 and M2 segments, 
basilar, and vertebral arteries) within 8 hours of symptom onset. The 
Reperfusion Catheters ACE 64 and ACE 68 are intended for use in 
revascularization within the Internal Carotid Artery (ICA) within 8 hours of 
symptom onset. 

 

CONTRAINDICATIONS 
There are no known contraindications. 

• allergic reaction and 
anaphylaxis from 
contrast media 

• acute occlusion 
• air embolism 
• arteriovenous fistula 
• death 
• device malfunction 
• distal embolization 
• emboli 
• false aneurysm 

formation 
 

PROCEDURE 

• hematoma or hemorrhage at 
access site 

• inability to completely remove 
thrombus 

• infection 
• intracranial hemorrhage 
• ischemia 
• kidney damage from contrast media 
• neurological deficits including stroke 
• vessel spasm, thrombosis, 

dissection, or perforation 

 

WARNINGS 
• The Penumbra System should only be used by physicians who have received 

appropriate training in interventional neuro-endovascular techniques and 
treatment of acute ischemic stroke. 

• Do not advance, retract or use any component of the Penumbra System 
against resistance without careful assessment of the cause using fluoroscopy. 
If the cause cannot be determined, withdraw the device or system as a unit. 
Unrestrained torquing or forced insertion of the catheter or separator against 
resistance may result in damage to the device or vessel. 

• Do not use the Penumbra System with a pump other than the Penumbra 
Aspiration Pump. 

 

PRECAUTIONS 
• The device is intended for single use only. Do not resterilize or reuse. 

Resterilization and/or Reuse may result in ineffective catheter coating 
lubrication, which may result in high friction and the inability to access the 
target neuro vasculature location. 

• Do not use kinked or damaged devices. Do not use open or damaged 
packages. Return all damaged devices and packaging to the manufacturer/ 
distributor. 

• Use prior to the “Use By” date. 

1. Refer to Warnings, Precautions, and Potential Adverse Events prior to 
use. 

2. As each device of the Penumbra System is used, remove the device from 
the packaging, and inspect for damage or for kinks. 

3. Prepare Penumbra System devices for use by flushing the packaging 
hoop and device with heparinized saline (includes Penumbra Reperfusion 
Catheter and Penumbra Separator only). 

4. Prepare a guide catheter or long femoral sheath according to the 
manufacturer’s Instructions for Use. 

5. Place the guide catheter or long femoral sheath into the appropriate cerebral 
artery that is proximal to the thrombus occlusion site. 

 

PENUMBRA REPERFUSION CATHETER PREPARATION AND USE 
1. Confirm vessel diameter, and select an appropriate size Penumbra 

Reperfusion Catheter (See Table 1). 
2. The Penumbra Reperfusion Catheter tip may be shaped using the steam 

shaping mandrel provided. 
3. Attach the rotating hemostasis valve provided to the Penumbra Reperfusion 

Catheter. 
4. Attach the Penumbra Aspiration Tubing to the Aspiration Pump and turn on 

the Aspiration Pump (Refer to the Aspiration Pump Operation Manual). Allow 
the Aspiration Pump to run for at least one minute prior to use, and confirm 

 
1 Adams, et al., Guidelines for the Early Management of Adults with Ischemic Stroke: A Guideline from the AHA/ASA Stroke Council, Clinical Cardiology Council, Cardiovascular Radiology and Intervention Council, and the Atherosclerotic 
Peripheral Vascular Disease and Quality of Care Outcomes in Research Interdisciplinary Working Groups: The American Academy of Neurology affirms the value of this guideline as an educational tool for neurologists, Stroke May 2007; 
38:1655-1711. 

English 
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• Signed informed consent 
• Present within 8 hours of stroke symptom onset 
• Ineligible or refractory to intravenous rtPA therapy if presenting within 

3 hours of symptom onset 
 

Key Exclusion Criteria 
• Evidence of rapidly improving neurological signs of stroke at time of 

enrollment 
• NIHSS >30 or coma 
• Females who are pregnant 
• Vessel tortuosity too difficult to allow endovascular access 
• Known hemorrhagic diathesis, coagulation deficiency, or on oral 

anticoagulant therapy with an INR >3.0 
• PTT greater than 2 times the lab normal 
• Admission platelets <30,000 
• Pre-existing neurological or psychiatric disease that could confound the 

study results 
• Known severe allergy to contrast media 
• Uncontrolled hypertension (defined as systolic blood pressure >185 mmHg 

or diastolic blood pressure >110 mmHg) 
• CT evidence of the following conditions on presentation: 

- Significant mass effect with midline shift 
- Large hypodensity region >1/3 of the middle cerebral artery territory 
- Evidence of intracranial hemorrhage 

• Angiographic evidence of an arterial stenosis proximal to the occlusion that 
could prevent thrombus removal 

• Angiographic evidence of preexisting arterial injury 
• Life expectancy less than 90 days 
• Participation in another clinical investigation that could confound the 

evaluation of the study device 
 

Summary of reasons for exclusion of enrolled subjects, especially those 
based on angiographic criteria 
No enrolled patient was excluded for angiographic reasons. 

 
Primary Effectiveness Endpoint 
The Primary Effectiveness Endpoint was revascularization of the occluded 
target vessel. Revascularization was defined by a TIMI score of II or III following 
use of the Penumbra System only and prior to the use of any additional or 
adjunctive devices or therapies. Angiographic results were adjudicated by an 
independent Core Laboratory. 

Primary Safety Endpoint 
The Primary Safety Endpoint was incidence of device and/or procedure-related 
serious adverse events that occurred during the procedure as reported by the 
investigator. There were 18 procedural events reported in 16 patients (12.8%). 
Among these, 4 events in 3 patients were rated as serious by the CEC (2.4%). 

 

Composite Adverse Events during the procedure % (n/N) 
[95% CI]† 

Composite SAE during the procedure 2.4% (3/125) 

Primary Safety Endpoint: Composite Procedure/Device 
related SAE during the procedure 

 
2.4% (3/125) 

†Exact Clopper-Pearson confidence intervals 
 

Each specific SAE through 90 days occurring in more than 2% of patients 

 
Effectiveness % (n/N) 

[95% CI]† 

Primary Effectiveness Endpoint (TIMI score of II or III) 81.6% (102/125) 
TIMI scores before adjunctive therapies are used [73.7%, 88.0%] 

Post-Device Revascularization Success (TIMI ≥ 2) 81.6% (102/125) 
Any Adjunctive Therapy Use Considered Treatment Failure [73.7%, 88.0%] 

Post-Device Revascularization Success (TIMI ≥ 2) 81.6% (102/125) 
Any IA Lytic Use Considered Treatment Failure [73.7%, 88.0%] 

†Exact Clopper-Pearson confidence intervals 

SAE % (n/N) 
Composite SAEs 52.0% (65/125) 

Cerebral Edema 11.2% (14/125) 

ICH 8.0% (10/125) 

Respiratory Dysfunction/Failure 8.0% (10/125) 

Worsening Symptoms of Qualifying Stroke 7.2% (9/125) 

Infection 5.6% (7/125) 

Other Pulmonary Complications 5.6% (7/125) 

Pneumonia 4.0% (5/125) 

Cardiac Arrhythmia 3.2% (4/125) 

Access Site Complication 2.4% (3/125) 

Myocardial Infarction 2.4% (3/125) 

Peripheral Vascular Complication 2.4% (3/125) 

Renal Dysfunction/Failure 2.4% (3/125) 

Stroke in New Territory 2.4% (3/125) 
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DEVICE DESCRIPTION 
The Penumbra System® is comprised of several devices: 

• Penumbra Reperfusion Catheter 
• Penumbra Aspiration Pump 
• Penumbra Pump/Canister Tubing 
• Penumbra Aspiration Tubing 
• Penumbra Separator 

The Penumbra System is designed to remove thrombus from the vasculature 
using continuous aspiration. The Reperfusion Catheter targets aspiration from 
the pump directly to the thrombus. The Separator may be used to clear the 
lumen of the Reperfusion Catheter should it become blocked with thrombus. 
The use of the Separator may not be necessary when using a Reperfusion 
Catheter with an I.D. of 0.054in or larger. The Reperfusion Catheter is 
introduced through a guide catheter or long femoral sheath and into the 
intracranial vasculature and guided over a neurovascular guidewire to the site 
of the primary occlusion. The Penumbra Reperfusion Catheter is used with the 
Aspiration Pump to aspirate thrombus from an occluded vessel. As needed, a 
Penumbra Separator may be deployed from the Reperfusion Catheter to assist 
with thrombus removal. The Penumbra Separator is advanced and retracted 
through the Penumbra Reperfusion Catheter at the proximal margin of the 
primary occlusion to facilitate clearing of the thrombus from the Reperfusion 
Catheter tip. For the aspiration source, the Penumbra Reperfusion Catheter 

• Use the Penumbra System in conjunction with fluoroscopic visualization. 
• Maintain a constant infusion of appropriate flush solution. 
• When performing aspiration, ensure that the Penumbra Aspiration Tubing 

valve is open for only the minimum time needed to remove thrombus. 
Excessive aspiration or failure to close the Penumbra Aspiration Tubing valve 
when aspiration is complete is not recommended. 

• The Penumbra Separator is not intended for use as a neurovascular 
guidewire. If repositioning of the Penumbra Reperfusion Catheter is 
necessary during the revascularization procedure, such reposition 
should be performed over an appropriate neurovascular guidewire using 
standard microcatheter and guidewire techniques. 

• Do not use automated high-pressure contrast injection equipment with 
the Penumbra Reperfusion Catheter because it may damage the device. 

• Administration of anticoagulants and antiplatelets should be suspended until 
24 hours post-treatment. Medical management and acute post stroke care 
should follow the ASA guidelines.1 Any neurological deterioration should be 
evaluated by urgent CT scan and other evaluations as indicated according to 
investigator/hospital best practice. 

• The total time allowed to achieve patient revascularization is 120 minutes of 
using the Penumbra System. 

 

POTENTIAL ADVERSE  EVENTS 
Possible complications include, but are not limited to, the following: 

is used in conjunction with the Aspiration Pump, which is connected using the 
Penumbra Aspiration Tubing and the Penumbra Pump/Canister Tubing. The 
Penumbra Reperfusion Catheter is provided with a steam shaping mandrel and 
rotating hemostasis valve, and a peelable sheath. The Penumbra Separator is 
provided with an introducer and torque device. The devices are visible under 
fluoroscopy. 

 

INDICATION FOR USE 
The Penumbra System is intended for use in the revascularization of patients 
with acute ischemic stroke secondary to intracranial large vessel occlusive 
disease (within the internal carotid, middle cerebral – M1 and M2 segments, 
basilar, and vertebral arteries) within 8 hours of symptom onset. The 
Reperfusion Catheters ACE 64 and ACE 68 are intended for use in 
revascularization within the Internal Carotid Artery (ICA) within 8 hours of 
symptom onset. 

 

CONTRAINDICATIONS 
There are no known contraindications. 

• allergic reaction and 
anaphylaxis from 
contrast media 

• acute occlusion 
• air embolism 
• arteriovenous fistula 
• death 
• device malfunction 
• distal embolization 
• emboli 
• false aneurysm 

formation 
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• hematoma or hemorrhage at 
access site 

• inability to completely remove 
thrombus 

• infection 
• intracranial hemorrhage 
• ischemia 
• kidney damage from contrast media 
• neurological deficits including stroke 
• vessel spasm, thrombosis, 

dissection, or perforation 

 

WARNINGS 
• The Penumbra System should only be used by physicians who have received 

appropriate training in interventional neuro-endovascular techniques and 
treatment of acute ischemic stroke. 

• Do not advance, retract or use any component of the Penumbra System 
against resistance without careful assessment of the cause using fluoroscopy. 
If the cause cannot be determined, withdraw the device or system as a unit. 
Unrestrained torquing or forced insertion of the catheter or separator against 
resistance may result in damage to the device or vessel. 

• Do not use the Penumbra System with a pump other than the Penumbra 
Aspiration Pump. 

 

PRECAUTIONS 
• The device is intended for single use only. Do not resterilize or reuse. 

Resterilization and/or Reuse may result in ineffective catheter coating 
lubrication, which may result in high friction and the inability to access the 
target neuro vasculature location. 

• Do not use kinked or damaged devices. Do not use open or damaged 
packages. Return all damaged devices and packaging to the manufacturer/ 
distributor. 

• Use prior to the “Use By” date. 

1. Refer to Warnings, Precautions, and Potential Adverse Events prior to 
use. 

2. As each device of the Penumbra System is used, remove the device from 
the packaging, and inspect for damage or for kinks. 

3. Prepare Penumbra System devices for use by flushing the packaging 
hoop and device with heparinized saline (includes Penumbra Reperfusion 
Catheter and Penumbra Separator only). 

4. Prepare a guide catheter or long femoral sheath according to the 
manufacturer’s Instructions for Use. 

5. Place the guide catheter or long femoral sheath into the appropriate cerebral 
artery that is proximal to the thrombus occlusion site. 

 

PENUMBRA REPERFUSION CATHETER PREPARATION AND USE 
1. Confirm vessel diameter, and select an appropriate size Penumbra 

Reperfusion Catheter (See Table 1). 
2. The Penumbra Reperfusion Catheter tip may be shaped using the steam 

shaping mandrel provided. 
3. Attach the rotating hemostasis valve provided to the Penumbra Reperfusion 

Catheter. 
4. Attach the Penumbra Aspiration Tubing to the Aspiration Pump and turn on 

the Aspiration Pump (Refer to the Aspiration Pump Operation Manual). Allow 
the Aspiration Pump to run for at least one minute prior to use, and confirm 

 
1 Adams, et al., Guidelines for the Early Management of Adults with Ischemic Stroke: A Guideline from the AHA/ASA Stroke Council, Clinical Cardiology Council, Cardiovascular Radiology and Intervention Council, and the Atherosclerotic 
Peripheral Vascular Disease and Quality of Care Outcomes in Research Interdisciplinary Working Groups: The American Academy of Neurology affirms the value of this guideline as an educational tool for neurologists, Stroke May 2007; 
38:1655-1711. 

English 
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• Signed informed consent 
• Present within 8 hours of stroke symptom onset 
• Ineligible or refractory to intravenous rtPA therapy if presenting within 

3 hours of symptom onset 
 

Key Exclusion Criteria 
• Evidence of rapidly improving neurological signs of stroke at time of 

enrollment 
• NIHSS >30 or coma 
• Females who are pregnant 
• Vessel tortuosity too difficult to allow endovascular access 
• Known hemorrhagic diathesis, coagulation deficiency, or on oral 

anticoagulant therapy with an INR >3.0 
• PTT greater than 2 times the lab normal 
• Admission platelets <30,000 
• Pre-existing neurological or psychiatric disease that could confound the 

study results 
• Known severe allergy to contrast media 
• Uncontrolled hypertension (defined as systolic blood pressure >185 mmHg 

or diastolic blood pressure >110 mmHg) 
• CT evidence of the following conditions on presentation: 

- Significant mass effect with midline shift 
- Large hypodensity region >1/3 of the middle cerebral artery territory 
- Evidence of intracranial hemorrhage 

• Angiographic evidence of an arterial stenosis proximal to the occlusion that 
could prevent thrombus removal 

• Angiographic evidence of preexisting arterial injury 
• Life expectancy less than 90 days 
• Participation in another clinical investigation that could confound the 

evaluation of the study device 
 

Summary of reasons for exclusion of enrolled subjects, especially those 
based on angiographic criteria 
No enrolled patient was excluded for angiographic reasons. 

 
Primary Effectiveness Endpoint 
The Primary Effectiveness Endpoint was revascularization of the occluded 
target vessel. Revascularization was defined by a TIMI score of II or III following 
use of the Penumbra System only and prior to the use of any additional or 
adjunctive devices or therapies. Angiographic results were adjudicated by an 
independent Core Laboratory. 

Primary Safety Endpoint 
The Primary Safety Endpoint was incidence of device and/or procedure-related 
serious adverse events that occurred during the procedure as reported by the 
investigator. There were 18 procedural events reported in 16 patients (12.8%). 
Among these, 4 events in 3 patients were rated as serious by the CEC (2.4%). 

 

Composite Adverse Events during the procedure % (n/N) 
[95% CI]† 

Composite SAE during the procedure 2.4% (3/125) 

Primary Safety Endpoint: Composite Procedure/Device 
related SAE during the procedure 

 
2.4% (3/125) 

†Exact Clopper-Pearson confidence intervals 
 

Each specific SAE through 90 days occurring in more than 2% of patients 

 
Effectiveness % (n/N) 

[95% CI]† 

Primary Effectiveness Endpoint (TIMI score of II or III) 81.6% (102/125) 
TIMI scores before adjunctive therapies are used [73.7%, 88.0%] 

Post-Device Revascularization Success (TIMI ≥ 2) 81.6% (102/125) 
Any Adjunctive Therapy Use Considered Treatment Failure [73.7%, 88.0%] 

Post-Device Revascularization Success (TIMI ≥ 2) 81.6% (102/125) 
Any IA Lytic Use Considered Treatment Failure [73.7%, 88.0%] 

†Exact Clopper-Pearson confidence intervals 

SAE % (n/N) 
Composite SAEs 52.0% (65/125) 

Cerebral Edema 11.2% (14/125) 

ICH 8.0% (10/125) 

Respiratory Dysfunction/Failure 8.0% (10/125) 

Worsening Symptoms of Qualifying Stroke 7.2% (9/125) 

Infection 5.6% (7/125) 

Other Pulmonary Complications 5.6% (7/125) 

Pneumonia 4.0% (5/125) 

Cardiac Arrhythmia 3.2% (4/125) 

Access Site Complication 2.4% (3/125) 

Myocardial Infarction 2.4% (3/125) 

Peripheral Vascular Complication 2.4% (3/125) 

Renal Dysfunction/Failure 2.4% (3/125) 

Stroke in New Territory 2.4% (3/125) 
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8 510(k) Summary of Safety & Effectiveness 
(as required by 21 CFR 807.92) 

Pursuant to Section 12, Part (a)(i)(3A) of the Safe Medical Devices Act of 1990, 
Penumbra Inc. is providing the summary of Substantial Equivalence for the Penumbra 
System ACE. 

8.1 Sponsor/Applicant Name and Address 
Penumbra, Inc. 
1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 

8.2 Sponsor Contact Information 
Michaela Mahl 
Senior Manager, Regulatory Affairs 
Phone: (510) 748-3288 
FAX:   (510) 217-6414 
Email:  michaela.mahl@penumbrainc.com 

8.3 Date of Preparation of 510(k) Summary 

April 09, 2015 

8.4 Device Trade or Proprietary Name 

Penumbra System ACE 

8.5 Device Classification 
 Regulatory Class: II 
 Classification Panel: Neurology 
 Classification Name: Catheter, Thrombus Removal 
 Regulation Number: 21 CFR §870.1250  
 Product Code:  NRY 

8.6 Predicate Devices 
510(k) Number / Clearance 

Date Name of Predicate Device Name of Manufacturer  

K072718 [28Dec2007],  
K090752 [21Sep2009],  
K100769 [21May2010],  
K113163 [28NOV2011],  
K133317 [13MAY2014] 

Penumbra System /  
Penumbra System MAX® 

Penumbra, Inc. 
1351 Harbor Bay Parkway 
Alameda, CA 94502 USA 
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The results of the tests appropriately address the physical and mechanical 
performance expectations of the device. This is further supported by the surgical 
handling and performance results reported in the in vivo study. Based on these 
overall results, the physical and mechanical properties of the subject Penumbra 
System ACE devices are acceptable for the intended use and substantially 
equivalent to the predicate device. 

8.10.3 Animal Study 

An animal study was conducted to evaluate the safe use of the Penumbra System 
ACE devices in a swine model.  The study concluded that: 

• No vessel injury was noted on the final angiograms following the vessel 
response procedure.   

• No abnormal gross or histology findings were noted in test vessel 
segments.    

• The use of the Penumbra System ACE devices resulted in no significant 
vascular response in these experimental conditions. 

8.10.4 Summary of Substantial Equivalence 

The subject Penumbra System ACE devices are substantially equivalent to the 
predicate device with regard to intended use, operating principle, design concept, 
materials, shelf-life, packaging and sterilization processes. 
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ORIGINAL RESEARCH

The SPEED study: initial clinical evaluation of the
Penumbra novel 054 Reperfusion Catheter
Don Frei,1 Johannes Gerber,2 Aquilla Turk,3 Malia McPherson,4 Don Heck,5

Ferdinand Hui,6 Gregory Joseph,7 Reza Jahan,8 Laszlo Miskolczi,9 Jeffrey Carpenter,10

Thomas Grobelny,11 Jim Goddard,12 Raymond D Turner,3 Dan Huddle,1

Richard Bellon,1 Imran Chaudry3

Frei D, et al. J NeuroIntervent Surg 2013;00:1 4. doi:10.1136/neurintsurg 2012 010585 1

Ischemic stroke
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Don Frei, Johannes Gerber, Aquilla Turk, et al.
 
Catheter
of the Penumbra novel 054 Reperfusion 
The SPEED study: initial clinical evaluation

 http://jnis.bmj.com/content/early/2013/01/07/neurintsurg-2012-010585.full.html
Updated information and services can be found at: 
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