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Tissue-Engineered Collagen Meniscus Implants: 5- to 6-Year

Feasibility Study Results

J. Richard Steadman, M.D., and William G. Rodkey, D.V.M.

Purpose: In this feasibility study, a 5- to 6-year clinical follow-up evaluation was conducted on 8
patients who had undergone reconstruction of 1 injured medial meniscus with a tissue-engineered
collagen meniscus implant. The hypothesis was that these patients would show significant clinical
improvement over their preoperative status and would have maintained their status determined at the
2-year follow-up evaluation. Type of Study: Prospective longitudinal feasibility study follow-up
evaluation. Methods: Eight patients underwent arthroscopic placement of a collagen meniscus
implant by a single surgeon to reconstruct and restore the irreparably damaged medial meniscus of
| knee. All patients returned for clinical, radiographic, magnetic resonance imaging, and arthroscopic
examinations an average of 5.8 years (range, 5.5-6.3 y) after collagen meniscus implant placement.
Results: Lysholm scores improved significantly (P = .045) from 75 preoperatively to 88 at most
recent follow-up evaluation. Average Tegner activity scores improved significantly (P = .001) from
3 to 6. Patient self-assessment improved significantly (P = .046) from 2.4 to 1.9 (1 = normal, 4 =
severely abnormal). Pain scores improved from 23 to 11 (0 = no pain, 100 = worst pain). Imaging
studies confirmed that the chondral surfaces of the medial compartment had not degenerated further
since the placement of the implant 5.8 years earlier. Relook arthroscopy with direct measurement of
the newly generated tissue revealed 69% defect filling. Histologic assessment of tissue biopsy
specimens from 3 patients showed the presence of fibrocartilage with a uniform extracellular matrix.
Conclusions: The meniscus-like tissue that developed after collagen meniscus implant placement has
maintained its structure and functioned without negative effects for more than 5 years. The
hypothesis was affirmed that these patients were improved significantly compared with their preop-
erative status and unchanged compared with 2-year evaluations. Level of Evidence: Level IV. Key
Words: Meniscus—Collagen meniscus implants—Meniscus reconstruction—Tissue engineering—

Tissue-engineered scaffolds.

Numerous studies have documented the impor-
tance of the menisci to the health of the knee
joint.!8 Replacement of the damaged or lost portion of
the meniscus cartilage would seem an appropriate
approach to prevent or minimize the progressive de-
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generative joint disease that may develop as a sequela.
Many different materials have been evaluated for re-
placement of the meniscus, including artificial mate-
rials, autogenous tissue, and allograft tissue®-'7 The
longer-term results of using these various materials
and tissues generally have not proven successful or
remain uncertain.!8-20 Recent studies also have raised
the distinct possibilities of disease transmission?! and
immunologic reactions2022 with use of allograft me-
niscus tissue, but other reports make clear the advan-
tage of initial pain relief provided by meniscus allo-
grafts 2326 Therefore, we used tissue engineering
techniques to develop a collagen meniscus implant
that served as a scaffold to support generation of new
meniscus-like tissue rather than attempting to replace
the damaged meniscus by artificial means.
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The collagen meniscus implant was tested exten-
sively in vitro and in laboratory animal trials.27-32 An
initial phase I clinical feasibility study was completed
successfully.?® Based on that study, the collagen me-
niscus implant was modified and improved for use in
a phase II feasibility trial in which patients were
followed-up for 2 years.?*

The purpose of this prospective study was to con-
duct a 5- to 6-year serial follow-up evaluation on those
patients who had undergone reconstruction of 1 in-
jured medial meniscus in the phase II feasibility clin-
ical trial of the collagen meniscus implant. We wanted
to determine if the newly generated tissue3* had per-
sisted within the original meniscus defect and re-
mained functional. Furthermore, we wanted to ensure
that no detrimental effects had been produced by the
implant or the newly generated tissue over the 5 to 6
years. The hypothesis of this present study was that
these patients would have clinical outcomes better
than their preoperative status, and that they would
have maintained or improved their status determined 2
years after surgical placement of the tissue-engineered
collagen meniscus implant without experiencing neg-
ative effects.

METHODS

Techniques for the formulation and fabrication of
the tissue-engineered collagen meniscus implant (Re-
Gen Biologics, Inc., Franklin Lakes, NJ) used in this
study have been reported in detail previously.3!-32.34.35
Briefly, the collagen meniscus implants are fabricated
from type I collagen derived from U.S.-origin bovine
Achilles tendons. After the tendon tissue is trimmed
and minced, the type I collagen fibers are purified by
using various chemical treatments to remove noncol-
lagenous materials and lipids. Next, the purified col-
lagen fibers are swelled in hyaluronic acid and chon-
droitin sulfate, and then homogenized. The swollen
collagen fibers plus the glycosaminoglycans are co-
precipitated by the addition of ammonium hydroxide.
The precipitated fibers are dehydrated, manually ori-
ented in a mold, lyophilized, and chemically cross-
linked. Finally, terminal sterilization is performed by
y irradiation.3132.34.35

U.S. Food and Drug Administration and local insti-
tutional review board approvals were obtained before
commencing this follow-up study. Written informed
consent was obtained from all patients. The original
phase II feasibility study* was open to men and
women ages 18 to 50 years who had an irreparable
injury or previous partial loss of their medial menis-

Ficure 1. The collagen meniscus implant (CMI) has been in-
serted into the lesion and is being sutured into place using an
inside-out technique. The arrow points to the interface between the
native meniscus remnant and the implant.

cus. The study included patients with acute or chronic
injuries that resulted in the loss of at least one third of
the native meniscus but who had an intact meniscus
rim of at least | mm or greater. It also required that the
involved knee be stable ligamentously or stabilized at
the time of the index surgery—the surgical procedure
to place the collagen meniscus implant. Patients were
excluded if they had total meniscus loss, grade IV (full
thickness) chondral defects, varus axial malalignment,
suffered from inflammatory or systemic disease, had
known collagen allergies, were diagnosed with auto-
immune disease, or were pregnant. Because this was a
clinical feasibility study, Food and Drug Administra-
tion guidelines for the study precluded randomization
and a concurrent cohort of control patients.

The technique for arthroscopic placement of the
collagen meniscus implant has been described previ-
ously.3!34 Briefly, a partial meniscectomy is per-
formed to remove only damaged or pathologic tissue
and to ensure smooth, even margins of the debrided
defect. The remainder of the native meniscus is left
intact. A specially designed arthroscopic measuring
device is used to determine the length and width of the
meniscus defect as well as the total dimensions of the
involved meniscus to the nearest millimeter. Based on
these measurements, the percent of meniscus loss can
be calculated. On the surgical field, the collagen me-
niscus implant then is trimmed to fit the lesion. The
implant is delivered into the joint through a cannula,
and then it is manipulated into the prepared lesion.
Fixation of the implant to the host meniscus rim is
with size 2-0 nonabsorbable sutures using an inside-
out technique (Fig 1). Horizontal mattress sutures are
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used in the anterior and posterior margins, and vertical
mattress sutures (4 to 5 mm apart) are vsed along the
body rim.

Between December 1995 and July 1996, the 8 pa-
tients in this present study underwent arthroscopic
placement of the collagen meniscus implant by a
single surgeon to reconstruct and restore the irrepara-
bly damaged medial meniscus of | knee3* No con-
comitant intra-articular procedures (e.g., ligament re-
construction) were performed. By chance, all patients
enrolled in the study were men. The average age of the
patients was 40 years (range, 24—49 y). Seven patients
had 1 or more prior medial meniscectomies (range,
1-5), and | patient had an acute irreparable medial
meniscus injury. Results of that initial evaluation have
been reported elsewhere*

For the present follow-up study, all 8 patients
(100%) returned an average of 5.8 years (range, 5.5-
6.3 y) after placement of the collagen meniscus im-
plant. The average patient age was 46 years (range,
30-55 y) at the most recent follow-up evaluation.
Patients underwent clinical, radiographic, magnetic
resonance imaging, and arthroscopic examinations.
Pain (visual analog scale), Lysholm, Tegner, and self-
assessment (from the International Knee Documenta-
tion Committee form3®) scores were determined and
compared with scores at index surgery and 1 and 2
years after implantation.

Radiographic and magnetic resonance images were
evaluated by the same independent radiologist and
compared with the original preoperative and the
2-year images using the same criteria3* All postoper-
ative magnetic resonance images were from the same
unit using identical scanning protocols. Scanning se-
quences included proton-density sagittal images, dual-
echo coronal images, and proton-density fat saturation
sagittal and axial images. Radiographic examination
included standing anteroposterior, flexed posteroante-
rior, lateral, and bilateral long standing (~51 in, 130
cm) views. On the long standing radiographs, a
straight line drawn from the center of the femoral head
to the center of the tibiotarsal joint was used to deter-
mine the mechanical axis of the knee joint. Medial
joint heights were measured on the long standing
radiographs using electronic digital calipers by a sin-
gle individual who was blinded to patient identifica-
tion and surgical status.

At arthroscopy the amount of the original meniscus
defect remaining filled by newly generated meniscus-
like tissue was determined with physical measure-
ments and by comparison with video images of the
index surgery and the first relook procedures. Physical

measurements were made using the same arthroscopic
ieasuring device that had been used during the index
surgery. For example, if the original implani was
50-mm long and 7-mm wide, then it covered an area
of 350 mm?. If the newly generated tissue was mea-
sured and determined to cover 300 mm?, then the
original defect was calculated to remain 86% filled. A
single surgeon performed all arthroscopic procedures.

Biopsy examination of the new tissue was not a
requirement for patieni participation in this present
study; however, 3 patients requested biopsy examina-
tion for personal knowledge enhancement. The biopsy
specimens were obtained with a 14-gauge biopsy nee-
dle and were fixed in formalin. The biopsy needle was
inserted parallel to the tibial plateau and oriented
perpendicular to and through what was observed to be
approximately the center of the new tissue. The biopsy
specimen was the full width of the meniscus in an
effort to obtain tissue from the interface of the new
and native meniscus tissues. The core biopsy speci-
men was embedded in paraffin and 6-pwm thick sec-
tions were cut in the longitudinal plane. The sections
were stained with H&E, Masson trichrome, or phos-
photungstic acid hematoxylin, and examined by an
orthopedic pathologist.

Statistical Analysis

All scores were recorded before surgery, at 12 and
24 months after surgery, and at the most recent fol-
low-up evaluation, an average of 5.8 years after the
index surgery. The Lysholm score and Tegner activity
score improvements at the most recent follow-up eval-
uation were compared with the preoperative scores
using the paired-samples ¢ test. Time-related improve-
ment in the Lysholm score and the Tegner activity
score was assessed using |-way repeated-measures
analysis of variance with within-subjects contrasts.
Patient self-assessment scores were compared using
the Wilcoxon nonparametric test. Visual analog scale
pain scores were compared using paired ¢ tests.

Statistical analyses were performed using SPSS
(version 10.1; SPSS Inc., Chicago, IL), SAS (version
6.12; SAS Institute Inc., Cary, NC), and nQuery Ad-
visor (version 4.0; Statistical Solutions, Saugus, MA)
software packages. All reported P values are 2-tailed,
with an a level of .05 indicating statistical signifi-
cance.

RESULTS

Clinical examination at the most recent follow-up
evaluation revealed normal physical findings in all 8
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TasLe 1. Lysholm Scores

At Time 12 Months 24 Months 5.8 Years
Patient of Index  After Index  After Index  After Index
Number  Surgery Surgery Surgery Surgery
21001 94 95 95 87
21002 88 100 95 95
21003 80 100 90 95
21005 52 86 79 74
21009 55 85 89 89
21010 72 73 89 76
21011 97 82 99 95
21012 64 94 96 94
Average 75 89* 91* 88+

*Significantly improved from index surgery.

patients. No patient was observed to have any symp-
toms or signs suggestive of meniscus derangement
such as clicking, locking, medial joint line pain, de-
creased range of motion, or effusions. The McMurray
test was negative in all 8 patients. No complications
related to the implant were reported.

Table 1 and Fig 2 show the Lysholm score data.
There was significant improvement in the Lysholm
scores at the most recent follow-up evaluation (at time
of index surgery, 75 [SD = 17.3]; 5.8 years after index
surgery, 88 [SD = 8.7]; P = .045). There was signif-
icant time-related improvement in the Lysholm score
(F = 7.00; P = .016), with within-subject contrasts
showing significant differences between preoperative
scores and all follow-up times (12 months, P = .050;
24 months, P = .004; 5.8 years, P = .045), and no
differences between follow-up times (P > .05). Two
patients had slightly lower scores at the most recent
follow-up evaluation compared with preoperative sta-
tus.

Table 2 and Fig 3 show the Tegner activity score
data. There was significant improvement in the Tegner
scores at the most recent follow-up evaluation (at time
of index surgery, 3 [SD = 1.3]; 5.8 years after index
surgery, 6 [SD = 1.4]; P = .001). There was signif-
icant time-related improvement in the Tegner scores
(F = 7.40; P = .005), with within-subject contrasts
showing significant differences between preoperative
scores and the 24-month follow-up scores (P = .021)
and the 5.8-year follow-up scores (P = .001), with no
differences between follow-up times (P > .05). All
patients showed an improvement in Tegner scores
over time.

Patient self-assessment scores (Table 3) showed
significant improvement from preoperative scores (2.4
[SD = .5]) compared with 24 months (1.6 [SD = .5];

P = .034) and 5.8 years (1.9 [SD = 4]; P = .046).
There was no significant difference between preoper-
ative scores and 12-month scores (1.8 [SD = 5]; P =
.059). There were no differences between follow-up
times (P > .05). No patient was worse at the most
recent follow-up evaluation compared with their pre-
operative status.

Visual analog scale pain scores, as shown in Table
4, showed improvement from preoperative scores (23
[SD = 11.4]) compared with 12-month scores (7
[SD = 3.2]; P = .008) and 24-month scores (2 [SD =
1.9]; P = .002). There was no significant difference
between preoperative scores and 5.8-year scores (11
[SD = 17.8]; P = .095). There was a significant
difference between 12-month and 24-month scores (P
= .006). There were no differences between 12-month
and 5.8-year scores (P = .179) or between 24-month
and 5.8-year scores (P = .592). One patient reported
increased pain at 5.8 years compared with his preop-
erative status.

Radiographs taken at an average of 5.8 years after
placement of the collagen meniscus implant con-
firmed that the medial compartment bone surfaces
appeared to be protected from further detectable
degeneration compared with preoperative and
2-year examinations. Based on the long-standing
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Ficure 2. Graphic display of Lysholm scores over time. Lysholm
scores and Tegner activity scores (Fig 3) are shown as box plots
that are summary plots based on the median, quartiles, and extreme
values. The box represents the interquartile range, which contains
50% of values. The whiskers are lines that extend from the box to
the highest and lowest values. A line across the box indicates the
median. *Significant increase (P < .05) compared with the preop-
erative value.
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TasLe 2. Tegner Activity Scale

Before Initial At Time 12 Months 24 Months 3.8 Years
Patient Meniscus of Index After Index After index After Index
Number [njury Surgery Surgery Surgery Surgery
21001 9 5 5 7 7
21002 3 4 4 5 6
21003 7 5 3 4 7
21005 7 3 7 5 4
21009 9 2 3 8 8
21010 10 3 3 4 6
21011 6 ! 2 3 4
21012 G 4 6 6 ]
Average 1.4 34 4.6 5.3% 6.0%

*Significantly improved from index surgery.

radiographs, it was determined that the mechanical
axis of 1 patient had migrated 2-mm medially com-
pared with his preoperative status, but for all other
patients there were no differences measured for the
mechanical axes. Joint height measurements re-
vealed that 3 joints had decreased by less than .5
mm, 3 joints were unchanged, and 2 joints had
increased heights of less than .5 mm. Magnetic
resonance images revealed that the appearance of
the newly generated tissue had continued to mature
between 2 years and 5.8 years after implant, becom-
ing more well defined and smoothly marginated
with a decrease of previous intermediate to high
intrasubstance signal to low or no signal, similar to
mature fibrocartilage of native meniscus tissue. The
new tissue was indistinguishable from the native
meniscus tissue, and the interface between the new
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Ficure 3, Graphic display of Tegner activity scores over time. A
description of the box plots is included in the Fig 2 legend.

tissue and the native meniscus tissue no longer
could be resolved. The adjacent hyaline articular
chondral surfaces showed little or no change com-
pared with preoperative or 2-year magnetic reso-
nance image examinations, and there was no pro-
gression in magnetic resonance image features of
chondral degeéneration or surface breakdown. Like-
wise, no bony changes were noted on magnetic
resonance imaging.

Another relook arthroscopy was performed to
assess the status of the newly generated meniscus-
like tissue as weli as the condition of the adjacent
chondral suefaces compared with the observations
made during the initial relook procedure performed
at 6 or 12 months. Arthroscopic observations indi- .
cated that the newly grown tissue appeared grossly
meniscus-like, and it was as good as and sometimes
better than at the time of the earlier relook arthro-
scopies based on visual comparisons of photographs

‘TaBLE 3. Patient Assessment

Before 12 Months 24 Months 5.8 Years

Patient [ndex After Index  After Index  After Index
Number  Surgery Surgery Surgery Surgery
21001 2 ] 1 2
21002 2 2 I |
21003 3 1 | 2
21005 3 2 2 2
21009 2 2 2 2
21010 3 2 2 2

21011 2 2 2 2
21012 2 2 2 2
Average 2.4 1.8 [.6* 1.9%

NOTE. Self-assessment scoring system; [ = normal; 2 = nearly

normal; 3 = abrormal; 4 = severcly abnormal.
*Significantly improved from index surgery.
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TasLE 4.  Pain

Before 12 Months 24 Months 5.8 Years
Patient Index After Index  After Index  After Index
Number  Surgery Surgery Surgery Surgery
21001 28 10 0 5
21002 26 10 3 2
21003 11 6 0 0
21005 28 4 4 53
21009 34 4 0 6
21010 33 10 0 9
21011 | 10 4 2
21012 23 3 3 0
Average 23 7* 2% 11

NOTE. Pain visual analog scale based on 100-mm scale for
activities of daily living.
*Significantly improved from index surgery.

and video recordings. When probed, the tissue was
indistinguishable from native meniscus, it was sup-
ple, and it did not give the impression of having
shrunk. This new tissue also appeared to be harm-
less to the adjacent chondral surfaces of the medial
compartments because no further degenerative
changes were noted in this group of patients (Figs 4
and 5). Table 5 shows the status of the chondral
surfaces at the index and subsequent relook surger-
ies. By using Outerbridge grades, we observed that
3 patients had improved chondral surfaces, 3 pa-
tients remained unchanged, and 2 patients de-
creased by | grade at an average of 5.8 years. Based
on physical measurements as described and visual
observations, the original meniscus defects that had
been determined to be 77% filled with new tissue at

FiGure 4. An intraoperative view at the 6-month relook. A bi-
opsy needle (arrow) can be seen penetrating the newly generated
tissue (N) that fills the defect almost completely. Notice the syno-
vial pannus (P) that covers the new tissue.

Figure 5. An intraoperative view of the same patient shown in
Fig 4 at the relook 6.3 years after placement of the collagen
meniscus implant. The defect remains completely filled with new
tissue (N), and the chondral surfaces are unchanged since the
6-month relook. The interface (arrow) between the new and the
native tissue is barely distinguishable.

the initial relook arthroscopy (either 6 or 12 months
after implant placement),3* still were filled 69% at
5.8 years after placement of the collagen meniscus
implant (Table 6). By adding the amount of filled
defect to the amount of meniscus remaining at the
time of index surgery, this group of 8 patients had
81% of their normal meniscus (range, 66% to 98%).
The percent of meniscus gain compared with the
index remnant (the quotient of the percent of new
tissue divided by the percent of remaining meniscus
at index surgery) averaged 170% (range, 27% to
340%). No negative findings, such as damage to the
chondral surfaces or exuberant tissue growth, attrib-
utable to the implant were observed.

Histologic assessment of the newly generated me-
niscus-like tissue in the 3 patients who had biopsy
examination of their new tissue showed the presence
of fibrocartilage (Fig 6). Histochemical stains revealed
a uniform extracellular matrix. The trichrome stain
confirmed the collagenous nature of the tissue. Excess
fibrin was not identified with the phosphotungstic acid
hematoxylin stain. The cells had the appearance of
normal meniscus fibrochondrocytes, and no inflam-
matory infiltrates were observed. The meniscus-like
nature of the tissue was consistent in all 3 biopsy
specimens. Unlike the initial biopsy specimens ob-
tained from all patients at 6 or 12 months, there was no
evidence of remnants of the collagen meniscus im-
plant in the 3 biopsy specimens in the present study.
There was no indication of any infection, inflamma-
tion, or immune response in any of the biopsy speci-
mens examined.
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TasLe 5. Chondral Surface Status Based on Outerbridge Grades

Time of Quterbridge Quterbridge Outerbridge
Time of Second Grade at Grade at First Grade at Second
Patient First Relook Relook Index Relook Relook
Number Arthroscopy Arthroscopy Surgery Arthroscopy Arthroscopy
21001 6 mo 69 mo 1 I It
21002 6 mo 71 mo I I 1
21003 6 mo 75 mo | [ |
21005 6 mo 72 mo I 1 [
21009 6 mo 70 mo ] 1 m
21010 6 mo 67 mo 1 I I
21011 12 mo 70 mo | I |
21012 12 mo 66 mo I Normal Normal
DISCUSSION disease transmission through meniscus allografts also

The main goal of meniscus replacement is to re-
establish normal joint load transmission and distribu-
tion to prevent articular cartilage degeneration that is
observed frequently after meniscectomy.!8:19:37-39 The
principal challenge is to find a substitute that will
survive and function within the joint over time.1937.38
The most logical approach would be to use a replace-
ment meniscus, presumably from a human donor.
Although medial meniscus allografts have proven suc-
cessful initially, especially for providing pain relief,
the long-term results remain uncertain.!8-20:22-26 Ap
immune response against meniscus allografts has been
documented, and the investigators of those reports
speculate that this immune reaction could affect heal-
ing, incorporation, and revascularization of the
grafts.2%22 The immune effects on long-term clinical
outcomes remain under study?? The possibility of

is a concern for their use.'®2! Whether or not the
allograft meniscus can protect the knee from progres-
sive degenerative arthritis has not been deter-
mined.!®#.24 More long-term data are needed to help
ensure the safety and efficacy of meniscus allo-
grafis 18202224

We report the use of a tissue-engineered scaffold
designed to permit the body to generate its own re-
placement tissue, perhaps obviating some of the less-
desirable characteristics of allograft tissue. This same
tissue-engineering scaffold principle has been used
successfully and extensively to regenerate new bone
to fill skeletal defects as well as to regenerate other
connective tissues?043 The tissue-engineered colla-
gen meniscus implant supports generation of new
tissue that seems to function, in this group of 8 feasi-
bility patients, similarly to native meniscus tissue.

TABLE 6. Meniscus Loss and Regeneration

Percent Percent Percent of
Meniscus Percent Defect Defect Meniscus at Percent
Age at Remaining Filling at Filling at 5.8 Years Meniscus Gaint
Patient Index Acute or at Index Initial Relook 5.8-Year Compared Compared With
Number Surgery (y) Chronic Surgery Arthroscopy Relook With Normal* Index Surgery
21001 47 Chronic (3) 65 15 50 83 27
21002 47 Chronic (2) 50 65 70 85 70
21003 49 Acute 60 95 95 98 63
21005 24 Chronic (5) 15 85 604 66 340
21009 38 Chronic (4) 25 90 60% 70 180
21010 25 Chronic (3) 20 70 60+ 68 240
21011 41 Chronic (4) 20 100 95 96 380
21012 49 Chronic (1) 50 40 60 80 60
Average 38 77 69 81 170

NOTE. Number in parentheses is the number of previous partial meniscectomies.
*Sum of the remaining meniscus at index surgery plus the percent of defect filled.
tQuotient of the percent of new tissue divided by the percent of remaining meniscus at index surgery

tAfter debridement of some central margin fraying.
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FiGure 6. A biopsy specimen obtained 6.3 years after placement
of the collagen meniscus implant (from the patient shown in Figs
4 and 5) showing fibrocartilaginous tissue that is meniscus-like in
appearance. The original magnification is 25X. The stain is Mas-
son trichrome.

However, because there was no control cohort, we
cannot state conclusively that.the new tissue is chon-
droprotective of the adjacent articular cartilage sur-
faces. Nonetheless, we did not observe any detrimen-
tal effects in the medial compartment suggestive of
negative or further degenerative changes over an av-
erage of 5.8 years.

The collagen meniscus implant was developed as a
tissue-engineering approach to reconstruct and restore
irreparably damaged or lost meniscus tissue. Numer-
ous animal studies?’3? yielded encouraging results
that supported obtaining regulatory approval for hu-
man studies.?3-3* An initial phase I feasibility study??
provided valuable information that guided structural
changes in the implant and improved surgical tech-
niques that led to a phase II feasibility study.?* The 5.5
to 6.3 years of follow-up evaluation of that phase II
feasibility study is the subject of this present article.

We have followed-up prospectively all 8 patients
for an average of 5.8 years after they underwent re-
construction of their partially lost medial meniscus.
All patients had meniscus reconstruction with the
same type of collagen meniscus implant. All aspects
of this study were performed under a U.S. Food and
Drug Administration Investigational Device Exemp-
tion. This study is unique in that it is prospective, 5 to
6 years in duration, had 100% participation in the
follow-up evaluation, and all patients underwent 2
separate arthroscopic relook procedures 4 to 5 years
apart to document the usefulness of the investigational
device and the durability of the new tissue.

In the earlier phase II study,** we observed that the

patients continued to improve in all clinical outcomes
from | to 2 years after the index surgery. The present
longitudinal study confirmed that the clinical out-
comes statistically were unchanged from the 2-year
assessment to the 5.8-year evaluation. Especially note-
worthy is that the Tegner activity score continued to
improve from 5 to 6 during this nearly 4-year period,
and patients are performing sports, work, and other
activities at their desired level despite increasing age
(30-55 y). This finding, in conjunction with other
longitudinal observations, confirms that the new tissue
is durable and has remained functionally meniscus-
like for more than 5 years in this study group. Thus,
the hypothesis of this study is affirmed.

Not all patients improved in every parameter mea-
sured. Two patients had slightly decreased Lysholm
scores at the most recent follow-up evaluation, but
they had the 2 highest Lysholm scores before the
index surgery (94 and 97). Although no patient rated
his knee lower at the most recent follow-up evalua-
tion, 4 patients remained the same compared with
their status before index surgery. These 4 patients had
rated their knees nearly normal before receiving the
collagen meniscus implant, and they maintained that
status. All 4 of these patients were chronic and had
undergone an average of 3 prior partial meniscecto-
mies; hence, it is unlikely that these patients would
have completely normal knees in the future. One pa-
tient reported increased pain at the most recent eval-
vation. This patient had sustained a work-related in-
jury to his involved knee 1 year earlier, and he still
was in litigation for compensation.

Unlike meniscus allografts that are used to replace
the entire meniscus,!8.2025.263944 the collagen menis-
cus implant is designed to replace the damaged or
missing portion of the meniscus. As such, it is not
necessary to remove normal meniscus tissue to place
the collagen meniscus implant. When meniscus allo-
graft procedures are performed, frequently it is neces-
sary to remove a significant amount of normal menis-
cus tissue to fit the allograft into the joint,!8.20.25.26.39
Graft sizing is also a major consideration with menis-
cus allografts for optimal mechanical function and
ultimate success.!3-20 For the collagen meniscus im-
plant, the device is trimmed on the surgical field to fit
the meniscus defect, thus eliminating the need to have
a variety of device sizes available. Another advantage
of the collagen meniscus implant is the minimal risk
for human disease transmission because the device is
made of U.S.-origin bovine-derived collagen.

There is a paucity of published objective data on
long-term outcomes of meniscus allograft transplan-
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tation. Observations in the published reports inciude
persistent pain? and progressive shrinkage with in-
creased density and stiffness of the allograft tissue
over time.18:2025.44 Based on actual physical measure-
ments at arthroscopy, we determined that the amount
of new meniscus-like tissue from the collagen implant
filling the defects decreased slightly from 77% at the
initial relook arthroscopy (6 or 12 months after im-
plantation) to 69% at an average of 70 months (5.8 y)
after implantation. Nonetheless, this group of patients
had an average of 81% of normal meniscus at 5.8
years, and the amount of increase compared with the
index remnant was an average of 170%. Probing of
the tissue under direct arthroscopic observation re-
vealed that it was supple and meniscus-like without
any impression of shrinkage or stiffening. By way of
video recording comparison with the initial relook
procedure, we concluded that the slightly decreased
volume of tissue likely was caused by some wear at
the central margin of the restored meniscus. We re-
main uncertain of the significance of the loss of this
central meniscus tissue.

Various materials, both natural and synthetic, have
been evaluated to replace the injured meniscus®!7 To
our knowledge, other than human meniscus allografts,
none of these materials has advanced to human clin-
ical use. Because of the limited success or other major
shortcomings of those efforts, a tissue-engineered de-
vice was chosen as a scaffold to generate new menis-
cus-like tissue.

Messner!® stated that all menisci are likely to be
. individually shaped, and joints typically undergo re-
modeling after partial or complete meniscus loss so
that even the original meniscus might not fit its native
joint after a period of time. These size and shape
variations add to the complexity of selecting a menis-
cus allograft or autogenous tissue that adequately fits
the joint and provides optimal biomechanical func-
tion. The collagen meniscus implant used in the
present study has the advantage that it is trimmed to fit
the meniscus defect, and then it conforms to the shape
of the joint in which it is placed3* New tissue then
replaces the implant over time and assumes the shape
of the scaffold. Hence, joint size and shape are not
critical issues, and that may help explain the longevity
and durability of the meniscus-like tissue that has been
documented in the present study.

Arnoczky?? pointed out that the concept of tissue
engineering holds excellent potential for the genera-
tion of new tissues, especially for the meniscus, and
may be useful to enhance and optimize growth of new
meniscus-like tissue. In the present study we have

foilowed this approach by using the collagen meniscus
implant as 3 regeneration scaffold to grow new tissue
to fill meniscus defects. In another article, Arnoczly?®
stated that a meniscus replacement device and any
regenerated tissue should be chondroprotective, re-
store normal meniscus kinematics within the joint,
provide pain relief, and have no deleterious effects on
surrounding tissue. Arnoczky*® also stated that the
tissue-engineered device must be able io integrate
with the host tissue.

We have shown in this group of 8 patients that the
collagen meniscus implant generally meets the criteria
advocated by Arnoczky3® and maintains them through
more than 5 years. For example, imaging studies as
well as direct observation with relook arthroscopy
confirmed that the chondral surfaces of the medial
compartment appeared protected, or at least they had
not degenerated further since the placement of the
implant 5.8 years earlier. The significant (P < .05)
increasing physical activity levels (Tegner scores) of
the 8 patients in this study attest to the fact that general
knee function, and hence presumably the meniscus
kinematics, had been reestablished after placement of
the implant and maintained for more than 5 years.
This present study also documented significant (P <
.05) improvements in the Lysholm and self-assess-
ment scores of these patients from time of the index
surgery through the most recent follow-up evaluation.
No adverse effects from placement of the collagen
meniscus implant were observed, either in the early
postoperative period or during the later evaluations.
Finally, magnetic resonance imaging studies as well
as direct arthroscopic visualization confirmed the ex-
cellent integration between the host meniscus rim and
the new meniscus-like tissue. Hence, we have shown
that this tissue-engineered collagen meniscus implant
was an acceptable approach to generate functional
tissue in meniscus defects in this group of 8 patients.
Furthermor