Histologic Evaluation of Biopsy Specimens Obtained
After Rotator Cuff Repair Augmented With a Highly
Porous Collagen Implant
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Purpose: To histologically evaluate biopsy specimens from patients who previously underwent rotator cuff repair
augmented with a highly porous collagen implant. Methods: Biopsies of collagen implant/host-tissue constructs were
obtained from 7 patients undergoing a second arthroscopic procedure at various time periods (5 weeks to 6 months) after
arthroscopic rotator cuff repair augmented with a collagen implant overlay. The biopsy specimens were examined histo-
logically for host-tissue ingrowth, host-tissue maturation, and host-implant biocompatibility. Results: At the earliest time
period (5 weeks), the biopsy revealed the presence of host cells (fibroblasts) within the interstices of the porous collagen
implant. Cells were aligned along the linear orientation of the collagen implant structure, and there was evidence of early
collagen formation. The 3-month biopsies showed increased collagen formation, maturation, and organization over the
surface of the implant and evidence of the collagen implant. At 6 months, the newly generated tissue had the histologic
appearance of a tendon, suggesting functional loading of the new generated host tissue. There was no evidence of any
remnants of the collagen implant in the 6-month biopsy. There was no evidence of any inflammatory or foreign body re-
action within any of the tissue samples. Conclusions: Biopsies of collagen implants retrieved from human rotator cuff repair
subjects revealed cellular incorporation, tissue formation and maturation, implant resorption, and biocompatibility. Clinical
Relevance: The histologic observations from these clinical biopsies support the biocompatibility of this implant and its ability
to promote new connective tissue with the histological appearance of tendon over the surface of the native cuff tendon.

Recently, a new paradigm of host-generated tissue
augmentation of arthroscopic rotator cuff repair
has been introduced.'” In this approach, a highly
porous, highly organized, reconstituted collagen
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implant designed to promote new host tissue regener-
ation is placed over the bursal surface of partial-
thickness rotator cuff injuries’ or full-thickness cuff
repairs.” The subsequent generation and functional
remodeling of new host tissue has been shown to
improve the healing environment of both partial-
thickness lesions’ and full-thickness repairs.”

One of the key factors in the ability of a biode-
gradable implant to promote the generation and
maturation of a functionally aligned connective tissue
is the degradation profile of the implant.” Ideally, the
implant should degrade (resorb) at the same rate the
host tissue is generated and remodeled.” In addition,
while an implant should not elicit an adverse
inflammatory response, it should allow for the rapid
ingrowth of cells and a vascular network and permit
a functional orientation, maturation, and remodeling
of the newly synthesized tissue in response to the
local stresses.” The integration of the new tissue with
the underlying host tissue is important if this new
tissue }s to contribute to the strength of the repaired
tissue.'"”
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A preclinical study has documented the natural his-
tory and biocompatibility of the aforementioned
collagen implant as well as the maturation and func-
tional orientation of the newly induced tissue over
time." While clinical studies have demonstrated mag-
netic resonance imaging (MRI) evidence of new tissue
generation in humans,”” the histologic character of this
tissue can only be inferred. The ability to obtain and
examine clinical material from patients at various times
postsurgery provides a unique and valuable opportu-
nity to compare and contrast the histologic picture in
humans with that of the preclinical animal studies.’

Therefore, the purpose of this study was to histolog-
ically evaluate biopsy specimens from patients who
previously underwent rotator cuff repair augmented
with a highly porous collagen implant. We hypothe-
sized that these human specimens would demonstrate
host-tissue ingrowth, host-tissue maturation, and host-
implant biocompatibility.

Methods

This was a retrospective study of biopsies from 7 pa-
tients, treated by 5 surgeons, who underwent rotator
cuff procedures using a collagen implant, followed by a
second surgery with biopsy, over a 14-month period.
Over 350 rotator cuff procedures using this implant
have been performed by these 5 surgeons with no
adverse events related to the implant at follow-up
ranging from 1 day to 20 months.

Biopsies were collected at the occasion of the second
procedure, during which the implant/tissue construct
was harvested and the location of the biopsy noted. The
biopsies ranged from approximately 2 to 4 mm?® in size.
The specimens were fixed in 10% buffered formalin,
embedded in paraffin, and 5p thick sections were cut
and stained with hematoxylin and eosin for histologic
examination. The same individual (S.P.A.) subjectively
evaluated all of the sections for cell/tissue ingrowth,
tissue organization and maturation, implant resorption,
and biocompatibility.

The index procedure involved surgical treatment of a
rotator cuff tear augmented with a highly porous,
highly aligned, reconstituted bovine collagen implant
(Rotation Medical Inc., Plymouth, MN; Fig 1). After
initial arthroscopic repair of the supraspinatus tendon, a
collagen implant was placed over the bursal surface of
the repaired tendon and secured with custom designed
tendon and bone staples.”” Patients were asked to
follow each surgeon’s rehabilitation protocol for the
procedure performed.

The second arthroscopic procedure permitted an op-
portunity to biopsy the collagen implant along with any
new host tissue generated within it and/or on its sur-
face. All patients had provided informed consent for the
biopsy during the second surgery. There were no
exclusion criteria.

bovine collagen implant prior to implantation. Hematoxylin
and eosin x100.

In one case, a staged hemiarthroplasty was planned 6
months after repair of a massive, full-thickness tear in a
severely arthritic glenohumeral joint. At that time,
gross examination of the repair site revealed that the
augmented rotator cuff repair was healed and a layer of
new tissue had formed over the surface of the supra-
spinatus tendon and its humeral footprint. The new
tissue was adherent to the underlying cuff tendon.
A biopsy of the new tissue generated by the implant
was taken from the anterior distal aspect of the supra-
spinatus tendon.

Results

None of the patients have reported any issues after
the second arthroscopic procedure. All patients are at
least 4 months (longest 9 months) out from their
second procedures.

The reasons for the second procedure, pertinent pa-
tient information, and the time post—index surgery and
biopsy location are summarized in Table 1.

In 4 out of 7 cases the patients suffered a traumatic
event that resulted in various degrees of repair disrup-
tion. In 3 of those cases, the repair was revised and
another implant was placed over the repair. In one case,
the anterolateral corner of the collagen implant was
torn and dislodged and loose. This free portion of the
implant was removed.

One patient had persistent pain, and the second-look
arthroscopy at 3 months revealed that an area of the
repair where the implant came detached did not heal.
That portion of the repair was revised and the implant
reattached over the repair with a single anchor.

One patient developed postsurgical arthrofibrosis,
which required a second surgery at 2 months for lysis of
the adhesions. At that time the implant appeared well
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Table 1. Summary of Patient/Procedure Information Relating to Second-Look Biopsies

Patient No. Original Procedure/ Comorbidities/Ancillary Time of Reason for Second
(Sex/Age) Etiology Procedures Biopsy Location of Biopsy Look
1 (F/46) Primary FT-RCR Glenohumneral osteoarthritis/ 6 months Anterior aspect of Staged
massive/traumatic chondroplasty, capsular repair hemiarthroplasty
release, acromioplasty
2 (F/23) Primary FT-RCR None/acromioplasty, labral 3 months Anterior aspect of Patient fell and
medium/traumatic debridement repair disrupted repair
3 (F/50) Medium PT (B)/ None/acromioplasty 3 months Anterolateral aspect of Patient’s arm was
degenerative repair jerked while
walking dog on
leash
4 (M/51) Revision FT-RCR Hypertension/acromioplasty, 5 weeks Anterolateral aspect of Patient fell and
medium/degenerative biceps tenodesis implant at bone disrupted repair
attachment
5 (F/43) Primary FT-RCR large/ None/acromioplasty, biceps 3 months Posterolateral aspect of Pain; portion of tear
degenerative tenodesis, labral/chondral repair not covered by
debridement implant was not
healing
6 (F/45) Coverted high-grade PT None/acromioplasty, biceps 2 months Antero-lateral aspect of  Arthrofibrosis
(B) to FT-RCR small/ tenodesis, labral/chondral repair
degenerative debridement
7 (M/55) Primary FT-RCR None/acromioplasty 2 months Multiple areas of the Patient fell and
medium/degenerative implant disrupted repair

B, bursal side; F, female; FT, full-thickness tear; M, male; PT, partial-thickness tear; RCR, rotator cuff repair.

integrated with healthy host tissue and was firmly
attached to the underlying tendon.

In the last patient, a staged hemiarthroplasty was
performed as described above.

At the earliest time period (5 weeks), the biopsy
revealed the presence of host cells (fibroblasts) within
the interstices of the porous collagen implant (Fig 2A).
The cells were aligned along the linear orientation of
the collagen implant structure, and there was evidence
of early collagen formation (Fig 2B). There was no
indication of any inflammatory or foreign body reaction
within the 5-week tissue sample.

Similar to the 5-week sample, the two 8-week biopsies
demonstrated host incorporation throughout the implant
and evidence of collagen formation on the surface and
within the depths of the implant. As in the 5-week sam-
ples, there was a linear orientation of new host collagen
fibers along the collagen structure of the implant. There
was no evidence of any inflammatory or foreign body
reaction to the implant in either of the 8-week biopsies.

All of the 3-month biopsies showed increased
collagen formation, maturation, and organization over
the surface of the implant (Figs 3 and 4). While rem-
nants of the collagen implant were still present in all

¥ s s Sl S ~
Fig 2. Light (A) and polarized light (B) photomicrographs of a collagen implant illustrating host cell ingrowth and early collagen
production and alignment (arrows) at 5 weeks. The collagen implant (darker pink structure) is clearly visible (*). Hematoxylin
and eosin x100.
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Fig 3. Photomicrograph showing increased collagen forma-
tion, maturation, and orientation over the surface of the
implant at 3 months. Remnants of the collagen implant are
still present (*). Hematoxylin and eosin x100.

specimens at 3 months, there was evidence of disso-
lution of the implant by invading fibroblasts (Fig 5).
There was no indication of any inflammatory or foreign
body reaction related to the implant within any of the
3-month tissue samples.

At 6 months, the newly generated tissue had the his-
tologicappearance of a tendon (dense, regularly oriented
connective tissue containing parallel rows of fibroblast
within parallel bundles of collagen fibers; Fig 6). The
presence of highly oriented collagen fibers in this sample
at 6 months suggests functional loading of the new
generated host tissue. There was no evidence of any
remnants of the collagen implant in the 6-month biopsy,
and there was no evidence of any inflammatory or
foreign body reaction within the tissue sample.

Discussion

The histological picture of the new tissue resulting from
implantation of a highly porous, collagen implant in the
biopsy specimens in the current study precisely mirrors
the results seen in a preclinical animal study at the same
time periods.' Rapid ingrowth and linear orientation of
host cells was observed by 5 weeks. By 3 months there
was significant collagen formation within and on the
surface of the implant. This increase in collagen deposi-
tion at 3 months was also noted in histological analysis of
the preclinical animal study," as well as demonstrated by
MRI evidence of an increase thickening of the supra-
spinatus tendon in 2 clinical studies.”” As in the pre-
clinical study, the collagen on the surface of the implant
in the 3 month biopsies was well oriented, suggesting a
functional remodeling on the newly formed tissue in
response to increasing loads."°

A considerable amount of collagen implant material
was visible in the 3-month human biopsies. This is
similar to what was reported in the preclinical animal
study." Of interest in the current study was what
appeared to be evidence of fibroblastic invasion and
breakdown of the collagen construct. Fibroblasts are
known to resorb collagen through a proteolytic mech-
anism.” This degradation can occur in response to al-
terations in extracellular matrix stresses experienced by
the cells within the matrix.*” It is possible that the in-
crease in the deposition and alignment of newly syn-
thesized, dense, regularly oriented connective tissue on
the surface of the collagen implant seen at 3 months
begins to take up more of the local stresses. This change
in mechanical environment then triggers a cell-based
remodeling of the extracellular matrix, which includes
resorption of the implant.®”

Similar to the preclinical animal study, the 6-month
clinical biopsy showed no evidence of any residual

Fig 4. Light (A) and polarized light (B) photomicrographs of the newly regenerated host tissue overlying the implant at 3
months. There is evidence of maturation and functional alignment of the dense, regularly oriented connective tissue. Hema-

toxylin and eosin x100.
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lution of the collagen implant by invading fibroblasts at 3
months (arrows). Remnants of the collagen implant are still
present (*). Hematoxylin and eosin x100.

implant material and demonstrated the presence of a
dense, regularly oriented connective tissue containing
parallel rows of fibroblasts within parallel bundles of
collagen fibers, the histologic definition of a tendon.'’

Although predictions of safety between species (e.g.,
rat, dog, sheep, monkey, and humans) are generally
very good, they may not be perfect.'' Animal studies
are often underpowered to detect rare events, and they
are mostly conducted in healthy, quadruped animals."’
In addition, the local tissue environment (anatomical,
biological, and biomechanical) of these animal models
may not precisely reflect the indicated use in humans or
the specific conditions to which an implant may be
subjected.'”'” Indeed, while some biodegradable de-
vices designed to induce or augment tissue repair and
regeneration have shown no ill effects in preclinical

animal studies,'* !¢ these same devices have been re-

ported to cause significant local reactions in humans,
necessitating their removal.'”?° This reason for this
disconnect between the animal and human experience
is not clear and underscores the importance of being
able to validate the tissue response to these implants in
the indicated application(s) in humans.

The opportunity to examine biopsies of a highly
porous collagen implant from several clinical cases of
rotator cuff repair allowed histologic confirmation of
the biocompatibility of the implant, the degree of host
tissue generation within and on the surface of the
implant, and the natural history of the implant in its
designated application. More importantly, these bi-
opsies underscore the safety of this implant in humans
as well as its ability to promote new tissue formation in
a consistent and predictable manner. These 7 biopsies
appear to provide additional support of the natural
history of the highly porous collagen implant demon-
strated in the preclinical animal study.’

Limitations

A potential limitation of this study is that these bi-
opsies can only offer isolated snap-shots of the natural
history of this implant in humans. However, since such
second-look opportunities are fortunately very rare,’
the ability to examine biopsies from 7 different in-
dividuals which span a 6-month time period of im-
plantation (and were not related to any problem with
the implant) represents a unique and valuable assess-
ment perspective.

Conclusions
Biopsies of collagen implants retrieved from human
repair

rotator  cuft subjects revealed cellular

Fig 6. Light (A) and polarized light (B) photomicrographs of the newly regenerated host tissue by the implant at 6 months. This
is dense, regularly oriented connective tissue. There was no evidence of any remnants of the collagen implant. Hematoxylin and

eosin x100.
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incorporation,
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tissue formation and maturation,

implant resorption, and biocompatibility.
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