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Abstract: Rotator cuff repair is a common orthopaedic procedure. Despite advancements in the
mechanics of rotator cuff repair, the re-tear rate post repair remains significant. This review assesses
the available literature on usage of collagen bio-inductive scaffolds for rotator cuff repairs. Aug-
mentation of biology is a key strategy to improving success of rotator cuff repair. Current evidence
suggests that augmentation of rotator cuff repairs with a collagen bio-inductive scaffold improves the
thickness of the rotator cuff. There is a favourable safety profile, and its usage may improve re-tear
rates. However, there is currently no consensus on whether clinical outcomes are improved by the
usage of collagen bio-inductive scaffolds. Further research is necessary to increase our understanding
of the clinical effects of using collagen bio-inductive scaffolds and to determine which patient profiles
will best benefit from its usage.
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1. Introduction

Rotator cuff tears (RCTs) are a common orthopaedic condition with a reported preva-
lence of 20% to 30% in the general population [1–4]. The prevalence of rotator cuff tears
increases with age [5]. There is considerable impact of RCTs on individuals and healthcare
systems. Affected individuals experience a reduction in the quality of life due to pain and
loss of function of the shoulder [6], with an economic cost from lost income due to limited
working ability and missed workdays [7]. As such, it is important to minimise the impact
of this disease with early and appropriate treatment initiation.

The rotator cuff tendon has a limited capacity for healing, undergoing a repair instead
of a regenerative process. This complex process can be histologically divided into three
overlapping stages—inflammation, repair and remodelling [8]. The first inflammatory
phase occurs directly after injury, during which the various cytokines released attract
inflammatory cells. These in turn release factors that induce the inflammatory cascade,
including nuclear factor kappa B (NF-kB) and transforming growth factor-beta (TGF-β),
which play a key role in promoting fibrogenesis over tenogenesis [9]. During the prolifera-
tive stage, tenocytes dominate and deposit a temporary matrix of type III collagen. Over
the subsequent course of remodelling, type III collagen fibres are gradually converted to
type I fibres, but there is an overall greater proportion of type III collagen fibres in scar
tissue [10]. The healing process is also further compounded by several factors including
diabetes, smoking status [11], poor healing at the tendon-bone interface [12] and increasing
age [13]. This overall results in a structure that remains mechanically inferior.

Degenerative tears can be defined as full-thickness or partial-thickness tears [14].
Partial tears of the tendon tissue increase the strain on the remnant fibres [15], which is
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further compounded by the poor mechanical strength of scar tissue [16]. Subsequently, the
natural progression of the disease often results in tear propagation, rotator cuff arthropathy
and increasing disability. Whilst patients with rotator cuff tears can often be treated non-
surgically with analgesia and physiotherapy, persistently symptomatic patients may require
surgical intervention.

There has been a large focus on the biomechanical aspect of rotator cuff repair, with
emphasis on restoration of native rotator cuff footprint, tension-free repairs and healing
of the tendon–bone interface [13]. Despite advancements in rotator cuff repair techniques,
post-operative re-tear remains one of the main complications and has been reported to
affect 10% to 48% of patients [16–18]. Given that a significant portion of rotator cuff tears
are degenerative in nature, recent interest in biological adjuncts has grown to improve the
biology for healing.

Various biological adjuncts are currently available. These include platelet-rich plasma [19],
bone marrow stimulation [20,21] and scaffold-based implants [13]. In particular, collagen-
based bio-inductive implants synthesised from reconstituted type I bovine collagen have
gained increasing attention over the past decade, with various studies highlighting its po-
tential to augment conventional rotator cuff repair. This review aims to describe the current
role of collagen-based implants in rotator cuff repair, with a focus on the histological and
biomechanical properties, potential adverse effects, clinical outcomes and economic impact.

2. Methods

A literature search of the electronic databases PubMed, Embase and SCOPUS was
performed with no data limit until June 2024. The search strategy used the following
keywords “bioinductive patch AND rotator cuff”, “collagen patch AND rotator cuff”,
“bovine patch AND rotator cuff”, “Regeneten AND rotator cuff”. In addition, a manual
and a reference list search were performed.

2.1. Eligibility Criteria

The articles included in this systematic review had to meet the following inclusion
criteria: (1) English language full-text articles; (2) level I to IV studies of patients undergoing
surgical repair of rotator cuff tear with a collagen-based implant; (3) evaluated stiffness,
re-tear rates and objective outcome measures including the American Shoulder and Elbow
Surgeon score (ASES), Constant-Murley Score (CMS), Visual Analog Scale for pain (VAS),
Single Assessment Numeric Evaluation (SANE), Veterans RAND 12-Item (VR-12) physical
component and Western Ontario Rotator Cuff score (WORC), adverse effects or complica-
tions, and economic impact. Studies were excluded if they (1) involved non-collagen-based
implants; (2) were technical notes or manufacturing articles.

2.2. Identification and Selection of Studies

A total of 272 articles were retrieved from the three databases. Duplicate articles
were excluded before an initial screening of the abstract and title. Eligible articles were
identified independently by two reviewers (WHDW, ZWNMT) by screening title and
abstracts, following which the remaining articles were subject to full text screening to
determine eligibility as per inclusion criteria.

The final number of articles included in the review was 41 (Figure 1). The shortlisted
articles were separated based on study type and design (animal, human and others). The
total number of animal studies was 2, the total number of human studies was 16 and the
total number of other articles (economic evaluations, reviews, case reports etc.) was 23. The
collagen-based implants included in this review are listed in Table 1.
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3. Discussion
3.1. Properties

Collagen-based implants are designed to promote new host tissue regeneration at
the site of the tear or repair. While the precise mechanism of tenogenesis remains unclear,
various studies have shown the implant’s ability to induce mature tendon-like tissue. Kam-
pen et al. conducted an animal study involving the augmentation of an infraspinatus tear
repair in sheep [22]. The study was carried out using scaffolds produced with proprietary
methods made from highly purified type I bovine tendons (Collagen Matrix, Inc., Oakland,
NJ, USA). This study demonstrated the collagen implant’s ability to support formation and
induce maturation of host tissue. Histologically, the new tissue composed of fibroblasts
and regularly oriented collagen fibres that resembled regular tendon connective tissue.
They also reported integration of the new tissue with the underlying tendon, increasing
its overall thickness by 80% at 12 weeks. However, there were concerns that results from
animal studies may not be replicable in human subjects, as unlike human tendons that tend
to be poorly vascularized, animal tendons have a propensity for improved healing with
neovascularization and fibrous tissue growth [23].

In recent years, a few studies have focused on biopsy specimens from human subjects.
Arnoczky et al. assessed tendon biopsy samples from seven patients who underwent
rotator cuff repair with bovine collagen implant (Rotation Medical Inc., Plymouth, MN,
USA) augmentation [24]. At 5 and 8 weeks post-surgery, host fibroblasts were found
to have invaded the interstices of the porous implant, with evidence of early collagen
formation. By 3 months post-surgery, there was increased collagen formation, maturation
and organisation over the implant. At 6 months post-surgery, the collagen implant had
degraded and was replaced by full host tissue. A similar conclusion was also drawn by
another study conducted by Camacho-Chacon et al. involving tendon biopsy samples
from 29 patients who had undergone Regeneten (Smith & Nephew, Hertfordshire, UK)
augmented cuff repairs [25], confirming the evolution of the healing process.

These histological results are supported by radiological evidence of tenogenesis and
increase in tendon thickness. Both Camacho-Chacon et al.’s and Bokor et al.’s studies
assessed tendon thickness with serial Magnetic Resonance Imaging (MRI) scans following
arthroscopic repair and augmentation Regeneten [25,26]. They showed significant increase
in new tissue induction over the repaired tendon that remained stable at 12 months. The
new tissue signals were also found to be indistinguishable from the native tendon at 6 and
12 months, corresponding to the histological process of maturation and remodelling [26].

The increase in tendon thickness has been postulated to contribute to cuff healing by
reducing local tendon strain [26,27] (Figure 2). After the initial injury, there is a significant
increase in shear forces within the tendon, and this is thought to contribute to disease
progression and impaired healing [28,29]. The collagen-based implant provides little to
no structural support or tensile strength, but serves as a scaffold for fibroblast invasion
and formation of collagen fibres, thus conferring the subsequent mechanical strength to
the repair. A finite element model previously predicted that the induction of 2 mm of new
host tissue on the PTRCT would significantly decrease the intratendinous strain of the
bursal and articular tears by 47% and 40%, respectively [30]. In this manner, the implant
can potentially represent a novel approach to improve healing and long-term durability of
the repaired rotator cuff tendon.
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3.2. Safety and Complications

The current literature on collagen-based implants has generally demonstrated a
favourable safety profile. In previous histological [24,25] and radiological [31] evaluations,
there was no evidence of inflammation or foreign body reaction. However, there have been
a few reported cases of inflammation with use of various collagen-based implants [32,33],
although the cause remains unclear. Root et al. reported a case of subacromial-subdeltoid
bursitis 1 year following rotator cuff repair augmented with Regeneten implant [33]. The
patient reported persistent pain and limited range of movement. A post-operative MRI
showed significant swelling with debris in the subacromial bursa, and cystic-like structures
eroding through the deltoid fascia into the inferior acromion. On arthroscopic examina-
tion, a large amount of rice bodies was found in the subacromial and bursal space. Rice
bodies are small fibrinous nodules formed in response to synovial inflammation and have
been reported to form in response to orthopaedic implants in the absence of underlying
inflammatory joint conditions or infections [33,34]. The authors were unable to conclude
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the exact cause of the development of rice bodies and bursitis, but raised concern in view
of the destruction of local tissue from the inflammation.

Barad et al. presented a parallel case of severe subacromial inflammation after the
same procedure [32]. The patient had presented with acute massive swelling four months
following the procedure, and rice bodies were also identified during the arthroscopic
washout and debridement surgery. The swelling resolved four weeks after onset, and at
three months the pain had nearly completely disappeared. The cause of inflammation was
proposed to be secondary to a foreign body reaction to the medial staples, one of the three
main components of the Regeneten implant (bovine collagen implant, medial and lateral
staples) (Figure 3). The medial staples are made of polylactic acid and are dissolvable, and
this process of degradation possibly caused a foreign body response that in turn evoked an
inflammatory reaction [34]. However, Liu and Amin highlighted that it would have taken
12 months for resorption of these staples, which did not appear to coincide with the time
frame of rice body formation at four months [35]. As such, there is still a lack of evidence to
support direct causation. Overall, cases of inflammation reported in the present literature
are few, and most of these studies have been single case reports or involving small sample
sizes of fewer than 100 patients. Further research is required to ascertain the cause, true
prevalence and predictive factors for occurrence and prevention.
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3.3. Stiffness

Stiffness of the shoulder joint is not uncommon in chronic cuff tears as well as post-
rotator cuff repair. It often results from prolonged joint disuse and secondary muscle
weakness. Post-operative rehabilitation programmes often balance the need for immo-
bilisation to improve healing and the need for ranging of the shoulder to prevent post-
operative stiffness. It is thus important to identify surgical factors that can minimise this
peri-operative complication.

In their prospective multicentre study, Bushnell et al. reported that only 5 out of
241 patients who underwent either isolated bio-inductive repair or as a supplement to take-
down and repair, required revision for shoulder stiffness or adhesive capsulitis [36]. Ting
et al. performed a matched-cohort study on patients who underwent revision arthroscopic
rotator cuff repair with and without Regeneten [37]. The primary outcome measures were
that of patient-rated and surgeon-measured stiffness. The patients in the bio-inductive
implant group reported less shoulder stiffness compared to the control group at 6 weeks
and 3 months post-operatively. However, in terms of objective range of movement, the
control group had greater passive external rotation at 6 weeks and forward flexion at
6 weeks and 3 months, with no other significant differences between groups at all other
time points up to 6 months. In another matched cohort comparison of 64 patients with
high-grade partial-thickness supraspinatus tears, Yeazell et al. also reported stiffness in
8 out of 32 patients in the bioinductive collagen patch group [38], which they defined as
“loss of motion in ≥2 planes with cutoff values of forward elevation to 120◦, external
rotation to 30◦, or internal rotation to the buttock”. This contrasted with 1 out of 32 patients
in the control group. Six patients in the patch group underwent reoperations compared with
no patients in the control group, of which all six were performed to address stiffness. They
suggested that the aetiology of stiffness was likely multifactorial, including immunogenic
response to the patch or foreign body, as well as a slower rehabilitation protocol that led to
prolonged immobilisation after the repair.

While the evidence appears to suggest increased stiffness rates with the use of the
bioinductive patch, a commentary by Bushnell et al. [39] raised several pertinent points
on the Yeazell et al. [38] study. Bushnell pointed out several discrepancies in the reported
demographics, including important risk factors for stiffness post-repair such as diabetes
and smoking. If diabetes and smoking were not matched, this could potentially affect the
interpretation of the results.

Another concern highlighted was the heterogeneity of surgical treatment between
and within the groups in the study. The patients had either undergone debridement or
repair of the supraspinatus tendon, as well as concomitant procedures such as subacromial
debridement, distal clavicle excision and biceps tenotomy or tenodesis. The authors had
justified the inclusion of this heterogenous population based on prior studies that showed
comparable clinical results in debridement versus repair techniques [40,41]; however, the
interplay between combination procedures is not well evaluated. Overall, these factors
are important limitations of the study by Yeazell et al. [38] Future studies are needed to
confirm the relationship between bio-inductive scaffolds and post-operative stiffness.

3.4. Re-Tear Rates

Rotator cuff re-tear is one of the main post-operative complications of conventional
arthroscopic repairs and have been reported to range from 5% to 40% [16,42,43]. Prior
studies on patch augmentation with synthetic and biological scaffolds have shown lower
re-tear rates [44], despite no improvement in time zero mechanical stability. Given that
collagen patches have the additional advantage of biological induction, there is great
interest in whether collagen patch augmentation techniques can also reduce re-tear rates.

Iban et al. compared re-tear rates with MRI evaluation between bio-inductive patch
augmented repairs (Regeneten) with transosseous equivalent (TOE) repairs and TOE repairs
alone. The patch group was reported to have an 8.3% re-tear rate compared to 25.8% in the
TOE only group at 12 months post-operatively. The structural continuity of the repaired
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tendon according to Sugaya was also better in the patch group. A 2023 study by De Barros
et al. also compared standard arthroscopic repair with knotless transosseous equivalent
technique against the same repair technique augmented with patch. He found 0 re-tears
in the augmented repair group compared to 4 re-tears in the standard repair group at
12 months [45].

There are a few studies that drew a contrasting conclusion on the re-tear rates. A com-
parative study by Burdick in 2023 showed a 13% re-tear rate in in bovine collagen patch
augmented repairs versus no re-tears in a conventional repair group within 12 months [46].
On the other hand, Ting et al. reported no significant difference in repair integrity at
6 months and at final follow-up between the bio-inductive implant group and control
group [37].

It is important to note that these studies had a relatively short follow-up period not
exceeding 12 months, while it has been shown that re-tears can primarily occur between
6 and 26 weeks after repair [47]. Whilst the present literature does seem to suggest that
rotator cuff repairs augmented with bio-inductive collagen scaffolds have decreased re-tear
rates, further level I evidence is required to make a conclusive verdict.

3.5. Clinical Outcomes

Clinical outcomes after bio-inductive collagen patch augmentation for rotator cuff
repair has yielded encouraging results. One of the largest multicentre studies involved a
cohort of 173 patients (83 partial-thickness tears, 90 full-thickness tears) and reported patient
outcomes up to 1 year post-surgery [48]. For both partial and full-thickness RCTs, they
reported statistically significant improvements to VAS, SANE, VR-12 physical component,
WORC, and ASES scores at 12 months, with majority of patients meeting or exceeding the
minimal clinically important difference (MCID) of VAS pain and ASES scores. The authors
also reported shorter average time in sling, time to return to driving and sports of their
cohort compared to that found in the literature for conventional surgical method, although
this observation was not further analysed for significance or cohort matched.

Schlegel et al. performed a prospective study on 33 patients with intermediate-grade
or high-grade partial-thickness tears. He reported significant improvement in CMS and
ASES scores after 12 months [27]. With favourable results in smaller tears, Bushnell et al.
evaluated the same technique of collagen-based augmentation in a prospective study
on more difficult-to-heal medium and large full-thickness RCTs [49]. They reported the
achievement of MCID for both ASES and CMS in more than 90% of patients at 2 years.
These preliminary evaluations demonstrate the potential of augmented arthroscopic repair
in varying degrees of RCTs and may be the solution to achieving good outcomes even in
challenging cases. However, a major limitation of these papers is the lack of a control group
to offer comparison to conventional repair techniques without augmentation.

Zhang et al. reported clinical outcomes in a consecutive series of 24 patients undergo-
ing arthroscopic repair of retracted large and massive rotator cuff tears and compared them
against a control group matched by tear size who underwent similar repair but without
patch augmentation [50]. Despite achievement of MCID, substantial clinical benefit (SCB)
and patient-acceptable symptomatic state (PASS) for ASES and VASp, the improvement
in patient-reported outcomes for both groups was comparable. Similarly, Iban et al. also
reported no difference in pain, CMS, ASES or EQ-5D-5L scores between both groups in their
cohort of patients with full-thickness cuff tear within 12 months of follow up [12]. Warren
et al. performed a systematic review of randomized controlled trials comparing clinical
outcomes of rotator cuff repair with and without patch augmentation. They reported that
patient-reported outcome measure improvements were similar to historical improvements
in standard rotator cuff repair, despite a lower overall re-tear rate [51]. This discrepancy
could be because re-tears can be less symptomatic than the original injury, hence this
difference in re-tear rates do not correlate directly with superior outcomes.

The current evidence suggests that further work is required to identify indications
for augmentation that can maximise its potential in cuff healing. Jackson et al. utilised the
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Rotator Cuff Healing Index (RoHI) score to determine the need for augmentation of rotator
cuff repairs [52]. The Rotator Cuff Healing Index (RoHI) was developed by Kwon et al.
and is a numerical scoring system that integrates various independent prognostic factors to
predict healing after rotator cuff repair [53]. The results show a drop in healing rates from
66% at 6 points to 38% at 7 points. As such, they propose the use of patch augmentation
when the patient’s RoHI score was 7 or greater. However, RoHI was mainly based on
radiological observation of cuff healing and did not demonstrate direct correlation to
patient outcomes. In addition, the patch augmentation suggested by the authors [43] were
not specific to collagen-based scaffolds. There are to date no studies that have investigated
the appropriate usage of collagen-based implants in rotator cuff repair as determined by
the RoHI score. Future studies should focus on comparing clinical outcomes after collagen
patch augmentation for rotator cuff repair versus isolated rotator cuff repair. Patient and
injury characteristics should be studied to determine if there is a subgroup of patients that
would best benefit from collagen patch augmentation.

3.6. Economic Impact

The direct and indirect costs of rotator cuff tear treatment are important considerations
as they impact individual financial burden and societal resource allocation. The direct
costs are associated with the treatment, while indirect costs reflect the estimated losses
due to factors associated with productivity loss. There are currently only two studies
that compare the cost-effectiveness of Regeneten to the existing standard of care [54,55].
Both studies utilised a decision analytic model comparing the expecting incremental cost
and clinical consequences for a cohort of patients with full-thickness RCTs, considering
resources including various specialist visits, imaging studies, surgery, implant costs and
physiotherapy sessions. From the patient’s perspective, the use of the collagen-based
implant could improve healing rates but inevitably result in an incremental initial cost.
Following the inclusion of indirect costs, however, the authors predicted that there would
be overall lower treatment costs, particularly when used in patients with larger tears and at
higher risk of poor healing or re-tears. These were based on the assumptions of improved
healing rates enabling faster return to work as well as decreased risk of tear recurrence,
which would save on the substantial cost of revision surgeries or shoulder replacements.

There are several limitations of these previous studies. Firstly, the identification and
measurement of healthcare resource utilisation were based on the clinical experiences
of the clinicians selected in the study. However, clinical pathways can be complex with
multiple factors, and the model may not capture the true representation of the cost profile.
Secondly, the existing studies were restricted to 12 months post-surgery, but complications
such as tear recurrence may occur after this period and potentially alter overall costs of
either arm. Thirdly, the assumptions including failure rates (recurrence of tear and failure
of healing) and time to return to work have been based on non-comparative single-arm
studies. As discussed in the previous sections, the potential impact of the collagen-based
implant remains contentious, and the values utilised in these economic analyses may over-
or underestimate the true cost value. Hence, future economic studies should focus on
longitudinal data and involve data collection directly from patients, which may provide a
more comprehensive picture of the cost-effectiveness of this novel treatment method.

4. Conclusions

Collagen patch augmentation of rotator cuff repair appears to be safe and effective.
Collagen patch augmentation of rotator cuff repair appears to reduce re-tear rates but
its effect on improving clinical outcomes is uncertain. Future studies are needed to de-
termine if there is a particular group of patients that would best benefit from collagen
patch augmentation.
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