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ABSTRACT

Despite advances in surgical reconstruction of chronic rotator cuff (RC) tears leading to improved clinical
outcomes, failure rates of 13-94% have been reported. Reasons for this rather high failure rate include
compromised healing at the bone-tendon interface, as well as the musculo-tendinous changes that occur
after RC tears, namely retraction and muscle atrophy, as well as fatty infiltration. Significant research
efforts have focused on gaining a better understanding of these pathological changes in order to design
effective therapeutic solutions. Biological augmentation, including the application of different growth
factors, platelet concentrates, cells, scaffolds and various drugs, or a combination of the above have been
studied. It is important to note that instead of a physiological enthesis, an abundance of scar tissue
is formed. Even though cytokines have demonstrated the potential to improve rotator cuff healing in
animal models, there is little information about the correct concentration and timing of the more than
1500 cytokines that interact during the healing process. There is only minimal evidence that platelet
concentrates may lead to improvement in radiographic, but not clinical outcome. Using stem cells to
biologically augment the reconstruction of the tears might have a great potential since these cells can
differentiate into various cell types that are integral for healing. However, further studies are necessary
to understand how to enhance the potential of these stem cells in a safe and efficient way. This article

intends to give an overview of the biological augmentation options found in the literature.

© 2016 Published by Elsevier Masson SAS.

1. Introduction

Pathologies of the rotator cuff (RC) are by far the most com-
mon cause of shoulder dysfunction and pain. In the presence of
full thickness RC tears, RC reconstruction is a commonly performed
surgical solution. Even though RC repair results in improved clini-
cal outcome, several studies report failure of healing in up to 94%
of patients [1].

The reason for these high failure rates may be due to intrinsic
degenerative changes of the muscotendinous unit. Subsequent to
a tear, the muscle retracts, but this muscular retraction is signifi-
cantly less than the degree of tendon retraction that occurs at later
stages [2,3] In the tendon, low cellularity, degenerative changes
and poor blood supply of the enthesis are significant in the find-
ings [4-8]. Whilst in the muscle, there is significant migration of
inflammatory cells within the first few days of a tear and the mus-
cle fibers undergo apoptosis [9,10].In the ensuing weeks to months,
this early response leads to muscular retraction, degeneration and
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atrophy. The progressive loss of muscle volume is due to a loss of
sarcomeres in series thatis associated with an increase in pennation
angle, which causes an enlargement of the inter- and intramyofib-
rillar spaces [11,12]. If the muscle remains unloaded and retracted,
the myogenic precursor cells may be reprogrammed into the adi-
pogenic pathway, with mature adipocytes infiltrating the free inter-
and intramyofibrillar spaces [13]. This phenomenon is termed fatty
infiltration [9,14].

In the past two decades, orthopedic research has focused
on biologically augmenting the RC reconstruction and therefore,
improving healing at the tendon-bone interface as well as trying
to stop muscular degeneration or even accomplish regeneration of
the rotator cuff muscle. This biological augmentation has included
applying different platelet concentrates containing growth factors,
mesenchymal stem cells, scaffolds and a combination of the above.
This review will provide an overview over the biological augmen-
tation options based upon current evidence.

2. What is the healing response after rotator cuff tear?

The healing process is divided into three overlapping stages:
inflammation (0-7days), repair (5-25days), and remodeling
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Table 1

Several factors that can be influenced by medication or change of lifestyle have been found. Recommendations for clinics are listed in this table.

Factor Evidence in literature Recommendations
Age Older age related with poor postoperative cuff integrity
However, age does not seem to be independent risk factor
Smoking Delay of tendon-bone healing in rat model Discuss smoking cessation with patient preoperative

Inferior clinical outcome after repair in smokers
Diabetes mellitus
mellitus rats

Animal model shows decreased biomechanical properties in diabetes

Goal: cessation or at least significant reduction of smoking
Check blood glucose level preoperative
Goal: normal blood glucose levels pre- and postoperative

Patients with diabetes mellitus show higher postoperative

complication rate, especially infections
Use of NSAIDs

Hypercholesterolemia

Basic research in rats suggests negative impact of NSAIDs on
biomechanical and histological properties at early time-points

Cholesterol levels higher in patients with rotator cuff tear

Reconsider common use of NSAIDs within the first 6 weeks
postoperative. Some surgeons limit postoperative
administration of NSAID to 3 days

Check blood cholesterol level preoperative

(>21days)[15].Intheinitial inflammatory phase, various cytokines
released by the injured tissue attract inflammatory cells. These
cells release other cytokines such as interleukin1-£ (IL1-8) and
tumor necrosis factor o (TNFa) that incite the inflammatory cas-
cade [16]. These factors activate nuclear factor kappa B (NF-kB),
which not only induces apoptosis in the musculotendinous unit
but also causes muscle atrophy. Furthermore, NF-kB inhibits the
regeneration pathway [10,17-19].

The unloaded musculotendinous unit post-tearing leads to the
release and activation of pro-fibrotic factors from the surround-
ing extracellular matrix (ECM). These factors are members of the
transforming growth factor beta (TGF[3) superfamily and are key
regulators of gene expression in homeostasis. This early response
to RC tear leads to apoptosis of tenocytes and degradation of muscle
fibers. It allows cellular debris to be cleared and subsequent tissue
regeneration to occur [20]. Vasoactive factors are released initiating
angiogenesis and chemotactic factors are released stimulating cell
proliferation [21]. Once the cellular debris have been evacuated, the
monocytes get transformed to support new tissue formation [20].
In the muscle, these anti-inflammatory macrophages express myo-
genic regulatory factors (MRFs) [22], which in combination with
other endocrine growth factors instigate the development mature
myocytes from precursor cells [13,22]. In the tendon-bone inter-
face, these anti-inflammatory macrophages seem to increase scar
tissue formation rather than normal tendon tissue. This scar tis-
sue initially consists of collagen type IIl. Subsequently, collagen
type Il is replaced by collagen type I, and therefore the collagen
type I to Il ratio increases[23]. The complex interplay of molecular
and cellular mechanisms at the level of the enthesis, as well as in
muscle, leads to further scar tissue formation at the enthesis and
irreversible structural alterations in the RC. Research has there-
fore focused on altering this scar tissue response using different
approaches.

3. Which biological factors may influence healing?

Several patients’ specific factors have been shown to influence
healing of the rotator cuff.

3.1. Age

The fact that increasing age may alter rotator cuff healing after
rotator cuff repair has been reported by several authors [24-29].
Oh et al. [29] reported that age related with poor postopera-
tive integrity in univariate analysis. Thus, multivariate regression
showed that age was not an independent determinant for anatom-
ical as well as functional outcome [29]. The only independent
predictors found in this study were tear retraction and fatty infil-
tration. Even though increasing age has shown to negatively impact
RC healing, several studies have reported good outcomes after RC
repair in older patients [30,31]. Apart of age, several factors that

can be influenced by medication or change of lifestyle have been
found.

3.2. Smoking

Galatz et al. [32] demonstrated that nicotine impairs biome-
chanical as well as histological properties after rotator cuff tendon
repairinarat model. Inaclinical study, a dose- and time-dependent
relationship between smoking and the presence of rotator cuff tears
was noted [33]. This data suggests that abstinence or at least a
decrease in nicotine use might help to improve healing after rotator
cuff repair.

3.3. Diabetes mellitus

Diabetes may have an impact on rotator cuff healing. Bedi et al.
[34]reported that diabetes mellitus decreased biomechanical prop-
erties in a rat model. Chen et al. [35] reported a higher rate of
postoperative complications, namely infections and to a lesser
extent also failures.

3.4. Use of non-steroidal anti-inflammatory drugs (NSAID)

There is some basic research evidence that the application
of NSAIDs postoperative may alter rotator cuff healing [36]. The
common practice of administering NSAIDs should therefore be
reconsidered during the first six postoperative weeks. After this
period of time, NSAIDs do not seem to have an influence on healing
and there is evidence that they positively influence the remodeling
of collagen matrix during that time [37].

3.5. Hypercholesterolemia

There seems to be a relationship between an individuals’ lipid
levels and tendon pathologies [38]. Therefore the question rises, if
high serum cholesterol levels should be treated before rotator cuff
surgery.

3.6. Vitamin D deficiency

Even though animal studies suggest that low levels of vitamin D
may negatively influence early healing at the rotator cuff repair site
[39],in a clinical setting, no correlation was found with the severity
of rotator cuff tear or the retear rate [40]. Recommendations for
clinics are depicted in Table 1 concerning these risk factors.

4. It is possible to augment the rotator cuff enthesis?

RCT occur predominantly in the enthesis, the transition zone
between the tendon and the bone. The tendon-bone junction is
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Fig. 1. A and B. A physiologic structure of an enthesis consists of 4 zones which
are visible in the left picture (A, 500 wm). Details of the enthesis (B, 100 m) with
the tendon (T), the unmineralized fibrocartilage (FC) the mineralized fibrocartilage
(cFC) and the bone (B). The tidemark (TM) as the transition from cartilaginous to
calcified fibrocartilage is marked with a black line.

divided into four zones, namely tendon, unminerealized fibrocar-
tilage, mineralized fibrocartilage and bone [41-44] (Fig. 1A and B).
The ensuing scar tissue formation after RCTR (Fig. 2A and B) has a
detrimental effect on the biomechanical characteristics of this area
compared to the four zones of the physiological enthesis. Hence,
there is a strong drive to investigate the role of potential molecular
therapies in the form of biological augments that may restore the
pathologic enthesis to a near normal physiological state.

4.1. Growth factors to augment the enthesis

Several growth factors have been shown to play an integral role
in enthesis healing by regulating inflammation and matrix synthe-
sis, as well as cell migration, proliferation and differentiation. The
application of a single growth factor has been investigated in vitro
and in several animal studies (e.g. BMP-12 [45] or TGFf3 [46]). Sin-
gle growth factor administration did not improve the functional or
mechanical properties of the repair. Since the healing process is reg-
ulated by more than one growth factor [47], Rodeo et al. implanted
TGFb1 to TGFb3, BMP 2 to BMP 7 and FGF applied into a collagen
type I sponge in between the tendon and the footprint of a sheep
rotator cuffrepair healing site [48]. They reported improved biome-
chanical properties after 6 and 12 weeks with an improved bone
and soft tissue volume compared to the control group, where only
a surgical reconstruction was performed. When normalizing the
tissue volume of the scar tissue to the normal physiological ten-
don size, no differences were seen with respect to maximal load to

Fig. 2. A and B. Subsequent to a repair, there is an abnormal enthesis with inferior
tissue quality (A, 500 wm). In detail (B, 100 wm), there is scar tissue (=SC) close to
the bone (=B) with parts of the remaining suture (=S). Some rest of the remaining
fibrocartilage is on the top left (=FC).

failure. Even though the growth factor cocktail accelerated healing,
itdid not change quality of repair. To date, there are no clinical stud-
ies in humans investigating the role of biological augments with RC
reconstruction.

4.2. Using platelet concentrates to augment the enthesis

Many of the cytokines present during enthesis healing are also
found in high concentrations in platelet concentrates (e.g. TGF31,
PDGF, bFGF, VEGF, EGF, and IGF-1) [49-52]. Platelet concentrates
have also been shown to promote neovascularization, which may
increase blood supply enabling cells to migrate to the healing site.
Since chronic RC tears show a rather unfavorable healing milieu,
neovascularisation may be potentially therapeutic. This hypothesis
is partly negated by one study, in which increased neovascular-
ization after biological augmentation of RC tears using platelet
concentrates did not lead to an improved clinical or radiographical
outcome [53].

In contrast to the application of growth factors, autologous
platelet concentrates are available without the risk associated with
allogenic products and they can be prepared during RC recon-
struction. Platelet concentrates have therefore been explored as
a promising potential biologic augment for healing. Pre-clinical
in vitro studies have shown promising results, but only a few large-
scale clinical studies have investigated its benefit for the healing RC
with inconclusive results.
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Table 2

Platelet-rich concentrates can be divided into four categories depending on their leukocyte and fibrin content. Each group shows different characteristics. The most important

ones are depicted in the table.

Leucocyte Fibrin density Injectable Scaffold Anticoagulants/gelifying Platelet concentrate brands Concentration
count like density agents added factor of platelets
L-PRP High Low v X Ve Biomet GPSIII (Biomet, USA) 3-8 x
P-PRP Low Low v X v Vivostat (Vivostat A/S, Denmark) 3-9x
L-PRF High High X v X Choucron
P-PRF Low High X v v Cascade (Cascade Medical, USA) 1-1.5x

The interpretation of the results of these studies is complicated
by the fact that there are different platelet concentrates, with vary-
ing growth factor release patterns over time. Reasons for these
different properties may be found in the lack of standardization
between the different platelet concentration systems, with every
system containing different concentration of factors and varied
activation status of the platelets. Other reasons for inconsistencies
between these systems may be due to the different concentra-
tions of other bioactive ingredients such as leukocytes, red blood
cells and the fibrinogen. For this reason, Dohan Ehrenfest et al.
have divided the different platelet concentrates depending on their
leukocyte and fibrin content into four categories [54] (Table 2):

e leucocyte- and platelet-rich plasma (L-PRP) (e.g. GPS III, Magellan
and SmartPReP);

e pure platelet-rich plasma (P-PRP) (e.g. Vivostat PRF, ACP and cell
separator PRP);

e leucocyte and platelet-rich fibrin (L-PRF) (e.g. L-PRF);

¢ pure platelet-rich fibrin (P-PRF) (e.g. Cascade FIBRINET PRFM sys-
tem).

4.2.1. Leukocyte and platelet-rich plasma (L-PRP)
4.2.1.1. Full thickness RCtears. Several clinical studies have investi-
gated the application of L-PRP to the RC reconstruction site. Randelli
etal.[55] performed a RCTR in 53 subjects with 26 of these patients
receiving L-PRP augmentation. In the control group (n=27), the RC
was reconstructed without a L-PRP treatment. In the first postop-
erative month, the L-PRP group showed decreased pain scores and
after 3 months an increased simple shoulder test (SST). After 6,
12, and 24 months, no radiographical or clinical differences were
reported. Another study, where large and massive RC tears were
augmented using L-PRP also showed no benefit of the L-PRP aug-
mentation except radiographically for smaller iterative tears in the
L-PRP group seen in MRI scans [56]. However, the clinical outcome
measured with the UCLA score, simple shoulder test score, constant
score and strength was not different in the L-PRP and control group.
One explanation for these results may be the rather high platelet
concentrations. The platelet concentrations in L-PRP is up to 4 times
as higher than in physiological blood. There is evidence that platelet
concentrations over 2.5-fold result in a reduction in cell prolifera-
tion and might therefore have a negative impact on healing [57].
Guminaetal.[58] therefore applied platelet-leukocyte membranes,
that only allowed 1.7 times greater platelet counts compared to the
physiological blood concentrations. They reported improved repair
integrity in the L-PRP group compared to the control group, where
only a conventional repair was performed (P=0.04). However, they
did not find any difference with respect to the clinical outcome [58].
In arecent study, Carr et al. investigated both the clinical and tis-
sue effects of the coapplication of PRP injection with arthroscopic
acromioplasty in patients with chronic rotator cuff tendinopa-
thy. Patients were randomized to arthroscopic acromioplasty
alone or in combination with an injection of autologous L-PRP

into the subacromial bursa. The coapplication of L-PRP did not
affect clinical outcomes. Of concern was the finding that L-PRP sig-
nificantly alters the tissue characteristics in tendons after surgery,
with reduced cellularity and vascularity, and increased levels of
apoptosis with an increased expression of p53-positive apoptotic
cells [59].

4.2.1.2. Partial thickness RC tears. In a prospective study, a sin-
gle ultrasound-guided and intralesional injection of L-PRP resulted
in significant sustained improvement of pain, function, and MRI
outcomes in participants with refractory RC tears up to 1 year
after injection [60]. This was confirmed by a study of one of the
co-authors (AL) where they found a statistically significant and clin-
ically relevant effect on RC tear size and clinical parameters after
L-PRP infiltration [61].

4.2.2. Pure platelet-rich plasma (P-PRP)

4.2.2.1. Full thickness RC tears. In a recently published randomized
and single blinded study, 48 patients were randomly assigned to
receive either a P-PRP augmented (24 patients) or a conventional
(24 patients) RCreconstruction after large or massive tears [62]. The
authors used a leucoreduction plasmapheresis system for the pro-
duction of P-PRP (COBE Spectra LRS Turb, Cardian BCT, Lakewood,
Co, USA). The retear rate of the P-PRP group (20.0%) was signifi-
cantly lower than that of the conventional group (55.6%) (P=0.023).
Clinical outcomes showed no statistical difference between the
2 groups (all P>0.05) except for the overall function (P=0.043).
The change in the 1-year postoperative and immediately post-
operative cross-sectional area (CSA) of the supraspinatus was
significantly different between the 2 groups: -15.54 4+ 94.34 mm?
in the PRP group versus -85.62 + 103.57 mm? in the conventional
group (P=.047). A limitation of this study is the rather small sam-
ple size [62]. These promising results were confirmed in another
recent cohort study [63].

In contrast, no differences were seen in the clinical outcome nor
in the retear rate up to 24 months postoperatively using the Vivo-
stat system [64]. Again, a limitation of this study is the rather small
sample size. Similarly, no significant differences were found when
applying autologous conditioned plasma (ACP, Arthrex, Naples,
FL, USA) or platelet-rich plasma prepared by apharesis during
RC reconstruction in two randomized controlled studies [65,66].
Another option of augmenting RC reconstruction is the postop-
erative injection of platelet concentrates. Autologous conditioned
plasma (ACP, Arthrex, Naples, FL, USA) injected in an ultrasound-
guided manner 7 and 14 days postoperative after RC reconstruction
did not accelerate early tendon healing measured in MRI scans
and functional recovery, measured in Quick DASH, Oxford Shoulder
Score and VAS compared to a control group [67].

4.2.2.2. Partial thickness RC tears. Except for a case report [68],
there is no study investigating the impact of P-PRP on the clinical
and radiological outcome of partial thickness tears.
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4.2.3. Leukocyte and platelet-rich fibrin (L-PRF)

4.2.3.1. Full thickness RC tears. In vitro studies showed more con-
stant and longer growth factor release patterns in L-PRF compared
to L-PRP and better migration properties of mesenchymal stem cells
and entdothelial cells [51]. But to date, the clinical studies have not
demonstrated any benefits with respect to the use of L-PRF. Zum-
stein et al. augmented the RC reconstruction in patients using L-PRF
in a randomized controlled trial [53]. In the 10 patients, where
L-PRF was added, an increased vascularization was reported six
weeks postoperative (P=0.001) when compared to a control group
of patients (n=10), which did not receive L-PRF. Clinical exami-
nations including subjective shoulder value, visual analog scale,
Constant and Simple Shoulder Test scores did not reveal signifi-
cant differences 6 and 12 weeks postoperative. A limitation of this
study is the rather small sample size. In a subsequent study, 35
patients were randomized to receive arthroscopic RC reconstruc-
tion with L-PRF locally applied to the repair site (n=17) or without
L-PRF (n=18). They concluded that arthroscopic RC reconstruction
with application of L-PRF yields no beneficial effect in clinical out-
come, anatomic healing rate, mean postoperative defect size and
tendon quality at 12 months of follow-up [2].

4.2.3.2. Partial thickness RC tears. L- PRF is not applicable in partial
RC tears.

4.2.4. Pure platelet-rich fibrin (P-PRF)

4.2.4.1. Full thickness RC tears. Several authors did not show sig-
nificant differences in clinical outcome and similar or worst
radiographical outcome after application of PRFM (Cascade Autol-
ogous Platelet System, Musculoskeletal Transplant Foundation,
Edison, NJ, USA) [69-71]. In a randomized controlled trial, Rodeo
etal.[70] performed aRCreconstruction in 79 patients. The patients
were randomized to either receive P-PRF at the tendon-bone inter-
face (n=40) or a standard repair with no P-PRF (n=39). There were
no differences in tendon-bone healing rate after 12 months (67%
in the P-PRF group, 81% in the control group, P=0.2), the manual
muscle strength or the clinical outcome between the two groups.
Interestingly, the platelet count had no effect on healing. Regres-
sion analysis suggested that P-PRF may have a negative effect on
healing (odds ratio: 5.8), as it was a significant predictor for a ten-
dondefectat 12 weeks. In another cohort study, similar results were
found with a significantly higher retear rate in the PRFM group [15].
Castricini et al. [72] reported no significant difference when com-
paring the Constant Score (P=0.44) and the rerupture rate (1 of 40
in the P-PRF group, 4/38 in the control group; P=0.07) of the P-PRF
and the control group. Also, no difference was found between both
groups when comparing the tendon thickness (P=0.18). However,
their results are only applicable for small and medium RC tears.

4.2.4.2. Partial thickness RC tears. To our knowledge, there is no
study investigating the impact of P-PRP on the clinical and radio-
logical outcome of partial thickness tears.

In conclusion, the benefit of platelet concentrates in a clinical
setting remains questionable when looking at the current evidence.
In a meta-analysis of randomized controlled trials up to 2014, Li
et. al. [73] concluded that platelet concentrates have no benefit
with respect to retear rate and overall clinical outcomes for the
arthroscopic RC reconstructions.

4.3. Cell-based augmentation

Cells are essential for the healing process of the RC tears. Ten-
dons are relatively hypocellular. Furthermore, a study by Hernigou
et al. [74] has revealed a massive reduction of mesenchymal stem
cell levels of up to 70% in bone marrow harvested at the tendon-
bone interface of patients with symptomatic RC tears compared

with patients with an intact RC. The relative lack of cellular machin-
ery in and around the RC enthesis coupled with poor vascularity
results in poor healing potential following acute or overuse injuries
[75]. In the recent years, biological augmentation using cell-based
therapy has been investigated. The application of stem cells has
shown promising results.

4.3.1. Stem cells to augment the enthesis

The application of stem cells to the healing site has significant
potential as a future therapy. Stem cells can be classified accord-
ing to their ability to differentiate into other cell types. They can
be divided into (1) embryonic stem cells and (2) adult stem cells
(Table 3). While totipotent embryonic stem cells from the first cou-
ple of cell division cycles can divide into every cell of an organism,
pluripotent stem cells lack differentiation into extra-embryonic tis-
sue like the placenta. In contrast, multipotent embryonic stem cells
can only divide into a limited range of cells of a single tissue type.
Adult stem cells, the second group of stem cells are multipotent
undifferentiated cells found in adult tissue. They include adipose-
derived stem cells (AD-MSC) and mesenchymal stem cells (MSCs).
These cells replace the dying cells in the tissue. Placenta derived
stem cells also belong to the adult stem cell group. Unlike MSCs
and AD-MSCs, they are pluripotent and have therefore the capacity
to differentiate toward all three germ layers [76].

Even though embryonic stem cells offer a wider therapeutic
potential than adult stem cells, especially when using totipotent
cells, their use in researchis ethically controversial and an increased
risk for teratoma development has been reported. When using adult
stem cells, ethical issues are not as significant and malignant trans-
formations are much less likely.

4.3.1.1. Application of mesenchymal stem cells in RCTR. There is evi-
dence that MSCs may improve rotator cuff repair healing. The
possibility to harvest bone marrow aspirate concentrate (BMAC)
during RC reconstruction in a more or less standardized manner
and the fact that BMAC apart from other cells and platelets, con-
tains MSCs has made BMAC a promising option for a biological
augmentation of the RCTR.

There is limited literature investigating the clinical effect of the
biological augmentation using MSCs or BMAC to improve RC heal-
ing. In a study published in 2014, Hernigou et al. showed that
arthroscopic RC reconstructions that were augmented with bone
marrow derived MSCs showed a 13% retear rate 10 years postop-
eratively compared to 46% in the control group, that only received
a RC single row repair without application of MSCs [77]. In another
study [78], 14 patients with complete RC tears received a RC recon-
struction with a subsequent injection of autologous bone marrow
derived stem cells. The MRI analysis that was performed 12 months
after surgery revealed good tendon integrity in all the subjects.
Clinical findings remained unaltered in the following year in all
but one patient, who relapsed into loss of strength and pain, and
was considered as a bad result [78]. However, a limitation of this
study was the absence of a control group and the rather small study
population.

Several studies have investigated the isolation and characteri-
zation of MSCs harvested from different shoulder tissues. Mazzocca
etal.[79] were able to harvest MSCs from the bone marrow through
the anchor tunnel of the humeral head during arthroscopic RC
reconstructions. These cells were then cultivated. Doing so, the
authors were able to produce connective tissue progenitor cells,
which have the potential of being used in future operations. In
another study, MSCs that were harvested from the humerus were
treated with a single physiologic dose of insulin [80]. The authors
were able to show that these cells differentiated into cells with
characteristics consistent with tendon [80]. The potential for MSCs
to differentiate into tendon after a single dose of insulin may



S6 M.-A. Zumstein et al. / Orthopaedics & Traumatology: Surgery & Research 103 (2017) S1-S10

Table 3
Scaffolds can be divided into three categories. This table shows the most popular commercially available scaffolds in each category.

Product (company, country) Source Tissue/type Cross-linking  Available size (cm) Sterilization Comments

Xenografts
CuffPatch (Arthrotek, USA) Porcine Small intestine Yes 6.5%x9 Gamma irradiation  Acellular

submucosa

Connexa (Tornier, Wright Porcine Dermis No 2x4upto5x10 Patented technique  Acellular
Medical, USA)
Zimmer collagen repair Porcine Dermis Yes 5x10 Gamma irradiation ~ Acellular
patch (Zimmer, USA)
Restore (DePuy Porcine Small intestine No 2x6 E-beam Acellular
Orthopedics, USA) submucosa
TissueMend (Stryker Foetal bovine Dermis No 5x6 Gamma irradiation Acellular
Orthopedics, USA)

Allografts
Allopatch HD (MTF, USA) Human Dermis No Multiple Aseptic technique Acellular
ArthroFlex (Arthrex, USA) Human Dermis No Multiple Patented technique  Acellular
Dermaspan (Zimmer Human Dermis No 5x5upto5x10 Patented technique  Acellular
Biomet, USA)
GraftJacket (Wright Human Dermis No 2x4upto5x10 Aseptic technique Acellular
Medical, USA)

Synthetic grafts
Artelon (Artimplant AB, Knitted mesh Polyurethane urea N.A. 3x4upto6x9 Sterile Degradable
Sweden) polymer
Gore-Tex patch WL (Gore Synthetic ePTFE N.A. 5x10upto26x34  Sterile Non-degradable
& Associates, USA)
Lars ligament (Lars, France) ~ Synthetic Terephthalic N.A. Multiple Sterile Non-degradable

polyethylene polyester

Poly-tape (Xiros Ltd, Synthetic Polyester ethylene N.A. Upto5x80 Sterile Non-degradable
Neoligaments, UK) terephthalate
X-repair (Synthasome, Multilayer woven mesh  Poly-l-lactic acid N.A. Upto4x43 Sterile Degradable

USA)

assist in developing practical biologic options for augmentation of
RC reconstructions. Another group characterized MSCs from four
different shoulder tissues (synovium of the glenohumeral joint,
subacromial bursa, margin of the ruptured supraspinatus tendon
and residual tendon stump on the greater tuberosity) in 19 patients
[81]. The subacromial tissue showed more passage 0 cells and these
cells kept their proliferative ability for more passages. They also
showed a higher osteogenic and adipogenic potential. But the chon-
drogenic potential in subacromial MSCs was lower in comparison
to the MSCs harvested from the enthesis. An interpretation of these
in vitro results is difficult and the conclusion made by the authors
was that subacromial bursa MSC’s are a good candidate for the
source of MSCs in RC reconstructions. But this is questionable. Not a
high adipogenic, but a chondrogenic potential would be desirable
for the healing of the enthesis since two out of the four physio-
logical zones in the RC enthesis consist of fibrocartilage. But this
very chondrogenic potential is rather low in the subacromial bursa
MSCs.

4.3.1.2. Application of adipose-derived stem cells in RC reconstruc-
tions. Another source of MSCs is the fatty tissue. Adipose derived
stem cells (AD-MSCs) can be harvested via relatively minimally
invasive liposuction. When compared to bone marrow derived
stem cells, they show a similar morphology, and CD surface marker
protein expression, but a higher colony-forming and adipogenic
potential [82]. When injected into a chronic RC healing model in a
rabbit, AD-MSCs increased the maximal load to failure compared to
the control group where only saline was injected into the repair site
[83]. However, this difference was not statistically significant. Sig-
nificantly better tendon architecture, decreased inflammatory cell
numbers and significantly increased tensile strength were found,
when human AD-MSCs were injected into a rat RC tendinopathy
model [84]. In contrast, the application of ASCs in a rat RC recon-
struction model did not improve the biomechanical properties of
the tendon-to-bone healing in another study [85]. Due to the con-
tradicting literature, it is unclear if AD-MSCs represents a good
alternative to increase the tendon-bone healing in the RC tear in

humans. More animal and human clinical studies will be necessary
to prove its benefit in RC healing.

4.3.1.3. Application of placental derived stem cells in RC reconstruc-
tions. In the recent years, placental human derived MSCs gained
attention in orthopaedic research. Placental human derived MSCs
can be isolated and expanded relatively easy and have shown to
have multilineage differentiation potential similar to MSCs derived
from bone marrow [86]. In a rat patellar tendinopathy model, the
application of placenta derived stem cells has shown better biome-
chanical, as well as better histomorphological results [87]. This
makes these cells attractive for the biological augmentation of the
RC reconstructions. Further in vitro and future clinical studies will
be necessary to explore their safety and potential in RC healing.

4.4, Scaffold based augmentation

The application of scaffolds is another promising way of aug-
menting RCreconstruction sites, especially when dealing with large
and complex RC tears. Even though a scaffold interposition may
help bridging rotator cuff tendon defects, it does not address the
issues related to RC retraction, namely the reduced irreversible
biomechanical properties of the rotator cuff muscle. The use of
interposition scaffolds in rotator cuff repair is therefore ques-
tionable. On the other hand, scaffolds with which the tendon is
augmented not only may increase the initial strength of the recon-
struction and allow gradual tissue ingrowth, but also protect the
healing tissue. Three different types of scaffolds exist (Table 4):

e xenografts (graft transferred from another species);

e allografts (graft from an individual to another of the same
species);

¢ synthetic grafts.

While xenografts and allografts are postulated to provide a
structural environment that may improve healing as well as remod-
eling, synthetic grafts lack this feature. But, the mechanical strength
of synthetic grafts may help to stabilize the repair until the tissue
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Classification and characteristics of stem cells.

S7

Embryonic stem cells

Adult stem cells

Mesenchymal stem cells (MSC)

Placenta derived stem cells

Source From inner cell mass of blastocyst
Potentcy Toti- to pluripotent

Give rise to all cell types (except placenta
Self renewal Long-term self renewal (“immortal”)
Availability Readily available

Immune rejection

Blastocysts not used for in vitro
Retilization are readily available
Possible

With somatic cell nuclear transfer not an

From different tissues of the mature body
(e.g. bone marrow, fat)

Multipotent

Give rise to a limited number of cell types
(MSC: chondrocytes, osteocytes,
adipocytes)

Limited self renewal

Some availability

Difficult to extract from tissue in big
numbers

Unlikely

Patients are using their own patients

From the placenta (“young MSCs”)
Pluripotent

May give rise to much more cell types than
MSC

Limited self renewal

Readily available

Unlikely

issue
Major None
Increased risk

Ethical issues
Teratoma formation

No teratoma formation

Minor
No teratoma formation

is strong enough again to transmit the muscle load to the humeral
head.

4.4.1. Using xenografts to augment the enthesis

Extra-cellular matrix patches are scaffold devices designed to
create a cellular reaction that leads to an inflammatory response,
host cell infiltration and tendon-like remodeling. Even though
the augmentation using porcine small intestine submucosa has
shown to improve the histological healing properties (e.g. tendon-
like remodeling) in several animal studies [88-90] and clinical
studies, where large to massive chronic RC tears were augmented
using a similar scaffold (Restore Orthobiologic Implant, DePuy
Orthopaedics, Warsaw, IN, USA) showed no differences in the
clinical outcome when compared to a control group [91]. Another
group reported that 4 out of 19 (21%) patients treated with the
same xenograft had a severe postoperative inflammatory reaction,
which made a reoperation with a debridement and removal of
the graft necessary. Since all the intra-operative cultures were
negative, this reaction was most likely caused by the xenograft
itself. Furthermore, no clinical benefit could be shown after a
2-year follow-up [92].

Inconsistent results were reported when using permacol (Zim-
mer Collagen Repair Patch, Zimmer Inc., Warsaw, IN, USA), an
acellular porcine dermal collagen matrix. It is cross-linked and thus
not susceptible to enzymatic degradation. Badhe etal. [93] reported
good results 4.5 years after augmenting massive RCT in 10 patients
with an intact repair in eight, and a retear in only two patients. On
the other hand, Soler et al. [94] were using permacol as a bridg-
ing device. All of the four reconstructions failed within six months
postoperatively and had signs of inflammation. No differences were
seen when using extracellular matrix scaffolds in open RC revision
surgery [95].

More promising results were reported in a study of 9 patients
with massive, otherwise unrepairable RC tears, that have received
a porcine dermal collagen patch augmentation. After a mini-
mum follow-up of 2.5 years, all cases showed complete functional
recovery as well as covering of the humeral head [96]. Another
prospective comparative study showed a reduction of the retear
rate and improved clinical outcome scores after ECM augmentation
of arthroscopic repairs of large to massive RC tears [97].

4.4.2. Using allografts to augment the enthesis

When using GraftJacket allograft acellular human dermal matrix
for the augmentation of large to massive RC tears, good results
were reported [98,99]. In a prospective and randomized study, an
arthroscopic RC reconstruction of tears larger than 3 cm was per-
formed with either a GraftJacket augmentation (n=20) or without

augmentation (n=22) [98] After a follow-up of 12 to 24 months
(mean 14.5 months), significantly more intact repairs were found
in the GraftJacket group (85%) compared to the control group (40%).
American Shoulder and Elbow Surgeons and Constant scores in the
GraftJacket group were statistically better at last follow-up.

4.4.3. Using synthetic scaffolds to augment the enthesis

Synthetic patch augmentation has shown to protect the repair
site and reduce friction in the subacromial space. Ciampi et al. [100]
were able to show, in a cohort of 152 patients with posterosu-
perior RC tears, a significant decrease in retear rate of 17% in the
polypropylene patch augmentation group compared to 51% in the
repair-only group at 1-year follow-up, as well as increased abduc-
tion strength and elevation at 3-year follow-up. In a recent study,
poly-l-lactic acid bioabsorbable patches designed specifically to
reinforce the surgical repair of tendons supported successful repair
of large to massive RCT in 83% of patients at 12 months after
surgery and 78% of patients at 42 months after surgery, with
substantial functional improvement [101]. Promising results were
also reported when using a bi-layered, absorbable reinforced poly
(4)-hydroxybutyrate scaffold that can be used to reinforce RC
reconstruction [102]. Augmenting the RC tears using this scaffold
lead to improved repair integrity of 96% in 50 patients at the 6-
month follow-up with no additional failure at the 1-year follow-up.

Another interesting approach is the combination of a synthetic
patch with an autologous long head of the biceps tendon interposi-
tion in irreparable RC tears. A study in 60 patients showed a retear
rate at 12 months follow-up of 15% compared to 40% in the control
group [103]. It is unclear though, if the synthetic patch, the long
head of the biceps tendon or the combination of the two lead to the
improved retear rate.

5. Is it possible to augment the rotator cuff muscle?

RC tears have reportedly been associated with muscle atrophy,
retraction and fatty infiltration. These changes have been found
to be one of the main causes for a poor outcome after RC recon-
struction. In the recent years, researchers have also focused on
preventing and reversing these muscular changes.

5.1. Platelet concentrates to augment the rotator cuff muscle

There is evidence in the literature that the application of platelet
concentrates may have a positive effect on muscle healing [104],
improved pain relief [105], as well as a quicker return to sport
[105,106]. Others reported no differences with respect to time to
return to sport or re-injury rate 1 year after injecting a platelet
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concentrate into the hamstrings after acute hamstring injuries.
In all the above studies, acute muscle injuries were treated with
platelet concentrate injections. As the mechanism of muscle injury
after RC tendon tear is different from an acute muscle injury, it is
questionable to what extent these results can be transferred to a
chronic RC tear muscle model. Whether platelet-rich concentrates
improve muscle quality after RC tear is unclear and not reported in
the literature.

5.2. Cells to augment the rotator cuff muscle

In an animal study, Oh et al. [83] tenotomised the subscapularis
muscle in rabbits. Six weeks postoperatively, they performed a ten-
don repair and injected adipose derived stromal cells (AD-MSC)
into the subscapularis muscle. A second group, which received
saline instead of AD-MSCs, served as a control group. The AD-
MSC group showed a significantly larger compound muscle action
potential area than the control group (P=0.029) and a higher load-
to-failure (AD-MSC group: 87.02+29.81N versus saline group:
59.85+37.77N, P=0.085). Furthermore, subscapularis muscles, in
which AD-MSCs were injected showed less fatty infiltration with
a fat content of only 294 15% compared to 43 4+ 9% in the control
group [83]. To our knowledge, no clinical studies exist that investi-
gate the benefit of cells for the augmentation of the RC muscle after
reconstruction.

5.2.1. Drugs that may augment rotator cuff muscle

Poly (ADP-ribose) 4 polymerase-1 (PARP-1) has been shown
to be a key regulator of inflammation, apoptosis, muscle atrophy,
muscle regeneration as well as adipocyte development. In PARP-1
knock-out (PARP-1 KO) mice, our team [2] performed a combined
tenotomy of the supra- and infraspinatus muscle and found sig-
nificant less muscle retraction (P=0.008) and less fatty infiltration
(P=0.028) after 12 weeks and a significant decrease in the expres-
sion of inflammatory, apoptotic, adipogenic and muscular atrophy
genes at both the 1 week and 6 weeks time points in the PARP-1
KO group compared to the WT group. The PARP-1 KO group also
showed a significant decrease in the expression of inflammatory,
apoptotic, adipogenic and muscular atrophy genes at both the 1
week and 6 weeks time points. Therefore, PARP-1 is not only a key
regulator of muscular deterioration, but may also be an interest-
ing target to improve muscular properties after RC tear and repair
using a PARP-1 inhibitor.

The application of nandrolone decanoate, an anabolic steroid
has shown to not only prevent muscle atrophy but also fatty infil-
tration in animal models making this drug an interesting treatment
option for the prevention of RC muscle degeneration after RC tear
[107]. It has been proposed that vitamin D blood levels negatively
correlate with fatty infiltration after RC tear and positively corre-
late with muscle torque in the same patients [108]. This suggests
that a vitamin D supplementation would have a positive impact on
muscular changes after RC tears and repairs. However in a clinical
study, there was no correlation between rotator cuff healing and
vitamin D blood levels [40].

6. Conclusion

Due to the high retear rate after RC reconstruction, there
is a great interest in it's biological augmentation. Even though
cytokines have shown the potential to improve the RC healing in
animal models, there is little information about the correct con-
centration and timing of the more than 1500 cytokines that interact
during the healing process. Further studies are necessary to identify
the right combination, timing and concentration of the cytokines.

Tendinopathies and partial-thickness tears may be interesting
targets for the biological augmentation of the rotator cuff. Yet, we

must be aware that animal studies have shown that, instead of a
physiological enthesis, an abundance of scar tissue is formed.

Using stem cells to biologically augment the RC reconstruction
might have a great potential since these cells can be differentiated
into different cell types that are important for the healing process.
However, further studies are necessary to understand how to con-
trol these stem cells in a safe and efficient way. Finally, much basic
research is required to overcome the problems associated with
using grafts as well as developing new drugs for the augmentation
of RC reconstruction.
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