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4.1 Introduction

Despite advances in surgical techniques, recur-
rent tears of the rotator cuff following repair
remain a major challenge [1]. A series of
arthroscopic rotator cuff repairs has demon-
strated that postoperative healing of the tendon
usually occurs between 71% and 89% of cases
[2, 3]. However, this rate of tendon healing may
decrease to only 47% or 50% of cases in the treat-
ment of massive rotator cuff tears [2, 3].
Consequently, (re)-tear size can directly affect
tendon healing and subsequent shoulder function
[2—4]. Even though a “hypovascular zone” within
the supraspinatus tendon has been hypothesized
to lead to initial degenerative tears with further
implication to poor tendon healing following
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repair, the complexity of the healing process has
not yet been fully understood [5].

The cells contributing to natural tendon heal-
ing have been found to originate from loose con-
nective tissue surrounding the tendon fascicles
and tendon body [6]. In response to the injury,
these cells proliferate and migrate toward the tear
site, in order to form collagenous healing tissue
[6-8]. As the endogenous healing potential of the
tendon appears to be limited, augmentation tech-
niques using biologic adjuvants have recently
garnered more attention, including the applica-
tion of growth factors, platelet-rich plasma
(PRP), or mesenchymal stem cells (MSCs)
[9, 10]. Despite bone marrow being the tradi-
tional source for MSCs used for biologic aug-
mentation of tendon injuries over the last years,
recent studies have highlighted subacromial bur-
sal tissue to be an alternative, easily accessible,
inexpensive source for MSCs, demonstrating
superior proliferation potential, tissue engraft-
ment, and survival, when compared to bone mar-
row-derived MSCs [6, 10-13].

4.2 Biologic Adjuvants
for Repair Augmentation
4.2.1 Platelet-Rich Plasma

Platelet-rich plasma (PRP) is derived from autol-
ogous peripheral blood that is centrifuged to
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Fig. 4.1 Demonstrating harvest and processing of
platelet-rich plasma (PRP). Venous peripheral whole
blood is drawn (a) and then processed using a fully auto-

isolate a higher concentration of growth factors
contained within alpha-granules of the platelets
(Fig. 4.1) [14]. Due to the potential of promoting
tendon healing along with the relatively low risk
profile, this biologic adjuvant is appealing in the
treatment of rotator cuff tears [14, 15]. Generally,
there are two types of PRP based on the concen-
tration of white blood cells: leukocyte-poor and
leukocyte-rich PRP. As leukocytes are important
for wound healing and tissue restoration, they
may also induce an excessive inflammatory
response [16].

4.2.1.1 Basic Science Evidence

In vitro studies have demonstrated that tenocytes
exposed to PRP have increased cell proliferation
and matrix synthesis, potentially leading to
improved tendon regeneration or healing [15, 17].
In addition, application of PRP was found to
induce the differentiation of tendon stem cells
into active tenocytes, exhibiting high prolifera-
tion rates and collagen production capability
[18]. However, the final PRP-composite is influ-
enced by numerous patient-specific factors,
including age, sex, diet, and activity level [19].
Preparation-specific factors comprise the type of
collecting tube as well as speed and number of
cycles during the centrifugation process [15, 16].
Even in separate samples harvested from the
same patient, PRP has been shown to vary widely,
making generalization of clinical and in vitro
findings difficult [16].

mated three-sensor technology system based on flow
cytometry and light absorption (b) to obtain approxi-
mately 3 mL of PRP (c¢)

4.2.1.2 Clinical Outcomes

Despite strong in vitro results regarding its stimu-
lating effects on tenocytes and myocytes, clinical
outcomes following PRP application have been
inconsistent. Recent meta-analyses of random-
ized controlled trials have reported mixed results,
with some showing decreased failure-to-heal rate
for small- to medium-sized tears as well as
decreased re-tear rates for large tears treated with
PRP [20, 21], and others finding no difference in
outcome scores and structural healing rates
[22, 56]. A study by Malavolta et al. found that
PRP application did not significantly improve
clinical outcomes, pain, and structural healing in
51 prospectively randomized patients undergoing
arthroscopic single-row rotator cuff repair at
5-year follow-up [39]. In contrast, Randelli et al.
performed a prospective, double-blinded, ran-
domized controlled trial and reported short-term
benefits following repair augmentation using
PRP, including significantly lower pain scores
1 month after surgery and greater functional
improvement at 3-month follow-up [51].
However, there was no difference in clinical out-
come measures at 6, 12, and 24 months, postop-
eratively [51].

The use of PRP for clinical application is lim-
ited to the variability in the final composite and
the heterogeneity of studies, compromising direct
comparisons between studies. This includes dif-
ferences in underlying tendon pathology, repair
technique, postoperative rehabilitation, PRP



4 The Failed Rotator Cuff: Diagnosis and Management—New Concepts in Biology of Repair 25

composition, and comorbidities such as smoking
status and diabetes [15].

4.3 Cell-Based Therapies
Concentrated bone marrow aspirate (BMAC)
and subacromial bursa-derived cells (SBDCs)
have been described as viable sources of cell
populations with MSC and progenitor charac-
teristics for the use in regenerative orthopedic
surgery [11, 13, 40, 44, 45, 47, 49]. However, it
should be considered that these minimally
manipulated cell preparations have to be distin-
guished from laboratory-prepared cell popula-
tions undergoing cell sorting and culture
expansion [15]. In contrast to culture-expanded
bone marrow-derived MSCs, BMAC only com-
prises a very low concentration of MSCs by
formal criteria [28], which has been shown to
range only from 0.001% to 0.01% of total cells
[50]. These minimal criteria proposed by the
International Society for Cell Therapy include
the adherence to tissue culture plastic, the abil-
ity to form colonies, positive fluorescence-
activated cell sorting (FACS) analysis for
MSC-specific surface markers, and the ability
of multilineage differentiation [28]. Thus, it has
been recommended to abandon the term “mes-
enchymal stem cell” for these minimally
manipulated cell preparations, which are
allowed for clinical application [15]. As a
result, the term “connective tissue progenitors”
(CTPs) has been proposed, which more accu-
rately describes the heterogeneous population
of tissue-resident proliferative stem and pro-
genitor cells [47, 49].

Concentrated Bone Marrow
Aspirate (BMAC)

4.4

Bone marrow still remains the most commonly
used source of MSCs for biological augmenta-
tion, as its application in patients with rotator cuff
injuries has shown promising results including
decreasing re-tear rates and improved healing
outcomes [9, 10, 29]. However, Muschler et al.

found that progenitor cells only averaged about 1
per 30,000 nucleated cells in BMA obtained from
the iliac crest [46].

Although aspiration of bone marrow from
the iliac crest is still considered the gold stan-
dard [35, 42, 49, 58], complications such as
hematoma and nerve palsy have been reported
[31]. While the proximity of the axillary nerve
and artery make the proximal humerus amena-
ble to similar risks, the ability to obtain the sam-
ple under direct visualization during rotator cuff
repair makes this an ideal location. Mazzocca
et al. first described the proximal humerus to be
a more desirable source of MSCs for rotator cuff
repair due to its ease of attainment (Fig. 4.2)
[40]. In addition, BMAC has been shown to
contain more growth factors with anti-inflam-
matory and anabolic effects as well as up to
three times more nucleated cells when com-
pared to PRP [57]. However, harvesting BMAC
remains an expensive procedure with debatable
cost-effectiveness [15].

4.4.1 Basic Science Evidence

Basic science evidence for the use of BMAC in
rotator cuff healing augmentation is limited. In a
rabbit model, Liu et al. studied the healing poten-
tial of supraspinatus tendon repairs augmented
with PRP and BMAC [38]. The authors found
that repairs augmented with BMAC alone or with
a combination of BMAC and PRP demonstrated
superior biomechanical properties compared to
repairs augmented with PRP alone or pure saline
solution [38]. Treatment with BMAC enhanced
tendon-to-bone healing along with superior col-
lagen fiber continuity and orientation compared
to the control group and presented with signifi-
cantly higher levels of growth factors compared
to PRP [38].

Additionally, Kim et al. investigated the
effects of a combined BMAC and PRP appli-
cation on tendon-derived stem cells and found
enhanced proliferation and migration of
tendon-derived stem cells, while preventing
aberrant chondrogenic and osteogenic differ-
entiation [36].
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Fig. 4.2 Demonstrating harvest and processing of bone
marrow aspirate (BMA). BMA is obtained from the proxi-
mal humeral head during arthroscopic rotator cuff repair
using a non-fenestrated trocar (a). The harvested BMA,

4.4.2 Clinical Outcomes

Concentration of a harvested aspirate can easily be
performed with only minimal manipulation of
cells, allowing for subsequent clinical application
in the setting of rotator cuff repair (Fig. 4.2).
However, only a few studies with small case series
have investigated the effectiveness of bone mar-
row aspirate for augmenting single-row rotator
cuff repairs, with most reporting on bone marrow
stimulation techniques, rather than direct applica-
tion of BMAC [9, 29, 43, 53]. Hernigou et al.
reported long-term results of primary rotator cuff
repairs augmented using cBMA showing improved
healing rates on MRI compared to a non-aug-
mented control group [9]. At 10-year follow-up,

consisting of blood, bone marrow, and arthroscopic fluid
is transferred to a centrifugation system (b) and concen-
trated (c)

87% of augmented repairs remained intact com-
pared to 44% of repairs in the control group [9].

In 14 patients with a minimum follow-up of
1 year, Ellera Gomes et al. described improved
clinical outcomes along with tendon integrity in
all patients following augmentation of mini-
open transosseous suture repair for full-thick-
ness rotator cuff tears [29]. However, current
literature does not allow for drawing definite
conclusions regarding the clinical efficacy of
BMAC applications, which is mainly due to
inconsistent relationships between successful
rotator cuff healing and clinical outcomes scores
as well as disparities in underlying pathologies,
repair techniques, lack of control groups, and
patient demographics [15].
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In conclusion, reported clinical outcomes of
BMAC applications should be interpreted with
caution [9, 10, 15, 29, 35, 37]. Further, the actual
clinical efficacy of BMAC remains a matter of
debate and may rather be explained by its high
concentration of growth factors, having anabolic
and anti-inflammatory effects [15, 41]. Further,
the clinical efficacy of autologous BMAC is
dependent on the concentration of necessary pro-
genitor cells [33]. While certain patient charac-
teristics, such as alcohol abuse [32] and smoking
[26] can negatively affect BMAC quality, opti-
mizing surgical technique is essential for a suc-
cessful treatment.

Subacromial Bursa-Derived
Cells (SBDCs): The Future?

4.5

Although bone marrow is still considered the
most commonly used source of MSCs for bio-
logic augmentation, recent literature has shown
MSCs to be present in subacromial bursal tis-
sue, which is often discarded during arthroscopic
surgery to ensure visualization of the rotator
cuff tear, suggesting its use as an easily acces-
sible, inexpensive, and viable augment for
arthroscopic rotator cuff repair [6, 9-13, 29, 35].
Previous studies found that the cells forming
collagenous healing tissue at the tear site origi-
nate from originate from loose connective tissue
surrounding the tendon fascicles and body,
especially the paratenon [7, 8, 55]. As the rota-

Fig. 4.3 Demonstrating the harvest and processing of
subacromial bursal tissue. Subacromial bursa is obtained
from over the rotator cuff tendon using an arthroscopic

tor cuff tendon does not seem to be enclosed by
a typical paratenon, the surrounding bursal tis-
sue may be one of the main contributors to
endogenous tendon healing. Thus, in the pres-
ence of tendon injury and degeneration, these
cells may be stimulated to migrate toward and
induce healing at the tear site. This may be fur-
ther supported by the suggestion of Uhthoff
et al. that the extension of subacromial bursa
should rather be considered a reparative
response than a degenerative change [54].

Morikawa et al. described a novel, non-
enzymatic, mechanical method for isolating
SBDCs for clinical use [45]. According to their
technique, subacromial bursa is obtained from
over the rotator cuff tendon using an arthroscopic
grasper device [45]. The sample is then mechani-
cally digested for 60 s using sterile tenotomy
scissors until the tissue resembles a finely minced,
liquified particulate (Fig. 4.3) [45].

4,5.1 Basic Science Evidence

In vitro characterizations of human SBDCs have
shown that these cells fulfill all characteristics of
MSCs, including similar surface antigen expres-
sion profiles and multilineage differentiation
[11-13]. Furthermore, Utsunomiya et al.
reported superior proliferation and differentia-
tion potential of SBDCs compared to other tis-
sues within the shoulder [13]. In an
immunodeficient murine patellar tendon defect

o

grasper device (a). The sample (b) is then chopped using
sterile tenotomy scissors until becoming a finely minced,
gooey particulate (c)
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model, SBDCs showed superior engraftment to
host tendon along with survival when compared
to bone marrow-derived MSCs (bMSCs) [6].
Further, Morikawa et al. demonstrated superior
differentiation and proliferation potential of
SBDCs compared to BMAC [44].

Several studies have suggested that the sub-
acromial bursa may play an influential role in
bone-tendon healing [34, 54, 55]. Uhthoff and
Sarkar reported that rotator cuff healing was most
noticeable along the subacromial bursal wall in
rotator cuff biopsy specimens and recommended
against radical removal of bursa, as total debride-
ment of the bursa may remove a primary source
of neovascularizing signals and fibroblastic cells
necessary for biological repair of the torn tendon
[54]. Further evidence of the biological activity
of native bursa was reported by Hirose et al. who
determined that spontaneous healing occurred
along the bursal side of the rotator cuff tendon in
a rabbit model and that the cells that infiltrated
the defects were observed to be continuous with
the epitenon of the bursa [34]. Yoshida et al. iden-
tified the cellular origins of rotator cuff healing
after labeling tissue in a murine model, reporting
robust involvement of bursal-sided tendon cells
with minimal contribution from the enthesis [55].
These studies suggest that subacromial bursa
exhibits biological activity within in vitro rotator
cuff repair models.

4.5.2 Clinical Experience and Future

While there is currently no proof regarding the
long-term efficacy of bursa augmentation during
rotator cuff repair, Hernigou et al. have reported
on the clinical results of MSC adjunctive therapy
in arthroscopic rotator cuff repair [40]. Patients in
the study group received MSCs from BMAC,
while those in the control group did not. At
10 years follow-up, 87% of patients in the MSC
group had intact rotator cuffs compared with
44% in the control group. Similar clinical out-
comes for bursa-augmented repairs is lacking.
However, Morikawa et al. showed that the prolif-
eration and differentiation capabilities of MSCs
derived from subacromial bursa are at least the

same if not superior to those from BMAC [20].
These data suggest that subacromial bursa is a
viable, easily accessible source of MSCs that
may be a promising biological augment for rota-
tor cuff repairs. However, clinical outcomes fol-
lowing rotator cuff repair augmented with
subacromial bursa are yet to be reported.

Additionally, it remains unclear whether there
are any metrics that can predict the potential suc-
cess of subacromial bursa in augmenting rotator
cuff healing, including the relation of patient
demographics and rotator cuff pathology to the
healing potential of subacromial bursa. Further
studies are necessary to examine the effects of
local and systemic disease on the biological via-
bility of this tissue. Understanding variations in
subacromial bursa tissue and how they relate to
biological factors involved in healing may assist
surgeons in predicting tendon healing and deter-
mining both repair type and the need for possible
augmentation. Clinical and radiographic out-
comes studies are needed to understand the role
of bursal augmentation in arthroscopic rotator
cuff repair.

4.6  Further Considerations
Preliminary basic science and clinical evidence
has suggested that various nutrients, including
vitamin D, proteins, amino acids, and trace min-
erals may have a positive effect on tendon growth
and healing, mainly by engaging with the metab-
olism of collagen [27]. As collagen forms the
major extracellular protein in tendons and mus-
cles, dietary interventions to improve collagen
synthesis may be helpful in restoring tendon
integrity [27].

In a rat model, Angeline et al. found that a
diet-induced vitamin D deficiency had negative
effects on early healing at the rotator cuff repair
site, showing a significant decrease in load to
failure along with less bone formation and colla-
gen fiber organization [23]. However, clinical
data regarding the effect of vitamin D supple-
mentation on postoperative rotator cuff healing
remains inconsistent. Ryu et al. demonstrated
that low serum vitamin D levels were not related
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to preoperative tear size, extent of tendon retrac-
tion, or fatty infiltration of the cuff muscles [52].
More importantly, the authors found that there
were no significant relationships with postopera-
tive structural integrity and functional outcomes
after arthroscopic rotator cuff repair [52].
Contrary, Oh et al. showed that serum vitamin D
levels had a significant negative correlation with
fatty muscle degeneration and a positive correla-
tion with isokinetic muscle torque [48]. Further,
vitamin D deficiency has been reported to be
associated with a greater risk of postoperative
surgical complications following rotator cuff
repair [30].

Additionally, recent studies have identified
matrix metalloproteinases (MMPs) to be criti-
cal in maintaining and remodeling the extracel-
lular tissue matrix after rotator cuff repair [24,
25]. The tetracycline family of antibiotics has
been demonstrated to inhibit MMPs by a
mechanism being independent of their antimi-
crobial activity, with its local or systemic
administration demonstrating reduced severity
of tendon degeneration associated with
increased MMP activity [24, 25]. Bedi et al.
further found that doxycycline-mediated inhi-
bition of interstitial collagenase (MMP-13)
enhanced early healing after rotator cuff repair
in a rat model, resulting in improved collagen
organization and greater strength of the healing
enthesis [24]. Although this may offer a novel
biologic pathway of repair augmentation, clini-
cal studies regarding the effectiveness of doxy-
cycline administration in the setting of rotator
cuff repair are still lacking [24].

4.7 Summary

Despite advances in surgical techniques, recur-
rent rotator cuff tears following repair remain a
major challenge [1]. As the endogenous healing
potential of the tendon appears to be limited, aug-
mentation techniques using biologic adjuvants
have recently garnered more attention, including
the application of growth factors, PRP, or MSCs
[9, 10]. Although bone marrow still remains the
traditional source for MSCs used for biologic

augmentation of rotator cuff repair, recent studies
have highlighted subacromial bursal tissue to be
an alternative, easily accessible source of MSCs
[6, 10-13]. Despite strong in vitro results regard-
ing its stimulating effects on tenocytes and myo-
cytes, clinical outcomes following PRP
application have been inconsistent. Additionally,
reported clinical outcomes of BMAC applica-
tions should be interpreted with caution, with the
actual clinical efficacy of BMAC still remaining
a matter of debate [9, 10, 15, 29, 35, 37]. In vitro
characterizations of human SBDCs have shown
strong results [11-13], demonstrating superior
differentiation and proliferation potential com-
pared to BMAC [44]. Thus, SBDCs may be a
promising biological augment for rotator cuff
repairs; however, clinical outcomes following
repair augmentation are yet to be reported.
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