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Purpose: To compare the cellular viability and differentiation potential of subacromial bursaederived cells (SBDCs)
located over the rotator cuff muscle and tendon of patients undergoing primary versus revision arthroscopic rotator cuff
repair (ARCR). Methods: Subacromial bursa was harvested from 18 primary (57.1 � 4.6 years) and 12 revision ARCRs
(57.3 � 6.7 years). Bursa was collected from 2 sites (over rotator cuff tendon and muscle), digested with collagenase, and
grown in culture. The number of nucleated cells, colony-forming units (CFUs), differentiation potential, and mesen-
chymal stem cell surface markers were compared in primary and revision cases. Results: There was no difference in the
number of nucleated cells between primary and revision ARCR harvested from the subacromial bursa overlying the
tendon (3019.3 � 1420.6 cells/mg and 3541.7 � 2244.2 cells/mg, respectively; P ¼ .912) or muscle (2753.5 � 1547.1 cells/
mg and 2989.0 � 2231.4 cells/mg, respectively; P ¼ .777). There was no difference in the number of CFUs between
primary and revision ARCR over the rotator cuff tendon (81.5 � 49.5 CFUs and 53.0 � 36.9 CFUs, respectively; P ¼ .138),
but there were significantly fewer CFUs over the muscle in revision cases (28.1 � 22.7 CFUs) compared with primary cases
(55.7 � 34.5 CFUs) (P ¼ .031). SBDCs from revision ARCR expressed characteristic mesenchymal stem cell surface
epitopes and had multidifferentiation potentials for chondrogenesis, osteogenesis, and adipogenesis. Conclusions: SBDCs
harvested over the rotator cuff muscle demonstrated significantly decreased colony-forming abilities in revision arthro-
scopic rotator cuff repairs compared with primary repairs. However, the subacromial bursa retains its pluripotent dif-
ferentiation potential for chondrogenic, osteogenic, and adipogenic lineages in the revision setting. Clinical
Relevance: The subacromial bursa may play a role in the healing response of the repaired rotator cuff. This capacity is not
necessarily diminished in the revision setting and may be harnessed as an orthobiologic.
etears of the rotator cuff remain a problem in
Rshoulder surgery, with rates ranging from 13% to
96%.1-4 As such, these recurrent and oftentimes
chronic tears burden the patient with pain and disability
as well as yield a significant health care cost. Despite
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Arthroscopy, Sports Medicine, and Rehabilitation,
advances in technique and biomechanical constructs for
rotator cuff repair, many recent investigations suggest
the limited healing potential is a biologic problem.5,6

Consequently, various biologic augmentations have
been explored, including scaffolds, concentrated bone
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marrow aspirate, platelet-rich plasma, and subacromial
bursaederived cells (SBDCs) as a source of mesen-
chymal stem cells (MSCs).7-9 Recent literature has
identified MSCs, also known as connective tissue pro-
genitor cells (CTPs), in the subacromial bursa, fulfilling
the criteria by the International Society for Cellular
Therapy for similar cell surface markers and the po-
tential for adipogenic, osteogenic, and chondrogenic
differentiation.10,11 The therapeutic role of MSCs
derived from the subacromial bursa is the subject of
many recent investigations, favoring its easy accessi-
bility and inexpensiveness during arthroscopic rotator
cuff repair (ARCR).12-16

Although the precise role of the subacromial bursa
remains to be fully understood, it is believed to have a
role in the healing response.10,12-14,17-19 Uhthoff and
Sarkar10 suggest that the subacromial bursa reflects a
reparative response rather than a consequence of
degeneration. Namely, the subacromial bursa has been
shown to manifest hyperplasia, neoangiogenesis, and
hypertrophy, all suggestive of their potential role in the
healing of rotator cuff tears.17,18 Failed rotator cuff re-
pairs have shown evidence of hypovascularity; ergo,
further removal of the subacromial bursa may hinder
the native healing response. Moreover, complications
and failure rates increase with the number of attempts
at arthroscopic repair, most commonly secondary to
poor tissue integrity.20 Utsunomiya et al.21 identified
the cells from the subacromial bursa having superior
proliferation potential and colony-forming capabilities
compared with those from the synovium, tendon
margin, and enthesis. Morikawa et al.12 identified su-
perior differentiation and proliferation potentials of
SBDCs compared with concentrated bone marrow
aspirate from the proximal humerus. In a recent study
by Muench et al.14 investigating the role of patient
demographics and rotator cuff characteristics on cellular
proliferation of SBDCs, these authors identified high
proliferation potential irrespective of these factors,
including primary and revision cases. However, this
study did not investigate the colony forming or differ-
entiation potentials of these cells.
Overall, there is limited information on the cellular

viability and differentiation potential of SBDCs for
bone, fat, and cartilage formation in the revision rotator
cuff repair setting. This information will help determine
appropriate options for biologic augmentation during
revision repairs. The purpose of this study was to
compare the cellular viability and differentiation po-
tential of SBDCs located over the rotator cuff muscle
and tendon of patients undergoing primary versus
revision ARCR. The authors hypothesized that there
would be no difference in the nucleated cell count,
colony-forming ability, and differentiation potential of
SBDCs between primary and revision cases from the
bursa overlying the muscle belly and tendon.
Methods
Before the initiation of the study, institutional review

board approval was obtained (University of Connecticut
#IE-07-224-2). Nonconsecutive patients were enrolled
from a single surgeon’s practice (A.D.M.) from
November 2016 to May 2018. Included in the study
were patients 18 years and older undergoing primary or
revision ARCR for a full-thickness tear of at least 1
tendon. Patients were excluded if they were of a
vulnerable patient population, including prisoners or
pregnant women, as well as patients with systemic in-
fectious diseases (e.g., hepatitis or human immunode-
ficiency virus) for laboratory safety. Subacromial bursa
was harvested from 2 sites: over the rotator cuff tendon
and over the rotator cuff muscle.12 Nucleated cell
count, colony-forming units (CFUs), differentiation
potential, and MSC surface markers from both types of
bursa were compared between the primary and revi-
sion ARCR groups.

Subacromial Bursa Collection and Isolation
During arthroscopic evaluation using a lateral

viewing portal, subacromial bursa was obtained using
an arthroscopic grasper device passed through the
posterior portal from 2 sites: over the rotator cuff
tendon and over the muscle.13 Harvesting was
completed once at least 0.2 g was obtained for each
sample. The samples were then placed in separate
sterile specimen cups filled with saline and trans-
ported immediately to the laboratory for processing in
a laminar flow hood. Initial digestion was completed
mechanically using scissors sterilized with 70%
ethanol for 60 seconds until the tissue was finely
minced. Both specimens were then separately diges-
ted in 2 mg/mL Collagenase P (Sigma-Aldrich, St.
Louis, MO) in Dulbecco’s modified Eagle’s medium
(DMEM) (1�; Thermo Fisher Scientific, Waltham,
MA) at 37�C for 2 hours. Following digestion, the cells
were filtered through a 70-mm cell strainer (Fisher
Scientific, Pittsburgh, PA), the remnant was disposed
of and the cells were centrifuged at 800g for 5 minutes
to obtain a cell pellet.11

Nucleated Cell Count
After digestion, the cellular concentrations (cells/

mL) were counted using a Z1 Coulter Particle Counter
(Beckman Coulter Life Sciences, Indianapolis, IN),
calibrated to detect particles >8 mm, using a trans-
parent cuvette containing 100 mL of cellular solution
and 9.9 mL of 0.9% NaCl solution for a total volume
of 10 mL. From this cellular concentration, the
number of nucleated cells could be calculated by
multiplying by the volume of DMEM (10 mL). The cell
mass density (cells/mg) could then be calculated by
normalizing with respect to the total mass of the
harvested tissue.
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Colony-Forming Units
After nucleated cell count, the cells were then plated

in complete culture medium containing DMEM, 10%
fetal bovine serum (FBS) (Thermo Fisher Scientific),
and 0.1% penicillin/streptomycin (Thermo Fisher Sci-
entific). The cells were plated in Corning Primaria 100-
mm dishes (Thermo Fisher Scientific) at a density of 103

and were grown at 37�C in a 5% humidified CO2

incubator.11,21 Complete DMEM medium was changed
every 3 to 4 days. After 14 days in culture, 3 dishes of
each density were stained with 0.5% crystal violet so-
lution for 10 minutes. The cells were then washed twice
with distilled water, and the number of colonies per
dish was counted. Colonies measuring <2 mm in
diameter or faintly stained colonies were not
included.13,21,22

Flow Cytometry
According to the International Society for Cellular

Therapy, one criterion for cells to be considered MSCs is
positive CD105, CD90, and CD73 surface markers and
the absence of hematopoietic surface markers CD45
and CD31.23 These epitopes were measured using
fluorescence-activated cell sorting with a BD LSR II
flow cytometer (BD Biosciences). First, the passage-3
cells were liberated from the culture dishes using ster-
ile 0.5% trypsin/EDTA. The Z1 Coulter Counter was
used to determine cellular concentrations and one
million passage-3 cells were resuspended in 100 mL of
staining buffer (1� phosphate-buffered saline with 1%
FBS and 1% human serum) containing a fluorescein
isothiocyanate or phycoerythrin antibody. All anti-
bodies were obtained from BD Biosciences (San Diego,
CA). Flow cytometry was completed on 4 patient
samples from revision cases due to the expensive na-
ture of this test. Data were analyzed using BD FACS-
Diva software (BD Biosciences).

Chondrogenic Differentiation

The methodology for chondrogenic differentiation
was derived from a previous study.24 To start, 250,000
passage-3 cells from subacromial bursa were placed in a
15-mL polypropylene tube (Falcon; BD, Franklin Lakes,
NJ) and centrifuged at 450g for 10 minutes to create
cellular pellets. The pellets were cultured in 400 mL of
chondrogenic medium containing high-glucose DMEM,
10 ng/mL transforming growth factor-b-1 (R&D Sys-
tems, Minneapolis, MN), 100 nM dexamethasone
(Sigma-Aldrich), 50 mg/mL ascorbate-2-phosphate
(Sigma-Aldrich), 40 mg/mL proline (Sigma-Aldrich),
100 mg/mL pyruvate (Sigma-Aldrich), and 50 mg/mL
liquid media supplement (ITSþ1; Sigma-Aldrich; con-
taining bovine insulin, human transferrin, sodium
selenite, bovine serum albumin, and linoleic acid). The
medium was replaced every 3 to 4 days for 3 weeks. At
day 21, the size and weight of the cellular pellets were
measured and compared for each sample. For histologic
examination, the pellets were stained with Toluidine
blue, Alcian Blue, and type II collagen following alcohol
dehydration, paraffin embedding, and sectioning (5-
mm).21,24,25

Osteogenic Differentiation
First, 100 passage-2 cells from both types of sub-

acromial bursa were plated in 100-mm dishes and
cultured for 14 days in complete DMEM. The cells were
then fed an osteogenic differentiation medium con-
taining DMEM, 10% FBS, 1 nM dexamethasone, 20
mM b-glycerophosphate, and 50 mg/mL ascorbate-2
phosphate for an additional 21 days.22 Following
100% methanol fixation, mineralized bone nodule
formation from each sample was assessed by Alizarin
Red staining.

Adipogenic Differentiation
First, 100 passage-2 cells from both of the subacromial

bursa types were plated in 100-mm dishes and cultured
in complete DMEM for 14 days.25 The cells were then
treated with adipogenic medium for 21 days containing
DMEM, 10% FBS, 100 nM dexamethasone, 0.5 mM
isobutyl-1-methylxanthine (Sigma-Aldrich), and 50
mM indomethacin (Sigma-Aldrich). The cells were
stained with fresh Oil Red-O (Sigma-Aldrich) solution
following fixation in 70% ethanol.21,22,25

Statistical Analysis
For statistical analysis, continuous variables were

presented as means and standard deviations and cate-
gorical variables were summarized using frequencies
and proportions. Differences in cell density (cells/mg)
and CFUs over the muscle and tendon were evaluated
using the ManneWhitney U test. A P value of <.05 was
considered statistically significant. All statistical analyses
were performed with EZR (Saitama Medical Center,
Jichi Medical University, Saitama, Japan), which is a
graphical user interface for R (The R Foundation for
Statistical Computing, Vienna, Austria). More precisely,
it is a modified version of R commander designed to add
statistical functions frequently used in biostatistics.26
Results
Eighteen patients who underwent primary ARCR and

12 patients who underwent revision ARCR were
included in the study. The patient age was 57.1 � 4.6
years and 57.3 � 6.7 years for primary and revision
cases, respectively. There were equal male (n ¼ 9) and
female (n ¼ 9) patients in the primary group. There
were 8 male and 4 female patients in the revision
group. The rotator cuff tear size based on preoperative
magnetic resonance imaging was 17.9 � 9.1 mm and
32.0 � 13.9 mm for primary and revision cases,



Table 1. Patient Demographics and Preoperative Tear
Characteristics

Characteristic

Primary Revision

Mean � SD Range Mean � SD Range

Age, y 57.1 � 4.6 50-67 57.3 � 6.7 46-67
Tear size, mm 17.9 � 9.1 8.8-37.5 32.0 � 13.9 8.4-50.0
Symptom duration, mo 8 � 9 1-9 8 � 6 1-21
Time since primary, mo 83 � 77 5-227

N % N %

Sex
Female 10 56% 4 33%
Male 8 44% 8 67%

Dominant arm
Yes 8 44% 6 50%
No 10 56% 6 50%

Diabetes
Yes 5 28% 3 25%
No 13 72% 9 75%

Inflammatory
arthropathy
Yes 0 0% 1 8%
No 18 100% 11 92%

Smoker
Current 3 17% 5 42%
Former 7 39% 2 17%
Never 8 44% 5 42%

Previous treatments
PT 12 67% 8 67%
NSAIDs 14 78% 8 67%
Corticosteroid

injection
6 33% 3 25%

PRP 0 0% 1 8%
BMAC 0 0% 1 8%

Muscle atrophy*
None 9 50% 2 17%
Mild 3 17% 2 17%
Moderate 4 22% 3 25%
Severe 2 11% 5 42%

Fatty infiltration
Goutallier 0 8 44% 2 17%
Goutallier 1 1 6% 1 8%
Goutallier 2 4 22% 2 17%
Goutallier 3 3 17% 3 25%
Goutallier 4 2 11% 4 33%

BMAC, bone marrow aspirate stem cell concentrate; NSAIDs,
nonsteroidal anti-inflammatory drugs; PRP, platelet-rich plasma; PT,
physical therapy; SD, standard deviation.
*Muscle atrophy graded according to Warner et al.27
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respectively. Patient demographics and preoperative
tear characteristics are shown in Table 1.27

Nucleated Cell Count
Subacromial bursa cells from primary and revision

ARCR showed no difference in nucleated cell number
per milligram (Fig 1). Subacromial bursa cells over the
rotator cuff tendon revealed 3019.3 � 1420.6 cells/mg
(range, 748.3 to 5695.9 cells/mg) for primary ARCR
and 3541.7 � 2244.2 cells/mg (range, 1166.7 to 8331.1
cells/mg) for revision ARCR (P ¼ .912). Subacromial
bursa cells over the rotator cuff muscle revealed 2753.5
� 1547.1 cells/mg (range, 338.1 to 5704.7 cells/mg) for
primary ARCR and 2989.0 � 2231.4 cells/mg (range,
1121.0 to 7705.4 cells/mg) for revision ARCR
(P ¼ .777).

Colony-Forming Units
Subacromial bursa cells from primary and revision

ARCR showed no difference in CFUs for bursa over the
rotator cuff tendon but showed a significant difference
for bursa over the rotator cuff muscle (Fig 2). Sub-
acromial bursa cells over the tendon revealed 81.5 �
49.5 CFUs per 103 plated cells (range, 10.0-197.7 CFUs)
for primary ARCR and 53.0 � 36.9 CFUs (range, 16.7-
141.3 CFUs) for revision ARCR (P ¼ .138). Subacromial
bursa cells over the rotator cuff muscle revealed
significantly more CFUs for primary ARCR (55.7 � 34.5
CFUs; range, 4.7-135.0 CFUs) compared with 28.1 �
22.7 CFUs (range, 7.0-89.0 CFUs) for revision ARCR
(P ¼ .031).

Cell Cytometry
Subacromial bursa cells derived from patients un-

dergoing revision ARCR expressed characteristic MSC
markers defined by the International Society for
Cellular Therapy.23 All patient samples expressed
CD105, CD90, and CD73 and lacked expression of he-
matopoietic surface markers CD45 and CD31 (Fig 3).
The positivity rate for CD105 was 98.3 � 0.6%, CD90
was 99.6 � 0.2%, and CD73 was 94.7 � 1.1%. The
positivity rate for CD 45 was 0.0 � 0.0% and CD31 was
0.0 � 0.1%.

Cellular Differentiation
Chrondrogenesis was evaluated using a pellet culture

system.21,24 The pellets over the rotator cuff tendon and
muscle exhibited strong staining of cartilage extracel-
lular matrix for both primary and revision ARCR.
Cartilage extracellular matrix staining was assessed by
Toluidine blue, AlcianBlue, and type II collagen (Fig 4A).
Osteogenesis was evaluated using a colony-forming

assay with Alizarin Red to determine calcification.
Subacromial bursa over the rotator cuff tendon and
muscle demonstrated a large quantity of Alizarin-
positive staining colonies in both primary and revision
cases (Fig 4B).
Adipogenesis was evaluated using a colony-forming

assay with Oil Red-O. Subacromial bursa over the ro-
tator cuff tendon and muscle demonstrated a large
quantity of Oil Red-Oepositive staining colonies in both
primary and revision cases (Fig 4C).

Discussion
The most important finding of this study is that there

were significantly fewer CFUs of CTPs derived from the
subacromial bursa over the rotator cuff muscle in pa-
tients undergoing revision ARCRs compared with



Fig 1. Nucleated cell count per
milligram for primary and revi-
sion ARCR from the subacromial
bursa overlying the rotator cuff
(A) tendon and (B) muscle belly.
No significant differences were
identified. (ARCR, arthroscopic
rotator cuff repairs.)
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primary repairs. On the contrary, the number of CFUs
from bursa samples harvested from over the rotator cuff
tendon was not significantly different between primary
and revision cases. There were similar numbers of
nucleated cells per milligram in the subacromial bursa
between primary and revision ARCR, both overlying
the rotator cuff tendon and muscle. Importantly, CTPs
harvested during revision ARCR were able to maintain
their differentiation potential for cartilage, bone, and
adipose formation. These findings demonstrate that
SBDCs maintain their cellular viability and differentia-
tion potential in a revision ARCR setting and may be
used for augmentation in the challenging treatment of
recurrent rotator cuff tears.
Despite advances in surgical technique and biome-
chanical stability of primary rotator cuff tendon repair,
the failure rate remains significant. Recurrent tears af-
ter primary ARCR range between 20% and 40% for
small to medium tears and as high as 94% for large or
chronic tears.2,28-31 Revision rotator cuff repair is an
even more challenging problem with significantly
greater risk of failure and worse patient outcomes.32

The main mode of failure of ARCR is a lack of regen-
eration of the boneetendon enthesis, often healing
with a weaker fibrovascular, disorganized scar.33 This
has led to investigation into ways to augment the bio-
logical milieu surrounding the rotator cuff repair in an
attempt to improve healing rates.34,35
Fig 2. CFUs per 103 cells in pri-
mary and revision ARCR from
the subacromial bursa overlying
the rotator cuff (A) tendon and
(B) muscle belly. There was no
difference in the number of CFUs
overlying the tendon; however,
there was a statistically signifi-
cant decrease in the number of
CFUs in the subacromial bursa
overlying the muscle belly in
revision cases. (ARCR, arthro-
scopic rotator cuff repairs; CFU,
colony-forming unit.)



Fig 3. Surface epitopes of subacromial bursa-derived cells
from revision ARCR. These cells expressed high positivity for
CD105, CD90, and CD73 and lacked expression of the he-
matopoietic surface markers CD45 and CD31, supporting the
criteria for MSCs by the International Society for Cellular
Therapy.23 (ARCR, arthroscopic rotator cuff repairs; MSC,
mesenchymal stem cell.)
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One such augment has been the incorporation of
MSCs, also known as CTPs.36-38 These cells have been
identified in the subacromial bursa in large quantities.
Song et al.39 demonstrated that the bursa tissue con-
tained cells that exhibited high proliferative capacity
and differentiated toward cells of mesenchymal line-
ages with high efficiency. They also were able to
demonstrate in vivo that these cells could form tendon-
like and fibrocartilaginous tissue in ceramic scaffolds.
Similarly, Utsunomiya et al.21 studied the potency of
MSCs between cells derived from various tissues within
the same shoulder and found that subacromial bursa
tissue had the greatest potency of MSCs. Morikawa
et al.12 further delineated the potency of SBDCs by
comparing them with concentrated bone marrow
aspirate from the proximal humerus at time of rotator
cuff repair. They demonstrated that bursal cells had
significantly increased differentiation ability and gene
expression over time compared with concentrated bone
marrow aspirate from the proximal humerus.
Interestingly, Muench et al.14 investigated the role of

patient demographics and rotator cuff characteristics on
cellular proliferation of SBDCs, defined as the number
of nucleated cells per mass of plated tissue following 3
weeks in culture. These authors identified high prolif-
eration potentials irrespective of these factors, including
primary and revision cases. However, nucleated cell
count is a nonspecific measure of SBDC activity and
does not confirm nor refute the presence of CTPs.
Nucleated cell count also is unable to differentiate be-
tween live or dead cells and cannot distinguish CTPs
from other mononuclear cells, including those of he-
matologic origin. Moreover, similar to the current
study, reported nucleated cell counts are highly variable
between patients, which may limit their clinical util-
ity.12,14 CFUs may be more clinically relevant, as the
characteristic microscopic appearance of MSCs is
appreciated and the formed colonies represent collec-
tions of viable cells. Moreover, differentiation into
cartilage, bone, and adipose further supports the har-
vesting of CTPs.
Morikawa et al.12 further characterized the difference

in SBDCs between the bursa over the rotator cuff
tendon and the muscle belly in primary cases. In that
Fig 4. Differentiation potentials
of SBDCs for (A) chondrogenic,
(B) osteogenic, and (C)
adipogenic lineages in revision
ARCR using immunostaining.
(ARCR, arthroscopic rotator cuff
repairs; SBDCs, subacromial
bursaederived cells.)
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study, the authors found that cells over the rotator cuff
tendon had significantly better colony-forming ability
than the cells taken over the rotator cuff muscle. They
attributed this to the fact that the bursa over the tendon
was more fibrous compared with the bursa over the
muscle, which seemed to contain more adipose. This is
consistent with other studies showing fibrous synovial
tissue in the knee having greater proliferation potential
and colony-forming ability than adipose syno-
vium.25,40,41 Similarly, in our study, the bursa over the
rotator cuff muscle in revision cases grossly contained
more adipose tissue than the bursa over the rotator cuff
muscle in primary cases. These findings paralleled those
of rotator cuff fatty infiltration based on preoperative
magnetic resonance imaging, with revision cases having
a greater percentage of Goutallier grades 3 or 4. Similar
to Morikawa et al.,12 the current study had lower
colony-forming abilities from SBDCs harvested over the
muscle belly, but only in revision cases. This finding
may be secondary to the more acellular nature of adi-
pose tissue, hindering the appreciated clonogenesis of
these cells.
Revision rotator cuff repair poses a great challenge to

surgeons and patients to achieve adequate healing and
functional outcomes compared to primary repair.
Augmentation with progenitor cells has shown promise
in improving healing rates and clinical outcomes in
patients undergoing primary rotator cuff repair but little
has been studied about the role of these cells in the
revision setting.8,35,42,43 Our study has demonstrated
that the subacromial bursa is a significant source of
CTPs that maintain their density and differentiation
potential at the time of revision rotator cuff repair.
These cells can be easily obtained and prepared at the
time of surgery and used to augment repair.13 Further
clinical studies are warranted to examine the effect
SBDCs may have on the healing rates and clinical
outcomes following revision rotator cuff repair.

Limitations
There are several limitations in this study. First, this is

an in vitro study, and these results may not truly repre-
sent the in vivo potential of these CTPs in the shoulder.
Second, variability in the results may be dependent on
patient-specific factors, including medical comorbidities
and previous treatments. However, this study was un-
derpowered to detect these differences. Third, following
bursectomy and subacromial decompression during the
index surgery, the quantity of remaining healthy,
harvestable subacromial bursa during revision repairs
was not measured, which may limit its role as a local
orthobiologic in the revision setting.

Conclusions
SBDCs harvested over the rotator cuff muscle

demonstrated significantly decreased colony-forming
abilities in revision ARCRs compared with primary re-
pairs. However, the subacromial bursa retains its
pluripotent differentiation potential for chondrogenic,
osteogenic, and adipogenic lineages in the revision
setting.
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