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SUMMARY
Background. Supraspinatus (SSP) tendon tear leads to intramuscular fat accumulation and the 
mechanisms are unknown. We investigated changes in SSP muscle vascularization and associ-
ation with intramuscular fat following SSP tendon detachment with or without reattachment. 
Methods. Sixty-six rabbits underwent SSP tendon detachment. In groups of ten, thirty rabbits 
were sacrificed 4, 8, and 12 weeks following detachment. In groups of twelve, the remaining 
thirty-six rabbits underwent SSP tendon reattachment 4, 8, and 12 weeks after detachment and 
were sacrificed 12 weeks later. Vascularization was quantified using CD31 immunohistochem-
istry and tested for correlation with intramuscular fat measurements. Results. Four weeks after 
SSP tendon detachment, vascularization increased in the distal SSP muscle, reaching signifi-
cance after 12 weeks of detachment (p = 0.024). Vascularization was correlated with intramus-
cular fat accumulation after detachment (r = 0.29; p = 0.008). No significant correlation was 
observed in the SSP tendon reattachment groups (r = 0.06; p = 0.65). Some vascular structures 
in the reattachment group had thicker vascular walls. Conclusion. Increased vascularization in 
the distal SSP muscle was observed following tendon detachment but not after surgical reat-
tachment. Both increased vascularization and intra-muscular fat accumulation co-localized to 
the distal end near the tendon tear site. 
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BACKGROUND
Rotator cuff tears are a significant clinical problem that 
affects 35% of individuals over 60 years of age (1). Shoul-
der pain and reduced range of motion observed by physi-
cal examination often accompany the rotator cuff tear (1). 
In addition to shoulder examination, imaging provides 
information about muscle retraction, atrophy, and intra- 
and extramuscular fat accumulation. The muscle changes 
compound shoulder function and contribute to low surgical 
success rates (2-4). Rotator cuff tears have also been associ-
ated with thyroid disease impacting metabolic functions of 
the tendon (5). Fat accumulation is a criterion frequently 

used as a prognostic factor to determine a patients’ eligi-
bility for surgical repair (2,4,6). Using magnetic resonance 
imaging (MRI), fat accumulation is scored on the Goutallier 
scale, a semi-quantitative assessment used to guide decisions 
for surgical intervention (3,4,6). Intramuscular fat accumu-
lation in rotator cuff tears has been shown to have a strong 
association with a negative surgical outcomes (3). Despite 
its important clinical relevance, little is known about the 
origin of intramuscular fat depots and the cellular processes 
precipitating fat accumulation.
The rabbit model of rotator cuff tear has provided insight into 
fat accumulation observed in the supraspinatus (SSP) muscle 
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after a complete detachment performed at the humeral inser-
tion. Over time, intramuscular fat accumulation is localized at 
the distal end of the muscle near the tendon tear, accumulates 
on an increasing distal-to-proximal gradient, and persists 
following surgical tendon reattachment (7-12). The muscular 
adipose tissue accumulation is characterized by the presence 
of both intra and extra-muscular fat (7-10,13,14). Extramus-
cular adipose tissue surrounds skeletal muscle, while intra-
muscular adipose tissue is found between individual muscle 
fascicles within a skeletal muscle (13). Liu et al. have recently 
found that a matrix metalloproteinase-13 knockout will exac-
erbate fat accumulation following a complete rotator cuff 
tear (15). Intramuscular fat accumulation has been observed 
with ageing and also in individuals with insulin resistance, 
metabolic, orthopaedic and neurologic conditions (16-18). 
High levels of intramuscular fat were associated with a loss of 
muscle strength and reduced mobility (13,16). 
In other models of fat accumulation such as subcutaneous 
fat depots, vascularization has been associated with the deve-
lopment and proliferation of adipocytes (18,19). Adipose 
tissue is reliant on vascularization for growth and prolifera-
tion; both processes are associated with a higher demand for 
oxygen and circulating fatty acids, and endocrine function 
(19). The suprascapular artery principally supplies the SSP 
muscle; it enters through the midsection of the muscle belly 
and diverges toward both ends, distal and proximal (20-22). 
The diameter of vascular structures decrease from the entry 
point to the proximal and distal ends (20,22). 
The purpose of this study is to provide insight into the 
pathophysiology of intramuscular fat accumulation in the 
SSP muscle by correlating it with vascularization following 
a complete SSP tendon detachment, with or without surgi-
cal reattachment. We first hypothesized that following SSP 
tendon detachment there would be 1) an increase in SSP 
muscle vascularization; 2) a positive correlation between 
vascularization and intramuscular fat accumulation in SSP 
muscle; 3) surgical reattachment would prevent both vascu-
larization increase and fat accumulation. 

MATERIALS AND METHODS
After obtaining institutional animal care committee approval 
(Protocol Number ME-2479), ninety-nine female New Zealand 
white rabbits (3.0 kg) were randomly assigned into two experi-
mental groups: SSP tendon detachment (detachment) and SSP 
tendon reattachment (reattachment). All experiments were 
carried out in accordance with outlined ethical standards (23).

Detachment group
Thirty rabbits underwent SSP detachment at the distal 
end near the footprint, alternating left and right shoulders. 

The rabbits were sacrificed in groups of ten 4, 8, and 12 
weeks after detachment. The remaining fifteen rabbits had 
no surgical intervention and both shoulders were harvest-
ed in groups of five at the same time points to serve as 
age-matched controls.
The details of the surgical intervention to detach the SSP 
tendon have been previously published (7-9). In short, SSP 
tendons were transected from the insertion at the great-
er tuberosity under general anesthesia. The distal stump 
of the tendon was wrapped with a polyvinylidene fluoride 
membrane to prevent adhesion. Fentanyl and buprenor-
phine were administered for 3 days post-operative to control 
pain. Rabbits were housed individually, provided free access 
to food and water, and were not immobilized.

Reattachment group
Thirty-six rabbits underwent SSP tendon detachment, the 
surgical procedure is described above, at the distal end near 
the footprint, and were reattached in groups of twelve 4, 
8, and 12 weeks after detachment. The details of the surgi-
cal intervention to perform tendon reattachment have been 
previously published (9). Briefly, through the original skin 
incision the polyvinylidene fluoride membrane on the SSP 
tendon was removed. Surgery was performed to create 
a bony trough at the medial wall of the greater tuberosi-
ty. Three 1 mm holes were drilled into the bony trough. 
Using two nonabsorbable 3-0 Prolene sutures, a modified 
Mason-Allen technique was used to complete the transos-
seus reattachment (8,24). A period of twelve weeks healing 
following the SSP tendon reattachment was allowed before 
the shoulders were harvested. Eighteen rabbits did not 
undergo any surgical intervention and both shoulders were 
harvested in groups of six at the same time points to serve as 
age-matched controls. 

Collection of specimens
All rabbits were sacrificed using a pentobarbital overdose and 
shoulders were harvested en bloc avoiding dissection of the 
SSP muscle from the scapula. Specimens were frozen at -20°C 
until processing. The time points are identified as number of 
weeks following detachment + number of weeks after surgical 
reattachment: 4, 8, 12, 4 + 12, 8 + 12, and 12 + 12 weeks.

Tissue preparation
Following formalin fixation, 1 mm sagittal sections were 
cut from the proximal, middle, and distal regions of the 
SSP muscle and processed to paraffin. 5 µm thick sections 
were cut from each paraffin bloc and mounted for immu-
nohistochemistry. 
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Immunohistochemistry:  
staining and analysis of vascular structures
A commercially available and pre-diluted CD31 antibody 
(131M-98, Cell Marque, Rocklin, CA, USA) was used to 
stain the endothelial layer of vascular structures. Depar-
affinized sections underwent heat and pressure induced 
epitope retrieval in a sodium citrate buffer (pH 9) at 110 °C 
in a pressurized environment for 13 minutes, using an AR 
Histo S5 Rapid Microwave Histoprocessor (PALM Histol-
ogy Core Facility, University of Ottawa). The sections were 
then incubated with the primary CD31 antibody for one 
hour at room temperature. The secondary goat-anti-mouse 
IgG antibody (ab6789, Abcam, Cambridge, UK) diluted at 
1:200 was added for one hour at room temperature. The 
sections were then developed using 3, 3’-diaminobenzidine 
(BDB2004L, Biocare Medical, Pacheco, CA, USA) for 1-3 
minutes, counterstained with hematoxylin, and mounted 
for analysis. The CD31 stained sections were then scanned 
using an Aperio CS2 ScanScope (Leica Biosystems, Vista, 
CA, USA), and whole SSP muscle cross-sections were digi-
tized. From each digital SSP muscle cross-section, seven 
fields of view (FOV) measuring 0.855 mm x 0.530 mm 
(0.453 mm2) were randomly placed at 1x magnification, 
and vascular structures were manually counted at a high-
er magnification. The vascular structures are defined as all 
structures with positive CD31 staining, one or more stained 
endothelial nuclei, and located within the intramuscular 
space. Thick vascular structures were distinguished from the 
total number of vascular structures if they met the following 
criteria: positive CD31 staining, vascular wall thickness of 
greater than 15 μm, and diameter greater than 50 μm.

Intramuscular fat staining and analysis
Intramuscular fat accumulation from the same specimens 
has been previously measured on osmium tetroxide fixed 
sections at the same sites as the current study and the data 
published (8,9). 

Data and statistical analysis
The number of vascular structures from 7 FOVs per 
muscle section are reported as median ± standard devia-
tion. The number of thick vascular structures was expressed 
as (number of thick vascular structures / total number of 
vascular structures) x 100 (%). ANOVA (one-way) and 
unpaired t-tests were used to compare experimental groups 
with age-matched controls. Pearson correlations were used 
to determine if a significant correlation existed between the 
number of vascular structures and intramuscular fat accu-
mulation. In the Pearson correlation analysis, both vascu-

lar structure data and intramuscular fat data take into 
consideration total SSP muscle cross-sectional area: medi-
an number of vascular structures from 7 FOV/total SSP 
muscle cross-sectional area; total intramuscular fat area/SSP 
muscle cross-sectional area (%). A p-value of less than 0.05 
indicated statistical significance, and all data was analyzed in 
the R environment (Version 1.0.153).

RESULTS

Vascular structures 
Images of SSP muscles with CD31 stained vascular struc-
tures in detached and control groups are shown in figures 
1 and 2, panels a to f. Twelve weeks after detachment, there 
were significantly more vascular structures in the distal SSP 
muscle (4.78 ± 2.49 vs 2.44 ± 0.088 vascular structures; p 
= 0.024) when compared to control SSP muscles, but not 
at four and eight weeks after detachment (figure 1g). There 
was no statistically significant difference between the 3 
muscle regions studied. After SSP tendon reattachment, 
the number of vascular structures in SSP muscles was 
comparable to control SSP muscles at all time points and 
in distal, middle, and proximal regions of the SSP muscle 
(figure 2, panel g).
Observation of thick vascular structures was defined by 
positive CD31 staining, vascular wall thickness greater than 
15 μm, and diameter greater than 50 μm. There was a trend 
for a higher mean percentage of thick vascular structures 
in SSP muscles after tendon reattachment in seven of the 
nine groups, time-points and locations, when compared to 
controls (figure 2, panels a, b, c, and d and table I). Statisti-
cal significance was reached only in the 4 + 12 weeks group 
in the distal region of the SSP muscle (p = 0.025, table I).

Correlations between vascular structures and 
intramuscular fat
The intramuscular fat was more prominent in the distal 
portion of the SSP muscle 12 weeks after detachment. SSP 
tendon reattachment did not reverse SSP muscle intramus-
cular fat accumulation and fat staining remained elevated 
in the distal section of the SSP muscle after reattachment 
(figure 3). The number of vascular structures was positively 
correlated with intramuscular fat accumulation in detached 
SSP muscles (r = 0.29, p = 0.008). No significant correlation 
existed in the control group (r = -0.1986, p = 0.11; figure 4; 
table II). After reattachment of the SSP tendon, no correla-
tion was detected between vascularization and intramus-
cular fat in both the reattachment and the control groups 
(figure 5; table II). 
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Figure 1 - SSP muscle after SSP tendon detachment. Panels a-f: micrographs of entire FOV from sagittal section of the SSP 
muscle at distal and proximal regions, 4 and 12 weeks after SSP tendon detachment. Vascular structures (black arrows) were 
stained with a CD31 antibody (brown) and counterstained with hematoxylin (blue). Panel g shows median number of vascu-
lar structures ± one standard deviation. More vascular structures were found in the distal SSP muscle 12 weeks after SSP 
tendon detachment when compared to age-matched controls (p = 0.024). Distal SSP muscle sections (a, c) showed a trend 
towards more vascular structures at 4 weeks after detachment compared to proximal sections (b, d) of the same SSP muscle 
and compared to sections from the control groups (e, f). Original magnification is 20x. Scale bars indicate 100 μm. *p < 0.05.

Figure 2 - SSP muscles 12 weeks after surgical reattachment. Micrographs of entire FOV of sagittal sections of distal and prox-
imal regions of the SSP muscle reattachment group at 4+12 (a, b) and 12 + 12 weeks (c, d) and age-matched controls (e, f). 
Vascular structures stained with a CD31 antibody (brown and indicated with arrows) and myocytes stained with hematoxylin 
(blue). Some vascular structures with thick walls (indicated with thick arrows) were observed in the reattachment groups (a, b, c, 
d) but not in controls (e, f). Original magnification is 20x. Scale bars indicate 100 μm. Panel g shows median number of vascular 
structures for each group ± one standard deviation. There was no statistically significant difference between groups.
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Table I - Percentage of vascular structures with thick vascular walls in the detachment and reattachment SSP muscles for all time 
points. Vascular structures were counted as thick when they met the following criteria: positive CD31 staining, greater than 15 
μm vascular wall thickness, and a diameter of 50 μm or larger. The number of thick vascular structures / total number of vascular 
structures for each FOV are presented.

distal middle proximal
4 weeks 8 weeks 12 weeks 4 weeks 8 weeks 12 weeks 4 weeks 8 weeks 12 weeks

Detachment 0 0.300 1.509 0.286 0.658 1.157 1.080 2.794 3.298

control 0 0.463 0 0 3.102 3.662 4.019 1.405 1.740
p-value 1.000 0.773 0.128 0.343 0.290 0.265 0.118 0.197 0.353

distal middle proximal
4 + 12 
weeks

8 + 12 
weeks

12 + 12 
weeks

4 + 12 
weeks

8 + 12 
weeks

12 + 12 
weeks

4 + 12 
weeks

8 + 12 
weeks

12 + 12 
weeks

Reattachment 6.001 3.248 7.172 6.700 7.393 9.199 4.382 5.109 3.343
control 0.463 4.253 1.740 3.861 5.364 11.444 2.764 2.633 2.914
p-value 0.025* 0.604 0.249 0.347 0.724 0.721 0.446 0.299 0.806

Figure 3 - Micrographs of entire SSP muscle cross sections fixed with osmium tetroxide staining intramuscular fat black. Fat 
accumulation was more pronounced in the distal rather than the proximal section of the SSP muscle after detachment. The 
progressive fat accumulation after detachment was not reversed by surgical reattachment. Control specimens showed minimal 
basal intramuscular fat accumulation. Original magnification is 6.7x.

distal

4 weeks

12 weeks

4 + 12 weeks

12 + 12 weeks

middle proximal
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Figure 4 - Correlation graphs of vascular structures and 
corres ponding intra mus cular fat accumulation following SSP 
tendon detachment. Detachment and control values have 
been pooled over time (4, 8, 12 weeks) and SSP muscle loca-
tion (distal, middle, proximal). The Pearson correlation coef-
ficient was significant for the detachment group (0.2935, p = 
0.0078). No significant correlation was found in the control 
group (-0.1986, p = 0.1072).

Figure 5 - Correlation between vascularization and intra mus-
cular fat after SSP tendon detachment and surgical reatta-
chment and age-matched controls. Data from distal, middle, 
and proximal regions, and 4 + 12, 8 + 12, and 12 + 12 dura-
tions were pooled for each respective graph. There was no 
significant correlation between vascular density and intramus-
cular fat 12 weeks after SSP tendon reattachment.

Table II - Pearson correlation coefficients and exact p-values for all comparisons of vascular structure numbers and corresponding 
intramuscular fat content from all groups. Pearson correlation coefficients, exact p-value, and the sample size for each group 
are indicated and comparisons are reported.

Comparison Pearson correlation coefficient p-value n
Detachment group control -0.1986 0.107 67

experimental 0.2935 0.008* 84

experimental distal 0.6496 0.092 27

experimental middle 0.3762 0.058 26

experimental proximal 0.0160 0.936 28

Reattachment group Control -0.0527 0.665 70

Experimental 0.0552 0.645 72

detachment
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intramuscular fat by histology (% cross-sectional area)
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DISCUSSION
The main finding of our study was increased vasculariza-
tion in the distal portion of the SSP muscle reaching statis-
tical significance following 12 weeks of tendon detachment 
only. Twelve weeks after reattachment of the SSP tendon, 
the number of vascular structures in SSP muscles returned 
to control levels at all 3 muscle locations studied, irrespec-
tive of the delay before reattachment. The data indicates 
the dynamic nature of muscle vascularization in response 
to SSP tendon detachment and reattachment. Furthermore, 
the vascularization correlated with intramuscular fat accu-
mulation in the distal portion of the detached SSP muscles. 
The increased vascularity of the distal SSP muscle and the 
correlations with intramuscular fat accumulation were no 
longer present 12 weeks following tendon reattachment. 
The animal model used in this study allows histological 
access to tissue for evaluation at different time points with 
different interventions. This model imperfectly represents 
clinical rotator cuff disease; rabbits are quadrupeds and 
tendons were not degenerated at detachment procedure. 
Complete detachment of the SSP tendon was studied and 
the conclusions may not apply to partial tears. The obser-
vations made in this study are limited to 12 weeks follow-
ing tendon detachment, and 12 weeks after surgical reat-
tachment; longer follow up times remain to be studied. 
The sample size was large (112 rabbits), but multiple 
conditions of intervention, duration, and control groups 
reduced statistical power to assess vascularization. Overall, 
the methods used in this study allowed for access to tissue 
to gain an understanding of the changes in vascularization 
following rotator cuff tear, but further studies need to be 
conducted to relate these findings to the clinical presenta-
tion of rotator cuff tears.
The vascular response to SSP tendon detachment in eigh-
teen human cadavers has been previously studied, and 
provided evidence of increased vascularity on the bursal 
side of the tendon (25). The SSP tendon response to inju-
ry is likely to involve the suprascapular artery, the main 
blood vessel contributing to the blood supply of the distal 
SSP tendon. Increased vascular density in SSP tendon was 
confirmed in other animal models following SSP tendon 
detachment (26,27). The response of vascularization to 
tendon damage is indicative of the tendon’s ability to repair, 
by allowing cell infiltration from the circulatory system and 
the necessary reparative factors, including those partic-
ipating in the inflammatory response (28). In the patellar 
tendon, neovascularization was associated with increased 
pain during loading of the knee joint (29). In the context 
of human rotator cuff tears, Lakemeir et al. showed that 
increased vascular density can accelerate tendon degener-
ation by weakening the functional structure of the tendon 

(30). Overall, increased vascularization of tendons has been 
shown to associate with pain and weakening of the tendon, 
while being required for cell proliferation and healing. Our 
finding of increased vascularization in the SSP muscle adds 
to previous observations on the pathophysiology of rotator 
cuff tears and provides evidence for localized increase in 
blood vessel density occurring in the distal portion of the 
SSP muscle, where intramuscular fat accumulates near the 
site of tendon tear. 
Changes in SSP muscle vascularization were tested for 
correlations with the intramuscular fat accumulation using 
data previously published from the same specimens (8,9). 
Increased vascularization of the SSP muscle was correlated 
with intramuscular fat accumulation. This correlation was 
not observed in the reattachment group despite significant 
intramuscular fat accumulation, while the number of vascu-
lar structures were comparable to control values.
The cellular and molecular mechanisms leading to intra-
muscular fat accumulation after rotator cuff tear have 
not been elucidated. In the current study, we measured 
increased vascular density and proposed a potential contri-
bution to fat accumulation in the SSP muscle. Other poten-
tial mechanisms contributing to intramuscular fat accu-
mulation have been described in the literature. Previous 
studies have demonstrated fibro-adipogenic progenitor 
cells resident in skeletal muscles contribute to intramuscu-
lar fat accumulation following rotator cuff tears in a mouse 
model (31). The mechanism by which vascularization could 
contribute to intramuscular fat accumulation may involve 
pericytes, the contractile cells in vascular structures that are 
progenitors for myocytes and adipocytes (32). The mecha-
nism proposed by these authors included an accumulation 
of pericytes in the endothelial space of developing vascu-
lar structures with the ability to differentiate into adipocytes 
and myocytes following muscle injury (19,32,33). Anoth-
er mechanism by which newly formed muscle vasculariza-
tion could contribute to fat accumulation was proposed by 
Medici et al. (34). These authors identified cells, originating 
from vascular endothelium and that can be converted into 
multipotent stem-like cells, progenitors for adipocytes (34). 
The relationship between vascularization and intramuscular 
fat we report is consistent with this mechanism. The sourc-
es of adipocytes contributing to increased fat accumulation 
after tendon tear remains to be determined, including the 
potential contribution of mesenchymal stem cells (MSCs) 
residing in muscles with the capacity to differentiate into 
adipocytes upon muscle damage.
Vascular changes were not limited to increased vascular 
density; vascular structures with increased thickness of the 
sub-endothelial layer were observed in the reattachment 
group. Vascular thickening has previously been described 
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in association with hypertension and ageing but little is 
known about consequences on muscle physiology (37). It 
has also been reported that increased vascular thickness 
can decrease vascular compliance, preventing proper secre-
tory function of vascularization, potentially impacting fat 
accumulation in the muscle (37,38). Pericytes, progenitors 
for adipocytes or skeletal myocytes, can accumulate in the 
sub-endothelial space and contribute to increased vascular 
thickness and intramuscular fat accumulation (19,32,33). In 
the current animal model of rotator cuff tear, acute inflam-
mation, induced by surgical detachment, could be respon-
sible for the initial increase in vascularization while chronic 
inflammation, persisting after surgical reattachment, could 
be responsible for the increased vascular thickness. Our 
observation of increased vascular wall thickness in asso-
ciation with the surgical reattachment of the SSP tendon 
deserves further investigation, including a potential role in 
fat accumulation persisting after repair.
Interestingly, surgical reattachment performed after 4, 8, or 
12 weeks of tendon detachment did not change the number 
of vascular structures in the SSP muscle measured at 12 
weeks after reattachment. The lack of change in vascular 
density in reattached specimens could have been caused by 
the restoration of tendon continuity and tensile strength of 
the SSP muscle, therefore terminating the stimuli for neovas-
cularization. The persistence of intramuscular fat observed 
in reattachment groups is likely to involve mechanisms 
other than vascular changes. Gregory et al. have shown that 
adipocytes cultured in vitro can develop in skeletal muscle 
cells originating from non-hematopoietic MSCs of the bone 
marrow, and in the absence of vascularization (40). Differ-
ent precursor cells for skeletal muscle adipocytes have been 
identified and, in some cases, their differentiation does not 
require vascularization (40). The cellular sources of skele-
tal muscle adipocytes accumulating in SSP muscle following 
SSP tendon detachment remains to be established. 

This study investigated the number of blood vessels in the 
SSP muscle using a rabbit model of rotator cuff tear and 
repair. Histology and CD31 immunohistochemistry anal-
yses were used to quantitate blood vessel numbers in the 
distal, middle, and proximal regions of the detached SSP 
muscle, and results were compared with intramuscular fat 
measures from the same specimens. Four weeks after SSP 
tendon detachment, vascularization increased in the distal 
SSP muscle reaching significance after 12 weeks of tendon 
detachment and was correlated with intramuscular fat accu-
mulation. After surgical reattachment, vascular structures 
with thicker walls were observed while the number of blood 
vessels remained unchanged. Our results support a poten-
tial role for muscle vascularization in tendon tear and repair, 
and could serve to advance the development of strategies to 
reduce intramuscular fat accumulation in rotator cuff tear. 
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