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Abstract

Background: Massive rotator cuff tears (RCTs) begin as primary tendon injuries and cause a 

myriad of changes in the muscle, including atrophy, fatty infiltration (FI), and fibrosis. However, it 

is unclear which changes are most closely associated with muscle function.

Purpose: To determine if FI of the supraspinatus muscle after acute RCT relates to short-term 

changes in muscle function.

Study Design: Controlled laboratory study.

Methods: Unilateral RCTs were induced in female rabbits via tenotomy of the supraspinatus and 

infraspinatus. Maximal isometric force and rate of fatigue were measured in the supraspinatus in 

vivo at 6 and 12 weeks after tenotomy. Computed tomography scanning was performed, followed 

by histologic analysis of myofiber size, FI, and fibrosis.
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Results: Tenotomy resulted in supraspinatus weakness, reduced myofiber size, FI, and fibrosis, 

but no differences were evident between 6 and 12 weeks after tenotomy except for increased 

collagen content at 12 weeks. FI was a predictor of supraspinatus weakness and was strongly 

correlated to force, even after accounting for muscle cross-sectional area. While muscle atrophy 

accounted for the loss in force in tenotomized muscles with minimal FI, it did not account for the 

greater loss in force in tenotomized muscles with the most FI. Collagen content was not strongly 

correlated with maximal isometric force, even when normalized to muscle size.

Conclusion: After RCT, muscle atrophy results in the loss of contractile force from the 

supraspinatus, but exacerbated weakness is observed with increased FI. Therefore, the level of FI 

can help predict contractile function of torn rotator cuff muscles.

Clinical Relevance: Markers to predict contractile function of RCTs will help determine the 

appropriate treatment to improve functional recovery after RCTs.
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Rotator cuff (RC) muscles undergo a variety changes after tendon tear, including atrophy, 

fibrosis, and fatty infiltration (FI), which prevent full recovery of shoulder function.12,48 In 

addition, these muscle changes predict RC retear after repair.23 Current therapies to improve 

functional outcomes after massive rotator cuff tears (RCTs) focus on tendon-to-bone healing 

but show limited success.32,44,58 New strategies are focused on decreasing or reversing 

muscle atrophy, fibrosis, or FI,18,26,49 but it is unclear if these changes contribute equally or 

even codependently to RC muscle function.

Relatively few studies have assessed physiological function in torn RC muscles,13,16,39 and 

none have assessed the relationship of muscle force production to histological changes in the 

muscle, such as fibrosis, myofiber size, or intramuscular adipocyte accumulation. For 

patients, functional testing of RC muscles is difficult since the muscles cannot be isolated 

for testing,33 and for animals, it is difficult to access RC muscles deep to the deltoid and 

acromion in vivo. Most studies suggest that RC muscle weakness is largely related to muscle 

cross-sectional area (CSA)19,39; however, with RCTs, the muscle undergoes numerous 

cellular changes beyond a decrease in size that could influence muscle force production.20,50

The objective of the study was to determine if a relationship exists between histological 

changes and decreases in muscle function in the RC muscles after an acute tear. We 

hypothesized that the amount of supraspinatus FI would best predict a loss in muscle 

function. To mimic the human condition, we utilized a large rabbit rotator cuff tenotomy 

model45 and assessed histological and physiological outcomes 6 and 12 weeks after the 

onset of the tear.46

METHODS

Animals

All protocols were approved by the University of Maryland Institutional Animal Care and 

Use Committee. We used skeletally mature New Zealand White rabbits (body weight, 2.3 
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± 0.6 kg; Charles River Laboratories). Animals were randomly selected to serve as controls 

(intact RC) or undergo unilateral tenotomy. Samples were not subject to all outcome 

measures. Supraspinatus contractile testing was performed in 18 rabbits representing 3 

experimental groups (control and after 6 and 12 weeks of tenotomy). According to our 

preliminary data, a sample size of 4 rabbits per group was sufficient to show a significant 

difference in contractile force. The power calculation was based on a minimal detectable 

difference of 2.295 N, with an expected 0.86 SD of residuals, for a desired power of 0.8 and 

alpha value of .05, based on previously published data.57 Twelve rabbits completed both 

contractile testing and histology, which were used for correlational and regression analyses 

retrospectively.

Tenotomy

A 2-cm incision was introduced just distal to the acromion process. The deltoid was 

reflected posteriorly, and the supraspinatus and infraspinatus tendons were identified, 

transected, and sutured with a 5–0 Prolene (Ethicon) to a Penrose drain (Grafco) to prevent 

spontaneous adhesions, as done previously.45

Contractile Function

Contractile function of the isolated supraspinatus muscle was measured in anesthetized 

animals as described previously.57 Briefly, the tendon of the supraspinatus muscle was 

released and attached to a load cell. The suprascapular nerve was stimulated via 

subcutaneous needle electrodes (J05 Needle Electrode Needles, 36BTP; Jari Electrode 

Supply) placed at the suprascapular notch. Single twitches (rectangular pulse, 1 millisecond) 

were applied at different muscle lengths to determine the optimal length (resting length, L0). 

At L0, maximally fused tetanic contraction was obtained at ~100 Hz (300-millisecond train 

duration of 1-millisecond pulses at a constant current of 5 mA). We used 150% of the 

maximal stimulation intensity to induce maximal activation of contraction, P0. A force-

frequency plot was generated for each muscle, obtained by progressively increasing the 

frequency of pulses during a 200-millisecond pulse train. To provide an index of fatigue, 

maximal tetanic contractions were performed repeatedly (every 2 seconds) for 2 minutes, 

with the final tension expressed as percentage of P0. Although contractile testing was 

performed in vivo, the animal was euthanized after the procedure, and the shoulder girdles 

were harvested.

Micro–Computed Tomography Imaging

After euthanasia, the shoulder girdle of 12 animals was harvested to undergo micro–

computed tomography scanning (86-mm resolution, 55 kV, 200 mA; Inveon CT, Siemens 

Medical Solutions USA). Hounsfield unit calibration was performed with a custom-made 

double-distilled water phantom. Images were reconstructed for a slice thickness of 172 mm 

with beam-hardening correction. The Y-shape view obtained from the computed tomography 

sagittal oblique imaging plane was analyzed with Aquarius iNtuition Edition software (v 

4.4; TeraRecon Inc) to quantify the CSA (cm2) of the supraspinatus muscle. Measurements 

were performed in a blinded fashion by a licensed and board-certified musculoskeletal 

radiologist.
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Fatty Infiltration

Fixed supraspinatus muscles (4% paraformaldehyde) were used to make paraffin-embedded 

cross sections along the muscle belly. Sections were stained with hematoxylin and eosin 

(H&E) and viewed under a brightfield microscope (Nikon Eclipse 50i). A sequence of ~300 

adjacent images was captured with a high-resolution color camera (Nikon DS-Fi2) with a 

203 objective. The images were electronically stitched to create a high-magnification mosaic 

of the entire cross section of the muscle belly (NIS Elements Viewer) (Appendix 1, available 

in the online version of this article). Stitched images were then analyzed on ImageJ 

(National Institutes of Health) to assess FI. The image was converted to an 8-bit grayscale, 

and the total stained area (meanTSA) was selected with thresholds to obtain the mean gray 

value. Adipocytes in the peri- and intrafascicular spaces were identified with a previously 

defined method.20 Briefly, non-eosin-stained cells that reside within the fascicle inside the 

perimysium border were identified as intrafascicular adipocytes, and non-eosin-stained cells 

located between fascicles were identified as perifascicular adipocytes. The area covered with 

adipocytes was manually identified, and the mean gray value was obtained for the total 

stained area plus adipocytes (meanTSA1A). Percentage area covered by adipocytes, which we 

refer to as percentage FI, was calculated by (meanTSA1A – meanTSA) / meanTSA multiplied 

by 100.

Immunolabeling

Paraffin-embedded sections were deparaffinized through a 1-hour heating period (65°C), 

followed by a 10-minute incubation in boiling sodium citrate buffer (10mM sodium citrate, 

0.05% Tween 20, pH 6.0) and xylene washes. The sections were rehydrated in decreasing 

ethanol solutions and washed in phosphate-buffered saline. Sections were incubated 

overnight at 4°C in a 1:50 dilution of perilipin 1 antibody (kindly provided by Dr Carole 

Sztalryd, University of Maryland, Baltimore), an adipocyte-specific protein. Sections were 

then incubated in a 1:100 dilution with secondary antibodies conjugated with Alexa 488 

(Invitrogen) and visualized with a fluorescent microscope (Nikon Eclipse 50i).

Feret Diameter

Stitched images taken at 203 magnification of H&Estained sections were also used to 

calculate myofiber size. Myofibers (100 per animal) were selected at random across the 

whole section for each muscle and manually outlined to calculate minimal Feret diameter 

with ImageJ. Minimal Feret diameter is the minimum distance between parallel tangents at 

opposing borders of the myofiber and is a valid measurement of myofiber size.4 The mean 

Feret diameter per group was calculated, as well as the mean distribution of fibers according 

to their diameter.

Collagen Content

Paraffin-embedded sections were deparaffinized in xylene, rehydrated, stained for 1 hour 

with Picrosiriusred (0.1% Direct Red saturated in aqueous picric acid; Sigma), and rinsed 

with acidified water (5% acetic acid). As done for H&E images, a sequence of adjacent 

images of stained sections was similarly captured (Appendix 1). Stitched images were then 

analyzed on ImageJ. To assess the area of collagen of the entire section, the background was 
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subtracted, and thresholds were used to determine the total stained area of the section 

(meanTSA). Another threshold was used to include only the area stained red (collagen) 

(meancol). To calculate percentage area stained with Picrosirius red, the meancol was divided 

by meanTSA and multiplied by 100.

Statistical Analysis

Normality and homogeneity of variance were verified for all data before analysis 

(SigmaStat). To evaluate potential differences among the 3 groups, a 1-way analysis of 

variance was used, followed by a post hoc Holm-Sidak test when the analysis was 

significant. Significance was set at P < .05, and data are represented as mean ± SD. 

Normality was not met for the histological assessment of percentage FI, as values for control 

muscles were close to the zero limit, skewing the data to the left. A Kruskal-Wallis test was 

used to compare percentage FI among the 3 groups, followed by a post hoc Dunn test when 

the Kruskal-Wallis test was significant to determine differences in percentage FI among 

groups. Pearson correlation coefficients were calculated in the subset of muscles that 

underwent histological analysis and contractile testing to determine the association between 

maximal isometric force and histological markers. Histological markers were entered as 

independent variables in a stepwise multiple linear regression analysis, with maximal 

isometric force set as the dependent variable.

RESULTS

There was a 40% to 45% reduction in maximal contractile force in the supraspinatus muscle 

after 6 weeks (P = .004) and 12 weeks (P = .003) of tenotomy as compared with control 

(16.1 ± 1.7 N) (Figure 1A). However, maximal contractile force was not different between 6 

and 12 weeks (9.6 ± 3.2 N vs 8.8 ± 5.7 N, P = .713). The amount of developed muscle 

fatigue, as evidenced by a loss in force output after a repetitive stimulation protocol, was not 

different among the groups (–45.4% ± 4.7%, P = .867; Figure 1B).

Histological analysis of the supraspinatus at 6 and 12 weeks after tenotomy showed FI, as 

evidenced by the presence of intramuscular adipocytes and confirmed with perilipin 1 

(Figure 2A, green). Adipocytes covered 7% ± 6% (6 weeks) and 12% ± 7% (12 weeks) of 

the tissue sections stained with H&E but were negligible in the control (0.3% ± 0.2%) 

(Figure 2B, bar graph). No difference in FI was evident between 6 and 12 weeks (P = .853). 

In tenotomized muscles, the greatest proportion of adipocytes (79% ± 15%) was in the 

perifascicular spaces, specifically closer to blood vessels, with a smaller proportion of 

adipocytes (18% ± 14%) in the intrafascicular space (Figure 2B, bottom).

The distribution of myofiber diameter showed a shift toward smaller muscle fibers at both 

time points after tenotomy (Figure 3A) as compared with the control muscle. The mean 

myofiber diameter was 22% lower after 6 weeks and 24% lower after 12 weeks versus 

control (56.7 ± 3.1 mm, P = .0005; Figure 3B), with no differences evident between 6 and 12 

weeks (P = .671).
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Fibrosis was evident only after 12 weeks of tenotomy, as evidenced by an increased 

Picrosirius red staining of the supraspinatus muscle as compared with the control group 

(18% ± 7% vs 6% ± 4%, P = .004) (Figure 4).

The histological markers for FI, fibrosis, and myofiber size were all correlated to maximal 

tetanic force (Figure 5A). However, the marker for FI (percentage area covered by 

adipocytes) had the strongest correlation with muscle force (R = 0.819, P = .001) and was 

the only predicting factor of muscle force when the 3 histological markers were incorporated 

into a stepwise multiple linear regression model (P = .016) (Figure 5B). To better delineate 

the characteristics determining supraspinatus force, muscles were divided into thirds 

according to muscle force generated. Muscles with force values in the top third (17 ± 1.2 N) 

were grouped into the strongest group; muscles with force values in the middle third (12.3 

± 1.8 N), the weak group; and muscles with force values in the bottom third (5.9 ± 1.4 N), 

the weakest group (Figure 5C). The strongest group consisted of only intact control muscles, 

while the weak and weakest groups included tenotomized muscles of the 6- and 12-week 

time points. Compared with the strongest muscles, where there was close to no FI, weaker 

muscles had FI (3.3% ± 2.3%), but the percentage area covered by myofibers was not 

significantly different (85.8% ± 3.6%, P = .115). The weakest muscles had the most FI 

(13.5% ± 7.0%, P = .033) and a decreased percentage area covered by myofibers (71.8% 

± 9.5%, P = .001 vs strongest, P = .010 vs weak). When the location of FI between the weak 

and weakest groups was compared, there was more FI in the perifascicular space in the 

weakest group (P = .025) but no significant difference in the intrafascicular space (P = .077).

CSA of the supraspinatus muscle belly was measured with micro–computed tomography 

(Figure 6A, top). CSA was smaller than control (1.16 ± 0.31 cm2) at 6 weeks (0.567 ± 0.13 

cm2, P = .004) and 12 weeks (0.757 ± 0.19 cm2, P = .025) after tenotomy but not different 

between the time points after tenotomy (P = .2) (Figure 6A, bottom). Lower muscle density 

(in Hounsfield units) corresponded with percentage FI obtained from histology (Appendix 2, 

available online). The mean CSA for each group was used to estimate the total area covered 

by collagen, fat, and myofibers in the supraspinatus muscle by multiplying it with the 

proportions of collagen, fat, and myofibers previously calculated through histology.

Since the duration of the tear did not have a significant effect on force, size, or composition 

of the muscle, we further examined the characteristics of muscles according to maximal 

force generated (Figure 6B). Compared with the strongest group, the weak group had a 

smaller total area covered by myofibers (0.53 ± 0.07 cm2, P = .0003) that accounted for the 

difference in muscle force, but the area covered by myofibers in the weakest group was not 

significantly different from the weak group (0.44 ± 0.03 cm2, P = .284) despite a significant 

reduction in force (P = .0002). The degree of FI was not different between the strongest and 

weak groups (P = .492). In contrast, the weakest group had a significant level of FI (0.09 

± 0.05 cm2, P = .0216 vs weak, P = .007 vs strongest). There was no difference in centrally 

nucleated fibers among groups (Appendix 3, available online).
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DISCUSSION

The supraspinatus muscle undergoes a variety of changes after RCT17,20,23 that impair 

functional recovery, such as atrophy, FI, and fibrosis; however, it is unclear if these changes 

contribute equally or disproportionately to changes in RC muscle function. Our findings 

show that supraspinatus atrophy and FI are strongly correlated with loss in contractile force 

after an acute RCT, but the weakest tenotomized muscles were characterized by marked FI 

rather than worsening atrophy. Our findings support various studies that showed increased FI 

and fibrosis and a decrease in myofiber size in tenotomized RC muscles,31,46,47 but this 

study is the first to associate these factors with muscle force and, to the best of our 

knowledge, the first to provide a histological marker as a surrogate for contractile function.

The influence of RC muscle weakness on shoulder dysfunction has been documented.29,52 

The force loss of RC muscles destabilizes the glenohumeral joint29 and results in unwanted 

contact between the humerus and acromion.51 Therefore, improvement in shoulder function 

after RCT depends on not only proper reattachment of the tendon but also the ability of the 

repaired muscle to generate force.40 The forces generated by RC muscles may provide the 

mechanical load necessary for optimal tendon healing after repair.2,30 Functional recovery 

after RCT therefore depends on the restitution of normal muscle structure and function.40

The decision to undergo RC repair is based on pain, age, tear, and degree of atrophy and FI 

in the muscle.14 Muscle atrophy can improve after repair,15,56 but FI does not.23,27 In 

addition, degenerative muscle findings can predict RCT.23 While the amount of atrophy is 

generally used to estimate the contractile capacity of muscle,40 atrophied muscles after RCT 

have varying degrees of FI. A muscle with atrophy but little FI is more likely to be stronger 

than an atrophied muscle with significant FI and therefore more likely to have improved 

function after repair, especially if muscle mass improves after repair and rehabilitation. 

These concepts can help guide clinicians in the surgical and rehabilitation planning after 

RCT. Furthermore, defining the molecular pathways that lead to FI would provide attractive 

targets for future therapeutic interventions.

Fibrosis of the supraspinatus was not a strong influence on muscle force. This was 

unanticipated, as the extracellular matrix contributes to skeletal muscle structure, mechanical 

properties,21,36 transduction of mechanical force, and muscle remodeling.42 Gradual 

deposition of extracellular matrix proteins in the muscle is common in muscle injury and can 

increase up to 10-fold in injured muscle.36 The role of fibrosis on RCTs is still unclear, as 

fibrosis was evident in some studies with animal models of RCT24,37 and not in others.47,50 

Antifibrotic drugs improve muscle histologic properties and even muscle function in rodent 

models,9,25 but the effect of these drugs may be on fibrosis and fat, especially when 

targeting fibroadipogenic cells.8 Fibrosis may also increase myofiber injury risk10 and the 

repair tension necessary to reattach the muscle to the humeral head.22

In healthy muscle, muscle mass is the strongest predictor of muscle force, but atrophy did 

not fully account for the loss in force in tenotomized muscles with the most FI. In other 

words, the difference between the weak and weakest tenotomized muscles was not explained 

by a loss in myofibers or CSA but rather by an increase in the amount of FI. Myofiber 
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degeneration can promote the differentiation of muscle-resident stem cells into 

adipocytes28,35 by blocking the Rho signaling pathway.5,28 The close proximity of 

adipocytes and myofibers in muscles with FI can also impair muscle function, as adipocytes 

can reduce the expression of contractile and structural proteins,43 promote myofiber atrophy, 

and disrupt muscle regeneration.7,43,53 Adipocytes secrete fatty acids, adipokines, cytokines, 

and chemokines like IL-1b58 that promote inflammation43 and induce oxidative stress,6 

which can further reduce force generating capacity of myofibers.1,34 Indeed, the presence of 

FI could explain the significant force reduction in the weakest cohort.42 The location of the 

adipocytes in relation to myofibers likely matters as well. Perifascicular adipocytes are more 

likely to affect adjacent myofibers as compared with adipocytes inside the perimysium.

There are currently no effective treatments used to prevent or reduce FI after RCT. To reduce 

FI, the source of adipocytes should be understood. After tenotomy, there was a greater 

concentration of adipocytes in the perifascicular space, specifically near vascular walls, as 

also documented in RC muscles from patients with RCTs.20 The significance of finding 

adipocytes close to vascular walls is that a number of muscle progenitor cells (ie, 

fibroadipogenic cells, pericytes, myogenic endothelial cells) reside in the same location and 

contribute to muscle development and regeneration11,41,60 but, in some cases, can 

differentiate into intramuscular adipocytes.3,59 H&E staining is commonly used to identify 

adipocytes in muscle, which have a characteristic ovoid shape surrounded by a rim of 

cytoplasm. Because identification relies on negative eosin staining, we confirmed that the 

cells identified as adipocytes in H&E have an adipocyte-specific marker (perilipin 1). While 

some suggested the source of FI to be muscleresident progenitor cells,38 a variety of 

progenitor cells have not been explored in RC injury.11,41,59,60

One potential limitation is that only acute and subacute time points were selected. That is, FI 

tends to progress over time in the rabbit model of RCT,46,56 but differences are not always 

be detected in a time frame 6 weeks.54,55 Given our findings, neither FI nor contractile force 

worsened between 6 and 12 weeks, but since FI can progress in a longer time window, 

muscle force may diminish within that time course as well. It is unclear why some animals 

developed more FI than others after tenotomy (weak vs weakest), after controlling for tear 

size, tear duration, sex, and age. One factor may be that the degree of tendon retraction is 

variable after 2-tendon tenotomy. This may lead to a different amount of FI across both time 

points. Although we found strong evidence of FI as a predictor of force via histology, more 

studies are necessary to confirm that FI, as measured by computed tomography, is a reliable 

predictor of force. Future directions include evaluating FI and muscle function after repair.

CONCLUSION

The main finding of this study was that FI is a strong indicator of muscle weakness. FI has 

long been associated with poor outcomes after RCT, and atrophied muscles with significant 

FI are much weaker than those with atrophy alone.
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Appendix

Appendix Figure A1: Imaging histological sections.
Stitched mosaic of entire muscle section stained with H&E at 6W (left) or with picrosirius 

red at 12W (right) imaged at 20x. Insets represent one field of view at 20x.
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Appendix Figure A2: FI measured through CT.
Stitched mosaic of entire muscle section stained with H&E at 6W (left) or with picrosirius 

red at 12W (right) imaged at 20x. Insets represent one field of view at 20x.
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Appendix Figure A3: Centrally nucleated fibers.
The percentage of myofibers (out of ~300 myofibers per sample) with nuclei in the 

cytoplasm were quantified using H&E stained muscle cross sections. CNF, centrally 

nucleated fibers. All data are presented as mean ± SD.
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Figure 1. 
Maximal isometric force is lower at 6 and 12 weeks after rotator cuff tear (RCT). (A) 

Compared with control, the mean maximal isometric force of the supraspinatus muscle was 

40% lower at 6 and 12 weeks after tenotomy, with no differences between these time points. 

(B) The percentage loss of force (ie, fatigue) was not different among the 3 groups. All 

values are expressed as mean ± SD. *P < .05 vs control. n = 5–7 per group. 6W, 6 weeks; 

12W, 12 weeks; CTRL, control.
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Figure 2. 
Histological assessment of fatty infiltration (FI) after rotator cuff tear. (A) Representative 

images of FI in the tenotomized muscle (viewed under 20× magnification). The presence of 

adipocytes in the perifascicular (*) and intrafascicular space (+) (6W image) was confirmed 

by labeling adipocyte-specific protein perilipin 1 (Plin1) in serial sections. (B) Top: 

Adipocytes covered an average of 9% of the total area of section (% FI) and did not differ 

between the time points after tenotomy. Bottom: About 79% of the adipocytes were in the 

perifascicular space, and the remaining adipocytes were found in the intrafascicular space, 

within muscle bundles. Scale bar represents 100 mm. All values are expressed as mean ± 

SD. *P < .05 vs control. n = 5–7 per group. 6W, 6 weeks; 12W, 12 weeks; CTRL, control.
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Figure 3. 
Histological assessment of myofiber size after rotator cuff tear. (A) Minimal Feret diameter 

of 100 fibers per muscle was measured. Myofibers were binned according to their diameter 

to determine heterogeneity and shift in myofiber size. There was a larger proportion of 

smaller myofibers at both time points after tenotomy. (B) The mean diameter was 22% lower 

in tenotomized muscles versus control, and no differences were detected between the time 

points. All values are expressed as mean ± SD. *P < .05 vs control. n = 5–7 per group. 6W, 6 

weeks; 12W, 12 weeks; CTRL, control.
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Figure 4. 
Histological assessment of fibrosis after rotator cuff tear. Collagen content was visualized 

with Picrosirius red staining. Representative images show specific fields of view (20×) 

showing collagen staining. Collagen covered 6% of the tissue area in control muscles and 

18% in muscles after 12 weeks of tenotomy. No significant differences were found at 6 

weeks. Scale bar represents 50 μm. All data are presented as mean ± SD. *P < .05 vs 

control. n = 5–7 per group. 6W, 6 weeks; 12W, 12 weeks; CTRL, control.

Valencia et al. Page 18

Am J Sports Med. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Correlation of histological markers for fatty infiltration (FI), myofiber size, and fibrosis to 

contractile function of supraspinatus muscle. (A) Pearson correlation analysis to determine 

the association between maximal isometric force and histological markers shows a 

significant positive correlation with degree of FI, a moderate negative correlation with 

collagen, and moderate positive correlation with myofiber size (n = 12). (B) Stepwise 

multiple linear regression analysis with maximal force as the dependent variable and each 

histological marker as an independent variable. The histological marker for FI was the 

strongest predictor of muscle function. (C) Histological characteristics of muscle according 

to maximal force generated. The strongest third of muscles were compared with those of the 

middle (weak) and lowest (weakest) third. Left: The mean proportions of area covered by FI, 

collagen, and myofibers in a histological section (n = 4 per group). Compared with the 

strongest cohort, weaker muscles had FI, and the weakest muscles had the most FI and a 

smaller area covered by myofibers. Right: Representative hematoxylin and eosin images 

(10×) for each group. Scale bar represents 50 μm. R represents the correlation coefficient. *P 
< .05 vs control. €P < .05 vs weak. 6W, 6 weeks; 12W, 12 weeks; CTRL, control.
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Figure 6. 
Cross-sectional area (CSA) of the supraspinatus is reduced after rotator cuff tear, and the 

amount of fatty infiltration (FI) in the muscle is greatest in the weakest muscles. (A) 

Representative sagittal computed tomography scans of rabbit rotator cuff from control 6 

weeks and 12 weeks after tenotomy. The supraspinatus CSA (outlined) was quantified for 

each group and was lower in animals with rotator cuff tenotomy lasting 6 and 12 weeks. (B) 

The mean total area of collagen, FI, and myofibers was calculated for the strongest, weak, 

and weakest muscles. The dashed line indicates the mean force in each cohort as the 

proportion to the strongest cohort. Compared with the strongest cohort, weak muscles had a 

smaller total area covered by myofibers that accounted for the decrease in force; however, 

the weakest cohort did not have a significant decrease in area covered by myofibers to 

account for its loss in force and was characterized by significant FI (n = 4 per group). All 

values are expressed as mean ± SD. R represents the correlation coefficient. *P < .05 vs 

control (A) or strongest (C). €P < .05 vs weak. 6W, 6 weeks; 12W, 12 weeks; A, anterior; 

CTRL, control; I, inferior; IS, infraspinatus; P, posterior; S, superior; SC, subscapularis; SS, 

supraspinatus.
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