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Abstract 29 

Background: Rotator cuff (RC) tears are associated with RC muscle atrophy and changes in 30 

composition that are crucial to the prognosis of RC repair. The aim of this study was to 31 

characterize muscle fiber composition in the supraspinatus (SS) muscle under tear conditions.  32 

Methods: Muscle biopsies were obtained from 21 patients undergoing surgery for RC tendon 33 

tear. Biopsies were obtained from the musculotendinous junction of the SS muscle and 34 

control biopsies were harvested from the deltoid muscle (DT). Biopsies were 35 

immunohistochemically processed for detection of type 1 (slow type) and type 2 (fast type) 36 

fibers and analyzed using unbiased, stereological principles. We counted the total numbers of 37 

type 1 and 2 muscle fibers/mm2 and fiber diameter was used to estimate muscle fiber atrophy 38 

and hypertrophy. 39 

Results: We found significantly more type 2 cells/mm² in the SS compared to the DT 40 

(p<0.01). In addition, we found a significantly higher fraction of type 1 fibers than type 2 41 

fibers in the DT (p<0.01), whereas both fiber types were equally present in the SS. The 42 

diameters of SS cells were generally smaller than those of DT cells. Atrophy of especially SS 43 

type 2 fibers was also demonstrated. Fiber atrophy was more pronounced in men than women. 44 

Conclusion: The changes in the composition of SS muscle cell types suggest a shift from 45 

type 1 to type 2 muscle fibers and atrophy of both type 1 and 2 fibers. This composition 46 

indicates loss of endurance and rapid fatigue of the SS muscle under RC tear conditions. 47 

 48 

Keywords: Muscle fiber type; Type 1; Type 2; Stereology; Fiber diameter; Atrophy 49 

factors  50 
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Background:  51 

The 4 muscles in the rotator cuff (RC) coordinate shoulder movements as well as provide 52 

structural stability to the shoulder joint [1]. The RC is vulnerable to considerable morbidity 53 

[2, 3] and RC tears are common with a life prevalence of 10-20% [4, 5]. The 54 

musculotendinous unit of the supraspinatus (SS) is especially prone to lesions [6] but only 55 

sparse information is available regarding the pathophysiological response of the SS muscle to 56 

traumatic tear conditions.   57 

Although it is generally accepted that timing of RC tendon repair is extremely important to 58 

prevent atrophy and fatty infiltration of muscles [7, 8], patients who are found eligible to 59 

reattachment of lesioned RC tendons are often offered delayed surgical intervention. One 60 

major reason is a surgical failure rate of more than 30% [9] that occurs despite ongoing 61 

improvements and perfection of the surgical intervention. The importance of the 62 

compositional and degenerative changes in the RC muscles as causes to surgical failure have 63 

become increasingly apparent [7, 10].  64 

Skeletal muscle consists of different fiber types characterized by their specific myosin heavy 65 

chain (MHC) isoforms. Skeletal muscles in humans are basically composed of a mixture of 66 

MHC type 1 (slow twitch) and MHC type 2 (fast twitch) fibers. The two types differ in their 67 

function. In humans, myosin ATPase hydrolysis rates for fast twitch fibers are 2-3 times 68 

greater than those for slow fibers [11, 12] and the growth capacity of type 2 fibers is 69 

approximately 50% greater than that of type 1 fibers [13]. Additionally, type 1 fibers mainly 70 

depend on aerobic/oxidative energy metabolism, whereas type 2 fibers mainly depend on 71 

anaerobic/glycolytic metabolism [14, 15]. This is significant for movement of the joints, 72 

where type 1 fibers enable slow contractions and endurance, whereas type 2 fibers are 73 

responsible for fine motor control and power with the ability to perform rapid contractions 74 

[16]. 75 
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A non-pathological SS muscle in cadaveric 65-year old (± 12 years) men and women was 76 

shown to consists of approximately 54% type 1 fibers [12], but physical activity and tear of 77 

the SS tendon may alter the fiber type composition [10, 17, 18]. Fiber type composition is 78 

also influenced by training activity of the individual and muscle disuse or denervation, that 79 

may be associated with a type 1 to type 2 shift [19]; reviewed in [20]. Also age is suggested to 80 

affect muscle fiber composition, as older men have smaller type 2 muscle fibers than younger 81 

men [21], though other studies show no age-dependent difference in fiber type [22, 23]. 82 

Gender appears to affect muscle fiber size, as in men type 2 muscle fibers tend to be slightly 83 

larger than type 1 fibers, whereas in women the diameter of the two fiber types are identical 84 

[24]. This gender dependent difference in thickness is believed to be caused by greater muscle 85 

strength in men [25] and muscle strength is correlated to the size of type 2 muscle fibers [26]. 86 

Several of these factors, such as fiber atrophy, loss of muscle fibers and fatty infiltration are 87 

also main predictors of RC function. Therefore, a comprehensive characterization of SS 88 

muscle composition and degree of atrophy may lead to a better understanding of the 89 

pathogenesis of muscle wasting/pathology in relation to RC tear. This is a prerequisite tool in 90 

the design of therapeutic interventions appropriate for healing of RC tears. The aim of the 91 

present study was therefore to analyze muscle fiber profiles of the SS muscle in tear 92 

conditions using design-unbiased stereology [27, 28]. Furthermore, fiber atrophy of the SS 93 

muscle was assessed by measuring fiber diameter and gender dependent differences in fiber 94 

type composition were established.  95 
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Methods 96 

Patients 97 

Twenty-one (21) consecutive patients (mean age 60.3 ± 4.0 years, range 45-73 years) 98 

suffering lesion of 1 or more RC tendon tears involving the SS tendon in all cases. Fourten 99 

(14) males and 7 females, with SS tendon tear had biopsies taken from the SS 100 

musculotendinous junction during surgery. In addition, for comparison biopsies from assumed 101 

healthy, ipsilateral DT muscles were taken as well. Inclusion criteria were shoulder trauma, 102 

MRI-confirmed RC lesion and willingness to undergo surgery. All tears were confirmed at 103 

surgery. Twenty (20) biopsies from DT and 21 biopsies from SS were obtained using 3x3 mm 104 

biopsy punch through the lateral portal during arthroscopic RC tendon repair. Biopsies from 105 

the deltoid muscle were obtained from deltoid during artroscopical approach or mini-open 106 

surgery. Exclusion criteria were severe retraction of tendons, fatty infiltration higher than 107 

grade 2 [29], diabetes, autoimmune diseases, previous shoulder surgery, fractures or a 108 

dislocated shoulder. 109 

Informed written consent was obtained from all patients. Ethical approval was granted by the 110 

local research ethics committee (The Regional Committees on Health Research Ethics for 111 

Southern Denmark, J. No. S-20160037) and the study was reported to the Danish Data 112 

Protection Agency.  113 

Immunohistochemistry, fiber typing and histology 114 

Immediately after removal, biopsies were immersion fixed in 10% phosphate-buffered 115 

formaldehyde, embedded in paraffin and cut into 4 µm thick microtome sections. For 116 

immunohistochemical staining, sections were deparaffinized, demasked in cell conditioning 1 117 

(CC1, Roche) buffer and blocked in 1.5% H2O2 in tris-buffered saline (TBS, pH 7.4), after 118 

which they were loaded onto a Bench-Mark ULTRA IHC/ISH staining module (Ventana 119 

Medical Systems, Tuscon, Arizona). Sections were initially stained for myosin fast type 120 
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heavy chain (type 2 fibers) using a monoclonal mouse anti-myosin (skeletal, fast) antibody 121 

(1:8,000, NovoCastra, clone MY32), followed by heat inactivation of the immune complex 122 

and then stained for myosin slow type heavy chain (type 1 fibers) using a monoclonal mouse 123 

anti-myosin (skeletal, slow) antibody (1:50, NovoCastra, clone WB-MHCs). The OptiView 124 

DAB IHC Detection Kit (Roche Tissue Diagnostics) was used for development of myosin fast 125 

type heavy chain fibers and the ultraView Universal Alkaline Phosphatase Red Detection Kit 126 

(Roche Tissue Diagnostics) for development of myosin slow type heavy chain fibers. 127 

Hematoxylin was used for identification of nuclei using standard protocols at the Department 128 

of Pathology, Odense University Hospital. 129 

Stereology 130 

The 41 biopsies were analyzed blinded twice by two independent raters. All biopsies were 131 

analyzed using an Olympus BX50 microscope equipped with an Olympus DP70 digital 132 

camera attached to a PC with newCAST software (Visiopharm Integrator System, Hoersholm, 133 

Denmark).  134 

Type 1 and type 2 cell profiles sampled by the 2D unbiased counting frame within the 135 

delineation along with corners hitting tissue were quantified using the counting tool [30]. In 136 

practice, a masking tool was used to delineate biopsies at a 4x lens, followed by analysis of 137 

type 1 and type 2 cells using a 20x lens (Figure 1). Each biopsy was analyzed using 138 

approximately 30 fields of views obtained by systematic uniformly random sampling 139 

throughout the biopsy cross-section. The measurement tool, set on the diameter setting, was 140 

used to measure the greatest diameter perpendicular to the longest axis of the cross-sectioned 141 

cell profiles inside the frame.  142 

Estimation of the total number of type 1 and type 2 cell profiles per area 143 

The number of type 1 and type 2 cell profiles per area, QA(cells), was estimated as: 144 
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 𝑄𝑄𝐴𝐴(cells) = � ∑𝑄𝑄(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝑎𝑎(𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑐𝑐)
4

∙ ∑𝑃𝑃(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑏𝑏)

� 145 

𝑄𝑄(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) was the total number of either type 1 or type 2 cell profiles sampled by the counting 146 

frame, 𝑎𝑎(𝑓𝑓𝑓𝑓𝑎𝑎𝑓𝑓𝑐𝑐) was the size of the counting frame (55,000 ㎛2), and 𝑃𝑃(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑏𝑏) was the 147 

number of count frame corners (=4) hitting biopsy tissue [30].  148 

Fractions of the counted fiber types were calculated in both rating one and rating two. For 149 

each rating, a mean fraction was found for each fiber type in the two muscles. 150 

Estimation of fiber Diameter 151 

To determine the changes in fiber size, the greatest diameter perpendicular to the longest axis 152 

of the sampled cell profiles was measured [31], because it is not altered by either oblique 153 

sectioning or kinking of the fibers. Normal adult muscle fibers are between 40-80 µm in 154 

diameter in males, and between 30-70 µm in diameter in females [24]. A mean diameter was 155 

found for both fiber types in each biopsy. One biopsy was eliminated, due to technical 156 

artefacts. 157 

Estimation of hypertrophy and atrophy factors in SS and DT muscles 158 

To quantify the degree of atrophy and hypertrophy, Feret’s diameter was used to calculate 159 

atrophy and hypertrophy factors. Using these calculations, it was possible to detect hidden 160 

and/or selective atrophy or hypertrophy in both fiber types. It is based on the theory that more 161 

extreme size changes, are more impactful [24]. Thus, they are arranged into intervals based on 162 

the fiber diameter. The intervals are then multiplied by a factor based on their size, e.g. fibers 163 

between 1-10 µm are multiplied by 4, and fibers sized 20-30 µm are only multiplied by 2. 164 

Hypertrophy factors are multiplied likewise. When all the atrophied and hypertrophied fibers 165 

are found, the factors can be calculated by the following equation:  166 

  
𝑇𝑇ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡 𝑝𝑝𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑖𝑖𝑒𝑒𝑝𝑝 𝑜𝑜𝑖𝑖𝑓𝑓𝑒𝑒𝑝𝑝𝑡𝑡 𝑚𝑚𝑝𝑝𝑎𝑎𝑡𝑡𝑖𝑖𝑝𝑝𝑎𝑎𝑖𝑖𝑒𝑒𝑝𝑝𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑝𝑝𝑡𝑡𝑎𝑎𝑎𝑎 𝑛𝑛𝑝𝑝𝑚𝑚𝑓𝑓𝑒𝑒𝑝𝑝 𝑝𝑝𝑜𝑜 𝑝𝑝𝑒𝑒𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑜𝑜𝑖𝑖𝑎𝑎𝑒𝑒𝑡𝑡 ∙ 1,000 167 
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The result can then be compared to an upper limit, determining whether there is atrophy of the 168 

cells. The upper limits were compared to the upper limits found in m. biceps brachii (BB) 169 

[24]. The upper limits for atrophy were 150 in both type 1 and 2 cell profiles for men. The 170 

upper limits for women were 100 in type 1 cell profiles and 150 in type 2 cell profiles. 171 

Hypertrophy upper limits for men were 300 for type 1 and 500 for type 2, and for women 200 172 

and 150, respectively [24]. While analyzing this data, one biological outlier was identified and 173 

as a result a single biopsy was eliminated from this analysis. 174 

ELISA for fatty acid binding protein 4 175 

SS (n=16) and DT (n=16) muscle samples were homogenized at 4°C in Mesoscale Lysis 176 

buffer (150 mM NaCl, 20 mM Tris, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100; pH 7.5) 177 

containing Phosphatase Inhibitor Cocktail 2 and 3 (Sigma-Aldrich) and Complete Mini 178 

EDTA-free Protease Inhibitor (Roche). Lysates were rotated end-over-end for 1 hour at 4°C 179 

and cleared by centrifugation at 13,000 g at 4°C for 20 min. Protein content in the lysates was 180 

measured by the bicinchoninic acid method using the Thermo Scientific Micro BCATM 181 

Protein assay Kit (Pierce Chemical Co). ELISA for fatty acid binding protein 4 (FABP4) was 182 

performed using a FABP4 ELISA kit (Biosite) according to the manufacturer’s instructions.  183 

Statistical analysis  184 

Data are reported as mean (standard deviation (SD)) and p<0.05 was used to indicate 185 

significant differences. Comparisons were done using two-way ANOVA followed by the 186 

relevant post hoc test and student’s t-test. Rout test was used to detect outliers. A simple 187 

correlation analysis was performed to assess the inter- and intra-rater correlation. 188 

Additionally, an intra-rater correlation was examined using the coefficient of variance (CV) 189 

and coefficient of error (CE) and a ratio between these two coefficients. While analyzing the 190 

data, a single biopsy from rater 1’s first rating, was identified as a technical outlier due to the 191 
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tissue quality and therefore eliminated from this analysis. Removal of one outlier did not 192 

affect results 193 

CV expresses SD as a percentage of the sample mean. This is useful when estimating the size 194 

of the variation relative to the size of the observation. Also, it has the advantage that it is 195 

independent of the units of the observation. In this study, CV was calculated from the two 196 

raters´ total number of type 1 and type 2 cells/mm². CV was used to make an intra-variance 197 

correlation of both raters, for the type 1 and type 2 cell counts. The equation used was: 198 

𝐶𝐶𝐶𝐶 =
𝑆𝑆𝑆𝑆𝑓𝑓𝑐𝑐𝑎𝑎𝑚𝑚 199 

Thereafter the CVs from the first and second rating were used to make a CV_mean for type 1 200 

cells/mm² and a CV_mean for type 2 cells/mm² using the following equation: 201 

𝐶𝐶𝐶𝐶𝑚𝑚𝑒𝑒𝑎𝑎𝑛𝑛 = �𝐶𝐶𝐶𝐶12 + 𝐶𝐶𝐶𝐶22
2

�0.5
 202 

In normal muscle the CV is less than 0.25. Any measure greater than this is considered 203 

abnormal variability. SD was calculated from the number of cells that had their diameter 204 

measured [32]. 205 

CE was used to determine the precision of the estimates from the double estimates [33]. 206 
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Results  207 

Based on unbiased stereological estimation of the total number of type 1 and type 2 fibers in 208 

SS musculotendinous unit after RC tendon tear, we found a total number of 54.6 (21.6) type 1 209 

cells/mm2 and a total number of 53.5 (19.1) type 2 cells/mm2 (Figure 2A). In the DT muscle, 210 

we found a total number of 47.1 (18.1) type 1 cells/mm2 and a total number of 33.7 (13.8) 211 

type 2 cells/mm2 (Figure 2A). When comparing the SS and the DT muscles, we found 212 

significantly more type 2 fibers/mm2 in the SS muscle compared to the DT muscle (two-way 213 

ANOVA: muscle type **p<0.01, F1.78 = 11.2), whereas the number of type 1 fibers/mm2 was 214 

comparable (Figure 2A). 215 

In the SS muscle, 49.6 (13.0) % of the cells were type 1 fibers and 50.4 (13.0) % were type 2 216 

fibers (Figure 2B). In the DT muscle, 57.5 (13.7) % were type 1 fibers and 42.5 (13.7) % were 217 

type 2 fibers (Figure 2B). When comparing SS and DT muscle tissue, we found significantly 218 

different type 1 and 2 fractions in the DT muscle (two-way ANOVA: Interaction **p<0.01, 219 

F1.78 = 7.25, fiber type *p<0.05, F1.78 = 5.8). In contrast, the fractions were comparable in the 220 

SS muscle (Figure 2B). 221 

In total, fiber diameter was estimated on 1,366 SS fibers and 907 DT fibers (Figure 3). Means 222 

were calculated for each biopsy. Afterwards an overall mean and SD was found for each fiber 223 

type subdivided in muscle types and gender. In the SS muscle, the mean diameter of type 1 224 

fibers in women were 42.2 (13.1) µm and in men 48.9 (16.6) µm. In the SS muscle, the mean 225 

diameter of type 2 fibers in women were 36.3 (13.3) µm and in men 48.3 (18.3) µm. In the 226 

DT muscle, the mean diameter of type 1 fibers in women were 53.0 (12.5) µm and in men 227 

60.4 (17.7) µm. In the DT muscle, the mean diameter of type 2 fibers in women were 42.3 228 

(12.3) µm and in men 55.9 (20.8) µm. When comparing SS and DT muscle diameters, we 229 

found a significant difference in diameter between type 1 fibers in both men (p< 0.001, 230 
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Student’s t-test) and women (p<0.001) and between type 2 fibers in both men (p<0.001) and 231 

women (p<0.001) with larger fiber diameters in DT compared to SS. In general, fiber 232 

diameter appeared to be smaller in SS compared to DT (please compare the displacement of 233 

the SS histogram to the left compared to the histogram for DT in Figure 3A-D).  As atrophy 234 

was apparent in most SS biopsies (Figure 4), fiber diameters measured were used to find 235 

atrophy and hypertrophy factors (Table 1). The results for men showed atrophy for both type 236 

1 and type 2 muscle fibers in SS (Figure 3A,B and Table 1) and atrophy for type 2 fibers in 237 

women (Figure 3C,D and Table 1). Hypertrophy was not apparent in any fiber type in women 238 

and men (Figure 3A-D and Table 1). Fatty infiltration, assessed by fatty acid binding protein 239 

4 (FABP4), revealed comparable and low levels in the SS (753.6 ± 384.7 pg/mg) and deltoid 240 

(660.3 ± 412.3 pg/mg) muscles (p=0.53)(Figure 5). 241 

Inter-rater and intra-rater reliability 242 

Results from the simple correlation analysis showed decent and comparable intra-rater R² 243 

values for type 1 and 2 fibers for both raters. For rater 1, the intra-rater value for type 1 fibers 244 

was 0.56 and for type 2 fibers 0.48. For rater 2, the intra-rater value for type 1 fibers was 0.69 245 

and for type 2 fibers 0.59. Inter-rater R² values were subsequently good for both type 1 (0.65) 246 

and type 2 (0.65) [34]. 247 

Mean CE2/CV2 intra-rater analysis for rater 1 was 0.16 for type 1 fibers, and 0.22 for type 2 248 

fibers. For rater 2 the mean results were 0.16 for type 1 fibers, and 0.20 for type 2 fibers. 249 
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Discussion  250 

Rotator cuff (RC) tears affect many patients’ daily lives, and treatment can be challenging, as 251 

the lesions in turn lead to atrophy and fatty infiltration of the RC muscles [6]. The pennatial 252 

anatomy of RC muscles is consistent within species [35] but muscle fiber composition is 253 

influenced by physical activity of the individual [36] and can change due to functional 254 

impairment and tendon tear [10, 37]. Since tear-induced muscle changes can influence the 255 

outcome of tendon surgery, the aim of this study was to map the extent of muscle damage 256 

through histochemical evaluation of the micro-architectural properties of the SS musculature 257 

in tear conditions. This study demonstrated only minor changes in SS muscle fiber type 258 

composition but atrophy of both type 1 and 2 fiber profiles in RC tear conditions.  259 

In cadaveric RC muscles without long-term diseases or known myopathies, type 1 SS muscle 260 

fiber content has been shown to be 54% [12]. This result is based on a small number of 261 

samples but represents the best normative data on the fraction of muscle fiber types within the 262 

SS muscle. In comparison, our results revealed a decreased fraction (50%) of type 1 cells in 263 

SS muscle following RC tendon tear, suggesting a minor change in muscle type composition. 264 

This is in line with a previous study demonstrating reduced MHC1 content in SS muscle 265 

fibers obtained from patients with full-thickness RC tears compared to patients with partial-266 

thickness RC tears [37]. In contrast to previous studies showing a reduction in the fraction of 267 

type 1 fibers in the lesioned SS muscle compared to the DT muscle [10], we observed 268 

comparable fractions of type 1 or type 2 fibers between SS and DT muscles. We did, 269 

however, observe a significant difference in the fraction of type 1 and type 2 fibers in the 270 

presumably healthy DT, a difference that was not present in the SS muscle. 271 

To our knowledge, this is the first study to take advantage of design-unbiased stereology in 272 

order to count the total number of type 1 and type 2 muscle fiber cell profiles per area in the 273 

SS muscle and in the ipsilateral DT muscle after RC tendon tear. When comparing the 274 
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number of type 1 cells/mm² between SS and DT muscles, we did not find any significant 275 

differences. When comparing the number of type 2 fibers/mm2, however, our results revealed 276 

a significantly increased number of type 2 cells/mm² in the SS compared to the DT muscle. 277 

This suggests that following SS tendon tear there is either an increase in type 2 fibers or a loss 278 

in type 1 fibers. Our data thus support the suggestions by Gigliotti et al [10], Lundgreen et al 279 

[37] and Butt et al [17] that there is a decrease in the number of type 1 fibers. Whether this is 280 

caused by a loss of muscle fiber or a conversion of type 1 to type 2 fibers remains a matter of 281 

debate. 282 

Previous studies have demonstrated a decrease in fiber diameter and shift towards smaller-283 

diameter fibers in the lesioned SS muscle compared to the DT muscle [10, 38]. In the present 284 

study, we demonstrated that in both women and men, there were significant differences in 285 

fiber diameter in both type 1 and type 2 fibers derived from SS muscle compared to DT 286 

muscle. Irlenbusch et al [16] found a greater reduction in type 2 muscle fiber diameter, 287 

compared to type 1 muscle fibers, when looking at biopsies taken at SS tendon surgery. They 288 

suggested that a disturbance of muscular coordination in patients with SS tendon rupture is 289 

responsible for the atrophy occurring. They also implied that type 2 fibers, responsible for 290 

fine motor control of the joint, often are impaired in these patients due to atrophy.  291 

In line with our findings, Lundgreen et al [37] found statistically significant smaller average 292 

diameter of both type 1 and type 2 fibers in full-thickness tears, compared to partial-thickness 293 

tears. Despite findings of decreased fiber diameter in SS muscle following RC tears, Butt and 294 

colleagues recently showed that the mean myofiber cross sectional area had significantly 295 

increased in the SS muscle one year after SS tendon surgery [17].  Repairing the SS tendon 296 

thus seems to induce regeneration of the muscle, thereby reversing the shift in muscle fiber 297 

type composition [17]. These findings indicate that a SS tendon rupture with denervation and 298 

lack of activation of the muscle also induces a shift from type 1 muscle fiber isoforms to type 299 



Running title: Muscle fiber profiles 

 

2 muscle fiber isoforms, as seen in our study, as well as suggested by Gigliotti et al [10] and 300 

Lundgreen et al [37].  301 

From a clinical standpoint, early tendon repair, restoring the muscle to its original length, is 302 

the best method to avoid pathological changes in the corresponding muscle, as suggested by 303 

Gibbons et al. [39]. With this ongoing research, it is becoming increasingly apparent that 304 

long-term atrophy and architectural changes can be averted by early restoration of a point of 305 

attachment. Difficulties in treating RC tears and poor outcomes after surgical re-attachment 306 

[40, 41], however, call for additional treatment of the muscle itself. Meyer et al [42], from 307 

their animal studies, suggested that skeletal muscle progenitor cells are capable of 308 

contributing to muscle hypertrophy and regeneration regardless of tear severity. This, 309 

however, may not happen in patients, but can be a focus for future research in muscle 310 

regeneration following RC repair and could pave the way for better outcomes after RC tear 311 

surgery. 312 

The measured diameters are influenced by shrinkage due to paraffin embedding. To discover 313 

hidden fiber atrophy or hypertrophy among the two types of fiber cells, we calculated atrophy 314 

and hypertrophy factors based on the measured diameters of the cell profiles. Since the 315 

atrophy factor of healthy SS muscle is unknown, the atrophy factors’ upper limits were 316 

compared to the anatomically similar biceps brachii (BB) muscle in order to determine 317 

whether hidden atrophy was present. SS and BB muscles are somewhat similar in relation to 318 

fiber type 1 composition with BB having a proportion of 52% in elderly adults [21]. In the 319 

present study, the calculated factors showed clear atrophy of both type 1 and type 2 SS 320 

muscle fibers in men, and for type 2 fibers in women, when compared to BB. Hypertrophy 321 

was not apparent in any fiber types.  322 

Aging is associated with reduced muscle strength and atrophy of type 2 muscle fibers [43]. 323 

Recent data in humans suggest that mRNA abundance and MHC isoform protein composition 324 
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would favor a fast-to-slow isoform shift with aging and in response to endurance exercise 325 

training [44]. Recent research shows that the growth capacity of fast twitch fibers is 326 

approximately 50% greater than that of slow-twitch fibers [13]. This calls for care in the 327 

planning of rehabilitation following muscle waste in elderly.   328 

With an average timespan of 11.2 months from lesion to surgery, our patients had experienced 329 

disuse of the RC for different lengths of time. Studies have shown that disuse of muscles can 330 

lead to a shift in expression from type 1 fibers towards faster type 2 MHC isoforms, making it 331 

difficult to identify atrophy in fibers that were originally slow [45, 46]. This might explain the 332 

lesser degree of type 1 atrophy found in this study. Furthermore, it raises questions as to 333 

whether the larger fractions of type 2 cells found in all SS estimates (50%) when compared to 334 

the fraction of type 2 cells found in normal muscle (46%) [12] might be caused by the shift 335 

from type 1 to type 2 cells, or simply a loss of type 1 cells [10]. This question cannot be 336 

answered with a biopsy but will require a full transect of the muscle. 337 

In a study of animal muscle fibers, it was suggested that specifically stretch and mechanical 338 

loading may induce a shift from fast twitch muscle fibers to slow twitch muscle fibers [47]. 339 

Increased activity or exercise of specific muscles are also associated with a fast-to-slow 340 

transition, i.e. an overall shift from more fatigable to less fatigable isoforms [19, 44].  341 

In this study several limitations require consideration. The ipsilateral DT has been used as a 342 

standard of reference in a number of studies [48, 49]  justifying the use of paired statistics and 343 

increasing the power of the analyses. The rationale for using the DT muscle for comparison 344 

could, however, be challenged, as it may be asymptomatically affected.  345 

Analysis of the degree of fatty infiltration, which is indicative of muscle weakness, was 346 

estimated for both the SS and DT muscle. In this study, fatty infiltration was determined 347 

based on the content FABP4 protein levels in the SS and DT muscles, which we found were 348 

comparable between the 2 muscles. This in contrast to a recent study by Lee et al., which used 349 
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a different and semi-quantittaive technique to assess FABP4  and demonstrated lower FABP4 350 

levels, representative of absence of fatty infiltration, in the DT muscle compaired to the SS 351 

muscle [50]. These findings are in favor of the use of DT as a reference muscle.  352 

In athletes, the DT is predominantly composed of type 1 fibers [51] and the report from 353 

Meyer et al [42] found that muscles adjacent to the affected SS had fewer skeletal muscle 354 

progenitor cells. This indicates that the observed muscle profiles adjacent to a lesioned SS 355 

muscle may be affected with altered regenerative properties. 356 

Another limitation inherent in muscle biopsy studies is that changes in muscle composition 357 

may not be uniformly distributed throughout the muscle. Our priority was to harvest all 358 

biopsies from the musculotendinous junction of the SS muscle during an arthroscopic 359 

approach from the subacromial space, thereby ensuring uniformity of the biopsy procedure. 360 

The biopsies from SS and DT were analyzed using design-unbiased stereology giving very 361 

precise estimates [27, 28]. In addition, in this study analysis of the samples was done blinded 362 

twice by two independent raters. In contrast, previous studies used less precise methods such 363 

as photographically enlarged paper prints of the samples and semi-automated image analyses 364 

[10, 16, 37, 38]. Our results showed a large degree of coherency between the two raters, as 365 

well as individually for each rater. 366 

Ratios of CE2/CV2 were made for both types of cells for both raters. To reach an acceptable 367 

level of precision when using stereology, the CE2 should be half or lower than CV2 [28]. The 368 

results indicate this was the case. 369 

370 
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 Conclusion 371 

In this study we found evidence of atrophy of both type 1 and 2 muscle cells and changes in 372 

the composition of SS muscle cell types indicative of a shift from type 1 to type 2 muscle 373 

fibers. The fiber atrophy and compositional change also indicate loss of endurance and rapid 374 

fatigue in the SS muscle following RC tendon tear. Furthermore, we found that a SS tendon 375 

tear affects the composition of adjacent muscles such as the DT.   376 
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Figure legends 549 

Figure 1. Stereological setup. A typical step in analyzing a biopsy, showing the counting 550 

frame with exclusion (red) and inclusion (green) guards, muscle cells and the delineation 551 

(yellow) of the biopsy. 552 

Figure 2. Muscle fiber composition after RC tendon tear. (A) Estimation of the total 553 

number of muscle fiber cells/mm² demonstrating significantly more type 2 cells in SS 554 

compared to DT. (B) Fractions of type 1 cells and type 2 cells in SS and DT demonstrating a 555 

significantly increased percentage of type 1 fibers compared to type 2 fibers in the DT 556 

muscle. Values are mean (%) ± SD, **p<0.01. 557 

Figure 3. Histograms representing fiber diameter distribution in SS and DT muscle 558 

after RC tendon tear. (A-D) Distribution of type 1 (A) and type 2 (B) fibers in men and type 559 

1 (C) and type 2 (D) fibers in women. Lines indicate limits for atrophy and hypertrophy. 560 

Please note the shift towards the left of the muscle fiber diameter distribution in SS muscle 561 

compared to the distribution of DT muscle fiber diameter. 562 

Figure 4. Myosin heavy chain staining of SS muscle tissue. Representative 563 

immunohistochemical staining of type 1 (red) and type 2 (brown) myosin heavy chain 564 

positive muscle fibers in a SS muscle from a female with a 28-months old RC tendon tear. 565 

Dotted rectangle demarcates an area with normal-sized muscle fibers, whereas the solid 566 

rectangle demarcates an area dominated by atrophied type 1 and type 2 muscle fibers. Note 567 

the massive fatty infiltration in this SS muscle 28 months after RC tear. Scale bar: 200 µm. 568 

Figure 5. MABP4 protein levels in SS and DT muscle tissue. ELISA for MABP4 protein 569 

levels demonstrating comparable MABP4 levels in SS and DT muscle after RC tendon tear. 570 

Values are mean (pg/mg) ± SD, n=16/group. 571 

 572 



Figures

Figure 1

Stereological setup. A typical step in analyzing a biopsy, showing the counting frame with exclusion (red)
and inclusion (green) guards, muscle cells and the delineation (yellow) of the biopsy.



Figure 2

Muscle �ber composition after RC tendon tear. (A) Estimation of the total number of muscle �ber
cells/mm² demonstrating signi�cantly more type 2 cells in SS compared to DT. (B) Fractions of type 1
cells and type 2 cells in SS and DT demonstrating a signi�cantly increased percentage of type 1 �bers
compared to type 2 �bers in the DT muscle. Values are mean (%) ± SD, **p<0.01.



Figure 3

Histograms representing �ber diameter distribution in SS and DT muscle after RC tendon tear. (A-D)
Distribution of type 1 (A) and type 2 (B) �bers in men and type 1 (C) and type 2 (D) �bers in women. Lines
indicate limits for atrophy and hypertrophy. Please note the shift towards the left of the muscle �ber
diameter distribution in SS muscle compared to the distribution of DT muscle �ber diameter.

Figure 4

Myosin heavy chain staining of SS muscle tissue. Representative immunohistochemical staining of type
1 (red) and type 2 (brown) myosin heavy chain positive muscle �bers in a SS muscle from a female with
a 28-months old RC tendon tear. Dotted rectangle demarcates an area with normal-sized muscle �bers,



whereas the solid rectangle demarcates an area dominated by atrophied type 1 and type 2 muscle �bers.
Note the massive fatty in�ltration in this SS muscle 28 months after RC tear. Scale bar: 200 μm.

Figure 5

MABP4 protein levels in SS and DT muscle tissue. ELISA for MABP4 protein levels demonstrating
comparable MABP4 levels in SS and DT muscle after RC tendon tear. Values are mean (pg/mg) ± SD,
n=16/group.
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