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Abstract

Background—Understanding rotator cuff muscle function during disease development and after 

repair is necessary for preventing degeneration and improving post-surgical outcomes, 

respectively. The rat is a commonly used rotator cuff animal model; however, unlike humans, rats 

continue to grow throughout their lifespan, so age-related changes in muscle structure may 

complicate an understanding of muscle adaptations to injury.

Methods—Infraspinatus and supraspinatus muscle mass, fiber length, pennation angle, 

sarcomere length, and physiological cross-sectional area (PCSA) were measured in Sprague-

Dawley rats (n=30) ranging from 51-814 grams body mass (~3 weeks to ~18 months).

Results—Both the supraspinatus and infraspinatus showed a striking conservation of sarcomere 

length throughout growth. There was linear growth in muscle mass and PCSA, non-linear growth 

in muscle length and fiber bundle length, and a linear relationship between humeral head diameter 

and fiber bundle length, suggesting that muscle fiber length (serial sarcomere number) adjusted 

according to skeletal dimensions. These muscle growth trajectories allowed sarcomere length to 

remain nearly constant.

Discussion—During the typical rat rotator cuff experimental period (animal mass 400g-600g), 

muscle mass will increase 30%, fiber length will increase 7%, and PCSA will increase 27%, but 

sarcomere lengths are nearly constant. Therefore, these normal growth-induced changes in 

architecture must be considered when muscle atrophy or fiber shortening is measured after rotator 

cuff tears in this model.
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INTRODUCTION

The rotator cuff muscles and their tendinous insertions are responsible for both strength and 

stability in the shoulder, yet they are susceptible to age related, degenerative changes leading 

to tendinosis and tearing. Rotator cuff tears are common and affect approximately 30% of 

patients over 60 years of age.4 The rotator cuff muscles undergo structural atrophy and 

fibrosis when torn19, altering their function, and changes do not appear to resolve after 

repair.6; 7 Importantly, the atrophy and fibrosis associated with chronic tears has been 

associated with poor reparability and healing.3 Therefore, an understanding of muscle 

function after injury and/or repair requires an understanding of muscle structure.

Muscle architecture is defined as the structural arrangement of muscle fibers relative to the 

axis of force generation and represents the best predictor of muscle function.2; 5; 14; 21 Two 

common measures of muscle architecture include fiber length and physiological cross-

sectional area (PCSA). Fiber length is directly proportional to excursion (the length of 

shortening that the muscle undergoes during a full contraction)21 and velocity (the speed at 

which a muscle changes length).2 PCSA is proportional to the maximum isometric force 

producing capacity of the muscle and is a direct indicator of strength.14

Since measures of muscle architecture are highly invasive and require muscle destruction, a 

variety of animal models have been used to study the pathology of muscles associated with 

rotator cuff tendon tears. The rat is a common model for assessing rotator cuff tears because 

of its anatomic similarities to the human shoulder15 and the vast amount of physiological, 

behavioral, and morphological data that already exists for this species.1; 15; 19 Several 

studies have shown that tenotomy of a healthy supraspinatus tendon in rats results in both 

radial and longitudinal atrophy of the supraspinatus muscle, which reduces the muscle's 

force generating capacity.1; 19 However, the atrophic changes observed in the rat after 

tenotomy are significantly less severe than those observed in humans after rotator cuff 

tear.19 In order to achieve atrophy equivalent to that observed clinically, the tenotomized 

muscles must also be denervated.12

One key difference between rodent models and humans is that rodent skeletons and muscles 

continue to grow in size over the animal's lifespan, confounding the effects of 

experimentally induced rotator cuff injury. For example, after measuring skeletal muscle 

growth over 28 days postnatal in mice, Gokhin et al suggested size-independent increases in 

muscle contractile function due to increases in myofibrillar packing.10 Williams and 

Goldspink demonstrated that muscle fiber lengths increased non-linearly over the lifespan of 

the mouse in the soleus and biceps brachii muscles.20 However, there are no data 

quantifying rotator cuff muscle architectural changes as a function of age in rats or any other 

animal. The age ranges used during these experiments is wide; 13 to 34 weeks 

age,1; 8; 9; 12; 19 and the growth rates of the shoulder muscles are unknown during this 

timeframe. Since humans typically develop degenerative rotator cuff tears after skeletal 

maturity, rat models of muscle pathology must account for the intrinsic changes that occur in 

muscle architecture throughout the rat's lifespan. The purpose of this study was to examine 

the architecture of the rat rotator cuff muscles across different age groups, in order to 

uncouple the effects of aging/growth and tendon tear. We predicted that rat rotator cuff 

Swan et al. Page 2

J Shoulder Elbow Surg. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



muscles undergo age-related maturation, which results in nonlinear architectural changes 

over the animal's lifespan.

METHODS

This is a cross-sectional study muscle architectural dimension across the rat lifespan. Thirty 

healthy Sprague-Dawley rats were euthanized under protocol approved by the Institutional 

Animal Care and Use Committee of the University of California, San Diego. Animals were 

weighed and subdivided into 6 approximate age groups based on total body mass: ~3 weeks 

(51-70 g, n=4), ~1 month (100-108 g, n=4), ~2 months (229-263 g, n=7), ~3 months 

(370-409 g, n=8), ~12 months (602-705 g, n=3), and ~18 months (760-814 g, n=4). Animals 

masses were chosen to gain an understanding of the entire lifespan and to best include the 

body mass range (400-600g) that is commonly used for rat rotator cuff experiments.9; 15; 19

Immediately following euthanasia, bilateral shoulders were skinned, and the scapulae, soft 

tissues, and proximal humeri were harvested en bloc. One shoulder from each animal was 

fixed in 10% Formalin in anatomical resting position for 48 hours while the contralateral 

shoulder was frozen for use in future studies.

Skeletal Muscle Architecture

The supraspinatus and infraspinatus muscles and tendons were sharply dissected intact with 

their bony attachments. The epimysium was removed, and each muscle was blot-dried and 

weighed. Muscle length was measured as the distance from the origin of the most proximal 

muscle fibers to the insertion of the most distal fibers (Fig. 1), which excluded tendon proper 

from our measures of muscle length. Fiber length (Lf’) was measured at 4 predetermined 

regions (2 anterior, 2 posterior) from the supraspinatus muscle and 3 predetermined regions 

(1 anterior, 1 central, 1 posterior) from the infraspinatus muscle using a digital caliper 

(accuracy, 0.01 mm; Fig. 1).19 Surface muscle fiber pennation angle relative to the axis of 

force generation was measured in each region with a standard goniometer as the angle 

between the fibers in each region and the distal muscle tendon (accuracy, 5°). Muscle fiber 

bundles were carefully dissected from the proximal tendon to the distal tendon of each 

muscle region. Fascicles were then placed in mild sulfuric acid solution (15% v/v) for 30 

minutes to partially digest surrounding connective tissue, and then rinsed in phosphate 

buffered saline. Under magnification, 3-5 small muscle fiber bundles (consisting of 

approximately 20 single fibers) were isolated from each muscle region and mounted on 

slides. Sarcomere length (Ls’) was determined in at least 3 locations in each fiber bundle, 

yielding a minimum of 27 measurements of sarcomere length per muscle. Measurements 

were made by laser diffraction using the zero-to-first-order diffraction angle, as previously 

described.13,19 Importantly, this technique captures the average sarcomere length in the 

laser-illuminated area, which contains thousands of individual sarcomeres. This sampling 

paradigm yields coefficients of variation on the order of 1% in a whole muscle, suggesting 

that sarcomere length does not vary substantially between different regions of the muscle in 

the anatomical position. Values for sarcomere number (Sn) or normalized fiber length (Lf) 

were then calculated for the isolated bundles according to the following equations:
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and

where Lf ’ is the measured fiber length, Ls’ is the measured sarcomere length in each fiber 

bundle, Lf is normalized muscle fiber length, and 2.4 μm represents the optimum sarcomere 

length for rat muscle.17 Physiological cross-sectional area (PCSA) was calculated according 

to the following equation:14

where M is muscle mass, θ is pennation angle, and ρ is muscle density (1.056 g/cm3).18 

Although our measurements of pennation angle are relatively course (~5°), the effect on 

PCSA is less than 1%.

Humeral Head Radius

Soft tissues were removed from the proximal humerus using sharp dissection. Superoinferior 

and anteroposterior humeral head radii were measured across the anatomical neck using a 

digital caliper (accuracy, 0.01 mm).

Statistics

Linear and non-linear regression was used to asses the relationships between body mass and 

skeletal dimensions and muscle architecture. All statistical analyses were performed using 

SPSS 20.0 (IBM, Armonk, NY) with a statistical threshold of α < 0.05. When regression 

relationships were significant, trendlines, equations, and r2 values were reported in the figure 

legends. Post-hoc power analyses of non-significant statistical tests yielded powers of 

greater than 90% in all cases.

RESULTS

Muscle mass increased linearly with body mass in both the supraspinatus and infraspinatus 

muscles (Fig. 2A and 3A). However, normalized fiber bundle length increased nonlinearly 

(logarithmically) with total body mass (Fig. 2B and 3B). There was a weak relationship in 

the supraspinatus and no relationship in the infraspinatus between total body mass and 

sarcomere length, which remained constant at approximately 2.4 μm (Fig. 2C and 3C) in 

both muscles. The development of PCSA was dominated by muscle mass and also increased 

linearly with total body mass (Fig. 2D and 3D).
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To further explore the relationship between normalized muscle fiber bundle length and total 

body mass, we compared total body mass to skeletal dimensions. These data suggested that 

the radii of the humeral head along the superoinferior axis and the anteroposterior axis 

(approximately the moment arm for the supraspinatus and infraspinatus muscles, 

respectively) are both non-linearly (logarithmically) related to total body mass (Fig. 4A and 

4D). Given that fiber length and skeletal dimensions are non-linearly (logarithmically) 

related to total body mass, we examined the relationship between normalized muscle fiber 

bundle length and humeral head radii and found that these variables were linearly related 

(Fig. 4B and 4C). Importantly, there was only a weak relationship between supraspinatus 

sarcomere length and humeral head radius and no relationship between infraspinatus 

sarcomere length and humeral head radius (Fig. 4C and 4F). Therefore, as the rat's skeleton 

(and therefore moment arms) grows, muscle fiber bundle length (serial sarcomere number) 

increases proportionally, which allows sarcomere length to be essentially conserved in these 

muscles.

DISCUSSION

These results suggest that the architecture of the rat rotator cuff, in general, develops 

proportionally with total body mass. In particular, the mass of the muscle dominates the 

PCSA, and therefore, we would expect that force generating capacity increases linearly with 

body mass. Perhaps most interestingly, normalized muscle fiber bundle length increased 

non-linearly with total body mass, allowing sarcomere length to be conserved. When these 

relationships were further explored, we observed that skeletal dimensions (humeral head 

radius) also increased nonlinearly with total body mass. The skeleton therefore grows 

disproportionally fast relative to total body mass early in life, as demonstrated previously in 

the hindlimbs of Wistar rats.16 However, fiber length tracked the growth rate of the skeleton, 

allowing sarcomere length to remain highly conserved. This is a critical relationship, as 

muscles are extremely length sensitive. This also suggests that an underlying developmental 

strategy exists to define sarcomere length for a particular muscle and to retain that 

sarcomere length over the lifespan of the animal. This developmental strategy has been 

speculated in muscles of the rat hindlimb16, but only demonstrated in two muscles of the 

mouse.20 Furthermore, because skeletal dimensions (humeral head radius) scale linearly 

with fiber bundle length, we would expect that the range of sarcomere lengths achieved over 

a given range of joint positions (sarcomere length operating range) would also be conserved.

To our knowledge, the observation of conserved sarcomere length and sarcomere length 

operating range in rotator cuff muscles has never been quantified. There are a number of 

basic science and clinical implications for this important observation. First, the rules and 

regulatory factors involved in the development of muscle architecture are still largely 

unknown. These results suggest that preservation of sarcomere length may be one such 

“rule”. These rules may be dictated by a number of autocrine, paracrine, and/or endocrine 

factors. Of particular recent interest is the role of bone in regulating muscle growth and 

development. Specifically, bone has recently been described as a potential “endocrine hub” 

regulating whole-organism physiology, and the existence of bone-derived hormones 

regulating skeletal muscle growth and adaptation is an interesting potential mechanism.11 

Secondly, based on the non-linear increase in fiber length early in life, these results suggest 
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that the ability to regulate sarcomere number may change over the lifespan. This idea would 

need to be explored experimentally, but it has profound implications for muscle recovery 

over the lifespan. Clinically, regulation of sarcomere number is important in all forms of 

tenotomy (including rotator cuff tears) because alterations in muscle fiber length directly 

affect muscle performance.19 Our results indicate that there is an overall developmental 

strategy to regulate sarcomere length (and number), so changes in fiber length as a result of 

experimentally induced tendon failure should consider the normal growth trajectory of the 

muscle when examining differences between injured and uninjured tendons.

There are a number of important limitations to this study. At this stage, these results are 

applicable to two rat rotator cuff muscles in a body mass range of 51-814 grams. 

Extrapolating these developmental strategies (and certainly the developmental rates) to 

different animal models or different masses is, perhaps, premature. However, the use of 

regression-based statistics and the wide range of animals masses used in this study has 

yielded adequate power to our statistical analyses, making us confident in our results. 

Second, we have theorized that skeletal dimensions direct the development of muscle 

architecture, but this is merely an observed correlation. We have not experimentally arrested 

growth of the skeleton to see if muscle architecture is similarly arrested, nor have we 

experimentally manipulated muscle architecture to see if skeletal architecture is changed. It 

is possible that there is some two-way communication between the muscle and the skeleton, 

even if it is just mechanical in nature.

CONCLUSIONS

In conclusion, the development of muscle architectural features in the rat rotator cuff 

muscles follows linear and non-linear growth trajectories. Using these data in the body mass 

range of 400 – 600 grams, as frequently seen in experimental models of rotator cuff tendon 

injury, a 30% increase in supraspinatus and infraspinatus muscle mass was observed. 

Similarly, a 7% increase in fiber length, a 27% increase in PCSA, and nearly constant 

sarcomere lengths were observed. These data indicate that investigators should expect 

significant changes in muscle architecture during the course of an experimental tear and/or 

repair period in this animal model. Over the lifespan, the development of force production 

appears to follow a linear trajectory with total body mass, but development of muscle fiber 

length appears to be non-linear and designed to conserve sarcomere length.
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Figure 1. 
Representative superior (A) and posterior (B) images of the rotator cuff. Dashed white lines 

represent the different sampling regions of the supraspinatus (SS) and infraspinatus (IS). 

Dotted white lines mark the borders of the deep tendons. Solid black brackets denote the 

muscle length for the supraspinatus (A) and infraspinatus (B). A=Anterior; P=Posterior.
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Figure 2. 
Supraspinatus muscle architectural features increase as a function of animal mass (age), 

except for sarcomere length, which remains constant over the lifespan. Muscle mass (A) (y 

= 0.001x + 0.0588, r2 = 0.957, p < 0.0001) increases linearly, normalized muscle fiber 

bundle length (B) (y = 1.888ln(x) - 0.7084, r2 = 0.797) increases non-linearly, sarcomere 

length (C) (y = 0.000156x + 2.298 , r2 = 0.20, p = 0.012) increases linearly, and 

physiological cross-sectional area (PCSA) (D) (y = 0.0007x + 0.1105, r2 = 0.876, p < 

0.0001) increases linearly as a function of total body mass.
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Figure 3. 
Infraspinatus muscle architectural features increase as a function of animal mass (age), 

except for sarcomere length, which remains constant over the lifespan. Muscle mass (A) (y 

= 0.0009x + 0.0493, r2 = 0.954, p < 0.0001) increases linearly, normalized muscle fiber 

bundle length (B) (y = 2.0693ln(x) - 1.8853, r2 = 0.783) increases non-linearly, sarcomere 

length (C) does not change (r2 = 0.000252, p = 0.932), and physiological cross-sectional 

area (PCSA) (D) (y = 0.0007x + 0.0957, r2 = 0.884, p < 0.0001) increases linearly as a 

function of total body mass.
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Figure 4. 
The superoinferior humeral head radius increases non-linearly as a function of body mass 

(A) (y = 0.3839ln(x) + 0.4537, r2 = 0.770), which allows normalized muscle fiber bundle 

length to increase linearly with superoinferior humeral head radius (B) (y = 1.8779x + 

0.0981, r2 = 0.601, p = 0.0002), allowing sarcomere length to remain constant versus 

superoinferior humeral head radius (C) in the supraspinatus muscle (y = .114x + 2.057, r2 = 

0.242, p = 0.005,). Similarly, the anteroposterior humeral head radius increases non-linearly 

with total body mass (D) (y = 0.3798ln(x) + 0.2043, r2 = 0.735), which allows normalized 
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muscle fiber bundle length to increase linearly with anteroposterior humeral head diameter 

(E) (y = 2.1182x - 0.1766, r2 = 0.644), allowing sarcomere length to remain constant versus 

anterposterior humeral head radius (r2 = 0.002, p = 0.8179) (F) in the infraspinatus muscles.
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