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ABSTRACT 

 

Rotator cuff tears are a highly prevalent musculoskeletal injury affecting 20-50% 

of older adults, and prevalence increases with more advanced age. Symptoms of a rotator 

cuff tear include muscle atrophy, fatty infiltration, decreased strength, and a loss of 

functional ability. However, a healthy aging process is also associated with atrophy, 

reduced strength, and declines in physical function. The goals of this dissertation were to 

understand how muscle volume and strength are affected with healthy aging, and how the 

symptoms of a rotator cuff tear may further compound age-associated changes to muscle 

morphology, strength, and function. 

We measured upper limb muscle volume and strength in a cohort of healthy older 

adults and compared these findings to previously reported measures for healthy young 

adults. We also studied a group of older individuals with a rotator cuff tear and healthy 

age- and gender-matched controls. We found that healthy older adults have reduced 

muscle volume and strength compared to young adults, and these measures are further 

reduced in subjects with a rotator cuff tear. In addition, quantitative assessments of 

muscle atrophy and fatty infiltration are not significantly related to semi-quantitative 

clinical assessments of these qualities. Older patients with a rotator cuff tear report worse 

physical function on self-report measures of shoulder function and demonstrate altered 

joint kinematics during functional upper limb task performance. 

We developed individualized computational musculoskeletal models of older 

adult subjects with and without rotator cuff injury, scaling the model’s peak muscle 

forces using subject-derived measurements. We performed dynamic simulations of 
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movement for recorded kinematics. Results demonstrated that patients with a rotator cuff 

tear used a more abducted and internally rotated posture during task performance and had 

reduced peak resultant joint reaction forces with reduced compressive force components 

at the glenohumeral joint.  

Results of this dissertation suggest that the age-associated changes to upper limb 

musculature and strength are further compounded in subjects with a rotator cuff tear. This 

work lays the foundation to better inform clinical assessment techniques for older patients 

with a rotator cuff tear and rehabilitation strategies to prolong functional independence in 

the older adult population. 
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1. INTRODUCTION 

As individuals age, there are inherent changes to the skeletal muscle. Sarcopenia, 

or a decrease in muscle mass, is a well-known effect of aging, and is accompanied by 

reduced muscle force, diminished neural activation, and a decreased quality of contractile 

proteins (Clark and Manini, 2010; Jones et al., 2008; Macaluso and De Vito, 2004; 

Merletti et al., 2002; Narici and Maffulli, 2010; Rosenberg, 1989). Reductions in muscle 

strength may exceed those of muscle mass, indicating a muscle quality decrement, which 

is a reduction in strength per unit of muscle mass (Clark and Manini, 2010; Goodpaster et 

al., 2001; Goodpaster et al., 2006; Newman et al., 2003; Park et al., 2007). While strength 

losses 2-5 times greater than muscle size decreases have been reported in the lower limb 

(Delmonico et al., 2009), it is unclear whether this relationship holds true for the major 

functional groups in the upper limb. Understanding the relationships between muscle 

volume and strength for muscles in the upper limb may have important implications for 

the performance of activities of daily living in an older population (age >60 years), as 

many daily functional tasks require the use of the upper limb. 

It is common for older adults to experience a musculoskeletal injury such as a 

rotator cuff tear. Approximately 20-50% of older adults live with a rotator cuff tear, 

which is associated with decreased shoulder strength, range of motion, and limited upper 

limb function (Baydar et al., 2009; Baysal et al., 2005; Favard et al., 2007; Labriola et al., 

2005; Lin et al., 2008; McConville and Iannotti, 1999; Steenbrink et al., 2010; Yamamoto 

et al., 2010). A torn rotator cuff is also associated with reduced muscle volume (atrophy) 

and increased intramuscular fat (fatty infiltration) (Ashry et al., 2007; Goutallier et al., 

1994; Mellado et al., 2005; Nakagaki et al., 1996; Steinbacher et al., 2010). These deficits 
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can compromise the ability of older adults to perform activities of daily living (ADL) 

(Lin et al., 2008; Muraki et al., 2008), and ultimately reduce their independence (Lin et 

al., 2008). People with a torn rotator cuff may employ movement compensation, or a 

deviation from the movement path of a healthy, unimpaired population (McCully et al., 

2006; Scibek et al., 2008) to complete upper limb tasks (Magermans et al., 2005; Muraki 

et al., 2008; Scibek et al., 2008), resulting in different kinematics (joint angles) and 

increased reliance on unimpaired muscles (Kelly et al., 2005; Lee et al., 2007; Muraki et 

al., 2008; Reeves et al., 2009; Steenbrink et al., 2006; Veeger et al., 2006). Further, the 

aging process induces changes to skeletal muscle, which may affect motor coordination 

and muscle strength (Delbono, 2003; Ketcham et al., 2002; Metter et al., 1997), 

contributing to compensation seen in healthy aging (Darling et al., 1989; Ketcham et al., 

2002; Reeves et al., 2009). It is essential to identify the normative kinematics of upper 

limb movements in the context of healthy aging (Lee et al., 2007) in order to elucidate the 

further development of functional changes after a rotator cuff tear in older adults. 

Standardized self-reported measures of shoulder function are used to evaluate a 

patient’s perception of their ability to function and to gain a baseline assessment and 

track improvement following treatment. However, these assessments are subjective. It is 

important to determine how these subjective assessments of function are related to 

quantitative measures of physical function, such as strength or range of motion. 

Understanding the functional consequences of a rotator cuff tear in older adults, and 

identifying how functional ability may be associated with weakened muscles or groups of 

muscles will help to design rehabilitation strategies to strengthen muscles and improve 

function after injury (Kelly et al., 2005; Labriola et al., 2005; Muraki et al., 2008). 
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To understand how movement in ADL tasks may be different for individuals with 

a rotator cuff tear and how these movements may be related to the loading at the 

glenohumeral joint, knowledge of the forces and activations of contributing muscles is 

essential. Individual muscle forces and glenohumeral joint loads cannot be measured in 

vivo. Therefore, it is necessary to use a musculoskeletal model that can estimate 

individual muscle forces and joint reaction forces. Computational models of the shoulder 

have been used previously to predict muscle forces and glenohumeral joint loads 

(Dickerson et al., 2007; Dickerson et al. 2008; van der Helm 1994), investigate muscle 

activations (Steenbrink et al., 2010), and evaluate joint torques for simulated rotator cuff 

tears (Steenbrink et al., 2009). The goal of this dissertation work is to investigate the 

differences in upper limb musculature in a group healthy older adults compared to 

healthy young adults and characterize functional movement during the performance of 

ADL tasks for older subjects with and without a rotator cuff tear. Specifically, this work 

will 1) assess the muscle volume and isometric joint moment of the major upper limb 

functional groups, and their relationship, in a group of older adults, and compare to 

previously reported data from young adults; 2) evaluate the differences in muscle 

volume, strength, and fatty infiltration for subjects with a rotator cuff tear and compare 

these quantitative measures to clinical assessments of muscle morphology; 3) evaluate 

self-reported measures of shoulder function and assess the relationships between these 

measures and assessments of strength and range of motion; and 4) identify movement 

characteristics for 7 ADL tasks by assessing the joint kinematics and the resultant forces 

on the glenohumeral joint during task performance, and compare these measures between 

older adults with and without a rotator cuff tear.  
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This study uses both experimental and simulation techniques to examine an 

important clinical problem. We will characterize and report, for the first time, the 

relationships between strength and muscle volume for the major functional groups in the 

upper limb of older adults, and the kinematics for the major upper limb joints for older 

adults with a rotator cuff tear and healthy age- and gender-matched controls. This work 

will also evaluate self-report measures to assess whether these subjective assessments of 

physical function are useful for differentiating between patients with and without a 

rotator cuff tear in an older patient cohort. Finally, we will uniquely apply dynamic 

computational simulations of ADLs using individualized computational models to further 

explore functional differences of older adults with a rotator cuff tear. Ultimately, our 

investigation of this contemporary problem can inform rehabilitation and treatment for 

older adults with and without a rotator cuff injury. 

 

1.1 Muscle Anatomy and Physiology 

Skeletal Muscle Anatomy 

Skeletal muscle is a hierarchical structure that comprises over 40% of the human 

body (Guyton and Hall, 1956). Each muscle is made up of muscle fascicles, which are in 

turn composed of bundles of muscle fibers (Figure 1-1). Muscle fibers contain myofibrils, 

which are composed of sarcomeres in series. A sarcomere is the contractile unit of 

skeletal muscle, made up of actin and myosin filaments interdigitated with one another 

(Figure 1-2). It is the arrangement of actin and myosin into sarcomeres in series that 

causes the striated appearance of skeletal muscle.  
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Figure 1-1: Skeletal muscle structure 

Hierarchical structure of skeletal muscle (adapted from (Guyton and Hall, 1956; Lieber, 

1992)).  

 

A single sarcomere spans from one Z-disc to the next Z-disc (Figure 1-2 A, B). 

Actin, also called the “thin filament,” is attached to the Z-disc. Myosin, or the “thick 

filament,” resides between two adjacent Z-discs. An elastic protein filament, titin, 

provides the framework to keep myosin in register with the actin within the sarcomere. 

Other structurally meaningful portions of the sarcomere include the A-band, which spans 

the length of the myosin; the H-zone, which is the middle portion of the myosin filament 

that is not covered by actin; the I-band, or the distance across the Z-disc spanning from 

the end of one myosin filament to the end of the myosin in the next sarcomere; and the 

M-line, which is the midline of the myosin filament. During a contraction, the H-zone 

and I-band become smaller, as actin and myosin interact with one another to contract the 

muscle (Guyton and Hall, 1956). 
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Figure 1-2: Structure of a sarcomere 
Structure of a muscle myofibril (A). Each myofibril is made of sarcomeres in series. The 

arrangement of actin and myosin in a sarcomere (B) is the contractile unit of muscle and 

is responsible for the striated appearance of skeletal muscle. The appearance of the cross-

section of a sarcomere is dependent on the location in the sarcomere (C). (adapted from 

(Guyton and Hall, 1956; Lieber, 1992) 

 

Structurally, actin is a protein arranged into an F-actin protein strand made of G-

actin molecules. The F-actin strands are arranged in a double helix, often described as a 

“string of pearls” (Figure 1-3). Each G-actin unit contains a binding site for myosin 

heads, which is exposed during cross-bridge cycling. A protein called tropomyosin is 

wrapped around the actin double helix. Tropomyosin wraps around the actin molecules 

so that it is covering the active sites while the muscle is at rest. A third structural 

component associated with the actin filament is the troponin complex, which includes 

troponin I, troponin T and troponin C. This complex attaches tropomyosin to the actin 

double-helix. The troponin molecules I, T, and C have an affinity for actin, tropomyosin, 

and calcium ions, respectively. During cross-bridge cycling, calcium binds to troponin C, 
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inducing a conformational change in the troponin complex which pulls the tropomyosin 

filament to expose the binding sites on the actin molecules (Guyton and Hall, 1956).  

A myosin filament is made up of several molecules of myosin (Figure 1-3). Each 

myosin molecule has a tail composed of a double helix of two heavy chains of protein 

(Figure 1-4). At one end, each of the chains folds around itself to form a myosin head. 

Thus, each myosin molecule has 2 heads. Each myosin head has two light chains that 

control the function of the myosin heads during contraction. These light chains are an 

essential light chain and a regulatory light chain. Several myosin molecules comprise 

each myosin filament. In the filament, molecules of myosin are arranged such that the 

myosin heads are offset by 120 degrees in the axial direction. This allows myosin to 

interact with actin in all directions (Figure 1-2c) (Guyton and Hall, 1956).  

 

 

 
 

Figure 1-3: Actin and myosin 

Structure of an actin molecule (top) and a myosin filament (bottom). The binding of 

calcium to the binding site on troponin induces a conformational change in which 

tropomyosin uncovers the binding site for a myosin head. (adapted from (Guyton and 

Hall, 1956; Lieber, 1992))  
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Figure 1-4: Structure of a myosin molecule 
Structure of a single myosin molecule. A myosin molecule is comprised of two myosin 

heavy chains, twisted together to form a tail. Each chain wraps around itself to form a 

single myosin head. The myosin heads each have a regulatory light chain and an essential 

light chain, both of which control the function of the myosin head during contraction. 

(adapted from (Guyton and Hall, 1956; Lieber, 1992))  

 

Muscle Contraction 

For a muscle to contract, the myosin heads ratchet along the actin molecule, 

bringing the Z-discs closer to one another and the overall muscle length to shorten (when 

unopposed by external forces). This process requires energy, in the form of ATP 

(adenosine tri-phosphate), and occurs in a cyclic manner; this process is referred to as 

cross-bridge cycling. Cross-bridge cycling can be divided into four stages (Figure 1-5) 

(Guyton and Hall, 1956; Lieber, 1992):  

 

Stage 1: Before the initiation of contraction, a molecule of ATP binds with the myosin 

head. The ATP is cleaved into ADP and inorganic Phosphate (Pi). Calcium (Ca
2+

) binds 

to troponin C on the actin filament, inducing a conformational change in the troponin 

complex to expose the actin binding site and cock the myosin head. 
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Stage 2: The myosin head binds with the exposed actin binding site, causing a 

conformational change in the myosin head. This change causes the head to ratchet 

forward, pull the actin filament, and generate force.  

Stage 3: After ratcheting, ADP and Pi are released from the myosin head. 

Stage 4: Another ATP molecule binds to myosin, releasing the head from the actin 

binding site. 

 

 
 

 
Figure 1-5: Cross-bridge cycling 
Cross-bridge cycling pathway for muscle contraction. (adapted from (Guyton and Hall, 

1956; Lieber, 1992)) 

 

Neuromuscular Interaction  

Initiation of muscle contraction is caused by a neural excitation (Figure 1-6). A 

single nerve fiber will branch to innervate a few to a few hundred muscle fibers at a 
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neuromuscular junction; a nerve fiber and its associated muscle fibers form a motor unit. 

At the end of the motor neuron axon is a motor end plate. Excitation of the nerve will 

cause acetylcholine (ACh) to be released from the motor end plate into the synaptic cleft. 

The ACh binds with ACh receptors, causing sodium (Na
+
) channels to open, allowing 

Na
+
 and potassium (K

+
) to cross the membrane of the muscle fiber. This influx of Na

+
 

and K
+
 induce an electrochemical gradient that propagates the action potential through 

the sarcolemma and t tubules. When the action potential reaches the t tubules, Ca
2+

 is 

released from the sarcoplasmic reticulum. This calcium binds to troponin in cross-bridge 

cycling to contract the muscle (Guyton and Hall, 1956; Lieber, 1992). 

 

 
Figure 1-6: Neuromuscular junction 
At the neuromuscular junction, a motor axon releases synaptic vesicles with acetylcholine 

(ACh), which are received by the motor end plate. The action potential propagates 

through the transverse tubules (t tubules) and into the sarcolemma to initiate cross bridge 

cycling. (adapted from (Guyton and Hall, 1956; Kravitz, 2014; Lieber, 1992)) 
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Figure 1-7: Twitch and tetanus 

Twitch and tetanus of neural activation of skeletal muscle. (A) Two twitches separated by 

enough time to allow for complete relaxation will reach the same magnitude of force. (B) 

Twitches separated by less than the time it takes for complete relaxation will sum 

together and achieve a higher muscle force. (C) A higher frequency of twitches will result 

in unfused tension, and tetanus occurs when the frequency is high enough that a single 

force is maintained. (adapted from (Lieber, 1992; McMahon, 1984)) 

 

Twitch and Tetanus 

A single neural impulse will produce a pulse of excitation, called a twitch. A 

single muscle twitch takes approximately 100 msec, which is the time associated with the 

entire excitation-contraction coupling process (Lieber, 1992). If individual impulses 

occur more than 100 msec apart, then the muscle will contract in a series of twitches that 

all reach the same force magnitude (Figure 1-7A). However, if a second impulse is fired 

before 100 msec, the muscle will contract before it has fully relaxed. Consequently, this 

second twitch will produce a higher muscle force than an isolated twitch (Figure 1-7B). 

When impulses are sent at a high frequency, greater forces can be achieved, as there is 

less time for the muscle to relax. If the frequency is high enough, these impulses will 
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fuse, called tetanus (Figure 1-7C). A tetanus impulse will allow the muscle to achieve a 

maximal force. The central nervous system uses twitch and tetanus to deliver an impulse 

at an appropriate frequency to modulate muscle force. However, rate coding alone only 

modulates the force over a four-fold range (Lieber, 1992). Motor unit recruitment is 

another method by which the force of a muscle can be regulated, by changing the number 

of motor units that are activated. When a low force is needed, only a few motor units are 

activated; conversely, when a high force is needed, a greater number of motor units are 

activated. The recruitment of muscle fibers starts with the motor neuron axons that 

innervate a small number of muscle fibers, and motor neuron axons that innervate larger 

numbers of muscle fibers are incrementally recruited as the needed force increases. The 

phenomenon of orderly recruitment was first discovered in 1965 by Elwood Henneman 

(Henneman et al., 1965), and is commonly referred to as “Henneman’s size principle”. 

For a muscle to generate force, neural activation initiates cross bridge cycling, 

which causes muscle excitation. There is a delay in the transmission of activation to 

excitation, which is caused by the time delay associated with propagation of the 

neurotransmitter ACh and the chemical reactions of cross bridge cycling. Similarly, there 

is a delay in the deactivation of muscle, which is caused by the time it takes for released 

Ca
2+ 

to be pumped back into the sarcoplasmic reticulum. It is important to account for 

these delays when modeling the neuromuscular system. Mathematically, the relationships 

between activation and excitation can be modeled using Equation 1-1 (Thelen et al., 

2003; Zajac, 1989), where   is the neural excitation and   is the muscle activation, both 

of which can vary between 0 (no excitation/activation) and 1 (full excitation/activation). 

The variables      and        are the activation and deactivation rate constants, 
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respectively, where      represents the time delay between excitation and activation and 

       is the delay between the cessation of excitation and the end of activation. 

(   )  [
 

    
 
(   )

      
]      

Equation 1-1 
(   )

      
      

 

Force-length-velocity Relationship of Skeletal Muscle 

The force a muscle can generate is dependent on several parameters, which 

include cross-sectional area, neural activation, musculotendon length, and velocity of 

contraction (Lieber, 1992; McMahon, 1984). Maximal force is proportional to the 

physiological cross-sectional area of a muscle (PCSA), where PCSA is the cross-

sectional area of the muscle belly perpendicular to the muscle fibers. A muscle with a 

larger PCSA will generate a greater amount of force than a muscle with a smaller PCSA, 

all other parameters being equal. 

The force of skeletal muscle is also dependent on the length of the muscle-tendon 

unit. The force-length relationship (Figure 1-8) of muscle derives from the length of the 

sarcomere and the amount of overlap of actin and myosin within the sarcomere (Figure 

1-8, left panel). The force-length relationship of muscle has active (Figure 1-8, green 

line) and passive components (Figure 1-8, red line), which represent the forces generated 

from neural stimulation and in the absence of stimulation, respectively. Looking at the 

active curve (Figure 1-8, green line), when the sarcomere length is short, there is an 

overlap of actin molecules from one side of the sarcomere with the actin molecules on the 

other side of the sarcomere. When the sarcomere is at very short lengths, these actin 
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molecules cause interference with the Z-disc, resulting in low muscle force. As length of 

the sarcomere increases, the actin and myosin overlap such that all cross bridges are used. 

This corresponds with the plateau region of the plot, and is referred to as optimal 

sarcomere length. As the sarcomere continues to lengthen, actin and myosin are no longer 

in complete overlap, and some cross bridges are not used. This causes a reduction in 

muscle force, which is shown by the descending portion of the curve. When the 

sarcomere is stretched to the point where there is no longer any overlap between actin 

and myosin, there is no muscle force. The forces on the active curve are also dependent 

on the activation level of the muscle.  At full activation, the muscle can achieve its 

maximal force, but as activation is decreased, the peak force on the active curve also 

decreases (Figure 1-8, black curves). The passive curve (Figure 1-8, red line) of the 

force-length relationship represents the muscle forces generated when the muscle is 

stretched in the absence of neural stimulation. At optimal sarcomere length, the passive 

muscle force is zero, but passive force increases as the muscle is stretched to lengths 

greater than optimal sarcomere length. The passive force of muscle is primarily due to the 

elasticity of the protein titin and other connective material. The active and passive muscle 

force curves can be summed to obtain a curve for the total muscle force (Figure 1-8, blue 

dashed line) (Lieber, 1992; McMahon, 1984).  
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Figure 1-8: Force-length relationship 

Force-length relationship of muscle, which represents an isometric contraction, where the 

contraction velocity of the sarcomere is held constant. The amount of overlap of actin and 

myosin during contraction (left) determines the amount of muscle force generated (right). 

In the force-length relationship, active muscle force (green line) is the contribution of 

actin and myosin cross bridge cycling. Passive force (red line) is the muscle force in the 

absence of neural activation, which is caused by titin. Active and passive muscle forces 

sum together to give the total muscle force (blue dashed line). Active muscle force is also 

dependent on the level of muscle activation (black curves). As activation level decreases 

from 100% of full activation, the muscle forces are also reduced. (adapted from (Baranay, 

2002; Guyton and Hall 1956; Lieber 1992; McMahon, 1984)) 

 

The force a muscle produces also depends on the shortening or lengthening 

velocity of the muscle fiber (Figure 1-9). In concentric muscle contractions (i.e. when the 

muscle is shortening), a faster contraction velocity will cause the muscle to generate less 

force. At the maximum contraction velocity, there is no muscle force, whereas muscle 

force increases during a concentric contraction as shortening velocity approaches zero. 

Physiologically, the rate at which actin and myosin bind together in cross bridge cycling 
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occurs at a rate (Lieber, 1992) dependent on the fiber type and fatigue (Fitts, 2008). 

When the velocity of contraction is increased, there is not sufficient time for actin and 

myosin to attach and generate force. Thus, with an increased contraction velocity, fewer 

cross bridges are made and the muscle force is reduced. In an eccentric contraction, 

during which the muscle is lengthening while activated, the load on the muscle exceeds 

that which the muscle can itself generate. In lengthening contractions, the muscle force 

reaches a greater magnitude than the maximal muscle force during concentric or 

isometric contractions. Further, muscle can only lengthen a small amount until it reaches 

a length where the muscle force is 1.8 times the normalized muscle force, at which point 

the force will cause yielding of the muscle (Lieber, 1992; McMahon, 1984). 

 

 

 
 

Figure 1-9: Force-velocity relationship 

Force-velocity relationship for skeletal muscle. This relationship considers the force of a 

muscle when the length is held constant. (adapted from (Lieber, 1992; McMahon, 1984)) 
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Hill-type Muscle Model 

Muscle, and the structural components that make up muscle, can be represented 

mechanically by a combination of mechanical elements, including non-linear springs and 

dashpots. A common and widely used mechanical representation of muscle was first 

introduced by A.V. Hill in 1938 (Hill, 1938) and is referred to as a Hill-type muscle 

model (Figure 1-10). In this model, there is a contractile element (CE) and passive elastic 

element (PE) in parallel with one another, which are together in series with a series 

elastic element (SE). The CE, which represents the actin and myosin cross bridge 

behavior, is represented by a dashpot in parallel with an element dependent on the 

activation. The overall force of the CE is dependent on the length of the muscle, the 

velocity of contraction, and the neural activation of the muscle. The CE is in parallel with 

an elastic spring element, which represents the PE component of muscle, mainly the 

protein titin, along with connective tissue. There is an elastic spring element in series 

with the CE and PE elements to represent the elasticity of tendon. Thus, the overall force 

in the muscle-tendon unit is the combined force produced by each of the CE, PE, and SE 

elements in the model. The Hill-type muscle model is frequently used to mathematically 

represent muscle (McMahon, 1984) and in computational representations of muscle-

tendon units. 
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Figure 1-10: Mechanical model of skeletal muscle 
Mechanical representation of skeletal model, described by A.V. Hill (Hill, 1938). The 

contractile element (CE) is represented by a dashpot in parallel with an element 

dependent on the activation, to represent the actin and myosin cross bridging, which is 

dependent on the muscle length, contraction velocity, and neural activation of the muscle. 

The parallel elastic element (PE) is in parallel with the CE and is modeled with an elastic 

spring, representative of titin and connective tissue. In series with the CE and PE is a 

series elastic element (SE), modeled with an elastic spring, representing the elasticity of 

tendon. (adapted from (McMahon, 1984)) 

 

 

1.2 Aging 

The population in the United States continues to age and it is estimated that by the 

year 2030, there will be over 71 million people, or 20% of the population, over the age of 

65 (Center for Disease Control and Prevention and The Merck Company Foundation, 

2007). Changes to skeletal muscle, including sarcopenia and reduced strength (Akagi et 

al., 2009; Clark and Manini, 2010; Delmonico et al., 2009; Desrosiers et al., 1999; 

Rantanen, 2003; Thomas, 2010), are inherent to the aging process. Further, it has been 

reported that there is a decreased ability to perform activities of daily living that occurs in 

healthy aging (Clark and Manini, 2010; Desrosiers et al., 1995; Desrosiers et al., 1999; 

Rantanen, 2003). With such a large increase in the older adult population expected, it is 

critical that collaborative efforts between researchers and clinicians be pursued to gain 
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further understanding of the complex effects of healthy aging related to functional 

abilities in both healthy subjects and those with a musculoskeletal injury, such as a 

rotator cuff tear.  

 

Muscle Changes with Aging 

It is well-known that changes occur to skeletal muscle with advanced age. 

Sarcopenia is a decrease in muscle mass that occurs with age, resulting in an associated 

reduction in muscle strength (Akagi et al., 2009; Clark and Manini, 2010; Delmonico et 

al., 2009; Desrosiers et al., 1999; Janssen et al., 2002; Jones et al., 2008; Macaluso and 

De Vito, 2004; Narici and Maffulli, 2010; Rantanen, 2003; Rosenberg, 1989; Thomas, 

2010). However, strength reductions have been reported to be greater than muscle mass 

reductions, indicating a decrement in muscle quality (Delmonico et al., 2009; Goodpaster 

et al., 2006; Lynch et al., 1999; Macaluso and De Vito, 2004; Merletti et al., 2002; Narici 

and Maffulli, 2010). Further, gaining or maintaining muscle mass does not prevent older 

adults from experiencing muscle strength reductions (Goodpaster et al., 2006). It has 

been suggested by some that sarcopenia begins as early as the second decade of life 

(Macaluso and De Vito, 2004; Narici and Maffulli, 2010), with more pronounced 

changes later in life (Janssen et al., 2002; Metter et al., 1997). 

These strength reductions may be the result of the combination of several other 

age-associated changes that occur in the neuromuscular system, such as a decrease in the 

number of motor units from decreases in the total number of neuromuscular junctions 

(Janssen and Ross, 2005; Merletti et al., 2002; Narici and Maffulli, 2010; Roubenoff and 

Hughes, 2000; Valdez et al., 2010). There is also a preferential atrophy of type II muscle 
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fibers, and a conversion from type II to type I muscle fibers, which may be due to 

changes in demands placed on muscles with aging, such as conducting movements more 

slowly or with reduced intensity (Landers et al., 2001; Lieber, 1992; Merletti et al., 2002; 

Narici and Maffulli, 2010). Additionally, the infiltration of intramuscular fat (Janssen and 

Ross, 2005; Narici and Maffulli, 2010), uncoupling of excitation-contraction, whereby 

less calcium is released from the sarcoplasmic reticulum (Delbono et al., 1995), and 

changes to the structure of actin and myosin are thought to play a role in the reduction of 

the contractile quality of muscle (Clark and Manini, 2010). Furthermore, there is an 

increased incidence of muscle co-contraction with age (de Boer et al., 2007; Klein et al., 

2001). Although co-contraction may reduce the net moments across a joint and may be 

the result of reduced neuromotor function, it may benefit older adults by providing joint 

stiffness and a more stable posture (Hortobagyi and DeVita, 2000; Klein et al., 2001). 

Together, this indicates that changes to the various components of the neuromuscular 

system, not only muscle mass reductions, are components of the aging process, and the 

function of the neuromuscular system is a critical factor in determining older adult health 

and functional performance (Clark and Manini, 2010; Delmonico et al., 2009; Goodpaster 

et al., 2006). These changes to skeletal muscle are likely to play a major role in the ability 

of healthy older adults to perform daily tasks (Janssen et al., 2002; Rantanen, 2003) and 

may be further exaggerated in older adults with a musculoskeletal injury, such as a 

rotator cuff tear. 
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Activities of Daily Living 

There is a decreased ability to perform activities of daily living (ADLs) associated 

with healthy aging (Clark and Manini, 2010; Desrosiers et al., 1995; Desrosiers et al., 

1999; Rantanen, 2003); ADLs include tasks such as eating, dressing, or bathing (Katz et 

al., 1963). Approximately 20% of adults aged 65-85 years and 48% of those aged >85 

years require assistance with ADLs and other functional tasks (1997). Many ADL tasks 

require strength and coordination of the upper extremity (Lundgren-Lindquist and 

Sperling, 1983), and considerable declines in strength can affect an individual’s ability to 

perform ADLs, which are necessary for independent living (Clark and Manini, 2010; 

Rantanen, 2003). These reductions in strength are also influenced by sarcopenia, 

decreased muscular contractile quality, and altered neural activation, as previously 

discussed. However, the relative contributions of each of these factors to strength 

reduction remains unclear (Clark and Manini, 2010).  Therefore, it is important to explore 

and better understand the age-related changes to the upper limb, so that strategies to 

preserve and improve upper extremity function and independence can be pursued. 

Healthy older adults have been reported to employ compensatory strategies in 

daily tasks (Darling et al., 1989; Ketcham et al., 2002; Reeves et al., 2009). 

Compensation can be defined as a deviation from the movement path of a healthy, 

unimpaired population. It is quantified by kinematic differences (joint angles) throughout 

a movement caused by reduced muscle forces and range of motion, and altered muscle 

activation (Kelly et al., 2005; Lee et al., 2007; McCully et al., 2006; Muraki et al., 2008; 

Reeves et al., 2009; Scibek et al., 2008; Steenbrink et al., 2006; Veeger et al., 2006). A 
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musculoskeletal injury, particularly a rotator cuff tear, may further exacerbate these age-

related muscular and functional changes.  

In the context of this work, we will explore the role of aging on changes to upper 

limb musculature. Specifically, we will measure muscle volume to evaluate atrophy and 

obtain measurements of isometric joint moment to assess strength. These measurements 

will be compared with previously reported data from young adults (Holzbaur et al., 

2007a; Holzbaur et al., 2007b) to determine the role of aging in upper limb musculature. 

Furthermore, ADL task performance will be assessed to investigate how healthy older 

adults perform daily functional tasks. Previous work by our group has explored 

functional tasks with common household items in a group of healthy older adults (Vidt et 

al., 2012a, b). 

 

1.3 Rotator Cuff Tears 

Anatomy 

There are four muscles which comprise the rotator cuff, including the 

supraspinatus, infraspinatus, subscapularis, and teres minor (Figure 1-11). These muscles 

work together to stabilize the humeral head in the glenoid fossa, by the attachment of 

their tendons to the humeral head. The most commonly torn tendon of the rotator cuff 

muscles is that of the supraspinatus (Keyes, 1933; Sano et al., 1999), which is often 

accompanied by tears of the subscapularis and infraspinatus tendons (Goutallier et al., 

1994; Seida et al., 2010). While tears can occur acutely, such as from a fall, degenerative 

tears associated with age are most common (Ozaki et al., 1988). Degenerative tears are 

characterized by a disorientation of collagen fibers, myxoid degeneration (i.e. when the 
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fibrillar appearance of tendon is replaced by a homogenous, opaque tissue resembling 

mucous) and hyaline degeneration (Hashimoto et al., 2003).  

Both muscle atrophy and fatty infiltration play independent roles in the poor 

outcomes reported following a rotator cuff tear (Laron et al., 2012). Muscle size is 

regulated by protein synthesis and the magnitude of the signaling in the various pathways 

(e.g. growth hormones, mechanical signals) can play a role in skeletal muscle size (Laron 

et al., 2012). Gene expression has also been demonstrated to play a role in the regulation 

of the pathways associated with muscle size, and Liu et al. (2011) have shown in a rat 

rotator cuff tear model that mTOR and Akt genes increase muscle atrophy. In muscle 

atrophy, the extracellular matrix of the skeletal myocytes is remodeled and induces 

fibrosis, or an increase in connective tissue. This remodeling has been shown to be 

regulated by matrix metaloproteinases (MMPs) (Shindle et al., 2011), suggesting that 

degeneration is driven by cellular mechanisms. It has also been suggested that MMPs 

may provide a useful diagnostic marker for a rotator cuff tear (Lo et al., 2004; Osawa et 

al., 2005).  

The amount of fatty infiltration following a rotator cuff tear also plays a primary 

role in a patient’s outcome, although little is known about the biological mechanisms of 

this process (Frey et al., 2009, Laron et al., 2012). During adipogenesis, stem cells 

differentiate into preadipocytes via mitosis (Ali et al. 2013). The preadipocytes then 

undergo a second differentiation, which is thought to be influenced by the chemical 

environment surrounding the cell and regulated by specific genes, to become adipocytes, 

in which a lipid droplet is contained within the cell (Ali et al. 2013). However, the 

underlying mechanisms and biological processes which drive adipogenesis are not fully 
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understood and represent an active area of current research (Ali et al. 2013). One ligand-

activated transcription factor, peroxisome proliferator-activated receptor gamma 

(PPARγ), is known to be a primary regulator of adipogenesis and is thought to play a key 

role in the development of fatty infiltration following a rotator cuff tear (Laron et al., 

2012). Recently, PPARγ activity was shown to increase in conjunction with a decreased 

expression of the Wnt10b gene following a rotator cuff tear in a rat model (Itoigawa et 

al., 2011). Additionally, decreased PPARγ activity has been seen following a decrease in 

mTOR signaling following a rotator cuff tear in rats (Joshi et al., 2013). Together, these 

studies suggest that cellular and genetic control of the adipogenesis which is regulated by 

PPARγ is a likely target for therapeutic interventions to prohibit fatty infiltration 

following a rotator cuff tear. It is also possible that the subsequent denervation of the 

suprascapular nerve, which innervates both the supraspinatus and infraspinatus muscles, 

following a tear may also play a causative role in the development of fatty infiltration 

(Cheung et al., 2011).  

Further proposed mechanisms related to fatty infiltration following a rotator cuff 

tear include the stem cells which reside in skeletal muscle. Some suggest that these cells 

may be responsible for increased fatty infiltration (Joe et al., 2010; Laron et al., 2012). 

Muscular stem cells have been shown to undergo differentiation toward adipocytes under 

varying conditions (e.g. oxidative stress (Csete et al., 2001)), although the direct 

mechanism underlying differentiation following a rotator cuff tear still remains unknown 

(Laron et al., 2012).  

In addition to cellular mechanisms, mechanical mechanisms have also been 

proposed as a correlate to the development of fatty infiltration following a rotator cuff 
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tear. It has been suggested that following a tear, sarcomere lengths shorten and pennation 

angle changes, resulting in an accumulation of fat and fibrous tissue between muscle 

fibers (Gerber et al., 2009; Meyer et al., 2004). Studies in sheep have demonstrated a 

slight, although not complete, reversal of the muscle structure and length through the 

application of progressive muscle traction (Gerber et al., 2009). Additional histological 

analysis in this same sheep model demonstrated the potential roles of PPARγ and 

additional myogenic transcription factors in the underlying mechanism of increased fatty 

infiltration (Frey et al., 2009). While both mechanical, cellular, and genetic components 

have been suggested to play important roles in the development of fatty infiltration 

following a rotator cuff tear, the precise mechanism underlying these physiological 

changes is currently unknown. 

Traditionally, it has been thought that degenerative rotator cuff tears initiate in the 

anterior aspect (Hijioka et al., 1993; Ozaki et al., 1988), although recent evidence 

suggests that tears may begin in the posterior aspect of the cuff (Kim et al., 2010). A tear 

that initiates in the posterior portion of the cuff coincides with a portion of the merged 

tendons of the rotator cuff that contains either the supraspinatus tendon alone, or the 

combined supraspinatus and infraspinatus tendons (Curtis et al., 2006). This location for 

initial tear may contribute to the findings of fatty degeneration in the infraspinatus muscle 

that is seen with tears presumed to only include the supraspinatus muscle (Goutallier et 

al., 1994; Kim et al., 2010).  
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Figure 1-11: Rotator cuff muscles 
Anterior, posterior, and sagittal-oblique views of the rotator cuff musculature. The rotator 

cuff consists of four muscles: supraspinatus, infraspinatus, subscapularis, and teres minor.  

 

Incidence and Presentation 

It is estimated that 20-50% of older adults have a rotator cuff tear, with the 

prevalence increasing with advanced age (Lin et al., 2008; Yamamoto et al., 2010). The 

incidence of asymptomatic rotator cuff tears has been reported to have a high prevalence 

as well, affecting up to 34% of adults (Sher et al., 1995). In individuals with a 

symptomatic tear, there is a 50% occurrence of an asymptomatic rotator cuff tear on the 

contralateral side (Yamaguchi et al., 2006). A torn rotator cuff is most commonly 

characterized by a tear of the supraspinatus tendon (Keyes, 1933; Sano et al., 1999), and 

often includes the tendons of the subscapularis and infraspinatus muscles (Goutallier et 

al., 1994; Seida et al., 2010). Rotator cuff tears cause changes to muscle structure, 
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including muscle atrophy and infiltration of intramuscular fat (fatty infiltration), as well 

as reduced strength, decreased active and passive ranges of motion, and altered muscle 

activation patterns (Ashry et al., 2007; Baydar et al., 2009; Baysal et al., 2005; Bytomski 

and Black, 2006; Favard et al., 2007; Gladstone et al., 2007; Gore et al., 1986; Goutallier 

et al., 1994; Iannotti et al., 1996; Lin et al., 2008; McConville and Iannotti, 1999; 

Mellado et al., 2005; Nakagaki et al., 1996; Steenbrink et al., 2006; Steinbacher et al., 

2010). While it is not clearly understood why some rotator cuff tears are asymptomatic 

while others are symptomatic, it is thought that increased tear size contributes to the 

development of symptoms (Mall et al., 2010; Moosmayer et al., 2010; Yamaguchi et al., 

2006; Yamaguchi et al., 2001). Asymptomatic tears can eventually progress to cause pain 

(Mall et al., 2010) and general dysfunction (Moosmayer et al., 2010), and become 

symptomatic. Clinically, a symptomatic rotator cuff tear presents with pain, weakness, 

and limited range of motion. The consequences of these symptoms may be reduced upper 

limb mobility and the inability to perform important and necessary daily tasks. The 

functional and physiological effects of a rotator cuff tear may be particularly debilitating 

in older adults, who are already susceptible to sarcopenia, reduced strength, and a 

diminished ability to perform ADLs. 
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Figure 1-12: MRI of shoulder 
T1-weighted MRI of the shoulder in the sagittal-oblique plane. (A) The slice used to 

assign a Goutallier score is the most lateral image where the spine of the scapula can be 

seen attaching to the body of the scapula. (B) Cross-sectional area ratio is calculated for 

each muscle by dividing the muscle area by the area of the supraspinous fossa. 

 

Clinically, muscle atrophy and fatty infiltration are used to determine a patient’s 

treatment plan. The presence of fatty infiltration is often used as a benchmark to 

determine whether a patient is a surgical candidate. Large quantities of fatty infiltration 

are indicative of a poor surgical outcome and a higher likelihood of the patient sustaining 

a re-tear, and surgery does not reverse the fatty infiltration that has already occurred 

(Gerber et al., 2007; Gladstone et al., 2007; Goutallier et al., 1994; Goutallier et al., 

2003). To provide clinicians with a means of assessing fatty infiltration for patients with 

a rotator cuff tear, Goutallier et al. (1994) developed a semi-quantitative scoring metric to 

estimate the muscle-to-fat ratio of rotator cuff muscles. This measure, called the 
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Goutallier score, was initially performed using a CT scan; the image selected for analysis 

was the most lateral in the sagittal-oblique plane of the glenohumeral joint in which the 

spine of the scapula could be seen attached to the body of the scapula, thus forming a “Y” 

shape (Figure 1-12A). A Goutallier score is given to each rotator cuff muscle, 

corresponding to the different stages of fatty infiltration. Stages range from 0 to 4; Stage 

0 is all muscle, with no fat visible; Stage 1 is when some fat streaks are visible; Stage 2 is 

when fatty streaks are visible, but there is more muscle than fat; Stage 3 is when the 

amount of fat visible is equal to the amount of muscle; and Stage 4 is when there is more 

fat visible than muscle. Using MRI, Fuchs et al. (1999) translated the Goutallier score 

into the Fuchs score, in an effort to improve reliability. The Fuchs score condenses the 

five stages of the Goutallier score into three stages, where Fuchs Stage 0 = Goutallier 

Stages 0 and 1; Fuchs Stage 1 = Goutallier Stage 2; and Fuchs Stage 2 = Goutallier 

Stages 3 and 4. However, a fundamental limitation of the Goutallier and Fuchs scores is 

that they only use a single cross-sectional image to assess fatty infiltration. It is likely that 

this fatty infiltration is distributed throughout the whole muscle and may be localized in 

areas of the muscle which are not seen in this single image slice (Kuzel et al., 2013; 

Nakagaki et al., 1994). This may be a factor contributing to the reports in which 

Goutallier score does not have a high reliability among orthopaedic surgeons (Khazzam 

et al., 2012; Lippe et al., 2012; Oh et al., 2010; Spencer et al., 2008). Additionally, it has 

shown that following surgical repair, new baseline images must be acquired because the 

surgery moves the muscle, which changes the appearance of the muscle in this cross-

sectional view (Jo and Shin, 2013). Thus, it is unclear whether these clinical assessments 

are associated with the quantity of fat within each of the whole rotator cuff muscles. 
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Muscle atrophy is also assessed using the same cross-sectional image used for the 

Goutallier score. Thomazeau et al. (1996) introduced an assessment of supraspinatus 

atrophy called the occupation ratio. In this assessment, the area of the supraspinatus is 

compared to that of the supraspinous fossa to obtain an assessment of atrophy. This 

metric was extended by Zanetti et al. (1998) to calculate the cross-sectional area ratio, in 

which the area of each rotator cuff muscle is divided by the area of the supraspinatus 

fossa (Figure 1-12B). However, it is not known whether these assessments of atrophy 

based on a single cross-sectional image are indicative of the whole muscle volume. 

Glenohumeral instability (Labriola et al., 2005; Steenbrink et al., 2010) has also 

been reported with this injury. It has been suggested that individuals with a torn rotator 

cuff will exhibit compensatory movements and altered muscle activation patterns during 

functional task performance (Magermans et al., 2005; Muraki et al., 2008; Scibek et al., 

2008; Steenbrink et al., 2006; Steenbrink et al., 2010). Failure to perform ADLs can also 

result from muscle forces reduced to a level below that which is minimally required to 

accomplish a particular task (Rantanen, 2003). Patients presenting with a rotator cuff tear 

demonstrate diminished functional outcomes compared to healthy subjects (Goutallier et 

al., 2010), which can prohibit independent living (Lin et al., 2008; van Schaardenburg et 

al., 1994). However, a notable gap in the literature exists regarding the specific 

movement strategies older adults with a rotator cuff tear employ during the performance 

of ADL tasks. Such information would enable a better understanding of the mechanisms 

of injury and the subsequent functional consequences. 

In the context of this work, we will measure muscle volume and fatty infiltration 

volume for a group of older adults with a rotator cuff tear and healthy controls. We will 
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compare these quantitative assessments of muscle morphology (muscle volume, fatty 

infiltration) to clinical assessments (Goutallier and Fuchs scores, cross-sectional area 

ratio). Additionally, we will explore the relationships between measures of muscle 

volume and fatty infiltration and strength. Understanding the associations between 

quantitative assessments of muscle morphology and clinical assessment techniques will 

allow us to inform the clinical setting about effective assessment modalities to use with 

older patients with a rotator cuff tear. Information from this work will also inform the 

rehabilitation setting about the relationships between muscle volume and strength for this 

patient group. 

 

Self-report measures of shoulder function 

Self-report measures of shoulder function, which are standardized numeric scales, 

are questionnaires used by physicians and physiotherapists to evaluate treatment efficacy 

and document functional change. Several self-report measures have been developed to 

evaluate health status, activity level, and injury, and provide an assessment of each 

patient’s perceived physical function. Self-report measures of function have been shown 

to be effective tools (Romeo et al., 2004; Wright and Baumgarten, 2010) by providing 

clinicians with a standard upon which to assess their patients. However, little work has 

focused on assessment of these measures in a cohort of older adults. It is unknown how 

self-reported physical function relates to quantifiable parameters, such as shoulder 

strength, for older patients with a rotator cuff tear.  

There are many different self-report measures that typically fall into one of two 

categories – general health, such as a health-related quality of life (HRQL), or disease- or 
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joint-specific (Wright and Baumgarten, 2010). While each metric is used to evaluate 

HRQL or a specific condition, it is widely agreed that studies should incorporate more 

than one metric to provide a broad evaluation of the condition and obtain measurements 

that are both HRQL and disease-specific (Wright and Baumgarten, 2010). This 

dissertation work will include the acquisition of three shoulder self-report measures of 

functional ability, including the American Shoulder and Elbow Surgeons Shoulder 

Outcome Score (ASES) (Richards et al., 1994), the Western Ontario Rotator Cuff Index 

(WORC) (Kirkley et al., 2003), and the Simple Shoulder Test (SST) (Lippitt et al., 1993), 

and one HRQL, the RAND 36-Item Short Form Health Survey (36-SF) (Patel et al., 

2007; RAND, 2009; Ware and Sherbourne, 1992). This combination of self-report 

instruments will provide us with an assessment of HRQL (SF-36), general shoulder 

health (ASES, SST), and rotator cuff disease (WORC). The SF-36 uses 36 questions 

based on a Likert scale to evaluate overall health status and quality of life; the ASES 

evaluates patients with shoulder pathology and uses a combination of 10 questions on a 

Likert scale and 2 visual analog scales to evaluate ADL function, pain, and instability, 

respectively; the SST uses 12 yes/no questions to evaluate functional limitations in the 

context of the patient’s daily activities; and the WORC uses 21 questions on a visual 

analog scale to evaluate quality of life for patients with a rotator cuff tear. Each of these 

instruments has previously been shown to be valid in cohorts which included younger 

patients (Brazier et al., 1992; Godfrey et al., 2007; Kirkley et al., 2003; Michener et al., 

2002) and each is commonly used in the clinical setting. These attributes will facilitate 

the comparison of our findings with previous studies. Although each of these self-report 

measures of shoulder function has been widely used in cohorts including younger 
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patients, there is a paucity of information regarding how consistently each of these 

instruments assesses function for older patients with a rotator cuff tear (Hegedus et al., 

2013). Additionally, these metrics rely on self-reports from patients, which are subjective 

assessments. It is unclear whether these subjective measures are consistent with 

quantitative measurements, like strength or range of motion, for older patients. 

In the context of this work, we will explore whether these three shoulder self-

report measures of functional ability are useful for clinicians when evaluating older 

patients with a rotator cuff tear. Specifically, we will determine whether the SST, ASES, 

and WORC can differentiate between groups of older adults with a rotator cuff tear and 

those without. We will also assess whether these shoulder self-reported measures of 

physical function relate to HRQL. Additionally, we will evaluate the relationships 

between these three self-report measures of shoulder function and quantitative symptoms 

of a rotator cuff tear (strength, range of motion). This work will provide preliminary 

validation for these shoulder self-report measures of function in an older cohort.   

 

1.4 Computational Musculoskeletal Modeling 

Computational modeling is an effective framework that can be applied to the 

exploration of muscle and joint strength, limb postures, and muscle activations associated 

with movement. Modeling and simulation also provides an environment in which 

exploratory studies can be performed without any human experimentation. In recent 

years, computational musculoskeletal models have been successfully developed and 

applied to investigate biomechanical consequences of surgical reconstructions, including 

joint replacements (Piazza and Delp, 2001) and tendon transfers (Magermans et al., 2004; 
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Murray et al., 2002; Saul et al., 2003), analyze muscle coordination (Buchanan and 

Shreeve, 1996), characterize limb impedance (Rancourt and Hogan, 2001), and design 

neuroprosthetic devices (Lemay et al., 1996). Specifically, upper limb models have been 

used to investigate surgical approaches to restore function to the upper limb following 

spinal cord injury (Murray et al., 2002), brachial plexus injury (Crouch et al., 2014; Saul 

et al., 2003), and as the basis for dynamic simulations of movement (Crouch et al., 2011; 

DeSapio et al., 2006; Rankin et al., 2010; Rankin et al., 2011; Saul et al., 2014). Using a 

computational model to investigate movement in older adults with and without a rotator 

cuff tear is an advantageous approach because models allow investigation of muscle 

parameters, such as individual muscle forces and activations, and the joint reaction forces 

and moments during a movement, which cannot be easily obtained in vivo (Delp et al., 

2007; Nikooyan et al., 2010; van Drongelen et al., 2013). Furthermore, the use of 

computational models provides an effective, low-risk medium to study and characterize 

musculoskeletal pathologies, like a rotator cuff tear. Modeling also provides a vehicle for 

the evaluation of individual upper limb movement strategies (Daly et al., 2009; Daly et 

al., 2010), as there is frequently variability in upper limb tasks (Buckley et al., 1996; 

Murray and Johnson, 2004). 

 

Upper Extremity Model 

A three-dimensional dynamic computational musculoskeletal model of the upper 

limb (Holzbaur et al., 2005; Saul et al., 2014), will be used in this work to investigate and 

characterize upper limb movements of older adults during activities of daily living 

(Figure 1-13). This model has been developed using the OpenSim modeling environment 
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(OpenSim, Stanford University, Palo Alto, CA, versions 2.4, 3.1) (Delp et al., 2007). 

OpenSim is open-source software, and it is ideal for development of individualized 

computational models and broad dissemination of modeling advancements. The OpenSim 

modeling platform has the capability to compute muscle-driven simulations of 

movement. Unlike static analyses, dynamic simulations are necessary to evaluate 

movement trajectories and the corresponding muscle activation patterns. Dynamic, 

muscle-driven simulations are particularly valuable for the study of movement, because 

we can prescribe specific subject-derived movements to evaluate the associated muscle 

activations, and subsequently analyze the role each muscle plays in a specific movement 

task. Additional analyses, such as a joint reaction force analysis to calculate the forces 

and moments at individual joints during a movement, can be conducted using the 

Analysis tool within OpenSim.  

 

  
 

Figure 1-13: Computational musculoskeletal model of the upper limb 
Computational musculoskeletal model of the upper limb (Holzbaur et al., 2005; Saul et 

al., 2014). 
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The model contains 7 degrees of freedom at the shoulder (plane of elevation, 

thoracohumeral elevation, axial rotation), elbow (flexion), forearm 

(pronation/supination), and wrist (flexion, deviation) as defined by the International 

Society of Biomechanics (Wu et al., 2005). Scapula and clavicle movements are 

constrained to move with scapulohumeral rhythm, representing the combined action of 

muscles controlling shoulder girdle posture (de Groot and Brand, 2001). The upper limb 

model contains 50 muscles and muscle compartments representing the 32 muscles that 

cross the shoulder, elbow, forearm, and wrist joints. Muscle force-generating properties 

are represented in the model by Hill-type lumped parameter muscle-tendon actuators, 

which account for the force-length-velocity relationship of muscle and the elastic 

property of tendon (Zajac, 1989). The total force generated by each Hill-type muscle 

tendon unit is the sum of the active and passive muscle forces (Zajac, 1989). Active 

forces depend on cross-sectional area, length, muscle activation level, and shortening 

velocity of the muscle-tendon unit. Passive muscle forces are generated by stretched 

muscles and are independent of activation. A first-order relationship is used to model 

muscle excitation and activation in the model (Zajac, 1989), and excitation can 

continuously vary from 0 (unexcited) to 1 (fully excited). Each muscle-tendon actuator 

path is defined by points and surfaces which characterize anatomic constraints, and 

permits the simulation of muscle-tendon paths over broad ranges of joint motion. Further, 

the moment-generating capacity of the model about the shoulder, elbow, and wrist joints 

has been validated against isometric joint moments obtained from non-impaired subjects 

(e.g. Buchanan et al., 1998; Otis et al., 1990). Muscle paths were validated by comparing 
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model predictions with experimentally obtained moment arm measurements (e.g. Murray 

et al., 1995; Otis et al., 1994). 

Muscle force is proportional to PCSA, as previously discussed (Section 1.1 

Muscle Anatomy and Physiology).  To determine the total force of the muscle, PCSA is 

multiplied by a quantity called the specific tension, where specific tension is the fiber 

force per unit of PCSA.  In the nominal dynamic model, a specific tension value of 50.8 

N/cm
2 

was used  (Daly, 2011; Saul et al., 2014) for muscles of the forearm, elbow, and 

shoulder. This value was selected based on maximum isometric moment generating 

capacities and muscle volumes measured in the same cohort of young adult males 

(Holzbaur et al., 2007a; Holzbaur et al., 2007b).  

 

Dynamic Simulation 

As previously discussed (Sections 1.2 Aging, and 1.3 Rotator Cuff Tears), the 

ability of healthy and rotator cuff injured older adults to successfully perform daily 

functional tasks is critical to maintain independence. The performance of ADL tasks 

requires upper limb coordination and movement, which is carried out through a sequence 

of events (Figure 1-14). A signal from the nervous system initiates a movement. The 

strength of the neural signal determines the activations (α) of the muscles, where 

activation level can vary between 0 (unactivated) and 1 (fully activated). Activations 

drive the musculo-tendon dynamics, which represent the force-length-velocity 

characteristics of the activated muscles, and are used to calculate the magnitude of 

muscle force (F) produced. The muscle forces are multiplied by moment arms of the 

muscles in a specific joint posture, as described broadly by the term musculoskeletal 
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geometry, to determine the amount of torque (T) generated about the joint. These torques, 

along with any external forces or moments, then act on the musculoskeletal linkage 

system resulting in the accelerations ( ̈), velocities ( ̇), and positions ( ) of the body 

segments. In this movement-production pathway, the positions and velocities of the body 

segments feed back into the system, reflecting the new parameters (e.g. muscle force, 

moment arm) associated with a change in posture. This feedback affects musculotendon 

dynamics, musculoskeletal geometry, and the equations of motion, to ultimately describe 

the body kinematics (positions, velocities, accelerations) throughout an entire movement, 

such as walking or reaching.  

 

Forward and Inverse Dynamic Simulation 

The conceptualization of movement production can be used to explore various 

aspects (e.g. joint torques or positions) of how a body or body segment moves. Dynamic 

simulations can be performed two ways – forward or inverse. Forward dynamic 

simulations enable the prediction of resultant movements from measured or computed 

muscle activations (Figure 1-14). These simulations start at the neural command in the 

pathway and progress toward the body segment positions through a series of 

mathematical computations. An example of a forward dynamic analysis includes using 

EMG measurements acquired experimentally as inputs to compute the muscle-tendon 

forces and torques acting in a system, and ultimately determining the resulting body 

segment positions. 
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Figure 1-14: Forward dynamic movement production pathway 
Dynamic movement production pathway. The computations in the forward dynamic 

pathway start with the neural command and progress toward the body or body segment 

positions. 

 

Conversely, inverse dynamics is used to progress through the movement 

production pathway from the body segment positions, and progressing toward the neural 

command (Figure 1-15). An example of an inverse dynamic simulation would entail 

using body segment positions which have been experimentally acquired to calculate the 

associated joint torques required to produce the observed movement.  Given additional 

assumptions regarding muscle coordination and optimization approaches, muscle 

activations required to produce the movement can be computed. The forward and inverse 

dynamic pathways can also account for external forces (e.g. gravity) or moments applied 

to the system. These forces and moments are included in the computations of the forward 

and inverse dynamic pathways, as shown in Figure 1-15.  
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Figure 1-15: Inverse dynamic movement production pathway 
Inverse dynamic pathway of movement production. The computations in the inverse 

dynamic pathway start with body or body segment positions and progress toward the 

neural command. Motion capture is a common modality for obtaining segment positions 

for a movement. External forces and moments applied to the system are accounted for 

when calculating the equations of motion for the segments of the system. 

 

 

Computational Simulation Techniques 

Computational mathematical models are frequently employed to explore and 

analyze various aspects of the movement production pathway (e.g. joint torque or body 

segment acceleration). The level of complexity of these models can range from simple 

mechanical analogs, such as inverted pendulum-based models (e.g. Matrangola and 

Madigan, 2011), to more complex three-dimensional models with representations of 

individual muscle-tendon actuators (e.g. Delp et al., 1998). It is widely accepted that a 

model should exhibit the minimal complexity necessary to answer the research question.   

When considering the complexity of a musculoskeletal model, it is important to 

determine whether individual muscle representations are necessary, or if joint torque 

actuators representing the collective action of muscles would be sufficient.  Individual 

muscle representations are required when estimates of individual muscle forces are 

needed, which can be difficult to measure in vivo. If direct measurement of muscle 
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activation is not available or not practical to obtain, there are computational methods for 

estimating the muscle activations and forces associated with a given movement.  

When solving for muscle forces in a system, it is common to have more variables 

of interest than there are equations to solve for them, which is called an indeterminate 

system. In the case of musculoskeletal models, multiple combinations of muscle forces 

can produce the same net moment about a joint. Optimization generally refers to 

procedures that allow solutions to be found, given some additional performance criterion, 

when there are multiple possible combinations of the variables (Mow and Huiskes, 2005). 

There are two types of optimization typically applied to musculoskeletal systems – static 

optimization and dynamic optimization. Static optimization uses the equations of inverse 

dynamics to calculate the muscle forces such that an objective function is minimized, 

with a set of constraints applied to the system (usually to prevent muscle forces or joint 

rotations that are not anatomically possible), while replicating the known kinematics of 

the system at each step in time. However, the solutions at each time step are independent 

of one another, and the time-dependent properties of muscle (i.e. activation dynamics) are 

not accounted for in the solution. Static optimization has been used successfully to 

determine individual muscle forces during human locomotion (Anderson and Pandy, 

2001b). Dynamic optimization uses the equations of forward dynamics and can account 

for the time-dependent nature of muscle.  Generally, this class of approaches includes an 

optimization criterion, (e.g. minimize metabolic cost), a set of constraints on the system, 

and a set of initial conditions. Dynamic optimization has been used to solve for maximal 

vertical jumping height (Pandy et al., 1990), and determine the resultant lower limb 

movement when metabolic cost is minimized, for which the solution was a walking 
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movement (Anderson and Pandy, 2001a). Frequently, dynamic optimizations are used to 

predict movement behavior, rather than track measured kinematics. 

Different computational approaches can be used to solve an optimization 

problem. Simulated annealing (Kirkpatrick et al., 1983) is one algorithm that is 

commonly used in biomechanical applications. In simulated annealing, the algorithm 

searches through the entire solution space to converge on the global maximum or 

minimum. It is the ability of simulated annealing to find global, rather than local, optima 

which has contributed to its widespread usage. Other algorithms (e.g. a sequential 

quadratic programming method, or a downhill simplex method) do not always converge 

on the global optimum, but often converge on a local optimum (Neptune, 1999; van Soest 

and Casius, 2003). While a simulated annealing approach has been computationally 

expensive in the past (Neptune, 1999), parallelization of the algorithm (Higginson et al., 

2005) and advances in computational power have made use of this optimization approach 

feasible.  

 

Computed Muscle Control 

Another optimization approach was developed by Thelen et al. (2003) to 

determine muscle activations while simultaneously tracking experimental kinematics. 

This algorithm is called computed muscle control (CMC) and it is integrated into the 

OpenSim platform. We will be using CMC in the context of this work to perform 

dynamic simulations of movement. CMC is a hybrid approach that incorporates the time-

dependent behavior of muscle force generation without the computational expense 

associated with dynamic optimization techniques requiring repeated integration of the 
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state equations throughout the entire movement in order to solve the optimization 

problem. The CMC algorithm incorporates static optimization in combination with a 

feed-forward, feed-back algorithm to generate the muscle activations required to 

accurately (<1°) track input joint kinematics (Thelen and Anderson, 2006; Thelen et al., 

2003), and only requires a single integration of the model state equations over the 

movement. The CMC algorithm first calculates the desired segment accelerations 

associated with the segment velocities and positions measured from experimental 

kinematics. Next, static optimization is implemented to determine the desired muscle 

forces necessary to achieve the segment accelerations using the current model posture, 

while minimizing a cost function, J, to reduce muscle redundancy, using Equation 1-2 

(Happee, 1994), where    is the volume of muscle i, and   (   ) is the activation of 

muscle i at time t + T, corresponding to the desired muscle force. Since more than one 

agonist or antagonist muscle can contribute to the total force, this cost function finds the 

minimum sum of the products of muscle volume and activation squared needed to 

generate the total desired force, a value that is expected to be proportional to metabolic 

cost associated with the movement (Happee and Van der Helm, 1995).  

  ∑  [  (   )]
 

 

   

 Equation 1-2 

The muscle excitations that produce the desired muscle forces are then calculated 

using the equations for excitation ( ) and activation ( ) dynamics, as previously 

discussed (Section 1.1 Muscle Anatomy and Physiology, Twitch and Tetanus, Equation 

1-1), where      and        are 10 and 40ms, respectively (Zajac, 1989), and a linear 

proportional controller. These calculated muscle excitations are then held constant during 
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an integration of the state equations for the entire system to advance all states to a time 

t+T, where T is a small step (usually T=0.01 sec) forward in time. These steps are 

repeated until the simulation reaches completion. The CMC algorithm has been validated 

against kinematic and EMG measurements in cycling (Thelen et al., 2003) and walking 

(Thelen and Anderson, 2006) tasks in the lower limb, and a forward reaching task in the 

upper limb (Daly, 2011; Saul et al., 2014). 

In the context of this study, we will develop individualized computational models 

of the upper limb representing the older adult subjects. This will be carried out using the 

upper limb muscle volume measures we will acquire in order to scale the peak muscle 

forces of the model. Dynamic simulations of movement will be used to investigate the 

performance of several ADL tasks for older adults with a rotator cuff tear and healthy 

controls. Experimentally derived kinematics will be used as an input for a CMC 

simulation for ADL tasks. We will then compare the kinematics and the calculated joint 

reaction forces between groups to assess how older individuals with a rotator cuff tear 

may perform important functional tasks differently than their healthy counterparts. 

Preliminary work by our group has demonstrated the validity and robustness of the upper 

extremity model to these dynamic simulations of movement (Daly, 2011; Saul et al., 

2014).  

 

1.5 Specific Aims  

The aging process induces changes to the neuromuscular system, which have an 

impact on the ability of older adults to perform ADL tasks critical for the maintenance of 

independence. However, it is unclear how these changes may manifest in the strength and 
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functional ability in the upper limb of healthy older adults, as well as how these 

parameters may be further changed by a musculoskeletal injury, such as a rotator cuff 

tear. As the population in the United States continues to age, it is important that we 

understand the role of aging on upper limb strength and functional ability so that 

intervention and rehabilitation protocols may be developed to prolong the independence 

of older adults. Thus, the aims of this research are to identify how strength and functional 

ability in the upper limb are changed by a healthy aging process, and how these changes 

are further altered with a rotator cuff tear. This work will be accomplished through the 

following specific aims: 

 

Specific Aim 1: Assess the muscle volume and isometric joint moment of the major 

functional groups, and their relationship, in the upper limb of older adults, and compare 

to previously reported data from young adults. 

Specific Aim 2: Evaluate the differences between older adults with and without a rotator 

cuff tear on muscle morphology (volume, fatty infiltration) and shoulder strength, and 

compare these quantitative assessments to qualitative clinical assessments. 

Specific Aim 3: Determine the ability of self-report measures of shoulder function to 

differentiate between older individuals with and without a rotator cuff tear and to 

evaluate function in these same subjects, for whom the consequences of healthy aging are 

similar to those following injury.  

Specific Aim 4: Determine whether older individuals with a rotator cuff tear perform 

upper limb functional tasks differently than healthy controls by assessing differences of 

shoulder joint kinematics and joint reaction forces at the glenohumeral joint. 
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2.1 Abstract 

Aging is associated with loss of muscle volume (MV) and force leading to 

difficulties with activities of daily living. However, the relationship between upper limb 

MV and joint strength has not been characterized for older adults. Quantifying this 

relationship may help our understanding of the functional upper limb declines older 

adults experience. Our objective was to assess the relationship between upper limb MV 

and maximal isometric joint moment-generating capacity (IJM) in a single cohort of 

healthy older adults (age≥65 years) for 6 major functional groups (32 muscles). MV was 

determined from MRI for 18 participants (75.1±4.3 years). IJM at the shoulder 

(abduction/adduction), elbow (flexion/extension), and wrist (flexion/extension) was 

measured. MV and IJM measurements were compared to previous reports for young 

adults (28.6±4.5 years). On average older adults had 16.5% less total upper limb MV 

compared to young adults. Additionally, older adult wrist extensors composed a 

significantly increased percentage of upper limb MV. Older adult IJM was reduced 

across all joints, with significant differences for shoulder abductors (p<0.0001), 

adductors (p=0.01), and wrist flexors (p<0.0001). Young adults were strongest at the 

shoulder, which was not the case for older adults. In older adults, 40.6% of the variation 

in IJM was accounted for by MV changes (p≤0.027), compared to 81.0% in young adults. 

We conclude that for older adults, MV and IJM are, on average, reduced but the 

significant linear relationship between MV and IJM is maintained. These results suggest 

that older adult MV and IJM cannot be simply scaled from young adults.  
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2.2 Introduction 

Sarcopenia is an age-associated loss of muscle mass (Jones et al., 2008; Macaluso 

and De Vito, 2004; Narici and Maffulli, 2010; Rosenberg, 1989). Muscle fiber atrophy is 

accompanied by reduced muscle force, decreased neural activation, and diminished 

contractile protein quality (Clark and Manini, 2010; Macaluso and De Vito, 2004; 

Merletti et al., 2002; Narici and Maffulli, 2010). Some suggest that sarcopenia and 

muscle force reductions begin as early as the second decade of life (Macaluso and De 

Vito, 2004; Narici and Maffulli, 2010), with more pronounced changes later in life 

(Metter et al., 1997). 

To better elucidate the functional declines experienced by older adults there is a 

need to describe the relationship between upper limb muscle volume (MV) and strength 

by joint (Clark and Manini, 2010). One reason for this is that muscular atrophy may 

differ by functional group. While overall muscle mass declines with age, the lower limb 

loses proportionately more mass than the upper limb (Ferrreira et al., 2009; Hughes et al., 

2001; Janssen et al., 2000; Janssen and Ross, 2005; Landers et al., 2001; Macaluso and 

De Vito, 2004; Narici and Maffulli, 2010; Reimers et al., 1998). It is hypothesized that 

older adults’ sedentary behavior is partly responsible for lower limb muscle mass 

reductions, while upper limb muscle mass is conserved, since arms are used for activities 

of daily living (Landers et al., 2001; Narici and Maffulli, 2010). Within the upper limb, 

differential muscle atrophy by functional group has been reported at the elbow (Klein et 

al., 2001). Understanding how atrophy varies among major upper limb functional groups 

in older adults may provide information important to future work designed to mitigate 
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age-related functional declines from experimental and computational modeling 

perspectives. 

Muscle strength reductions may exceed muscle mass reductions with age, 

indicating a muscle quality decrement (Clark and Manini, 2010; Goodpaster et al., 2001; 

Newman et al., 2003; Park et al., 2007). Strength losses 2-5 times greater than muscle 

size decreases have been reported in the lower limb (Delmonico et al., 2009). Maximal 

isometric joint moment-generating capacity (IJM) provides a strength assessment of 

muscles crossing a joint. In young adults, IJM variability is largely explained by MV 

variations (Akagi et al., 2009b; Fukunaga et al., 2001; Holzbaur et al., 2007a; Jones et al., 

2008). Relative IJM of functional muscle groups crossing the shoulder, elbow, and wrist 

joints have been reported for young adults (Holzbaur et al., 2007a), while reports from 

older adults have focused on single joints (Akagi et al., 2009b; Bazzucchi et al., 2004; 

Frontera et al., 2000; Hughes et al., 2001; John et al., 2009; Klein et al., 2001; Landers et 

al., 2001; Metter et al., 1997; Park et al., 2007; Yassierli et al., 2007). No studies have 

thoroughly investigated the relationship between IJM and MV for functional groups in 

the shoulder, elbow, and wrist of older adults. 

By measuring upper limb MV and IJM in the same older adult cohort we can 

evaluate the distribution of and relationship between MV and strength of major upper 

limb functional groups. The study aims were to (1) measure MV and IJM at the shoulder, 

elbow, and wrist; (2) characterize the relationship between MV and IJM and; (3) compare 

these data on older adults to young adult data reported previously. 
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2.3 Methods 

We recruited eighteen healthy older adults (Table 2-1). This study was approved 

by our institutional review board and all participants provided written informed consent 

in accordance with institutional guidelines. MV and IJM were evaluated for each 

subject’s dominant arm. Previously established methods (Holzbaur et al., 2007a; 

Holzbaur et al., 2007b) were used to assess MV and IJM to facilitate comparison between 

young and old cohorts. IJM testing postures were chosen because they are functional 

postures near the position where we expect the maximum moment to be generated 

(Holzbaur et al., 2007a). 

Participants were imaged supine in a 1.5T MRI scanner (GE Healthcare, 

Milwaukee, WI) using a 3-dimensional spoiled gradient imaging sequence. The body coil 

(Table 2-2) was used to image muscles crossing the glenohumeral joint. A flexed array 

long bone coil (Invivo, Orlando, FL) was used to image muscles crossing the elbow and 

wrist (Table 2-2). 

Muscle boundaries were manually segmented on each image slice (3D Doctor, 

Able Software Corp., Lexington, MA). A 3D polygonal surface was constructed for each 

muscle from the boundaries, and MV was calculated from these surfaces (Figure 2-1). 

MR image segmentation is a reliable and repeatable method to determine MV 

(Koltzenburg and Yousry, 2007; Tingart et al., 2003). MV was determined individually 

for muscles crossing glenohumeral and elbow joints and several forearm muscles (flexor 

carpi radialis, flexor carpi ulnaris, extensor carpi radialis longus and brevis). Remaining 

muscles crossing the wrist were segmented in wrist flexor and extensor groups, due to 
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close association and few anatomical structures (e.g. bone, connective tissue) separating 

muscles. 

 

Figure 2-1: Upper limb muscles by functional group  
Muscle volumes by functional group in the upper limb, including shoulder abductors 

(cyan), shoulder adductors (orange), elbow flexors (green), elbow extensors (purple), 

wrist flexors (red), wrist extensors (yellow), pronator quadratus (blue), and bones (white). 

 

Total upper limb MV (Vtotal) was calculated by summing all MV. Segmented 

muscles were assigned to functional groups and summed to obtain functional group MV 

(Vfg) (Table 2-3). MV distribution was determined by calculating functional group MV 

fraction (Ffg) as a percent of Vtotal (Equation 2-1). Mean Ffg was calculated across 

participants (Table 2-4). 

    

    (
   

      
)      Equation 2-1 
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Table 2-1: Characteristics of older adult sample (mean  SD).  All subjects were right 

hand dominant except M09. 

 

Subject
a 

Age 

Height 

(cm) 

Percentile 

(height)
b 

Body mass 

(kg) 

Percentile 

(body mass)
b 

Total arm 

length (cm) 

F01 75 154.9 10.0 56.7 30.0 51.0 

F02 72 160.0 35.0 54.4 20.0 53.0 

F03 77 167.6 75.0 78.0 95.0 56.0 

F04 83 167.6 75.0 71.7 85.0 54.0 

F05 80 157.5 20.0 49.9 5.0 54.5 

F06 66 160.0 35.0 86.2 99.0 49.0 

F07 69 162.6 50.0 72.6 90.0 55.0 

F08 73 165.1 65.0 83.9 99.0 52.0 

M01 72 171.5 25.0 78.0 50.0 54.0 

M02 76 180.3 75.0 81.6 65.0 61.0 

M03 77 181.6 80.0 81.6 65.0 60.5 

M04 80 177.8 65.0 90.7 85.0 59.0 

M05 81 160.0 1.0 63.0 5.0 51.5 

M06 73 185.4 90.0 81.6 65.0 62.5 

M07 74 172.7 35.0 90.7 85.0 54.0 

M08 73 177.8 65.0 79.4 55.0 61.0 

M09 76 180.3 75.0 84.8 75.0 59.0 

M10 74 172.7 35.0 78.0 50.0 54.0 

Cohort average 75.1  4.3 169.8  9.4 50.6  26.7 75.7  12.2 62.4  30.7 55.6  4.0 

Male average 75.6  3.0 176.0  7.2 54.6  28.8 81.0  7.8 60.0  23.1 57.7  3.9 

Female average 74.4  5.6 161.9  4.7 45.6  24.7 69.2  13.9 65.4  39.8 53.1  2.3 
a
The letter in the subject code designates sex (F = female; M = male). 

b
Percentiles determined using Gordon et al. (1989). 

 

Table 2-2: 3-dimensional spoiled gradient imaging parameters. 
 

Body coil Long bone coil 

Echo time (TE) 3 ms 5 ms 

Relaxation time (TR) 11.6 ms 23 ms 

Flip angle (FA) 30° 45° 

Matrix size 512 x 192 320 x 192 

Bandwidth ± 31.25 kHz ± 15.63 kHz 

Field of view (FOV) 32 cm 16 cm 

Slice thickness 3 mm 3 mm 

Total scan time ~16 min ~22 min 
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Table 2-3: Muscle volumes by functional group for older adults (mean  SD). 

 

Cohort average 

volume (cm
3
) 

Male average 

volume (cm
3
) 

Female average 

volume (cm
3
) 

 Shoulder adductor functional group 

Coracobrachialis 13.1 ± 3.7 14.7 ± 3.0 11.2 ± 3.8 

Latissimus dorsi 268.1 ± 91.9 324.9 ± 78.7 197.1 ± 46.6 

Pectoralis Major 203.6 ± 86.2 262.9 ± 64.5 129.5 ± 37.5 

Teres major  34.4 ± 10.7 40.6 ± 8.9 26.8 ± 7.4 

Teres minor 25.3 ± 8.1 31.1 ± 5.0 18.1 ± 4.3 

 Shoulder abductor functional group 

Deltoid 313.7 ± 77.3 370.1 ± 39.8 243.2 ± 47.2 

Infraspinatus  101.7 ± 28.4 118.6 ± 26.7 80.7 ± 11.5 

Subscapularis  102.5 ± 31.5 122.2 ± 26.4 77.8 ± 16.1 

Supraspinatus 39.9 ± 15.0 48.1 ± 15.0 29.5 ± 6.3 

 Elbow flexor functional group 

Biceps brachii 142.8 ± 50.6 178.7 ± 37.5 97.9 ± 16.5 

Brachialis 96.7 ± 25.1 111.0 ± 20.0 78.9 ± 19.0 

Brachioradialis 41.7 ± 16.5 54.2 ± 9.2 26.1 ± 6.8 

Pronator teres 31.9 ± 15.0 41.2 ± 13.7 20.4 ± 5.2 

 Elbow extensor functional group 

Anconeus 6.4 ± 2.4 7.8 ± 2.3 4.7 ± 1.1 

Supinator 16.8 ± 6.1 19.0 ± 6.7 14.0 ± 4.1 

Triceps brachii  303.9 ± 87.4 369.1 ± 53.6 222.4 ± 34.6 

 Wrist flexor functional group 

Flexor carpi radialis 41.2 ± 9.8 46.9 ± 8.6 34.1 ± 5.8 

Flexor carpi ulnaris 39.3 ± 12.5 48.4 ± 8.5 27.8 ± 4.2 

Wrist flexors
a 

160.3 ± 59.2 198.8 ± 52.6 112.1 ± 14.2 

 Wrist extensor functional group 

Extensor carpi radialis
b
 50.1 ± 15.5 59.7 ± 13.9 38.1 ± 6.2 

Wrist extensors
c 

93.8 ± 27.6 112.7 ± 19.7 70.2 ± 14.3  

    Pronator quadratus 6.4 ± 2.9 8.2 ± 2.8 4.3 ± 1.1 

Total 2133.8 ± 615.1 2588.9 ± 387.9 1565.0 ± 244.7 

    
a
WE volume includes palmaris longus, flexor digitorum superficialis, flexor digitorum 

profundus, flexor pollicis longus, and abductor pollicis longus. 
b
Extensor carpi radialis volume includes extensor carpi radialis longus and extensor carpi 

radialis brevis.
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c
WF volume includes extensor carpi ulnaris, extensor digitorum communis, extensor 

digiti minimi, extensor indicis proprius, extensor pollicis longus, and extensor pollicis 

brevis. 

 

Muscles were grouped based on their moment arm in the postures used for IJM 

assessments. In a posture of 60° coronal plane abduction, Kuechle et al. (1997) report 

posterior deltoid with an abductor moment arm, while Ackland et al. (2008) report an 

adductor moment arm close to zero. Posterior deltoid was grouped with shoulder 

abductors, according to the whole muscle’s average moment arm (Ackland et al., 2008; 

Hughes et al., 1998; Kuechle et al., 1997). 

IJM was assessed at the wrist (flexion/extension), elbow (flexion/extension) and 

shoulder (abduction/adduction) using a KIN-COM dynamometer (Isokinetic 

International, Harrison, TN). Postures were consistent with Holzbaur et al. (2007a) 

(Table 2-5). For each functional group, three 5-second trials were collected. Order of 

joints tested was randomized across participants. Participants rested for 60 seconds 

between trials, with ~2 minutes of rest between testing at each joint to reconfigure the 

dynamometer. Participants were verbally encouraged to provide maximal effort. A 

custom Matlab (The MathWorks, Natick, MA) program was used to assess the maximum 

IJM sustained for 0.5 seconds. The maximal moment across all trials was considered the 

subject’s maximum IJM (Table 2-4). 
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Table 2-4: Functional group volume fractions and maximal isometric joint moments for older adults (mean  SD). 

Functional group 

Cohort average 

volume  

fraction (%) 

Male average 

volume  

fraction (%) 

Female average 

volume  

fraction (%) 

Cohort average 

isometric joint 

moment (Nm) 

Male average 

isometric joint 

moment (Nm) 

Female average 

isometric joint 

moment (Nm) 

Shoulder adductors 25.2 ± 2.8 26.0 ± 2.9 24.2 ± 2.6 42.6 ± 24.7 54.4 ± 26.0 27.9 ± 13.1 

Shoulder abductors 26.5 ± 2.4 25.6 ± 2.4 27.6 ± 2.2 25.8 ± 10.7 31.7 ± 7.6 18.3 ± 9.5 

Elbow flexors 14.6 ± 0.9 14.9 ± 1.0 14.2 ± 0.7 44.7 ± 23.4 53.5 ± 25.9 33.7 ± 14.8 

Elbow extensors 15.4 ± 0.7 15.3 ± 0.8 15.4 ± 0.5 37.6 ± 16.1 46.2 ± 14.9 27.0 ± 10.5 

Wrist flexors 11.3 ± 1.3 11.3 ± 1.3 11.3 ± 1.4 10.0 ± 5.6 13.7 ± 5.0 5.4 ± 0.9 

Wrist extensors 6.8 ± 0.8 6.6 ± 0.5 7.0 ± 1.1 8.9 ± 4.3 11.3 ± 4.0 5.9 ± 2.4 
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Table 2-5: Testing postures for isometric joint moment-generating capacity 

measurements at the shoulder, elbow, and wrist joints. For all trials, participants were 

seated and restrained with straps crossing the shoulders and lap, restricting torso motion. 
Wrist 

(flexion/extension) 

Elbow 

(flexion/extension) 

Shoulder 

(abduction/adduction) 

Wrist in neutral posture, forearm 

pronated, elbow flexed at 90°, 

shoulder in neutral abduction 

Elbow flexed at 90°, forearm 

supinated with wrist braced, 

shoulder in neutral abduction 

Shoulder abducted at 60°, elbow 

braced in extension, forearm in 

neutral rotation 

 

Our first objective was to measure MV and IJM at the shoulder, elbow, and wrist 

for older adults. For our second objective, linear regression was used to assess the 

association between IJM and functional group MV among older adults. For the third 

objective, these data on older adults were compared to previously reported measurements 

from young adults (Holzbaur et al., 2007a; Holzbaur et al., 2007b). Mixed effects models 

for repeated measures were used to evaluate age group differences for IJM, MV, and 

percent MV, adjusting for sex and body mass. Within these models, age group variation 

was explored by assessing differences between functional groups. Due to our small 

sample size, males and females were evaluated together with covariate adjustments for 

sex. Holm sequential Bonferroni (Holm, 1979) was used to control Type I error at the 

0.05 level for comparisons of young and older adults for each outcome. Functional group 

ordering for IJM, MV, and percent MV by age group was compared using tests 

(p<0.0125 level) of proportions under binomial distribution assumptions. We used SAS 

software (Cary, NC) for all analyses. 

 

2.4 Results 

We measured upper limb functional group MV (Table 2-3) and IJM at the 

shoulder, elbow, and wrist (Table 2-4) in older adults. Although older adults spanned a 

2.5-fold range of total MV, small coefficients of variation (range 0.043-0.118) of 
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functional group percent MV indicate low muscle distribution variability relative to 

means across individuals. There was a positive relationship between functional group 

MV and IJM at all joints for older adults (p≤0.027) (Figure 2-2). On average, MV 

changes accounted for 40.6% of the variation in IJM. 

We evaluated differences between age groups for MV, IJM, and the relationship 

between MV and IJM. On average, total upper limb MV in older adults was 16.5% lower 

than young adult total MV, despite similar body mass (older adults 5-99
th

 percentile, 

young adults 5-90
th

 percentile) (Table 2-1) (Holzbaur et al., 2007b). Older adult MV was 

reduced significantly compared to young adults for shoulder abductors (mean 

difference=155.7cm
3
; p=0.0002), elbow flexors (mean difference=77.7cm

3
; p=0.0001), 

and elbow extensors (mean difference=75.5cm
3
; p=0.0007) (Figure 2-3). We observed a 

significant increase in MV as a percentage of total upper limb MV for wrist extensors 

(mean difference=-1.8%; p<0.0001) (Figure 2-4). For both age groups, ordering of 

functional groups by volume remained consistent; shoulder abductors and wrist extensors 

comprised the largest and smallest upper limb volumes, respectively. 
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Figure 2-2: Relationship between isometric joint moment and muscle volume by 

functional group 
Separate regression lines are fit to data from older and younger adults. Maximum 

isometric joint moment versus functional group muscle volume for (A) shoulder 

adduction, p<0.001; (B) shoulder abduction, p=0.026; (C) elbow flexion, p=0.003; (D) 

elbow extension, p=0.006; (E) wrist flexion, p=0.025; (F) wrist extension, p=0.002. Older 

adults are shown with circles (males=white circles; females=black circles) and young 
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adults (Holzbaur et al., 2007a; Holzbaur et al., 2007b) are shown with triangles 

(males=white triangles; females=black triangles). Correlation coefficients represent the 

different age groups and p-values presented above represent the significance of the older 

adult linear regression. In older and young adult groups, there was a significant linear 

relationship between maximal isometric joint moment and functional group muscle 

volume for each joint. However, the older adult cohort demonstrated more variation in 

this relationship than the young adult group. 

 

 

 

Figure 2-3: Functional group muscle volume 

Muscle volume by functional group for older adults and young adults (mean  SD) 

(Holzbaur et al., 2007b). * indicates significant difference between older adults and 

young adults using the Holm sequential procedure. Mean difference is the difference in 

mean volume between older adults and young adults. Shoulder adductor volume mean 

difference=93.5 cm
3
; p=0.0627; shoulder abductor volume mean difference=155.7 cm

3
; 

p=0.0002; elbow flexor volume mean difference=77.7 cm
3
; p=0.0001; elbow extensor 

volume mean difference=75.5 cm
3
; p=0.0007; wrist flexor volume mean difference=30.0 

cm
3
; p=0.0325; wrist extensor volume mean difference=-17.1 cm

3
; p=0.7418. Older 

adults had significantly reduced volume for all functional groups, except wrist extensors. 

Despite this volume reduction, the ordering of the functional groups by volume remained 

consistent with young adults, whereby the shoulder had the largest volume and wrist had 

the smallest volume in the upper limb. 

 

IJM was significantly reduced in older adults compared to young adults for 

shoulder adduction (mean difference=25.3Nm; p=0.01), shoulder abduction (mean 
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difference=28.9Nm; p<0.0001), and wrist flexion (mean difference=8.1Nm; p<0.0001) 

(Figure 2-5). Mixed effects analyses showed that differences in IJM between shoulder 

abduction and wrist flexion (p=0.0003), shoulder adduction and elbow extension 

(p=0.0181), and shoulder adduction and wrist extension (p=0.0146) were significantly 

lower in older adults, indicating the shoulder is relatively weaker compared to distal 

joints in older adults. 

 

 

Figure 2-4: Functional group muscle volume as a percentage of total upper limb 

muscle volume 
Functional group muscle volume as a percent of total upper limb muscle volume for older 

adults and young adults (mean  SD) (Holzbaur et al., 2007b). * indicates significant 

difference between older adults and young adults using the Holm sequential procedure. 

Mean difference is the difference in mean volume between older adults and young adults. 

Shoulder adductor mean difference=-1.4%; p=0.2574; shoulder abductor mean 

difference=2.2%; p=0.0245; elbow flexor mean difference=-0.7%; p=0.1932; elbow 

extensor mean difference=0.4%; p=0.1753; wrist flexor mean difference=-0.3%; 

p=0.3039; wrist extensor mean difference=-1.8%; p<0.0001. Despite having a reduction 

in muscle volume, the order of functional group volumes remained consistent between 

the older and younger adult groups, whereby shoulder abductors and wrist extensors 

made up the largest and smallest proportions of upper limb volume, respectively. 
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Binomial distribution analysis showed consistent ordering of MV between age 

groups, with shoulder>elbow>wrist (p<0.001, all comparisons), although relative 

functional group IJM was altered. Young adults were significantly stronger in shoulder 

adduction compared to elbow extension (p<0.001), whereas older adults were 

significantly stronger in elbow flexion compared to shoulder abduction (p=0.004). Both 

age groups were significantly stronger at the elbow compared to the wrist (p<0.001, 

flexion and extension). Young adults had a 6.7-fold mean difference between strongest 

(shoulder adduction) and weakest (wrist extension) functional groups, while older adults 

had a 5-fold mean difference between strongest (elbow flexion) and weakest (wrist 

extension) functional groups. 

 

Figure 2-5: Isometric joint moment for upper limb functional groups 

Maximal isometric joint moments for older adults and young adults (mean  SD) 

(Holzbaur et al., 2007a; Holzbaur et al., 2007b). * indicates significant difference. Mean 

difference is the difference in mean volume between older adults and young adults using 

the Holm sequential procedure. Shoulder adduction mean difference=25.3 Nm; p=0.01; 

shoulder abduction mean difference=28.9 Nm; p<0.0001; elbow flexion mean 

difference=11.0 Nm; p=0.1554; elbow extension mean difference=5.1 Nm; p=0.3239; 

wrist flexion mean difference=8.1 Nm; p<0.0001; wrist extension mean difference=1.3 

Nm; p=0.1001. Older adults generated less joint moment than young adults across all 

joints tested, which was significant for shoulder adduction, shoulder abduction and wrist 
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flexion. Differences in strength between shoulder abduction and wrist flexion (p=0.0003), 

shoulder adduction and elbow extension (p=0.0181), and shoulder adduction and wrist 

extension (p=0.0146) were significantly lower in older adults, indicating that the shoulder 

is relatively weaker compared to distal joints in older adults. 

 

We observed significant linear relationships between functional group MV and 

IJM in older adults (p<0.027) (Figure 2-2), consistent with previous observations in 

young adults. However, corresponding functional group MV explained less variation in 

IJM for older adults (mean r
2
=40.6%) than for young adults (mean r

2
=81.0%). No 

statistically significant difference between slopes was observed, but there was a trend 

toward markedly lower shoulder volume and strength in old compared to young adults. 

 

2.5 Discussion 

We measured upper limb functional group MV and obtained maximum IJM at the 

shoulder, elbow, and wrist in 18 older adults. In older adults, total MV, functional group 

MV, and IJM were reduced compared to young adults, despite similar body mass 

between groups. We observed markedly reduced MV at the shoulder in older adults 

compared to young adults. Older adults were not strongest at the shoulder like young 

adults, suggesting that relative differences between strength at different joints are not 

consistent with age. Although age-related MV and IJM reductions occur, the linear 

relationship between functional group MV and IJM was maintained in older adults. 

While older adults presented with overall decreases in functional group MV and IJM 

compared to young adults, the shoulder had the most marked deficits. 

Shoulder abductor MV and IJM were significantly reduced in older compared to 

young adults. Other age-related neuromuscular changes, in addition to decline in MV, 
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that have been implicated in IJM deficits, include infiltration of intramuscular fat, 

increased connective tissue, reduced contractile tissue, reduced neural drive, changes at 

the neuromuscular junction, increased antagonist muscle coactivation, decreased muscle 

fiber specific tension, and preferential atrophy of type II muscle fibers (Dey et al., 2009; 

Frontera et al., 2000; Janssen and Ross, 2005; Jones et al., 2008; Klein et al., 2001; 

Landers et al., 2001; Lynch, 2004; Lynch et al., 1999; Merletti et al., 2002; Narici et al., 

1991; Narici and Maffulli, 2010; Narici et al., 2003; Valdez et al., 2010). The difference 

in upper limb MV observed in older adults may also be due to disuse, either alone or in 

combination with a pre-existing injury, like an asymptomatic rotator cuff tear. Between 

20-50% of older adults have a torn rotator cuff, so it is possible that some participants 

had asymptomatic tears, causing atrophy and decreased strength of affected muscles (Lin 

et al., 2008; Yamamoto et al., 2010). This was not explicitly investigated because our 

images were not T2-weighted. On the other hand, wrist extensors represented 

proportionally more total upper limb volume in older compared to younger adults. One 

possible explanation for the observed differences is that daily living tasks may use wrist 

and elbow joints more than the shoulder, causing both MV and IJM deficits at the 

shoulder (Landers et al., 2001). 

We investigated shoulder, elbow, and wrist joints concurrently in older adults to 

assess relative differences in IJM of major upper extremity functional groups. Our data 

expand upon findings of Klein et al. (2001), who observed differing MV and strength 

changes among elbow functional groups. Our finding of reduced IJM in older adults is 

consistent with previous studies investigating single joints (Akagi et al., 2009b; 

Bazzucchi et al., 2004; Frontera et al., 2000; Hughes et al., 2001; John et al., 2009; Klein 
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et al., 2001; Landers et al., 2001; Metter et al., 1997; Park et al., 2007; Yassierli et al., 

2007). Our assessment of multiple joints concurrently allowed us to describe 

relationships in MV and IJM between upper limb joints. Differences between functional 

groups were largest at the shoulder; young adults were strongest at the shoulder, whereas 

older adults had markedly reduced shoulder strength. 

We observed a significant relationship between MV and IJM in older adults, but 

an important observation was that less variation in IJM was accounted for by MV for 

older compared to young adults. This may be due to age-related decreases in neural 

stimulation and muscle tissue composition changes (Jones et al., 2008), or caused by 

reduced contractile protein and fat-free mass in aged muscle (Dey et al., 2009; Janssen 

and Ross, 2005; Narici and Maffulli, 2010; Narici et al., 2003). These changes may affect 

the ability of older adults to maximally activate all muscle volume that could contribute 

to IJM generation. The relationship between muscle strength and cross-sectional area 

(CSA) has been presented previously for young and older adults (Akagi et al., 2009a; Ikai 

and Fukunaga, 1968; Jones et al., 2008). We measured MV, which is the product of 

physiological CSA and optimal fiber length, (e.g. Fukunaga et al., 2001). Volume is 

consistent with calculations utilizing physiological CSA measurements (Holzbaur et al., 

2007b) and does not depend on optimal fiber length or pennation angle estimates, which 

are difficult to measure in vivo and can decrease with age. Our results expand on previous 

work reporting the relationship between MV and force-generating ability to include older 

adults (Akagi et al., 2009b; Fukunaga et al., 2001; Holzbaur et al., 2007a; Jones et al., 

2008). Our findings are consistent with previous studies reporting decreased peak IJM 
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with each decade past 50 years (Jones et al., 2008; Lynch et al., 1999; Macaluso and De 

Vito, 2004). 

This work provides a foundation for understanding clinically-relevant, age-related 

upper limb changes, and for ultimately making rehabilitation or injury treatment 

recommendations for older adults. Efforts to mitigate age-related strength losses to retain 

an unimpaired strength profile are necessary for older adults to maintain independence. 

We anticipate that upper limb coordination will be affected by musculoskeletal system 

changes, such as antagonist co-contraction or a decreased ability to activate the entire 

muscle volume. Subsequently, some functional tasks may not be possible to perform. 

This work also provides a foundation for future studies characterizing coordination 

changes in older adults with reduced MV and altered IJM. Further analyses of upper 

extremity movements in healthy or impaired older adults would benefit from 

development of musculoskeletal models better reflecting the force-generating 

characteristics of older individuals described here. 

This study has several limitations. Males and females were evaluated in the same 

analyses, due to our small sample size. While absolute volumes and strengths differed by 

sex, similar relationships were seen across groups. However, sex-based differences 

warrant further study. Our small sample also limits generalizability of our data. 

Intramuscular fat content was not measured. An additional fat quantification scan 

was not included to reduce scan time and participant burden. While our method may have 

overestimated the amount of contractile tissue, reduced upper limb MV and altered 

relationships between MV and IJM at the shoulder were detected. Accounting for 
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intramuscular fat in future work may improve our ability to explain age-related 

differences in MV and IJM. 

Muscle force generation is posture dependent (Zajac, 1989), but we tested IJM in 

a single posture for each joint. Postures were selected for comparison with previously 

reported young adult measurements (Holzbaur et al., 2007a; Holzbaur et al., 2007b). 

Therefore, our functional group classifications and results are limited to these specific 

postures. While different muscle compartments (e.g. anterior, middle, posterior deltoid) 

may play different mechanical roles (Ackland et al., 2008; Kuechle et al., 1997), 

compartments are not easily distinguished using MR. Therefore, we grouped 

compartments according to the whole muscle’s primary function (Kuechle et al., 1997) 

and electromyographic activity (Wickham et al., 2010) in the postures used to assess IJM. 

Muscle moment arm, like MV, is an important determinant of strength and is 

posture dependant. Moment arms were not measured in this study. MR images were not 

obtained in IJM testing postures due to scanner size constraints. However, previous 

studies have shown that MV is a major determinant of strength variation (Akagi et al., 

2009b; Fukunaga et al., 2001; Holzbaur et al., 2007a; Jones et al., 2008), and we 

postulate that age-related MV changes are more remarkable than moment arm changes. 

Variation of moment arm with age may be an area for future study. 

Three degrees of freedom at the shoulder are used in activities of daily living 

(Kuechle et al., 2000). We observed relative weakness in shoulder abduction/adduction in 

older adults, but did not measure flexion or axial rotation due to concerns regarding 

participant burden and fatigue. Weakness in flexion or axial rotation could also have 

important functional implications and may be associated with the decreased MV reported 
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here. Our group is currently investigating shoulder MV and IJM in 3 degrees of freedom 

in healthy and impaired older adults. 

We investigated upper limb MV and IJM at the shoulder, elbow, and wrist joints 

in older adults and compared these data to measurements previously collected on younger 

adults. Our findings of reduced MV and IJM with notable differences at the shoulder 

show that older adults are not simply weaker younger adults, since declines are not 

uniform across functional groups. While volume was a significant predictor of IJM in 

older adults, variation in IJM accounted for by MV was half that of young adults. These 

data provide a foundation for exploring functional deficits in older adults from an 

experimental perspective and as a resource for developing simulation-based analyses 

reflecting older adult strength and muscle characteristics, which we have shown cannot 

be simply scaled from young adult characteristics. 
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3.1 Abstract 

Background: Rotator cuff tears (RCTs) are common in individuals aged 60+ years. The 

consequences of RCT, including muscle atrophy, fatty infiltration, and decreased 

strength, are also seen with healthy aging. We quantified parameters of muscle 

morphology and strength, and compared them with standard clinical assessments in older 

people with/without RCT. 

Methods: Twenty subjects, 10 with a RCT (5M/5F) and 10 controls, had rotator cuff 

muscle and fat tissues quantified using manual segmentation of MRI. Isometric joint 

moment was evaluated for 3 degrees of freedom at the shoulder. Clinical assessments 

(Goutallier, Fuchs scores; cross-sectional area ratio) were made for subjects with RCT. 

Results: Compared to controls, the RCT group had a significantly increased percentage of 

fatty infiltration for each rotator cuff muscle (all p≤0.0233), reduced whole muscle 

volume for supraspinatus, infraspinatus, and subscapularis (all p≤0.0379), and reduced 

fat-free muscle volume for supraspinatus, infraspinatus, and subscapularis (all p≤0.0269). 

Only teres minor (p=0.0170) was different between groups for absolute amount of fatty 

infiltration. Strength in adduction, flexion, and external rotation (all p≤0.0206) was 

significantly reduced for the RCT group, and significant relationships were seen between 

muscle volume and strength. There were not significant relationships between clinical 

and quantitative assessments for supraspinatus and infraspinatus muscles. 

Conclusion: Subjects with RCT have reduced muscle volume and increased fatty 

infiltration percentage, but do not have a significantly greater amount of fatty infiltration 

compared to controls. Muscle volume was a significant predictor of strength. Clinical 
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scores do not consistently capture variability in quantitative measures of muscle 

morphology. 

 

3.2 Introduction 

Rotator cuff tears are a common musculoskeletal injury in older individuals. It is 

estimated that 20% to 50% of those 60+ years of age have a rotator cuff injury, and 

prevalence increases with advanced age (Lin et al., 2008; Moosmayer et al., 2009; 

Tempelhof et al., 1999; Yamaguchi et al., 2006; Yamamoto et al., 2010). Rotator cuff 

tears are associated with muscle atrophy and fatty infiltration (Goutallier et al., 1994; 

Nakagaki et al., 1994, 1996; Steinbacher et al., 2010; Thomazeau et al., 1996), and fatty 

infiltration may affect the recovery of the muscle tissue following a tear in older 

individuals (Gumucio et al., 2013). Muscle atrophy and fatty infiltration are used by 

clinicians to develop patient treatment plans for individuals with a rotator cuff tear. Large 

quantities of fatty infiltration are usually a contraindication for surgery, due to the high 

likelihood of a poor surgical outcome, increased likelihood of a re-tear, and no reversal of 

the fatty infiltration following surgery (Gerber et al., 2007; Gladstone et al., 2007; 

Goutallier et al., 1994; Goutallier et al., 2003). Traditionally, computed tomography (CT) 

and magnetic resonance imaging (MRI) have been used to evaluate the muscle-to-fat 

ratio of rotator cuff muscles, as described by Goutallier et al. (1994) and Fuchs et al. 

(1999), respectively. Atrophy is also frequently assessed from a single image slice, using 

muscle cross-sectional area as a surrogate (Thomazeau et al., 1996; Zanetti et al., 1998). 

However, these clinical methods consider a single image slice, and may not capture 

whole muscle changes that localize in areas not imaged (Kuzel et al., 2013; Nakagaki et 

al., 1994). Perhaps related, the Goutallier score does not have high reliability among 
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orthopaedic surgeons (Khazzam et al., 2012; Lippe et al., 2012; Oh et al., 2010a; Spencer 

et al., 2008) (e.g. inter-rater agreement, κ=0.41 (Lippe et al., 2012)), suggesting that more 

objective methods should be used (Lippe et al., 2012).  

Physiologic and morphologic changes accompanying rotator cuff injury are also 

observed during a healthy aging process (Lexell, 1995), which may cloud injury 

presentation in older adults. Older adults also exhibit muscle atrophy, fatty infiltration, 

and strength deficits even in the absence of musculoskeletal injury (Clark and Manini, 

2010; Janssen et al., 2002; Lexell, 1995; Rantanen, 2003), and it is difficult when 

working with rotator cuff injured older adults to determine whether the deficits measured 

are due to injury or age alone. Such an understanding is critical to identifying appropriate 

care plans and maintenance of function in older adults. For example, muscle atrophy may 

be an important contributor to strength deficits seen in rotator cuff tear patients (Gerber et 

al., 2007; Gladstone et al., 2007). Muscle volume is a significant predictor of upper limb 

strength (Holzbaur et al., 2007a; Holzbaur et al., 2007b; Vidt et al., 2012) and 

maintenance of at least a minimal threshold of strength is necessary for the performance 

of functional upper limb tasks (Janssen et al., 2002; Rantanen, 2003). Strength is critical 

to the ability of older adults to maintain their independence (Lin et al., 2008), although 

the mechanisms relating muscle morphology to function in older adults with a rotator 

cuff tear are not clear. 

The purpose of this study was to quantify parameters of muscle morphology 

(muscle, fat volume) and strength in older individuals with and without a rotator cuff tear 

to clarify whether age-related changes are indeed compounded by rotator cuff injury. A 

secondary purpose was to clarify whether standard clinical assessments of fatty 
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infiltration (Goutallier, Fuchs scores) are consistent with quantitative measures of fat. We 

hypothesized that patients with a rotator cuff tear would have less muscle volume, greater 

fat volume, and reduced strength compared to controls, and muscle volume measures 

would be significantly related to assessments of strength. It was also hypothesized that 

quantitative assessments of muscle morphology would be significantly related to clinical 

measures.  

 

3.3 Materials and Methods 

Twenty subjects (mean age 63.61.6 years), 10 with a degenerative tear of the 

supraspinatus and 10 age- and gender-matched controls participated (Table 3-1). This 

study was approved by the Wake Forest University Health Sciences Institutional Review 

Board and written informed consent was provided by all participants. The injured side 

was evaluated for subjects with a rotator cuff tear and the dominant side was evaluated 

for controls. Subjects with a rotator cuff tear were included if they had an MRI-confirmed 

tear of the supraspinatus muscle. Participants were excluded if they had any 

neuromuscular or musculoskeletal disorders, previous shoulder surgery, or a history of 

injury to their dominant arm or shoulder (control participants). 
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Table 3-1: Participant demographics and for rotator cuff tear and control subjects. 

R=rotator cuff tear group; C=control group; F=female; M=male. 

Subject Age (years) Height (cm) Body mass (kg) Dominant arm Injured arm 

RF01 64 162.6 58.5 Right Right 

RF02 65 165.1 83.9 Right Right 

RF03 65 149.9 53.5 Right Left 

RF04 63 160 73.5 Right Right 

RF05 65 162.6 65.8 Right Left 

RM01 64 175.3 73 Right Left 

RM02 61 167.6 83.9 Right Left 

RM03 64 177.8 108 Left Left 

RM04 64 182.9 88.5 Right Left 

RM05 62 177.8 95.3 Left Left 

CF01 64 152.4 74.8 Left - 

CF02 63 172.7 54.4 Right - 

CF03 67 172.7 70.8 Right - 

CF04 65 162.6 65.8 Right - 

CF05 64 160 60.3 Right - 

CM01 64 172.7 70.3 Right - 

CM02 61 177.8 99.8 Right - 

CM03 64 182.9 86.2 Right - 

CM04 62 172.7 73.5 Right - 

CM05 61 175.3 70.3 Right - 

      Rotator Cuff Tear  

Mean ± SD 
63.7 ± 1.3 168.1 ± 10.1 78.4 ± 16.8 

  Control  

Mean ± SD 
63.5 ± 1.8 170.2 ± 9.1 72.6 ± 12.8 

   

Muscle volume 

Rotator cuff muscle volume was assessed using MRI. Subjects were imaged 

supine with either a 1.5T (GE Healthcare, Milwaukee, WI) or 3T (Siemens Medical 

Solutions USA, Malvern, PA) scanner. The use of two scanners in this study was the 

result of a system upgrade by our institution. Images of the muscles crossing the 

glenohumeral joint were acquired with a flexed array long bone coil (1.5T; Invivo, 

Orlando, FL) or an 18-channel body matrix coil (3T; Siemens Medical Solutions USA, 

Malvern, PA). Scanning was performed using the clinically available pulse sequence for 
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each machine, either the Three Point Dixon (1.5T) or Two Point Dixon (3T) method 

(Dixon, 1984; Glover, 1991), which enables quantification of water (muscle) and fat 

within the region of interest. Images were acquired in 3mm (1.5T) or 1mm (3T) slices, 

using the scan parameters in Table 3-2. Total scan time was ~13 minutes (1.5T) or ~15 

minutes (3T). Processing of fat and water images was conducted offline using in-house 

software (1.5T) and online using the commercially available software (3T). Accuracy of 

the Dixon method was assessed with a fat-water phantom of known composition; there 

was a 2.4% mean difference between the 1.5T and 3T scanners.  

 

Table 3-2: Scan parameters for 1.5T (GE) and 3T (Siemens) MRI scanners. 

  1.5T 3T 

Echo time (TE) 4.200, 6.581, 8.962 ms 2.46, 3.69 ms 

Relaxation time (TR) 13.5 ms 7.0 ms 

Flip angle (FA) 18° 9° 

Matrix size  320 x 256 256 x 256 

Bandwidth ± 62.5 kHz ± 248.3 kHz 

Field of view (FOV) 320 mm 

224 mm (read) 

120.5% 

(phase) 

Slice thickness 3 mm 1mm 

 

Whole muscle volume of rotator cuff muscles (supraspinatus, infraspinatus, 

subscapularis, teres minor) was calculated using manual segmentation methods 

previously described (Holzbaur et al., 2007b; Vidt et al., 2012). Quantification of muscle 

volume using segmentation has been shown to be a valid method (Koltzenburg and 

Yousry, 2007; Tingart et al., 2003). Briefly, the muscle boundary was traced on each 

image slice (3D Doctor, Able Software Corp., Lexington, MA) and a 3-dimensional 

polygonal surface was created from the boundaries. Individual muscle volumes were 

calculated from the polygonal surfaces. Supraspinatus muscle volume was calculated 
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using the 1mm slices, when available. All other muscle volumes were calculated using a 

3mm slice thickness. For scans in which 1mm slices were acquired, every third image 

was used to achieve a 3mm slice thickness. Larger muscles were segmented with 3mm 

slice thickness to facilitate a more timely segmentation process; mean difference between 

volumes calculated for 1mm and 3mm slice thicknesses was 0.28%. 

Fatty infiltration was quantified for each muscle volume using a custom Matlab 

(Rev. 2012b, The MathWorks, Natick, MA) program and Equation 3-1, where SIfat and 

SIwater are the signal intensities for fat and water images of the Dixon method, 

respectively. This calculation was performed on a voxel-by-voxel basis, then averaged 

across all voxels in the muscle volume to determine the percentage of fatty infiltration 

(%fat) within each muscle. T1 correction as described by Gold et al. (2004) was 

performed to account for signal bias and noise correction was performed as described by 

Liu et al. (2007). 

    

     
     

             
 , when              ; 

Equation 3-1 

 
       

       

             
 , when               

 

Percentage of fatty infiltration was converted to fat volume by multiplying %fat by whole 

muscle volume. A measure of fat-free muscle volume was calculated by subtracting fat 

volume from whole volume measurements. 
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Strength assessment 

Strength for 6 functional groups of muscles for the 3 degrees of freedom at the 

shoulder was evaluated by measuring the maximal isometric joint moment-generating 

capacity with a Biodex dynamometer (Biodex Medical Systems, Shirley, NY). Three 5-

second trials were recorded for abduction/adduction (shoulder abducted to 30º, elbow 

braced in extension, forearm in neutral posture, wrist braced), flexion/extension (shoulder 

flexed to 30º, elbow braced in extension, forearm pronated to 90º, wrist braced), and 

internal/external rotation (shoulder abducted to 30º, elbow flexed to 90º, forearm in 

neutral posture, wrist braced). Sixty seconds of rest were given between trials and 2 

minutes of rest were given between tests to reconfigure the dynamometer. Subjects were 

given verbal encouragement to elicit maximal performance on each trial. A custom 

Matlab program was used to determine the maximal joint moment maintained for at least 

0.5 seconds (Holzbaur et al., 2007a). The maximal value across the 3 trials was 

considered the subject’s maximum.  

 

Clinical assessments 

Three orthopaedic surgeons (CJT – fellowship-trained, board certified; GGP – 

board certified; MTF – fellowship-trained) independently evaluated each subject in the 

rotator cuff tear group to assign a Goutallier score. These evaluations were performed by 

each surgeon twice, with the first and second reviews separated by 1 week. At both time 

points, the surgeons were blinded to patient identity, and the order in which patients were 

reviewed was randomized. Assessment was made using a T1-weighted MRI available 

from each patient’s medical record; the T1 scans were not collected as a part of this 



 

107 

 

study. For one participant, a T1-weighted scan was not available, so that subject was 

excluded from these analyses. A Goutallier score was assigned to each rotator cuff 

muscle according to the methods of Goutallier (Goutallier et al., 1994), as modified by 

Fuchs (Fuchs et al., 1999), in which the image slice immediately lateral to the attachment 

of the scapular spine to the body of the scapula was evaluated. Assessment of Goutallier 

stage was made for the supraspinatus, infraspinatus, subscapularis, and teres minor. 

Briefly, the Goutallier score consists of five stages, ranging from 0 (no fat visible in the 

muscle) to 4 (more fat than muscle tissue is visible). Since it is thought to improve inter-

observer reliability (Fuchs et al., 1999; Oh et al., 2010a), Goutallier scores were 

translated into the scoring metric proposed by Fuchs, in which the five stages of 

Goutallier are condensed into three stages (Fuchs stage 0 = Goutallier stages 1 and 2; 

Fuchs stage 1 = Goutallier stage 2; Fuchs stage 3 = Goutallier stages 3 and 4). Mean 

Goutallier score and Fuchs score were calculated for each muscle using 6 measurements: 

each physician’s score from both reviews.  

Cross-sectional area ratio, which is a clinical measure used to describe muscle 

atrophy, was calculated for rotator cuff tear patients using the methods described by 

Zanetti et al. (1998) Muscle cross-sectional areas were assessed from the same T1-

weighted images used to acquire Goutallier scores. Areas were calculated by tracing the 

boundaries of the supraspinatus, total infraspinatus, total subscapularis, and teres minor, 

and the supraspinatus fossa, using the measurement tool included with the MR viewing 

software (iSite PACS, Philips Healthcare Informatics, Foster City, CA). Two reviewers 

(MEV, ACS) calculated cross-sectional areas and the mean value between reviewers was 
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used. Cross-sectional area ratio was calculated separately for each muscle by dividing the 

muscle cross-sectional area by the area of the supraspinatus fossa.  

 

Statistical Analysis 

Descriptive statistics were used to describe the demographic characteristics of the 

subjects in the rotator cuff tear and control groups. Analysis of covariance (ANCOVA) 

with adjustments for age and sex was used to separately evaluate mean differences 

between rotator cuff tear and control groups for muscle volume, fatty infiltration volume, 

percent fatty infiltration, and isometric joint moment. Any failed joint moment trials were 

included in the statistical analyses as a missing value. We used linear regression analyses 

to evaluate the relationship between muscle volume and the isometric joint moment of 

each muscle’s primary movement. For these analyses, there were no differences between 

rotator cuff tear and control groups, so subjects were considered as a single cohort, with 

adjustments for group and sex. Finally, we used linear regression to evaluate the 

relationships between clinical scores and whole muscle measurements for fatty 

infiltration and atrophy. Specifically, we investigated for an association between mean 

Goutallier and Fuchs scores relative to percentage of fatty infiltration, and muscle cross-

sectional area ratio relative to whole muscle volume measurements. Kappa statistics were 

calculated for inter- and intra-rater repeatability measures for Goutallier score and Fuchs 

score. Kappas are reported for each pair-wise comparison for each combination of 

reviewers to assess inter-rater repeatability. Intra-rater repeatability was evaluated by 

calculating a kappa statistic for each reviewer across the two reviews. A higher positive 

kappa indicates better agreement, a kappa equal to zero is agreement due to chance, and a 
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negative kappa indicates worse agreement than chance. Exact tests were used to calculate 

statistical significance of the kappa statistics. Significance was set to p<0.05. Due to the 

exploratory nature of the analyses, we did not account for Type I error by adjusting for 

multiple measurements. All analyses were performed with SAS software (version 9.3, 

SAS Institute, Inc., Cary, NC).  

 

3.4 Results 

We quantitatively evaluated muscle and fat volumes of the rotator cuff muscles 

and measured the maximal isometric joint moment-generating capacity for 6 functional 

muscle groups of the shoulder in older individuals with a rotator cuff tear and healthy 

age- and gender-matched controls (Table 3-3). Six subjects in the rotator cuff tear group 

had full-thickness tears, while 4 subjects had marked partial-thickness (>50% tendon 

thickness) tears of the supraspinatus. The rotator cuff tear group had a significantly 

increased percentage of fatty infiltration compared to the control group for the 

supraspinatus (p=0.0022), infraspinatus (p=0.0233), subscapularis (p=0.0172), and teres 

minor (p=0.0222) (Figure 3-1A). However, except for teres minor (p=0.0170), there were 

not increases in the amount of fatty infiltration for subjects with a rotator cuff tear (Figure 

3-1B). The rotator cuff tear group had reduced whole muscle volume for the 

supraspinatus (p=0.0026), infraspinatus (p=0.0379), and subscapularis (p=0.0147) 

muscles (Figure 3-1C). Fat-free muscle volume was significantly reduced compared to 

controls for the supraspinatus (p=0.0020), infraspinatus (p=0.0269), and subscapularis 

(p=0.0110) (Figure 3-1D). The isometric joint moment was reduced in adduction 

(p=0.0206), flexion (p=0.0185), and external rotation (p=0.0032) strength, but the other 
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joint moments were not markedly reduced for the rotator cuff tear group (Figure 3-2). 

One rotator cuff tear subject could not perform the abduction trials and three rotator cuff 

tear subjects could not perform the flexion trials due to pain.  
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Table 3-3: Mean±SD for quantitative assessments of muscle morphology for each rotator 

cuff muscle and maximum isometric joint moment for 6 functional groups representing 

the 3 degrees of freedom at the shoulder. 

 

Rotator cuff tear  

mean ± SD 

Control  

mean ± SD 

Muscle morphology 

Supraspinatus     

Whole volume (cm
3
) 33.9 ± 17.9 49.6 ± 16.4 

Fat-free volume (cm
3
) 28.5 ± 16.1 44.4 ± 14.9 

Fatty infiltration volume (cm
3
) 5.4 ± 2.1 5.0 ± 1.7 

% Fat 17.1% ± 5.4% 
10.4% ± 

2.2% 

Infraspinatus     

Whole volume (cm
3
) 98.7 ± 44.7 115.1 ± 36.5 

Fat-free volume (cm
3
) 84.5 ± 39.7 102.8 ± 34.2 

Fatty infiltration volume (cm
3
) 14.2 ± 6.4 12.3 ± 4.0 

% Fat 14.9% ± 3.4% 
11.0% ± 

2.6% 

Subscapularis     

Whole volume (cm
3
) 105.4 ± 42.3 125.2 ± 34.9 

Fat-free volume (cm
3
) 90.7 ± 39.0 112.0 ± 32.2 

Fatty infiltration volume (cm
3
) 14.7 ± 4.8 13.2 ± 4.0 

% Fat 14.8% ± 3.7% 
10.7% ± 

2.6% 

Teres Minor     

Whole volume (cm
3
) 23.2 ± 10.3 24.1 ± 8.8 

Fat-free volume (cm
3
) 19.8 ± 9.3 21.9 ± 8.2 

Fatty infiltration volume (cm
3
) 3.4 ± 1.5 2.2 ± 1.0 

% Fat 15.3% ± 6.0% 9.3% ± 3.0% 

   Isometric joint moment 

Abduction (Nm) 19.3 ± 19.4 28.3 ± 12.7 

Adduction (Nm) 45.3 ± 21.0 58.4 ± 21.3 

Flexion (Nm) 12.6 ± 13.5 24.6 ± 11.4 

Extension (Nm) 53.4 ± 22.9 59.8 ± 13.4 

Internal Rotation (Nm) 31.7 ± 14.4 34.6 ± 12.9 

External Rotation (Nm) 8.4 ± 6.1 16.8 ± 8.3 
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Figure 3-1: Muscle and fat volumes for rotator cuff muscles 

Mean±SD for quantitative measurements of muscle and fatty infiltration volume for 

rotator cuff muscles for older adults with a rotator cuff tear (gray bars) and healthy 

controls (white bars). (A) There was a significantly greater percentage of fatty infiltration 

for all muscles (supraspinatus, p=0.0022; infraspinatus, p=0.0233; teres minor, p=0.0222; 

subscapularis, p=0.0172) for the rotator cuff tear group. (B) Only teres minor (p=0.0170) 

had significantly greater volume of fatty infiltration for the rotator cuff tear subjects. (C) 

The rotator cuff tear group had significantly reduced whole volume measurements for 

supraspinatus (p=0.0026), infraspinatus (p=0.0379), and subscapularis (p=0.0147) 

muscles. (D) Fat-free muscle volume was significantly reduced for the rotator cuff tear 

group for supraspinatus (p=0.0020), infraspinatus (p=0.0269), and subscapularis 

(p=0.0110) muscles. 
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Figure 3-2: Isometric joint moment for the three degrees of freedom at the shoulder 
Mean±SD isometric joint moment for the rotator cuff tear group (gray bars) and healthy 

controls (white bars). One participant could not perform abduction and three participants 

could not perform flexion due to pain; these trials were not included in the analyses. 

Isometric joint moment was significantly reduced for adduction (p=0.0206), flexion 

(p=0.0185), and external rotation (p=0.0032). 

 

Strength vs. volume 

There were significant linear relationships between whole muscle volume and the 

joint moment of a muscle’s primary action for supraspinatus (p=0.0050), infraspinatus 

(p<0.0001), subscapularis (p=0.0006), and teres minor (p=0.0012) (Figure 3-3A). 

Similarly, the relationship between strength and fat-free muscle volume was significant 

for supraspinatus (p=0.0054), infraspinatus (p<0.0001), subscapularis (p=0.0005), and 

teres minor (p=0.0012) (Figure 3-3B).  
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Figure 3-3: Relationship between isometric joint moment and muscle volume for 

rotator cuff muscles 
Isometric joint moment versus whole muscle volume (A) and fat-free muscle volume (B) 

for subjects with a rotator cuff tear (hollow markers) and healthy controls (filled 

markers). * indicates significant linear relationship. There are significant relationships for 

(A) whole muscle volume and the joint moment of each muscle’s primary action 

(supraspinatus, p=0.0050; infraspinatus, p<0.0001; subscapularis, p=0.006; teres minor, 

p=0.0012) and for (B) fat-free muscle volume and isometric joint moment (supraspinatus, 

p=0.0054; infraspinatus, p<0.0001; subscapularis, p=0.0005; teres minor, p=0.0012). 

 

Clinical assessments 

 Assessment of Goutallier score across reviewers ranged from -0.02≤κ≤1.00 for 

intra-rater agreement and -0.05≤κ≤0.64 for inter-rater agreement (Table 3-4). Converting 

Goutallier scores to Fuchs scores, kappa statistics ranged from -0.23≤κ≤1.00 for intra-

rater agreement and -0.13≤κ≤1.00 for inter-rater agreement. Few of the inter- and intra-

rater agreements reached statistical significance, indicating that we cannot reject the null 

hypothesis which states that there is no agreement. The linear relationship between 

percent fatty infiltration and mean Goutallier score (Figure 3-4A) was significant for 

subscapularis (p=0.0083) and teres minor (p=0.0089). Relationships for supraspinatus 

(p=0.1159) and infraspinatus (p=0.0935) were not significant. Likewise, there were 

significant associations between percent fatty infiltration and mean Fuchs score for the 
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subscapularis (p=0.0272) and teres minor (p=0.0208), but not the supraspinatus 

(p=0.0654) or infraspinatus (p=0.0863) (Figure 3-4B). No significant linear relationship 

was seen between cross-sectional area ratio for any of the rotator cuff muscles and 

measures of whole muscle volume (supraspinatus, p=0.3149; infraspinatus, p=0.2398; 

subscapularis, p=0.6373; teres minor, p=0.0561) (Figure 3-5). 

 

 

Figure 3-4: Relationship between Goutallier and Fuchs scores and percentage of 

intramuscular fat  
Mean Goutallier score (A) and mean Fuchs score (B) versus percentage of fatty 

infiltration. * indicates significant linear relationship. The relationship between mean 

Goutallier score (A) and percentage of fatty infiltration was significant for subscapularis 

and teres minor (supraspinatus, p=0.1159; infraspinatus, p=0.0935; subscapularis, 

p=0.0083; teres minor, p=0.0089). The relationship between Fuchs score (B) and 

percentage of fatty infiltration was significant for subscapularis and teres minor 

(supraspinatus, p=0.0654; infraspinatus, p=0.0863; subscapularis, p=0.0272; teres minor, 

p=0.0208).  
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Figure 3-5: Relationship between cross-sectional area ratio and whole muscle 

volume 
Whole muscle volume versus cross-sectional area ratio (muscle cross sectional 

area/supraspinatus fossa area) for supraspinatus (p=0.3149), infraspinatus (p=0.2398), 

subscapularis (p=0.6373), and teres minor (p=0.0561) muscles. 
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Table 3-4: Kappa statistics of Goutallier score and Fuchs score for three reviewers at two separate reviews. Kappas are shown for 

each pair-wise comparison of all combinations of reviewers. Exact tests were used to determine the statistical significance of each 

kappa statistic. 

  Supraspinatus 
Superior 

Infraspinatus 

Inferior 

Infraspinatus 

Total 

Infraspinatus 

Superior 

Subscapularis 

Inferior 

Subscapularis 

Total 

Subscapularis 
Teres Minor 

Goutallier score                 

Inter-rater kappa (κ)         

Review 1 0.05, -0.03, 0.06 0.39*, 0.31*, 0.09 0.51*, 0.10, 0.11 0.44, 0.10, 0.06 0.18, 0.60, -0.05 0.07, 0.01, 0.16 0.36, 0.26, 0.13 0.20, 0.37, 0.12 

Review 2 0.11, 0.05, 0.61 0.27, 0.13, 0.22 0.64*, -0.03, 0.11 0.45, 0.18, 0.16 0.16, 0.19, 0.22 0.03, 0.13, 0.03 0.02, 0.17, 0.35 -0.03, 0.13, 0.27 

Intra-rater kappa (κ) 

        
Reviews 1 and 2 0.49*, 0.37, 0.63 -0.02, -0.45*, 0.59* 0.47*, 0.68*, 0.57* 0.75*, 0.45, 0.40* 0.15, 0.22, 0.18 1.0*, 0.27, 0.47 0.80*, 0.65*, 0.34 0.31, 0.68*, 0.42 

         
Fuchs score                 

Inter-rater kappa (κ) 

        
Review 1 0.05, 0.09, 0.18 0.25, 1.0*, 0.25 0.77*, 0.40, 0.42 0.44, 1.0*, 0.44 0.42, 0.00, 0.00 0.63, 0.47, 0.25 0.70*, 0.61, 0.25 0.14, 0.25, 0.10 

Review 2 0.11, 0.05, 0.61 -0.06, 0.63, -0.13 0.80*, 0.42, 0.29 0.58*, 0.75*, 0.36 0.40, 0.00, 0.00 1.0, 1.0, 1.0 0.50, 0.18, 0.63 0.12, 0.63, 0.36 

Intra-rater kappa (κ) 

        
Reviews 1 and 2 0.80*, 0.37, 1.0 0.63, -0.23, 1.0* 0.77*, 0.80*, 1.0 0.75*, 0.60, 1.0* 0.28, 0.47*, --

‡
 1.0, 0.63, 0.47 0.73, 1.0*, 0.47 0.25, 0.80*, 0.63 

 

* Indicates statistical significance 

‡ Kappa statistic could not be computed due to absolute agreement 
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3.5 Discussion 

 Older adults with a rotator cuff tear had increased percentages of fatty infiltration 

compared to controls. While whole and fat-free muscle volumes were reduced for the 

rotator cuff tear group, the fatty infiltration volume was not increased compared to 

controls. The rotator cuff tear group had reduced strength in adduction, flexion, and 

external rotation, and significant associations were seen between both whole and fat-free 

muscle volume measures and isometric joint moment. When we compared quantitative 

assessments of muscle morphology to clinical assessments, no relationships were seen 

between Goutallier or Fuchs score and percentage of fatty infiltration for the 

supraspinatus, which is the most commonly torn rotator cuff tendon (Oh et al., 2010b; 

Yamamoto et al., 2011), or infraspinatus. Likewise, we did not observe significant 

associations between clinical and quantitative measures of fatty infiltration and muscle 

atrophy.  

Subjects with a rotator cuff tear had significantly larger percentages of fatty 

infiltration for rotator cuff muscles compared to controls, which is consistent with the 

premise of the Goutallier score. By quantifying both the muscle and fat volumes, we 

provide evidence that the apparent increase in fatty infiltration postulated by the 

Goutallier score is not driven by an increase in fat volume. Rather, it is muscle atrophy 

that is responsible for a single cross-sectional view appearing to have an increased 

amount of fat. 

Consistent with previous reports, we found that older adults with a rotator cuff 

tear have muscle atrophy (Fuchs et al., 1999; Hata et al., 2005; Nakagaki et al., 1994, 

1996; Thomazeau et al., 1996). Prior work has shown that older adults have reduced 
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upper limb muscle volume compared to healthy young adults (Vidt et al., 2012), and the 

current study suggests that a rotator cuff tear may be associated with increased atrophy in 

addition to the muscle atrophy associated with normal aging. Muscle atrophy may have 

additional functional implications, particularly for individuals who are at risk for the 

development of disability from age-associated strength losses below the minimum 

threshold necessary to complete daily tasks (Janssen et al., 2002; Rantanen, 2003).  

The rotator cuff tear group had reduced strength for adduction, flexion, and 

external rotation. This focused strength loss is not fully consistent with previous work 

reporting decreased strength in patients with a rotator cuff tear. However, direct 

comparison of our results with previous reports is problematic because previous studies 

have used different testing methods or postures (Gore et al., 1986; Harris et al., 2012; Itoi 

et al., 1997; Kim et al., 2009; Moosmayer et al., 2009; Oh et al., 2010b; Schibany et al., 

2004), investigated select functional groups (Gore et al., 1986; Harris et al., 2012; Itoi et 

al., 1997; Kim et al., 2009; Moosmayer et al., 2009; Oh et al., 2010b; Schibany et al., 

2004), studied asymptomatic patients (Kim et al., 2009; Moosmayer et al., 2009; 

Schibany et al., 2004; Tempelhof et al., 1999), studied younger subjects (Gore et al., 

1986; Harris et al., 2012; Itoi et al., 1997; Oh et al., 2010b), or used the contralateral 

shoulder as a control (Gore et al., 1986; Itoi et al., 1997; Kim et al., 2009; Oh et al., 

2010b). The lack of significant group differences in muscle strength across all functional 

groups may have been due to large inter-subject variability in our strength measurements 

(cf. Figure 3-2). This variability might reflect the natural variability inherent to 

individuals of different sizes; our subjects spanned the 2
nd

-99
th

 percentiles, based on 

height (Gordon et al., 1989), and males and females were considered together in 



 

120 

 

statistical analyses. Alternatively, the lack of difference between the rotator cuff tear and 

control groups may be the result of age-associated strength decreases (Clark and Manini, 

2010) in the absence of a musculoskeletal injury. Importantly, we tested patients with a 

rotator cuff tear who could not perform flexion and abduction strength trials due to pain. 

Inclusion of these failed trials in the analysis with values of 0Nm resulted in larger mean 

differences between groups, but did not change the outcome of the individual 

comparisons. The large variability and lack of significant strength reductions across all 

functional groups suggests that strength measures alone may not be effective assessments 

for classification of older adult rotator cuff tear status.  

There was a significant linear relationship between muscle volume and strength, 

indicating that changes in strength are related to changes in muscle volume. This 

observation is consistent with previous studies in healthy young (Holzbaur et al., 2007a) 

and healthy older adult (Vidt et al., 2012) groups in which significant relationships were 

observed between muscle volume and strength for shoulder, elbow, and wrist functional 

groups. Strength may play a role in functional ability, and marked decreases in strength 

may affect the ability of older individuals to successfully perform important daily tasks 

necessary to maintain their independence (Clark and Manini, 2010; Lin et al., 2008). 

Understanding the relationships between muscle volume and strength may be useful for 

future studies to explore the thresholds below which older adults do not have the minimal 

muscular capacity needed to complete upper extremity functional tasks.  

The Goutallier and Fuchs scores were developed to efficiently estimate the 

proportion of fatty infiltration by viewing a single image slice. These scores have 

traditionally been used as a surrogate for the entire muscle volume. The inability of the 
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mean Goutallier (c.f. Figure 3-4A) and mean Fuchs (c.f. Figure 3-4B) scores to show 

significant association with percent fatty infiltration of the supraspinatus and 

infraspinatus suggests that a single image slice may not sufficiently represent the amount 

of fat in the whole muscle. It has been suggested (Beeler et al., 2013; Nakagaki et al., 

1994) that fatty infiltration is non-uniform throughout the muscle belly, challenging the 

rationale of using a single slice to evaluate fatty infiltration for the whole muscle (Kuzel 

et al., 2013). For example, Jo and Shin (2013) have shown that following surgical repair, 

it is important to acquire new baseline images because the surgery can move the muscle, 

thereby changing the appearance of the muscle cross section in the MR image. 

Additionally, the large image slices (e.g. 5mm slices with 1.5mm inter-slice gap (Fuchs et 

al., 1999)) commonly used in clinical scanning protocols take signal intensity averages 

for the large slice thickness, and potentially exclude useful information. More research is 

needed to determine where fat may localize in the muscles following a rotator cuff tear. 

Ongoing work by our group further explores the spatial localization of fatty infiltration 

within the whole muscle.    

Similar to previous studies (Fuchs et al., 1999; Khazzam et al., 2012; Lippe et al., 

2012; Oh et al., 2010a; Spencer et al., 2008) we found rater inconsistency in assignment 

of Goutallier scores, reflecting the subjectivity of this semi-quantitative score. It has been 

suggested that condensing the 5 categories of the Goutallier score to the 3 category Fuchs 

score improves reliability (Fuchs et al., 1999; Oh et al., 2010a), but our results did not 

support this approach. Although the Goutallier score is appealing to clinicians because it 

can quickly be assessed in a busy clinical setting, the lack of agreement between raters is 
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problematic. An alternative method that improves reliability and maintains efficiency 

would advance clinical practice. 

There were no significant linear relationships between cross-sectional area ratio 

and quantitative measures of whole muscle volume. We also observed no significant 

relationship between either Goutallier or Fuchs scores and percent fatty infiltration, or 

cross-sectional area ratio and muscle volume, as well as inconsistency in the assignment 

of Goutallier and Fuchs scores. Nevertheless, these clinical assessment techniques have 

been used successfully to identify patients who are good surgical candidates (Gladstone 

et al., 2007; Goutallier et al., 1994; Goutallier et al., 2003; Kuzel et al., 2013; Melis et al., 

2009; Mellado et al., 2005; Meyer et al., 2012). We suggest that these clinical assessment 

modalities, which use a single image slice to assign a semi-quantitative assessment, may 

not be as useful to clinicians as traditionally thought because they do not account for the 

variation in quantitative measures of muscle morphology for the whole muscle. It has 

been reported that both atrophy and fatty infiltration occur with aging, but are separate 

processes (Barry et al., 2013). Understanding the consequences of a rotator cuff tear for 

the whole muscle of older adult patients would provide clinicians with a more 

comprehensive assessment of muscle morphology in the context of aging, and a better 

foundation to determine treatment.  

 Our work should be considered within the context of the study limitations. We 

had a small sample of 20 subjects, and statistical analyses were not stratified by sex. In 

spite of the small sample size, significant differences in quantitative assessments of 

muscle morphology were found between the rotator cuff tear and control groups. The 

small sample size and scope of the study did not allow additional investigation of the role 
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of tendon retraction on muscle morphology; future studies should explore these 

relationships. Our objectives were to evaluate muscle morphology and strength 

relationships in the context of aging, so only pre-operative, baseline measurements were 

assessed. Other studies have evaluated changes in muscle atrophy and fatty infiltration 

following successful and failed surgical repairs (Gerber et al., 2007; Gladstone et al., 

2007). Our data indicate that whole–muscle information should be considered when 

evaluating muscle morphology. However, the manual segmentation method we used to 

assess muscle morphology is time consuming, making this method impractical for a busy 

clinical setting. More work is needed to determine a reliable, efficient, and 

comprehensive assessment technique that is appropriate for a busy clinic. It is also 

important that functional implications of a rotator cuff tear in older individuals be 

explored. 

Due to the nature of our MRI scanning protocol and analyses, we cannot make 

definitive statements regarding the exact amount of muscle or fat tissue within each 

volume. The Dixon scanning sequence is a standard clinical scanning method. For 

simplicity, it uses a single model for both water (muscle tissue) and fat. It is possible that 

these fat and water signal peaks may include signal from other tissues (e.g., connective 

tissue), resulting from the close proximity of peaks on the signal spectrum, or artifacts 

from chemical shift due to inhomogeneity (Glover, 1991). Thus, the fat and muscle tissue 

volumes presented here should not be interpreted as exclusively muscle or fat. While 

using more sophisticated post-processing methods may improve the accuracy of these 

measurements (Yu et al., 2011; Yu et al., 2008), we used readily-available clinical 

sequences on each MRI scanner for all participants. Although there are slight differences 
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in imaging protocols to account for scanner differences (GE vs. Siemens), the protocols 

were assessed with custom-built phantoms and found to have a low mean difference of 

2.4%, suggesting that our results on the comparisons between groups are valid.  

Our assessments of strength at each joint were acquired isometrically in a fixed 

posture. The postures we selected for this study were chosen so that they were achievable 

by all participants; while some patients experienced pain upon exertion during the 

performance of some joint moment trials, no participant reported pain while at rest in any 

of the testing postures. However, it is known that posture affects strength (Zajac, 1989) 

so these results should be considered in the context of the reported posture when 

compared to strength measures in other studies.  

 

3.6 Conclusions 

 In this study we sought to elucidate the effects of a rotator cuff tear on muscle 

morphology that were distinct from changes due to aging alone. Using quantitative 

assessments of muscle morphology, we found that older adults with a rotator cuff tear 

had reduced muscle volume compared to older healthy controls. Interestingly, the rotator 

cuff tear group did not have an increased volume of fatty infiltration compared to the 

controls. Muscle volume was a significant predictor of isometric joint moment in 

adduction, flexion, and external rotation. However, strength assessments alone did not 

discriminate between older individuals with and without a rotator cuff tear. Finally, 

clinical scores were not consistently associated with quantitative measures of fatty 

infiltration percentage or muscle volume.  
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4.1 Abstract 

Rotator cuff tears (RCT) are prevalent in older individuals (age≥60years), and they 

may compound age-associated functional declines. Although self-reports are used 

clinically to assess a patient’s perceived functional ability, it is unclear whether these 

questionnaires are valid for older patients with RCT or if they are related to health-related 

quality of life (HRQL). Twenty five older subjects participated (12M/13F; 

age=63.9±3.0years); 13 subjects with a RCT and 12 age- and gender-matched controls 

(CON). Participants completed three self-report measures of shoulder function (SST, 

ASES, WORC) and an assessment of HRQL (SF-36). Isometric joint moment and active, 

pain-free range of motion (ROM) were measured for shoulder abduction/adduction, 

flexion/extension, and internal/external rotation. Relationships among SST, ASES, and 

WORC, and between these measures and joint moment and ROM were assessed with 

Spearman correlations. One-way ANOVA was used to evaluate differences between 

groups for total self-report scores and subcategory scores. There were significant 

correlations among the self-reports (rs=0.62-0.71, p<0.0220). For the RCT group, the 

ASES was significantly associated with all joint moments except adduction (all 

p≤0.0235). SST, ASES, and WORC were associated with abduction and flexion ROM 

(all p≤0.0367). Self-report measures for the RCT group were associated with SF-36 

physical function subcategory scores (SST, WORC p<0.0458). The RCT group reported 

worse scores than CON on all functional self-reports (all p<0.0001) and worse 

subcategory scores for WORC and ASES (all p<0.0068).  We conclude that SST, ASES, 

and WORC demonstrate utility and validity for older individuals by their ability to 

distinguish between those with/without a RCT.  
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4.2 Introduction 

As the United States population ages (National Institute on Aging, 2007), it is 

important to understand the functional implications of age-associated musculoskeletal 

conditions that may impact an older individual’s ability to maintain independence. 

Rotator cuff tears are a common injury affecting older adults, with prevalence of 26% for 

individuals aged 60-69 years, 46% for 70-79 years, and 50% for 80+ years (Yamamoto et 

al., 2010). Sarcopenia and decreased strength occur in healthy aging (Clark and Manini, 

2010; Janssen et al., 2002) and may play a role in an individual’s ability to successfully 

perform activities of daily living (ADLs) (Katz et al., 1963). However, the physiological 

changes (muscle atrophy, decreased strength) associated with rotator cuff injury may 

further diminish one’s ability to perform ADLs (Lin et al., 2008). 

Self-report instruments have been developed to evaluate overall health, and 

function of the shoulder and rotator cuff (Amstutz et al., 1981; Brophy et al., 2005; 

Constant and Murley, 1987; Heald et al., 1997; Hudak et al., 1996; Kirkley et al., 2003; 

Lippitt et al., 1993; Patel et al., 2007; Richards et al., 1994; Smith et al., 2012; Wright 

and Baumgarten, 2010). These measures assess a patient’s self-perceived functional 

status and can aid clinicians in the diagnosis and treatment decision-making process. The 

suggested best practice is to administer several different self-report measures to obtain a 

broad assessment of the patient’s physical health and functional status (Smith et al., 2012; 

Wright and Baumgarten, 2010). It is also recommended that a more general health-related 

quality of life (HRQL) instrument, like the RAND 36-Item Short Form Health Survey 

(RAND; Stewart et al., 1992) also be acquired (Wright and Baumgarten, 2010), because 

it allows clinicians to examine unanticipated effects (Beaton and Richards, 1996; Patel et 
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al., 2007) of a disease or treatment on the physical and mental aspects of a patient’s 

health, both of which can affect physical function (Patel et al., 2007). 

An important question is whether or not self-report instruments of shoulder 

function are useful for clinicians treating an increasingly large number of older adults, for 

whom the consequences of healthy aging (sarcopenia, decreased strength) may 

compound the symptoms associated with rotator cuff injury. It is unknown whether 

existing self-report instruments traditionally used on younger patients can effectively 

discriminate between older adults with and without a rotator cuff tear (RCT) (Hegedus et 

al., 2013). Understanding which instruments are useful for assessment of older patients 

will allow clinicians to select appropriate self-report measures for their patients. The 

Simple Shoulder Test (SST) (Lippitt et al., 1993), the American Shoulder and Elbow 

Surgeons Shoulder Outcome Survey (ASES) (Richards et al., 1994), and the Western 

Ontario Rotator Cuff Index (WORC) (Kirkley et al., 2003) are three self-report 

instruments commonly used to evaluate patients with shoulder disorders (SST, ASES) 

and rotator cuff tears (WORC). The scope of this study was to evaluate these self-report 

measures in a sample of older individuals with and without a RCT. We examined if the 

three self-report measures of shoulder function 1) were related to one another and with 

HRQL in this older cohort; 2) could distinguish between older adults with and without a 

rotator cuff tear; and 3) were related to the physical symptoms associated with RCT.  

 

4.3 Methods 

We recruited 25 subjects; 13 with a RCT (6M/7F; age=63.5±3.6 years) and 12 

healthy age- and gender-matched controls (CON) (6M/6F; age=63.4±2.1 years). All 
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subjects provided written informed consent in accordance with the Wake Forest 

University Health Sciences Institutional Review Board. RCT patients were recruited from 

our institution’s orthopaedic clinic. Inclusion criteria for the RCT group included having 

at least a major thickness (>50% tendon thickness) tear of the supraspinatus tendon, 

confirmed with magnetic resonance imaging. Patients were excluded if they had any prior 

shoulder surgery, any concomitant pathologies (e.g. glenohumeral osteoarthritis), or any 

neurologic disorders (e.g. Parkinson’s Disease). CON subjects could not have any history 

of shoulder pain or injury and were further evaluated with a modified Jobe’s test 

(Gillooly et al., 2010), in which patients abducted their arms to 90° in the scapular plane 

and maintained neutral shoulder rotation for the test.  

To reduce the effect of treatment, data were collected from each RCT participant 

at baseline, before initiation of any treatment regimen. Each subject completed three self-

report instruments and one HRQL instrument, which were given in a randomized order. 

For HRQL we used the SF-36, and the self-report measures of shoulder function included 

2 region-specific measures: SST and ASES; and a disease-specific measure: WORC. 

These instruments were chosen because previous studies report that each has 

demonstrated validity in younger cohorts (Brazier et al., 1992; Godfrey et al., 2007; 

Kirkley et al., 2003; Michener et al., 2002; Schmidt et al., 2014), they spanned a broad 

range of subcategories (Table 4-1), and they could be collected without the assistance of 

a physician.  
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Table 4-1: Characteristics of the SST, ASES, WORC and SF-36. 

Questionnaire Type 

Number of 

Questions 

Format of 

questions Categories assessed 

SST Shoulder-specific 

self-report measure 

12 Yes/No 1.) Function 

ASES Shoulder-specific 

self-report measure 

12 Visual analog scale; 

Ordinal scale 

1.) Pain  

2.) Instability  

3.) Activities of daily living 

WORC Rotator cuff-specific 

self-report measure 

21 Visual analog scale 1.) Physical symptoms  

2.) Sports/recreation  

3.) Work  

4.) Lifestyle  

5.) Emotions 

SF-36 Health-related 

quality of life 

(HRQL) 

36 Likert scale 1.) Physical function  

2.) Role limitations due to physical health  

3.) Role limitations due to emotional problems  

4.) Energy/fatigue  

5.) Emotional well-being  

6.) Social functioning 

7.) Pain  

8.) General health  

9.) Health change 
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Table 4-2: Testing postures used to assess maximal voluntary isometric joint moment. 

Abduction/Adduction Flexion/Extension Internal/External Rotation 

Humerus abducted 30° in the coronal plane 

Elbow braced in extension 

Wrist braced in neutral 

Humerus forward flexed 30° in the sagittal plane 

Elbow braced in extension 

Wrist braced in 90° pronation 

Humerus abducted 30° in the coronal plane 

Elbow flexed 90°, restrained with an elastic 

bandage wrap 

Wrist braced in neutral 
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 We collected measures of maximal voluntary isometric joint moment and active, 

pain-free range of motion (ROM) at the shoulder joint. These parameters are known to 

decrease following a rotator cuff tear (McCabe et al., 2005). Strength and ROM 

measurements were acquired at baseline, either on the same day or less than one week 

from completion of the self-report instruments. Joint moments were assessed for 6 

functional groups at the shoulder using a Biodex dynamometer (Biodex Medical Systems, 

Shirley, NY), as described previously (Vidt et al., 2014) (Table 4-2). For all tests, 

subjects were seated with the torso restrained. Standardized verbal encouragement was 

given to motivate maximal performance. Three 5-second trials were collected with 60 

seconds of rest between trials and 2 minutes of rest between tests. The maximum moment 

maintained for at least 0.5 seconds was determined with a custom Matlab (Rev. 2012b, 

The MathWorks, Natick, MA) program (Holzbaur et al., 2007). The maximum moment 

achieved across all trials for a given functional group was considered the maximum 

moment variable for analyses. Active, pain-free ROM was measured with subjects 

standing using a goniometer. Subjects were instructed to move their arm in each direction 

as far as they could without any pain and not bend at the torso. Measurements were taken 

for abduction (elbow fully extended, wrist in neutral posture), flexion/extension (elbow 

fully extended, wrist in neutral posture), and internal/external rotation (humerus abducted 

30°, elbow flexed 90°, wrist in neutral posture). 

Descriptive statistics were used to summarize participant demographics (Table 

4-3). Partial Spearman correlations controlling for group were used to evaluate the 

relationships between SST, ASES, and WORC and the SF-36, as well as the associations 

among the three shoulder self-report measures. We hypothesized that there would be 
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significant associations between the self-report measures and the pain and physical 

function categories of the SF-36, and among the SST, ASES, and WORC. To eliminate 

any group effects we repeated the analyses using only the RCT group. We assessed the 

relationships between self-reported functional ability and HRQL, by comparing SST, 

ASES, and WORC scores with subcategory scores of the SF-36. No total score is 

calculated for the SF-36 (Patel et al., 2007). Previous studies report that pain and physical 

function categories are consistently lower for patients with musculoskeletal injuries 

(Picavet and Hoeymans, 2004). Thus, we chose to evaluate the associations between 

those SF-36 categories and the SST, ASES, and WORC.  

To determine whether self-report measures could distinguish between individuals 

with and without a rotator cuff tear, we used one-way ANOVA to independently test 

differences between groups for each self-report measure and subcategory scores for 

ASES, WORC, and SF-36. SST only evaluates functional ability, so no subgroup 

analyses were performed. We hypothesized that the RCT group would have worse total 

scores than CON on each measure, and would also have worse subcategory scores. 

Within the RCT group, the ability of self-report measures to distinguish between different 

levels of RCT severity was assessed by comparing self-report scores for patients with 

only 1 tendon torn and patients with >1 tendon torn using one-way ANOVA. We 

hypothesized that individuals with a RCT involving only one tendon tear would score 

better than individuals with a RCT involving >1 tendon tear. 
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Table 4-3: Participant demographics. R = rotator cuff tear patient; C = control subject; F 

= female; M = male; N/A = not applicable. 

Subject Age 

Height  

(cm) 

Weight  

(kg) 

Dominant  

Arm 

Injured  

Arm 

RF01 64 162.6 58.5 Right Right 

RF02 65 165.1 83.9 Right Right 

RF03 65 149.9 53.5 Right Left 

RF04 63 160.0 73.5 Right Right 

RF05 60 180.3 122.5 Right Right 

RF06 75 162.6 55.3 Right Right 

RF07 65 162.6 65.8 Right Left 

RM01 64 175.3 73.0 Right Left 

RM02 61 167.6 83.9 Right Left 

RM03 64 177.8 108.0 Left Left 

RM04 64 182.9 88.5 Right Left 

RM05 62 177.8 95.3 Left Left 

RM06 66 168.9 87.1 Right Left 

CF01 64 152.4 74.8 Left N/A 

CF02 63 172.7 54.4 Right N/A 

CF03 67 172.7 70.8 Right N/A 

CF04 65 162.6 65.8 Right N/A 

CF05 60 157.5 79.4 Right N/A 

CF06 64 160.0 60.3 Right N/A 

CM01 64 172.7 70.3 Right N/A 

CM02 61 177.8 99.8 Right N/A 

CM03 64 182.9 86.2 Right N/A 

CM04 62 172.7 73.5 Right N/A 

CM05 61 175.3 70.3 Right N/A 

CM06 66 182.9 83.9 Right N/A 

Rotator cuff tear 

mean±SD 
64.5±3.6 168.7±9.6 80.7±20.5 

  
Control 

mean±SD 
63.4±2.1 170.2±9.9 74.1±12.1 

   

To assess whether self-report measures are related to quantitative descriptions of 

the physical symptoms of a rotator cuff tear, we used partial Spearman correlations 

controlling for group to separately evaluate associations between self-report scores and 

joint moment and ROM measurements for subjects in the RCT and CON groups. 

Analyses were repeated using the RCT group only to eliminate any group effects. We 
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hypothesized a positive correlation; worse self-report scores would be associated with 

reduced shoulder strength and range of motion. Statistical analyses were performed using 

SAS Software (version 9.3, Cary, NC), with significance set at p≤0.05. No Type I error 

corrections were made due to the exploratory nature of these analyses. 

 

4.4 Results 

There were significant correlations between self-report measures of shoulder 

function and HRQL (Table 4-4). The SF-36 physical function score was correlated with 

SST (p=0.0012) and WORC (p=0.0420) scores for analyses including all subjects. For 

the RCT group only, SST (p=0.0351) and WORC (p=0.0458) were significantly 

correlated with the SF-36 physical function score while ASES was not (p=0.2150). There 

was only a significant association between the ASES and the pain category of the SF-36 

when all subjects were evaluated (p=0.0101); no correlations were seen when evaluating 

only the RCT group. Associations among the three self-report measures of shoulder 

function were significant for all analyses with all subjects (all p≤0.0011) and the RCT 

group only (all p≤0.0220).  

There were significant differences between RCT and CON groups for all self-

report measures of shoulder function (all p<0.0001, Figure 4-1). Further analysis of 

ASES and WORC subcategories showed that the RCT group had significantly worse 

scores than CON (p≤0.0003) (Figure 4-2). Likewise, the RCT group had worse scores 

than CON on the SF-36 sub-scales for physical function (p=0.0218), limitations due to 

physical health (p=0.0074), limitations due to emotional problems (p=0.0259), and pain 

(p=0.0004) (Figure 4-3). Within the RCT group, no differences were seen between 
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subjects with only one tendon torn and subjects with >1 tendon torn for any of the self-

report measures of shoulder function (Figure 4-4). 

 
Figure 4-1: Self-report measures of shoulder function for rotator cuff tear and 

control subjects 
Mean±SD scores for self-report measures of shoulder function for rotator cuff tear 

(white) and control (gray) groups. Maximum scores indicating best (SST, ASES) or worst 

(WORC) outcome are indicated by gray bars in the background. Rotator cuff tear group 

had worse scores than controls for (A) SST (p<0.0001); (B) ASES (p<0.0001); and (C) 

WORC (p<0.0001). * indicates statistical significance. 

 

 
Figure 4-2: ASES and WORC subcategory scores for rotator cuff tear and control 

subjects 

Mean±SD for subcategories of self-report measures of shoulder function for rotator cuff 

tear (white) and control (gray) groups. Shaded bars in background indicate the best 

(ASES: ADL) or worst (ASES: pain, instability; WORC: all categories) score. (A) 

Rotator cuff tear group had significantly worse ASES category scores for pain 

(p=0.0002), instability (p=0.0003), and ADL (p<0.0001); (B) Rotator cuff tear group had 

significantly worse scores on all WORC categories (all p<0.0001); * indicates statistical 

significance. 
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Table 4-4: Spearman correlations (rs) corresponding p-values, and lower and upper limits of the 95% confidence interval (CI)  for all 

subjects and rotator cuff tear subjects for SST, ASES, WORC, and SF-36 pain and physical function categories. * indicates statistical 

significance. 

 
All subjects (N=25) Rotator cuff tear subjects (N=13) 

 
SST ASES WORC SST ASES WORC 

ASES 

rs=0.71 

(p<0.0001)* 

CI=0.42, 0.86 

- - 

rs=0.71 

(p=0.0068)* 

CI=0.23, 0.90 

- - 

WORC 

rs=-0.62 

(p=0.0011)* 

CI=-0..82, -0.28 

rs=-0.70 

(p=0.0002)* 

CI=-0.86, -0.40 

- 

rs=0.66 

(p=0.0150)* 

CI=-0.88, -0.14 

rs=0.63 

(p=0.0220)* 

CI=-0.87, -0.09 

- 

SF-36 

Pain 

rs=0.31 

(p=0.1404) 

CI=-0.11, 0.63 

rs=0.51 

(p=0.0101)* 

CI=0.13, 0.76 

rs=-0.29 

(p=0.1769) 

CI=-0.61, 0.14 

rs=0.11 

(p=0.7098) 

CI=-0.47, 0.62  

rs=0.47 

(p=0.1056)  

CI=-0.13, 0.80 

rs=-0.02 

(p=0.9422)  

CI=-0.57, 0.54 

SF-36 

Physical 

Function 

rs=0.62 

(p=0.0012)* 

CI=0.28, 0.82 

rs=0.40 

(p=0.0506) 

CI=-0.01, 0.67 

rs=-0.42 

(p=0.0420)* 

CI=-0.70, -0.01 

rs=0.59 

(p=0.0351)* 

CI=0.03, 0.85 

rs=0.37 

(p=0.2150) 

CI=-0.24, 0.76 

rs=-0.56 

(p=0.0458)* 

CI=-0.84, 0.01 
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Table 4-5: Spearman correlations (rs), corresponding p-values, and lower and upper limits of the 95% confidence interval (CI) for 

comparisons between SST, ASES, and WORC total scores and abduction, adduction, flexion, extension, internal rotation, and external 

rotation joint moment (Nm). * indicates statistical significance. 

 
All subjects (N=25) 

 

Abduction 

joint moment  

Adduction 

joint moment 

Flexion  

joint moment 

Extension  

joint moment 

Internal rotation 

joint moment 

External rotation 

joint moment 

SST 

rs=0.44 

(p=0.0326)* 

CI=-0.03, 0.71 

rs=0.38 

(p=0.0689) 

CI=-0.04, 0.67 

rs=0.53 

(p=0.0077)* 

CI=0.15, 0.76 

rs=0.38 

(p=0.0635) 

CI=-0.03, 0.68 

rs=0.41 

(p=0.0462)* 

CI=-0.00, 0.69 

rs=0.56 

(p=0.0048)* 

CI=-0.18, 0.78 

ASES 

rs=0.43  

(p = 0.0375)* 

CI=0.02, 0.70 

rs=0.35 

(p=0.0888) 

CI=-0.06, 0.66 

rs=0.45 

(p=0.0282)* 

CI=0.04, 0.72 

rs=0.52 

(p=0.0085)* 

CI=0.14, 0.76 

rs=0.42 

(p=0.0432)* 

CI=0.01, 0.67 

rs=0.52 

(p=0.0089)* 

CI=0.14, 0.76 

WORC 

rs=-0.17 

(p=0.4100) 

CI=-0.54, 0.25 

rs=-0.15 

(p=0.4737) 

CI=-0.52, 0.27 

rs=-0.26 

(p=0.2213) 

CI=-0.60, 0.17 

rs=-0.26 

(p=0.2252) 

CI=-0.59, 0.17 

rs=-0.14 

(p=0.5136) 

CI=-0.51, 0.28 

rs=-0.29 

(p=0.1745)* 

CI=-0.61, 0.14 

 
Rotator cuff tear subjects (N=13) 

 

Abduction 

joint moment  

Adduction 

joint moment 

Flexion  

joint moment 

Extension 

joint moment 

Internal rotation 

joint moment 

External rotation 

joint moment 

SST 

rs=0.58 

(p=0.0387)* 

CI=0.01, 0.85 

rs=0.08 

(p=0.7945) 

CI=-0.50, 0.60 

rs=0.67 

(p=0.0120)* 

CI=0.16, 0.89 

rs=0.40 

(p=0.1743) 

CI=-0.21, 0.77 

rs=0.49 

(p=0.0894) 

CI=-0.10, 0.81 

rs=0.43 

(p=0.1438) 

CI=-0.18, 0.79 

ASES 

rs=0.63 

(p=0.0203)* 

CI=0.10, 0.87 

rs=0.30 

(p=0.3156) 

CI=-0.31, 0.73 

rs=0.72 

(p=0.0057)* 

CI=0.25, 0.90 

rs=0.74 

(p=0.0037)* 

CI=0.29, 0.91 

rs=0.68 

(p=0.0112)* 

CI=0.17, 0.89 

rs=0.62 

(p=0.0235)* 

CI=0.08, 0.87 

WORC 

rs=-0.17 

(p=0.5900) 

CI=-0.65, 0.43 

rs=-0.01 

(p=0.9858) 

CI=-0.55, 0.55 

rs=-0.42 

(p=0.1489) 

CI=-0.78, 0.18 

rs=-0.23 

(p=0.4481) 

CI=-0.69, 0.38 

rs=-0.15 

(p=0.6286) 

CI=-0.64, 0.44 

rs=-0.16 

(p=0.6031) 

CI=-0.65, 0.43 
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Figure 4-3: SF-36 subcategory scores for rotator cuff tear and control subjects 

Mean±SD for each category score for the SF-36 for rotator cuff tear (white) and control 

(gray) groups. Shaded bars in background indicate the best score. The rotator cuff tear 

group had worse scores on all categories than controls, with significantly worse scores on 

the physical function (p=0.0218), limitations due to physical health (p=0.0074), 

limitations due to emotional problems (p=0.0259), and pain categories (p=0.0004). 

 

 

Figure 4-4: Self-report measures of shoulder function scores for rotator cuff tear 

subjects with 1 tendon torn and >1 tendon torn 

Mean±SD self-report measures of shoulder function scores for (A) SST; (B) ASES; and 

(C) WORC for rotator cuff tear subjects with only 1 tendon torn (white) and patients with 

>1 tendon torn (gray). Shaded bars in background indicate the best (SST, ASES) or worst 

(WORC) scores possible for each questionnaire. No comparisons reached significance 

(SST, p=0.5961; ASES, p=0.2618; WORC, p=0.4841). 
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Table 4-6: Spearman correlations (rs), corresponding p-values, and lower and upper 

limits of the 95% confidence interval (CI)  for comparisons between SST, ASES, and 

WORC total scores and abduction, flexion, extension, internal rotation, and external 

rotation range of motion (ROM) (degrees). * indicates statistical significance. 

 
All subjects (N=25) 

 

Abduction 

ROM 

Flexion  

 ROM 

Extension 

ROM 

Internal rotation 

ROM 

External rotation 

ROM 

SST 

rs=0.53 

(p=0.0074)* 

CI=0.15, 0.76 

rs=0.36 

(p=0.0821) 

CI=-0.06, 0.66 

rs=0.18 

(p=0.4022) 

CI=-0.25, 0.54 

rs=0.53 

(p=0.0075)* 

CI=0.15, 0.77 

rs=0.34 

(p=0.0996) 

CI=-0.08, 0.65 

ASES 

rs=0.43 

(p=0.0363)* 

CI=0.02, 0.71 

rs=0.51 

(p=0.0103)* 

CI=0.13, 0.75 

rs=0.08 

(p=0.6962) 

CI=-0.33, 0.47 

rs=0.41 

(p=0.0477)* 

CI=-0.00, 0.69 

rs=0.32 

(p=0.1337) 

CI=-0.11, 0.63 

WORC 

rs=-0.45 

(p=0.0247)* 

CI=-0.72, 0-.06 

rs=-0.21 

(p=0.3345) 

CI=-0.56, 0.22 

rs=0.26 

(p=0.2228) 

CI=-0.17, 0.60 

rs=-0.39 

(p=0.0585) 

CI=-0.68, 0.02 

rs=-0.34 

(p=0.1046) 

CI=-0.65, 0.08 

 
Rotator cuff tear subjects (N=13) 

 

Abduction 

ROM 

Flexion  

 ROM 

Extension 

ROM 

Internal rotation 

ROM 

External rotation 

ROM 

SST 

rs=0.84 

(p=0.0003)* 

CI=0.52, 0.95 

rs=0.66 

(p=0.0139)* 

CI=0.15, 0.88 

rs=-0.00 

(p=0.9928) 

CI=-0.55, 0.55 

rs=0.34 

(p=0.2539) 

CI=-0.27, 0.74 

rs=0.79 

(p=0.0014)* 

CI=0.39, 0.93 

ASES 

rs=0.82 

(p=0.0006)* 

CI=0.46, 0.94 

rs=0.81 

(p=0.0008)* 

CI=0.44, 0.94 

rs=-0.06 

(p=0.8445) 

CI=-0.59, 0.51 

rs=0.13 

(p=0.6667) 

CI=-0.46, 0.63 

rs=0.58 

(p=0.0367)* 

CI=0.02, 0.85 

WORC 

rs=-0.72 

(p=0.0055)* 

CI=-0.90, -0.25 

rs=-0.39 

(p=0.1876) 

CI-0.77, 0.22 

rs=0.40 

(p=0.1744) 

CI=-0.21, 0.77 

rs=-0.34 

(p=0.2493) 

CI=-0.75, 0.27 

rs=-0.68 

(p=0.0103)* 

CI=-0.89, -0.18 

 

Significant correlations were seen between the ASES and SST instruments and 

abduction, flexion, and internal and external rotation joint moments (all p≤0.0462, Table 

4-5) when all subjects were evaluated. Significant associations were also seen between 

ASES (p=0.0085) and extension joint moment. Evaluating only RCT subjects, we saw 

significant correlations between ASES and all strength measures except adduction (all 

p<0.0235), and between SST and abduction (p=0.0387) and flexion (p=0.0120) joint 

moments. For analyses evaluating the associations between self-report measures of 

shoulder function for all subjects, the ASES was significantly associated with abduction 

(p=0.0363), flexion (p=0.0103), and internal rotation (p=0.0477) ROM, the SST was 

significantly associated with abduction (p=0.0074) and internal rotation (p=0.0075) 
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ROM, and the WORC was significantly associated with abduction (p=0.0247) ROM 

(Table 4-6). Analyses with the RCT group only demonstrated significant correlations 

between SST, ASES, and WORC scores and abduction and external rotation ROM (all 

p<0.0367). The SST and ASES scores were also significantly associated with flexion 

ROM (p<0.0139). 

 

4.5 Discussion 

We evaluated functional self-report measures of shoulder function for a group of 

older individuals with RCT and a CON group without RCT. Significant correlations were 

seen between self-report measures of shoulder function and HRQL. The RCT group had 

significantly worse total scores on SST, ASES, and WORC, and all subcategory scores 

were significantly worse for ASES and WORC. Self-report measures of shoulder 

function were significantly associated with impairments in strength (joint moment) and 

ROM.  

 We observed significant correlations between SF-36 pain and physical function 

categories and each self-report measure of shoulder function, confirming our hypothesis. 

These findings are consistent with previous studies reporting an association between 

HRQL and musculoskeletal injuries (Gartsman et al., 1998; Patel et al., 2007; Picavet and 

Hoeymans, 2004; Smith et al., 2000), where pain and physical function category scores 

were consistently lower (Picavet and Hoeymans, 2004). Patients with RCT have 

reductions in the sub-scores assessed by HRQL (Smith et al., 2000), but when we 

analyzed only the RCT group, there were no longer any significant associations between 

pain and self-reported shoulder function. Interestingly, this finding is contrary to reports 

from subjects with lower extremity arthritis and joint replacement, where associations 
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between pain and scores on self-reported outcome measures are observed (Stratford and 

Kennedy, 2006; Terwee et al., 2006). In our study, 10 of the 13 subjects in the RCT 

group scored a 40 (out of 100) on the pain category, for which the average value for 2 

questions determines the score. It is possible that the SF-36 does not include enough 

pain-associated questions to discriminate among patients who are all experiencing some 

level of pain, or that pain is a greater determinant of self-reported function in hip and 

knee degeneration than in shoulder pathology (Terwee et al., 2006). 

When we evaluated all subjects together, we saw moderate-to-strong (all rs≥0.62) 

relationships among SST, ASES, and WORC scores, and moderate associations between 

the self-report measures of shoulder function and SF-36 physical function score (rs≥0.40). 

This result was expected, because these questionnaires are intended to assess the result of 

a shoulder injury on physical function. Our results support the notion that region- and 

disease-specific measures have a stronger correlation with one another than with general-

health measures because they are intended to evaluate functional ability (Beaton and 

Richards, 1996). Similarly, analyses for only RCT subjects demonstrated the same 

moderate-to-strong (all rs≥0.63) correlations among the self-report measures of shoulder 

function, and correlations which were not as strong when comparing these measures to 

the SF-36 physical function category. This may be a consequence of the SF-36 focusing 

more on lower limb function than upper limb function (Patel et al., 2007), and therefore 

being less sensitive to the functional changes experienced by RCT patients. 

Our results indicate moderate correlations between SST and WORC instruments 

and HRQL for analyses including all subjects and the RCT group only. Beaton and 

Richards (Beaton and Richards, 1996) and Michener et al. (2002) both reported high 
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correlations between ASES scores and the SF-36 physical function score in studies on 

younger cohorts. We did not identify any significant correlations between ASES and the 

physical function category of the SF-36. Godfrey et al. (Godfrey et al., 2007) did not find 

a significant relationship between SST and the physical function component of the 12-

item version of the SF-36 for patients aged >60 with rotator cuff injury in a sample of 14 

participants. However, they reported a significant relationship among SST and ASES, 

which is consistent with our results. Associations between ASES and WORC scores 

(Holtby and Razmjou, 2005; Razmjou et al., 2006) and between SST and WORC scores 

(Getahun et al., 2000) have also been reported. The significant correlations we found 

among the self-report measures of shoulder function for analyses including all subjects 

and the RCT group only suggest that these assessments of perceived shoulder function 

perform as expected in this older cohort. 

Supporting our hypotheses, SST, ASES, and WORC effectively distinguished 

between older individuals with and without RCT, as the RCT group had worse total 

scores than CON. RCT subjects also reported significantly worse subcategory scores on 

the ASES and WORC, and several SF-36 subcategories. The RCT group reported higher 

levels of pain and lower levels of function than CON, which was captured by both the 

ASES and the HRQL scores. It is not surprising that RCT patients reported higher levels 

of pain, because all patients actively sought treatment for a symptomatic RCT. Pain is an 

important consideration for RCT patients, because it is the primary symptom in those 

who seek treatment (Itoi, 2013). However, it is not clear whether pain is the primary 

contributor to reduced function, or whether it is a concurrent symptom. Some suggest that 

patients consider pain and function together (Roddey et al., 2000) and pain may 
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contribute to strength or movement deficits (Hermans et al., 2013; Stratford and 

Kennedy, 2006). Additional work is needed to elucidate the causative role of pain in 

functional ability for this group. 

Our results did not support the hypothesis that RCT patients with a tear of 1 

tendon would have better scores than those RCT subjects with tears of >1 tendon. The 

sample size may have limited our ability to detect differences between groups; only 4 

subjects had 1 tendon torn, while 9 subjects had torn >1 tendon. In this study, we only 

explored severity of rotator cuff injury at baseline and between two groups. It is possible 

that differences between injury severity may become apparent in a larger cohort, using 

more than two groups, following treatment, or in comparison with other shoulder 

pathology. Future studies should focus on whether the SST, ASES, and WORC are 

sensitive to injury severity and different shoulder impairments in older individuals. 

 When all subjects were evaluated, the ASES and SST scores were significantly 

associated with most measures of joint moment, which supported the hypothesis that 

individuals with reduced strength also had worse self-report shoulder function scores. 

However, with the exception of external rotation strength, the WORC was not 

significantly associated with strength measures when all subjects were evaluated. For the 

RCT group only, the ASES was significantly correlated with all measures of strength 

except adduction, while the SST was only associated with abduction and flexion joint 

moments. Age-associated strength loss can have functional implications (Clark and 

Manini, 2010). Previous work has shown that isometric strength is a significant predictor 

of functional strength in older adults (Daly et al., 2013). Others have suggested that when 

strength falls below a minimum threshold, disability may occur (Rantanen, 2003). The 
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ASES was the only questionnaire consistently associated with strength measures for 

upper limb functional groups when all subjects and only the RCT group were evaluated. 

This may indicate that the ASES can be used as a proxy measurement for strength-

associated function for this age group. However, more work is needed to determine how 

the ASES is correlated to specific functional tasks requiring strength. Our results support 

the use of SST and ASES for the assessment of shoulder function in older individuals 

based on their correlations with strength, but within the RCT group, the ASES performed 

better than the SST. In accordance with previous reports from a recent systematic review 

(Schmidt et al., 2014), and for assessment of older patients with shoulder pathology 

(Hegedus et al., 2013), we recommend use of the ASES, particularly if resources are 

limited.  

We identified significant associations between self-report shoulder function 

scores and ROM supporting our hypothesis. The ASES and SST were both significantly 

associated with abduction, flexion, and external rotation ROM for analyses with the RCT 

group, suggesting that these instruments may be better at distinguishing functional 

strength among patients with a RCT. Our results for analyses with our RCT group 

corroborate previous work describing associations between flexion and abduction ROM 

and self-reported function for younger patients following rotator cuff repair (Gore et al., 

1986). ROM is an easily measured physical attribute which is reduced following a rotator 

cuff tear (Bytomski and Black, 2006; McCabe et al., 2005). Nevertheless, it is important 

to consider that many ADLs require motion in two or more degrees of freedom (e.g. hair 

combing requires abduction and external rotation) (Magermans et al., 2005). Likewise, 

ROM during functional tasks may differ from planar ROM measures because of the joint 
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posture during task performance (Magermans et al., 2005). Some suggest that diminished 

motion may be the result of patients altering the ways in which they used their upper 

extremity or as a result of the aging process in the absence of any pathology (Gore et al., 

1986). While self-report instruments query patients regarding their perceived functional 

ability, inclusion of a physical performance measure, whereby patients are asked to 

perform specific tasks, would provide a more objective assessment of function, although 

more work is needed to determine a physical performance measure applicable to an older 

population with RCT (Hegedus et al., 2013). 

 

4.6 Study Limitations 

A small cohort was studied, but even with this sample, significant correlations and 

differences between groups were identified. Our study was cross-sectional in design. 

Additional longitudinal studies are needed to establish test-test reliability, responsiveness, 

and further validation for these self-report measures for an older population. Further work 

is needed to expand these results to include participants older than age 70 years. While 

CON subjects were screened with a modified Jobe’s test, no diagnostic imaging was 

performed, so it is possible that some subjects had an asymptomatic RCT. With the high 

prevalence of asymptomatic tears in the older adult population (Yamamoto et al., 2011), 

it is important that future studies also consider these patients. 

 

4.7 Conclusions 

We evaluated three self-report measures of shoulder function, the SST, the ASES, 

and the WORC in a cohort of older adults with and without RCT. We found that these 
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self-reported measures of functional ability were related to HRQL and distinguished 

between older patients with and without RCT. None of these questionnaires discriminated 

between levels of injury severity in our small sample of RCT subjects. We also report 

that self-reported shoulder function was associated with quantitative measures of strength 

and ROM. For analyses within the RCT group, the ASES was significantly correlated 

with most measurements of strength and ROM, suggesting that it may be a better 

instrument to use for patients with a known RCT. In conclusion, SST, ASES, and WORC 

are effective tools to assess perceived physical function of the shoulder in older 

individuals and we present evidence to support their use in older patients suspected of a 

rotator cuff tear. 
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5.1 Abstract 

Background: Rotator cuff tears (RCT) in older individuals may impact their ability to 

perform functional tasks. Our objective was to measure functional task kinematics and 

use individualized computational models to measure glenohumeral joint reaction forces 

for these tasks. 

Methods: Eighteen older individuals (mean age=63.3±2.2) were studied; 9 with RCT, 9 

controls. Motion capture was used to record upper limb kinematics for 7 functional tasks. 

Maximum and minimum joint angles, and range of motion were calculated and compared 

between groups. Functional pull and axilla wash were further explored with 

computational simulations because they were performed differently between groups for 

all shoulder degrees of freedom. Models were developed to represent each subject’s 

muscle forces and computed muscle control simulations were performed to calculate 

muscle activations needed to track measured kinematics. Maximum, minimum, and range 

of joint reaction forces, and peak resultant forces were calculated and compared between 

groups. 

Results: RCT subjects performed functional tasks with more internal rotation than 

controls. Simulation results indicate that the RCT group had significantly reduced peak 

resultant joint reaction forces for the pull (p=0.0254) and axilla wash (p=0.0456), with 

smaller compressive components of the peak resultant force for the pull (p=0.0248). One 

subject had a resultant force directed superior to the glenoid rim for the axilla wash task, 

which may indicate a damaging posture. 
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Conclusions: Older adults with RCT perform functional tasks differently than controls, 

using more abduction and internal rotation. Simulation results demonstrate that RCT 

subjects have smaller peak resultant joint loads, indicating less joint stability. 

 

5.2 Introduction 

 Rotator cuff tears (RCT) are a prevalent musculoskeletal injury in older 

individuals (Yamamoto et al., 2010). Shoulder impairments can impact the ability of 

older patients to successfully complete functional tasks (Lin et al., 2008; van 

Schaardenburg et al., 1994) or can cause these individuals to change the way in which 

they move their arms to complete upper limb tasks (Hall et al., 2011). A RCT also causes 

an imbalance to the forces at the glenohumeral joint, which can result in a loss of 

dynamic control at the joint (Magarey and Jones, 2003) and induce further joint damage 

(Hsu et al., 2003). A force imbalance may alter the joint reaction forces at the shoulder, 

an important predictor of joint stability as forces directed outside the glenoid rim indicate 

instability (Marchi et al., 2014; Steenbrink et al., 2009; van Drongelen et al., 2013). Other 

consequences can include shoulder impingement, with increased contact between the 

acromion and the rotator cuff tendons, or humeral head translation which can cause 

increased wear and subsequent damage to the glenoid labrum (Hwang et al., 2014; 

Keener et al., 2009; van Drongelen et al., 2013). Patients may attempt to avoid these 

outcomes by altering their movement kinematics (Mell et al., 2005).  

It is well-known that the muscles of the rotator cuff work together to provide 

stability to the shoulder joint and situate the head of the humerus in the glenoid fossa 

(Ackland and Pandy, 2009) through the combined action of concave-compression and a 
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transverse force couple (Labriola et al., 2005; Lippitt and Matsen, 1993; Lippitt et al., 

1993; Parsons et al., 2002; Thompson et al., 1996; Yu et al., 2005). However, healthy 

older adults and those with a RCT may use altered joint kinematics during functional task 

performance due to weakness, pain, or other factors, and the extent to which these 

kinematics affect the loads at the glenohumeral joint is not clear. While kinematic 

changes may allow these individuals to successfully complete tasks, they may also 

increase the risk for further damage to the glenohumeral joint by changing the direction 

or magnitude of the resultant joint reaction forces. Understanding these characteristics of 

functional movement in this age group will allow us to better understand the functional 

implications of a RCT and assess the risk for the development of further joint 

degeneration and functional disability in this population.  

 To better understand the functional consequences following a rotator cuff tear in 

an older cohort, it is important to understand these changes within the context of aging, 

since sarcopenia and reduced strength are well-known sequelae of the aging process 

(Clark and Manini, 2010). Previous work (Vidt et al., 2012) reports that healthy older 

adults have marked declines in strength at the shoulder compared to young adults, and 

unpublished work by our group (Vidt et al., 2014) demonstrates that older individuals 

with a rotator cuff tear have more muscle atrophy than their healthy counterparts. While 

use of a computational model is needed to explore the biomechanical underpinnings of 

functional performance for this cohort - specifically joint reaction forces which cannot be 

measured in vivo - currently available models (e.g. Dickerson et al., 2007; Holzbaur et al., 

2005; van der Helm, 1994) do not represent the force-generating capabilities of 

individual subjects. It has been suggested that computational models should incorporate 
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subject-derived strength characteristics (Mogk et al., 2011; Nikooyan et al., 2010), which 

provide a better representation of the specific population. Therefore, our objectives in this 

study were to 1) identify whether differences in joint kinematics associated with several 

functional upper limb tasks exist between a group of older patients with a RCT and 

matched controls; 2) assess the joint reaction forces associated with each subject’s 

functional task kinematics using individualized computational models.  

 

5.3 Methods 

Eighteen older individuals (mean age=63.3±2.2) participated (Table 5-1). This 

study was approved by the Wake Forest Health Sciences Institutional Review Board. All 

subjects provided written informed consent. Nine subjects (4Female/5Male) had a RCT 

of the supraspinatus tendon and 9 control subjects were matched according to age and 

sex. The injured arm was studied for RCT subjects and the dominant arm was 

investigated for controls.  

 

Functional task kinematics 

Subjects performed 7 functional tasks spanning the upper limb workspace from a 

seated position (chair height=0.53m) at a table (height=0.775m). Tasks included a 

forward reach, functional pull, upward reach to a shelf adjusted to shoulder height 

(upward reach 90) and 15° above horizontal (upward reach 105), axilla wash, perineal 

care, and hair comb. Task descriptions and associated loads are provided in Table 5-2. 

Subjects were given instructions regarding the arm position for the start and finish of the 

task, but were allowed to freely choose their joint postures and speed for each task. Three 
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trials of each task were recorded, with 60 seconds of rest between trials and 2 minutes of 

rest between tasks. Participants were instructed to stop a task if they felt any pain or 

discomfort. The second trial of each task for each participant was used for analysis. 

 

Table 5-1: Participant demographics. Height and weight percentiles were calculated 

according to Gordon et al. (1989). R=RCT subject; C=control subject; F=female; 

M=male; N/A = not applicable. 

Subject 

Age 

(years) 

Height 

(cm) 

Height 

percentile 

Weight 

(kg) 

Weight 

percentile 

Dominant 

Arm 

Injured 

Arm 

RF01 65 149.9 2 53.5 15 Right Left 

RF02 63 160.0 35 73.5 90 Right Right 

RF03 60 180.3 99+ 122.5 99+ Right Right 

RF04 65 162.6 50 65.8 70 Right Left 

RM01 61 167.6 10 83.9 70 Right Left 

RM02 64 177.8 65 108.0 99+ Left Left 

RM03 64 182.9 85 88.5 80 Right Left 

RM04 62 177.8 65 95.3 90 Left Left 

RM05 66 168.9 15 87.1 80 Right Left 

CF01 67 172.7 95 70.8 85 Right N/A 

CF02 65 162.6 50 65.8 70 Right N/A 

CF03 60 157.5 20 79.4 97 Right N/A 

CF04 64 160.0 35 60.3 45 Right N/A 

CM01 61 177.8 65 99.8 97 Right N/A 

CM02 64 182.9 85 86.2 75 Right N/A 

CM03 62 172.7 35 73.5 35 Right N/A 

CM04 61 175.3 50 70.3 25 Right N/A 

CM05 66 182.9 85 83.9 70 Right N/A 

RCT 

mean ± SD 
63.3 ± 2.0 169.8 ± 11.0 40.9 ± 30.1 86.4 ± 21.0 70.7 ± 25.9 

  

Control 

mean ± SD 
63.3 ± 2.4 171.6 ± 9.5 57.8 ± 26.2 76.7 ± 12.0 66.6 ± 26.2 
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Table 5-2: Functional tasks representative of activities of daily living. Subjects were 

seated at a table for forward reach, functional pull, and upward reach tasks; the table was 

removed for axilla wash, perineal care, and hair comb tasks.  

Task Task instructions Load 

Forward reach Start with neutral shoulder flexion and 2lb 

dumbbell resting on the table, reach with the 

weight a distance of 80% of forearm length, then 

return to starting position. 

0.91kg (2lb) dumbbell 

Functional pull  Start with arm forward flexed a distance of 80% of 

the subject’s forearm length and handle from a 

weight machine (6lb resistance), pull the handle 

until the arm is in neutral flexion, then return to 

starting position. 

2.72kg (6lb) resistance 

from pulley system 

Upward reach  

• shoulder height     

(upward reach 90)   

       • 15° above 

horizontal (upward 

reach 105) 

Start with neutral shoulder flexion and 2lb 

dumbbell resting on the table, reach upward to set 

the weight on the shelf, then return to starting 

position. 

0.91kg (2lb) dumbbell 

Axilla wash Start with elbow extended and arm in neutral, 

resting quietly at the side, reach across the torso to 

touch the lateral aspect of the contralateral 

shoulder, then return to the starting position. 

No load 

Perineal care Start with elbow extended and arm in neutral, 

resting quietly at the side, reach behind the torso 

and touch the center of the small of the back with 

the palmar side of their fingers/hand, then return 

to the starting position. 

No load 

Hair comb Start with elbow extended and arm in neutral, 

resting quietly at the side holding a pencil (used to 

represent a comb), reach to their forehead, comb 

the center of the hair from front to back once and 

return to the starting position. 

No load; subjects were 

given a pencil to mimic 

holding a comb 

 

The positions of 12 1cm retroreflective markers placed on the upper limb and 

torso (Table 5-3) were tracked at 200Hz (60Hz for 3 subjects) using 7 Hawk motion 

capture cameras (Motion Analysis Corporation, Santa Rosa, CA). Marker data was post-

processed and smoothed with Cortex software (Cortex, Motion Analysis Corporation, 

Santa Rosa, CA). 
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Table 5-3: Locations of retroreflective markers used for motion capture of functional 

task kinematics. 

Marker Location 

1 7
th

 cervical vertebra 

2 Suprasternal notch 

3 Xiphoid process 

4 Acromion 

5 Mid upper arm 

6 Medial epicondyle of humerus 

7 Lateral epicondyle of humerus 

8 Mid forearm 

9 Radial styloid 

10 Ulnar styloid 

11 2
nd

 metacarpal phalangeal joint 

12 5
th

 metacarpal phalangeal joint 

13 Handle 

     - top of dumbbell weight (forward, upward reaches) 

     - weight machine handle (functional pull) 

     - pencil (hair comb) 

 

A dynamic upper limb model (Saul et al., 2014), based on the kinematic model of 

Holzbaur et al. (2005), was implemented in OpenSim, (v.3.1) (Delp et al., 2007). 

Shoulder generalized coordinates are defined according to the ISB standard (Wu et al., 

2005) and associated muscle paths were augmented to permit full range of observed 

shoulder motion for all tasks; shoulder rotation coordinate was expanded to -90 to 120 

degrees of rotation and the elevation angle coordinate, which corresponds to the plane of 

elevation, was expanded to -95 to 130 degrees of rotation. Previously described muscle 

paths and behavior within previously described joint limits were unaltered. Inverse 

kinematics was used to obtain joint angle trajectories consistent with observed joint 

marker positions for each task. Offline filtering of joint kinematics was performed with a 

zero-phase filter using a custom Matlab program (The Mathworks, Natick, MA). 

Maximum and minimum joint angles were calculated for shoulder elevation, elevation 



 

171 

 

plane, and shoulder rotation (Figure 5-1); range of motion was calculated by subtracting 

the minimum angle from the maximum angle. To account for different speeds across 

subjects, the kinematics were normalized by total movement time and are presented as a 

percentage of the total movement. 

 

 

Figure 5-1: Computational model degrees of freedom and axis definition  

Three degrees of freedom (left) of the shoulder include shoulder elevation (glenohumeral 

abduction), shoulder rotation (rotation about the long axis of the humerus), and elevation 

plane (0° is in the coronal plane; 90° is anterior and in the sagittal plane). Axis definitions 

(right) from the center of the humeral head in the reference frame of the humerus. In a 

neutral posture, the x-axis corresponds to anterior/posterior, the y-axis corresponds to 

superior/inferior, and the z-axis corresponds to medial/lateral.  

 

ANCOVA, with adjustments for age and sex, was used to separately evaluate the 

differences between RCT and control groups for the maximum, minimum, and range of 

motion for each functional task.  SAS software (v.9.3, SAS Institute, Inc., Cary, NC) was 

used for statistical analyses, with significance set as p≤0.05. Due to the exploratory 

nature of these analyses, we did not correct for multiple comparisons. Those tasks in 

which we identified differences in all three shoulder degrees of freedom were selected for 

further analysis using computational models. 



 

172 

 

Individualized computational models 

 Models representing each participant were developed using measurements of 

individual muscle volume to scale the peak muscle forces of the 50 muscle paths in the 

nominal upper limb model. Equation 2 was used to calculate peak muscle force,    
 ;   is 

the specific tension of the muscle,    is the volume of the muscle, and   
  is the muscle’s 

optimal fiber length. 

  
    

  
  
  

Equation 2 

  

Specific tension (  = 50.8 N/m
2
) and optimal fiber length were maintained as defined in 

the generic model, based on previously measured values from anatomical and functional 

studies of the upper limb (Saul et al., 2014).  

Volume of the supraspinatus, infraspinatus, subscapularis, teres minor, teres 

major, and deltoid were measured for each subject from magnetic resonance images (Vidt 

et al., 2014) (Table 5-4) using manual segmentation methods, as previously described 

(Vidt et al., 2012). Volumes for remaining muscles crossing the shoulder, elbow, and 

forearm were obtained from mean male and female values reported for older adults (Vidt 

et al., 2012). The scaling tool in OpenSim was used to scale the segment inertial 

properties to correspond to the masses of a 50
th

 percentile male and female (Gordon et al., 

1989) for male and female models, respectively. For RCT subjects, the supraspinatus 

muscle was removed from the model to reflect that its tendon was torn and could not 

directly transmit force. Individualized models were developed for 14 participants. Muscle 

volume data was not available for two RCT subjects (RF03, RM05), so these subjects and 

their matched controls (CF03, CM05) were excluded from modeling analyses. 
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Table 5-4: Muscle volumes and peak muscle forces of corresponding muscle actuators in the model for individual subjects. 

 

  Measured muscle volumes (cm3) Peak muscle forces (N) of corresponding model actuators 

Subject Deltoid Supraspinatus Infraspinatus Subscapularis Teres minor Teres major DELT1 DELT2 DELT3 SUPSP INFSP SUBSC TMIN TMAJ 

RF01 238.7 17.2 48.6 53.4 12.7 11.4 600.0 491.8 70.8 - 326.8 310.5 87.2 35.5 

RF02 233.1 26.6 60.2 87.4 13.0 19.8 585.9 480.2 69.2 - 404.8 508.9 89.3 61.9 

RF04 169.3 21.8 38.5 56.0 13.9 12.7 425.6 348.8 50.3 - 259.2 326.1 95.2 39.7 

RM01 325.2 28.1 124.9 126.5 34.7 39.5 817.3 669.9 96.5 - 840.1 736.3 238.0 123.5 

RM02 561.9 54.1 154.2 150.5 33.4 37.1 1412.4 1157.7 166.8 - 1037.4 875.5 228.8 116.0 

RM03 409.4 54.8 143.4 143.2 32.4 36.0 1029.1 843.6 121.5 - 964.9 833.3 222.4 112.5 

RM04 431.2 66.2 157.6 172.4 36.6 27.8 1084.0 888.5 128.0 - 1060.1 1003.1 251.1 87.0 

CF01 245.3 44.5 96.9 106.1 29.9 21.2 616.7 505.5 72.8 331.6 652.3 617.2 204.8 66.2 

CF02 188.6 29.8 67.5 84.0 11.7 25.7 474.0 388.5 56.0 222.3 454.2 488.9 80.1 80.4 

CF04 216.1 37.5 77.6 96.4 22.0 22.6 543.2 445.2 64.1 279.0 522.1 561.1 151.1 70.6 

CM01 499.1 44.8 133.4 161.3 38.5 28.9 1254.6 1028.3 148.1 333.9 897.7 938.5 264.1 90.5 

CM02 386.9 61.3 146.3 155.7 25.1 30.1 972.6 797.2 114.9 456.7 984.6 905.8 172.1 94.3 

CM03 411.6 65.3 153.8 158.6 34.1 34.4 1034.5 847.9 122.2 486.5 1034.5 922.9 234.1 107.7 

CM04 350.4 64.2 129.3 141.4 21.6 29.9 880.7 721.9 104.0 478.1 870.3 822.9 148.0 93.5 
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 Dynamic simulations of movement were performed for those tasks in which we 

identified kinematic differences between groups for all three shoulder degrees of 

freedom, specifically the functional pull and axilla wash tasks. The dynamic simulations 

were conducted using the computed muscle control (CMC) (Thelen et al., 2003) tool in 

OpenSim.  Briefly, CMC calculates the predicted muscle activations necessary to track 

experimentally measured joint kinematics. We performed a simulation using each 

subject’s model and the corresponding subject-derived kinematics for the functional 

tasks. For the functional pull, a 26.69N external force in the anterior horizontal direction 

was added to correspond with the resistance of the weight machine; no external forces 

were applied to models for the unweighted axilla wash simulations. Reserve actuators 

were used when needed to provide up to 5Nm of joint torque to track the kinematics. 

Joint reaction forces were calculated at the glenohumeral joint using the joint analysis 

tool in OpenSim. The coordinates of these forces represent anterior/posterior (x-axis), 

superior/inferior (y-axis), and medial/lateral (z-axis) directions (Figure 5-1). Joint 

reaction forces were then rotated into the scapular plane by applying a 30° anterior 

rotation about the y-axis. The resultant joint reaction force was calculated and the peak 

resultant force identified. Maximum, minimum, range of forces, and peak resultant force 

were calculated. ANCOVA, with adjustments for age and sex, was used to separately 

evaluate differences between groups. 

 

5.4 Results 

Functional task kinematics 

 Most subjects were able to complete all functional tasks. One RCT patient could 

not perform perineal care and hair comb, another could not perform hair comb, and a 
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third could not complete upward reach 105. All failed tasks were due to pain. For the 

axilla wash, the RCT group had a significantly greater minimum shoulder elevation angle 

(p=0.0127) and elevation plane (p=0.0350) and had a greater peak internal shoulder 

rotation angle (p=0.0415) than controls (Figure 5-2). For the forward reach, the RCT 

group had a greater minimum shoulder elevation angle (p=0.0260) and a greater peak 

internal rotation angle (p=0.0024) than controls. For the functional pull, the RCT group 

used a smaller range of motion (p=0.0082) and a greater minimum angle (p=0.0005) for 

shoulder elevation, a larger peak internal rotation angle (p=0.0043), and a smaller peak 

elevation plane angle (p=0.0080) than controls.  For the hair comb, RCT subjects used a 

significantly greater peak internal rotation angle (p=0.0252) than controls. For upward 

reach 90, the RCT group used a smaller shoulder elevation range of motion (p=0.0376). 

For perineal care and upward reach 105, no differences were seen between RCT and 

control groups. The axilla wash and functional pull (Figure 5-3) were the tasks in which 

we identified kinematic differences between groups for all three degrees of freedom, so 

these tasks were further studied using computational models. 
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Figure 5-2: Functional task kinematics 

Mean maximum (±SD), minimum (±SD), and range of motion during functional task 

performance for (A) shoulder elevation, (B) shoulder rotation, and (C) elevation plane. 
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Control group is shown by the white bars and the RCT group is shown with grey bars; 

black horizontal bars indicate the average angle used during the task. ‡ indicates 

significant difference in maximum angle; § indicates significant difference between 

groups in minimum angle; * indicates significant difference between groups for range of 

motion. (A) For shoulder elevation, the RCT group used larger minimum joint angles for 

axilla wash (p=0.0127), forward reach (p=0.0260), and functional pull (p=0.0005). The 

RCT group used a smaller range of motion for the functional pull (p=0.0082) and upward 

each 90 (p=0.0376). (B) For shoulder rotation, the RCT group had larger peak internal 

rotation angles for the axilla wash (p=0.0415), forward reach (p=0.0024), functional pull 

(p=0.0043), and hair comb (p=0.0252). (C) For elevation plane, the RCT group had a 

larger minimum angle for the axilla wash (p=0.0350) and a smaller maximum angle 

(p=0.0080) than controls.  

 

 

 

 

Figure 5-3: Kinematic trajectory for functional pull and axilla wash 
Kinematic trajectories for functional pull (A, B, C) and axilla wash (D, E, F) tasks. Mean 

(solid line) ± SD (shaded band) kinematics for shoulder elevation (A,D), shoulder 

rotation (B,E), and elevation plane (C,F) joint angles for subjects with a RCT (blue) and 

controls (red).  
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Figure 5-4: Joint reaction forces and peak resultant forces for functional pull 

simulations 

Joint reaction force comparisons for the functional pull for rotator cuff tear (blue) and 

control (red) subjects. (A) Mean maximum (±SD), minimum (±SD) and range of 

anterior-posterior, superior-inferior, medial-lateral components of the joint reaction force 

in the scapular plane. ‡ indicates significant difference in maximum force; § indicates 

significant difference between groups in minimum force; * indicates significant 

difference between groups for range of forces. Rotator cuff tear subjects had a 

significantly smaller range of forces in the superior-inferior direction (p=0.0337). The 

rotator cuff tear group had a less lateral maximum (p=0.0263) and less medial minimum 

force (p=0.0047), and used a smaller range of forces (p=0.0036) in the medial-lateral 

direction. (B) Peak resultant joint reaction force was significantly smaller for rotator cuff 

tear group (p=0.0244). The medial-lateral component of the peak joint reaction force was 

significantly reduced for the rotator cuff tear group (p=0.0248), which can be seen in the 

(C) coronal plane and (D) superior plane views of the joint. Shaded cones represent ±1SD 

of the mean position of the resultant vector; dashed lines represent ±1SD of the mean 

magnitude of the resultant force vector. (E) Anterior-posterior and superior-inferior 

components of the peak joint reaction force are overlayed on an oval representing the 

glenoid fossa. (F) Mean locations of resultant force vector through the functional pull 

movement, with positions identified at 0%, 50%, 100% of the movement. 
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Computational simulations 

 Mean root mean square (RMS) error between input kinematics and CMC results 

for the three shoulder degrees of freedom was 0.97° for the functional pull and 1.75° for 

the axilla wash. One model was excluded from analyses for the axilla wash due to poor 

tracking of the input kinematics; mean RMS error for the 3 shoulder degrees of freedom 

for this subject was 9.1°. 

 

Functional pull 

Rotator cuff tear subjects had a significantly smaller range of joint reaction forces 

in the superior-inferior direction (p=0.0337) (Figure 5-4A). The rotator cuff tear group 

had a less lateral maximum (p=0.0263) and less medial minimum force (p=0.0047) than 

controls, and used a smaller range of forces (p=0.0036) in the medial-lateral direction in 

the scapular plane. Peak resultant joint reaction force was significantly smaller for rotator 

cuff tear group (p=0.0244) (Figure 5-4B), and the medial-lateral component of the peak 

resultant force was significantly reduced for the rotator cuff tear group (p=0.0248). 

Normalized to body weight, the RCT group had a mean peak resultant force of 1.91 ± 

0.44 times body weight, which was  significantly smaller (p=0.0141) than the control 

group which had a mean peak resultant force of 2.72 ± 0.52 times body weight. Planar 

views of the peak resultant joint reaction force demonstrate that the rotator cuff tear 

group has a reduced medial component of the joint reaction force (Figure 5-4C, D), but 

the components of the peak resultant joint reaction force are within the glenoid fossa 

(Figure 5-4E); glenoid dimensions and projected distance from the center of the humeral 

head to its articular surface were measured from the bony representations of the scapula 
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and the humerus, respectively, in the computational model. The position of the resultant 

vector on the glenoid surface was similar between groups throughout the movement and 

remained within the glenoid rim throughout the movement (Figure 5-4F). 

 

Figure 5-5: Joint reaction forces and peak resultant forces for axilla wash 

simulations 

Joint reaction force comparisons for the axilla wash for rotator cuff tear (blue) and 

control (red) subjects. (A) Mean maximum (±SD), minimum (±SD) and range of 

anterior-posterior, superior-inferior, medial-lateral components of the joint reaction force 

in the scapular plane. No differences were seen between the peak forces used by the two 

groups. (B) Peak resultant joint reaction force was significantly smaller for rotator cuff 

tear group (p=0.0456). (C) Coronal plane and (D) superior plane views of the joint do not 

demonstrate significant differences between the two groups. Shaded cones represent 

±1SD of the mean position of the resultant vector; dashed lines represent ±1SD of the 

mean magnitude of the resultant force vector. (E) Anterior-posterior and superior-inferior 

components of the peak joint reaction force are overlayed on an oval representing the 

glenoid fossa, where the superior component of the peak resultant force for one subject 

with a rotator cuff tear extended beyond the boundary of the glenoid fossa. (F) Mean 

locations of resultant force vector through the axilla wash movement, with positions 

identified at 0%, 50%, 100% of the movement. 
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Axilla wash 

For the axilla wash, no differences were seen between groups for the joint 

reaction forces for the three degrees of freedom in the scapular plane (Figure 5-5A). The 

peak resultant joint reaction force was significantly smaller for the rotator cuff tear group 

(p=0.0456) compared to controls (Figure 5-5B), although none of the components of the 

peak resultant forces were different between groups (Figure 5-5C, D). Normalizing by 

body weight, the RCT group had a mean peak resultant force of 2.00 ± 0.28 times body 

weight and the control group had a mean peak resultant force of 2.73 ± 0.60 times body 

weight, which was significantly different between groups (p=0.0277). The peak resultant 

force was located outside the glenoid rim for one female participant with a rotator cuff 

tear (Figure 5-5E). Rotator cuff tear and control groups had similar positions of the 

resultant force vector throughout the movement (Figure 5-5F), with the vector oriented 

posteriorly beyond the glenoid rim in the middle portion of the movement; this position 

corresponded with peak internal rotation angles, but not peak resultant force magnitudes. 

 

5.5 Discussion  

 We studied functional performance for a variety of tasks spanning the upper limb 

workspace in a group of older individuals with RCT and healthy controls. Our results 

indicate that RCT subjects performed the axilla wash, functional reach, functional pull, 

and hair comb tasks with a more internally rotated and abducted posture. We further 

analyzed the functional pull and axilla wash tasks with computational models 

representing individual subjects’ muscle forces and identified differences between groups 

for the peak resultant joint reaction forces and their compressive component. These 
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kinematic differences and the associated changes to the distribution of loads at the 

shoulder joint during functional task performance may play a role in the degeneration of 

the shoulder joint, which can lead to functional impairment for these individuals.  

RCT and control groups completed several functional tasks differently, which 

may indicate a movement maladaptation (Hall et al., 2011; Kasten et al., 2009; Veeger et 

al., 2006).  Our results differ from those of Hall et al. (2011), particularly with regard to 

internal rotation. In this study, we found that these older patients performed tasks with a 

more internally rotated posture, whereas Hall’s symptomatic group used less internal 

rotation. This discrepancy may be the result of studying different shoulder pathologies; 

we evaluated RCT while Hall investigated impingement syndrome. It is possible that 

internal rotation is a means by which patients with a rotator cuff tear avoid painful, more 

externally rotated postures. While potentially a strategy to avoid pain, this internally 

rotated posture places the shoulder in a more impinged position, particularly at more 

abducted postures, and thereby increase the contact between the rotator cuff tendons and 

the acromion (Flatow et al., 1994; Yamamoto et al., 2009). The increased internal 

rotation may also be a consequence of the muscle force imbalance for these patients, in 

which strength assessments (data reported in (Vidt et al., 2014)) demonstrated markedly 

reduced external rotation strength. 

Some subjects with a RCT could not complete all functional tasks due to pain.  

Some had pain which was pervasive enough that no strength testing could be performed 

(data presented in (Vidt et al., 2014)). One subject could not perform the perineal care 

task because the internal rotation and extension movements exacerbated concomitant 

biceps tendon and superior labral pathology (Churgay, 2009). Several subjects could not 
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perform those tasks requiring extreme ranges of motion (hair comb, upward reach 105) 

due to pain, which is consistent with the pain seen clinically in abduction and external 

rotation (e.g. Beaudreuil et al., 2009). While RCT and controls did not perform these 

tasks differently, failed trials were not included in the statistical analyses, which may 

have affected our ability to detect differences. The postures associated with these 

movements that require a large range of motion should be targets for the development of 

adaptive movement strategies (Hall et al., 2011).     

While these subjects have altered their movement kinematics to successfully 

complete a task, this may induce further joint damage. Tearing of the tendons of the 

rotator cuff tears causes an imbalance of the muscle forces at the glenohumeral joint, 

which can affect joint stability. There are two important components to joint stability, 

including concavity-compression, where the head of the humerus is compressed against 

the glenoid surface, and a transverse force couple, which is made up of the subscapularis, 

infraspinatus, and teres minor (Labriola et al., 2005; Lippitt and Matsen, 1993; Lippitt et 

al., 1993; Parsons et al., 2002; Thompson et al., 1996; Yu et al., 2005). The maximal 

force-generating capacity of the individual muscles plays a role in force couple ratios at 

the glenohumeral joint. Previous work (Vidt et al., 2012) demonstrated that both upper 

limb strength and muscle volume are reduced by 30% in healthy older adults compared 

with a healthy young cohort (Holzbaur et al., 2007), with strength reductions of 45% at 

the shoulder. Inclusion of correct muscle force proportions is important for the 

assessment of joint instability (Labriola et al., 2005). Thus, in order to represent the force 

proportions of individual subjects and obtain better predictions of different individuals 

with dynamic simulation (Mogk et al., 2011; Nikooyan et al., 2010), we scaled the peak 
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muscle forces for muscle paths crossing the glenohumeral joint to better understand the 

glenohumeral joint loads associated with functional task performance.  

Our simulation results demonstrated that the RCT group had significantly reduced 

peak resultant forces for the functional pull and axilla wash tasks, and a reduced medial 

compressive component of the peak reaction force for the pull. Despite these reduced 

forces, both groups demonstrated peak resultant forces that were 1.9 and 2.7 times body 

weight for the RCT and control groups, respectively. These findings are consistent with 

Anglin et al. (2000), who calculated peak joint forces ranging between 1.3 and 2.4 times 

body weight for several upper limb tasks in healthy older subjects. In vivo studies with an 

instrumented shoulder implant (Bergmann et al., 2007; Westerhoff et al., 2009) also 

demonstrated that shoulder loads during daily activities exceeded body weight measures, 

with values ranging from 0.12 to 1.32 times body weight.  

The reduced peak resultant and compressive component of the resultant joint 

reaction force we identified for the RCT group are consistent with reduced concavity-

compression forces. A diminished compressive force can subsequently lead to superior 

migration of the humeral head and less stability in anterior and posterior directions 

(Lippitt and Matsen, 1993; Lippitt et al., 1993). However, with the exception of one 

subject for the axilla wash task, all peak resultant forces were within the glenoid rim. 

This corroborates previous evidence from cadaver studies, in which an isolated tear of the 

supraspinatus does not alter the ability of the arm to abduct about a fulcrum rather than 

translate, since the components of the transverse force couple remain intact. Additionally, 

our results for the functional pull are consistent with previous computational studies of a 

static posture (Steenbrink et al., 2009), where isolated removal of the supraspinatus 
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muscle path did not induce instability. We did not identify mean resultant force 

trajectories located outside of the glenoid rim for any portion of the functional pull 

movement for either RCT or control groups (c.f. Figure 5-4F), suggesting that the 

performance of this task does not place individuals in an unstable posture. While the loss 

of the supraspinatus muscle may have played a role in the compensatory kinematics we 

observed, our lack of markedly different components of the resultant force in the sagittal 

plane are in accordance with this previous report. However, only two subjects included in 

the modeling component of this study were diagnosed tearing of three rotator cuff 

tendons. Future work should explore different tear characteristics to assess their role on 

the distribution of loads at the shoulder during dynamic tasks.   

For the axilla wash, we identified that both RCT and control groups had resultant 

force vectors directed outside the glenoid rim, which corresponded with middle portion 

of the movement when the arm reached peak internal rotation values. However, this 

posteriorly directed force vector did not correspond to peak magnitudes of the resultant 

force; all subjects except one had their peak resultant force directed within the glenoid 

(c.f. Figure 5-5E). Our simulation results suggest that one RCT subject’s peak resultant 

force is directed superior to the glenoid, which may indicate humeral head translation or 

subacromial impingement (Lippitt and Matsen, 1993). It is possible that this patient’s 

specific bony geometry (e.g. dimensions of the glenoid surface) was such that our 

calculations using the generic model’s geometry errantly predicted a destabilizing force 

outside the glenoid rim. Regardless of specific bony dimensions, our results indicate that 

this patient has a force near the edge of the glenoid and may be at risk for further 

degeneration, particularly to the superior glenoid labrum, as the force is directed near the 
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superior aspect of the glenoid surface. To evaluate the role of the subject’s specific 

muscle characteristics in this result, an additional simulation was performed for this trial 

using the muscle force properties from the generic model. Results of that simulation did 

not identify a peak resultant force near the superior glenoid rim, which highlights the 

importance of including force proportions representative of individual subjects. 

One subject was excluded from the axilla wash simulation analyses due to poor 

tracking of the kinematics by the CMC algorithm. This subject’s kinematics included a 

high velocity in elevation plane with relatively smaller angles in shoulder rotation and 

shoulder elevation degrees of freedom. This combination of joint angles results in aligned 

or nearly aligned joint rotation axes, which was a challenge to the CMC algorithm when 

tracking the kinematics.  

In this work, we identified differences in the loads at the glenohumeral joint 

during functional task performance. This study provides evidence to suggest that 

individualized parameters can aid researchers and clinicians in evaluating the 

consequences of a rotator cuff tear. Specifically, this approach can provide a means of 

early assessment of the maladaptive movements patients may employ following injury in 

order to successfully complete functional tasks. The use of individualized computational 

models would allow earlier interventions to prevent the onset of further disability (e.g. 

osteoarthritis, labral tears). While developing models at the individual-level provides 

much promise to the field, there are limitations which must be addressed. Our model 

development approach incorporated subject-derived measures of muscle volume to scale 

the peak forces of model muscle paths. However, as evidenced by the need to supplement 

the joint torque in some simulations through the use of reserve actuators, we have 
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identified that estimating strength from muscle volume measurements does not fully 

account for the forces needed to replicate a subject’s strength profile. Previous work in 

healthy older adults has shown only 41% of the variation in upper limb strength was 

accounted for by changes in muscle volume, compared with 81% in a young adult cohort 

(Vidt et al., 2012). This indicates that there are changes other than muscle atrophy 

contributing to the reduced strength observed in older adults.  

Computational models cannot account for pain, which is a primary concern for 

patients with a RCT. Indirectly, we have accounted for pain by using subject-derived 

kinematics to drive our dynamic simulations of movement, rather than use the model to 

predict resultant kinematics. Although these are models containing individualized muscle 

forces, we did not use subject-derived muscle volumes to scale the peak force-generating 

properties of all upper limb muscle actuators in the model. This work focused on the 

effects of a RCT, so the shoulder musculature was the primary focus and thus was 

individualized for each subject. Muscle volume was selected as a means of scaling the 

force-generating properties of muscle paths rather strength measures, because it was 

independent of any painful strength testing postures some patients experienced. Future 

studies should look to scale models based on strength (Mogk et al., 2011), as we have 

identified that the models are relatively weak compared to the subjects they represent.  

In this work, we only modeled supraspinatus tears and represented this 

presentation by complete removal of the muscle path from the model. While some 

patients were found to have partial-thickness tears of the supraspinatus, these tendon tears 

were >50% of the tendon thickness. For consistency, tears were modeled by complete 

removal of the supraspinatus. Conversely, some of the tears of the supraspinatus extended 
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into the infraspinatus tendon, although none were full-width tendon tears. Demarcation of 

the intersection of the supraspinatus and infraspinatus tendons is not immediately clear 

due to overlap of the tendon fibers (Curtis et al., 2006). Due to this ambiguity, the 

infraspinatus was left intact in all models because it is likely that forces could still be 

transmitted to the humerus. In these models, muscles and muscle compartments are 

represented by single lines of action, rather than a surface. Future modeling work should 

focus on representing the three-dimensional geometry of the tendons and how different 

tear sizes and tear patterns may affect the force generating properties across the joint. 

Additionally, the single muscle path representations in the model do not account for 

epimuscular myofascial force transmission, which permits force transmission from a 

muscle via the connective tissue surrounding a muscle, rather than forces from the 

muscle-tendon unit alone (Maas and Sandercock, 2010). Inclusion of these forces in a 

computational model may play a role in overcoming the strength disparity between 

subjects and models. This may be particularly important for patients with a rotator cuff 

tear; close association between the muscles of the rotator cuff may indicate that some 

amount of force can still be transmitted following a tear, and contribute to movement 

through these epimusuclar forces and the interconnected nature of the tendons of the 

rotator cuff (Soslowsky et al., 1997).   

We conclude that older patients with a RCT perform functional tasks differently 

than healthy age- and sex-matched controls. Using subject-derived muscle force 

proportions and a computational model we identified that RCT subjects have reduced 

peak resultant joint reaction forces and compressive components of force at the 

glenohumeral joint.  
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6. CONCLUSIONS 

 

6.1 Contributions 

The contributions of this work include the characterization of upper limb muscle 

volume and strength in older adults. Strength and muscle volume have been reported for 

a cohort of young adults, but have not been reported for the major functional groups of 

the upper limb in a single group of older adults. This work measured and reported muscle 

volume, isometric joint moment, and the relationships between volume and joint moment 

for the major functional groups in the upper limb of older adults. These measurements 

were compared with previous measurements from young adults to explore the effects of 

aging on muscle volume and strength. This component of the dissertation work highlights 

the need to consider the effects of musculoskeletal injury in the context of aging.  

The relationships between quantitative assessments of muscle morphology and 

clinical assessment modalities were studied. For the first time, quantitative measurements 

of muscle volume and fatty infiltration for each whole rotator cuff muscle were reported. 

This work focused on the physiological differences of a rotator cuff tear in an aging 

cohort, by comparing older patients with a rotator cuff tear to healthy age- and gender-

matched controls. Importantly, we report that quantitative measurements of muscle 

volume are related to strength measures for this group, but quantitative measures of 

muscle and fat are not associated with clinical assessments. 

Self-reported physical function was assessed for this older cohort, which has 

previously been an under-studied area. We show that assessment of older patients with 

these self-report measures of shoulder function can distinguish between individuals with 

and without a rotator cuff tear, and are associated with quantitative measures of strength 
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and range of motion. We provide preliminary evidence to support the validity of the SST, 

ASES, and WORC self-report assessments of functional ability for older patients with a 

rotator cuff tear.  

The functional ability for a cohort of older individuals with and without a rotator 

cuff tear is reported, including kinematic descriptions of the major joints of the upper 

limb during the performance of functional tasks. We describe these quantitative measures 

and how they are different between older patients with and without a rotator cuff tear.  

Computational models of the upper limb representing individual muscle force-generating 

characteristics have been developed using our measurements of muscle volume to scale 

the peak force of each muscle actuator in the model. These individualized models have 

been successfully used to perform dynamic simulations of movement in order to further 

explore the joint reaction forces on the glenohumeral joint during the performance of 

functional tasks. We show that older adults with a rotator cuff tear perform functional 

tasks differently than controls, resulting in lower peak resultant forces and lower 

compressive components of the peak resultant force at the glenohumeral joint for subjects 

with a rotator cuff tear.  

 

6.2 Applications 

There are several potential applications to the work presented in this dissertation. 

We found that older adults have reduced strength and muscle volume compared to young 

adults, with marked reductions in strength at the shoulder. This information can be used 

to develop strength training protocols for healthy older adults in order to maintain 

strength of the shoulder muscles. This maintenance of strength may help prevent 



 

197 

 

disability in older individuals and thereby prolong their independence (Janssen et al., 

2002; Rantanen, 2003). 

We did not identify associations between quantitative measurements of muscle 

and fatty infiltration volumes and clinical assessment techniques. This is an important 

finding for the field of orthopaedics because we have shown that Goutallier staging, 

which is the current method to evaluate fatty infiltration, is not indicative of the quantity 

of fat in the whole muscle. These results suggest the opportunity for the development of 

clinically acceptable measurement techniques that provide comprehensive information 

about the amount and distribution of fat within whole rotator cuff muscles following a 

tear. Such an assessment technique would likely have broader-reaching application to 

assessment of muscle morphology following other shoulder impairments, such as nerve 

injuries (Beeler et al., 2013). 

The fields of gerontology, orthopaedics, and physical therapy can all benefit from 

the work presented here. Our collection and analyses of self-reported shoulder function 

for older adults demonstrates that these instruments can be successfully used in the 

clinical setting to evaluate older patients’ functional ability. Although this dissertation 

only provides preliminary validation of these self-report measures of shoulder function, 

their successful use in this cohort of patients motivates further study and validation of 

these instruments in the older adult population. 

The development of individualized computational models and the successful 

implementation of these models with dynamic simulations of movement is a primary 

contribution of this dissertation work. Use of models representing subject-derived muscle 

force characteristics enables a better understanding of the consequences of an injury or 
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disease on individual subjects. Future studies can use these computational models in 

conjunction with subject-derived information to further explore the functional 

consequences of a rotator cuff tear in older individuals. Additional simulation analyses 

that can inform the characterization of functional movement include simulation of a 

surgical repair, identifying compensatory mechanisms for different tendon tear scenarios, 

perturbation analyses to identify the result of strength training exercises, or induced 

acceleration analyses to identify the individual muscle contributions to these functional 

movements. These models were developed in OpenSim, which is open-source software 

(Delp et al., 2007). Consequently, this facilitates the broad dissemination of these results 

to other biomechanics researchers, thereby further impacting the field of biomedical 

engineering.  

 

6.3 Future Work 

Subject Population 

The aging process alone causes reduced strength and an inability to perform 

functional tasks needed to maintain independence (Clark and Manini, 2010; Janssen et 

al., 2002; Lin et al., 2008; Rantanen, 2003). While this work presents information to 

describe the strength and muscle volume relationships in healthy community dwelling 

older adults, it is unclear what minimum thresholds of strength would still enable 

functional task completion. Understanding the minimum amount of upper limb strength 

needed to perform a task successfully would provide target strength values for 

rehabilitation protocols, and a threshold for clinicians to use when discussing treatment 

goals with patients. 
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In this work, we studied a cohort of older adults with a rotator cuff tear and 

healthy age- and gender-matched controls. However, our subject population was 

somewhat homogenous; few subjects were diagnosed with tears involving three rotator 

cuff tendons, all participants lived either independently or with a spouse, and all were 

between 60-67 years of age. While we have identified significant differences between 

this narrow subject pool and healthy controls, future studies should focus on a more 

diverse subject population, including more individuals with massive rotator cuff tears, 

those with varied living status (i.e. assisted living, nursing home, etc.), or the role of 

concomitant pathologies or comorbidities in this older population.  

 

Clinical Applications 

Validation of self-report measures is an ongoing process. Here, we performed 

preliminary validation of three self-report measures of shoulder function, which lays the 

foundation for further studies to continue to validate these instruments. A fundamental 

limitation of this dissertation work was our cross-sectional design. Future work should 

employ a longitudinal study design to assess test-retest validity and responsiveness of 

these self-report measures of shoulder function to treatment. These future studies should 

also include a larger cohort with subjects that span ages from 60 to 80+ years.  While 

self-report measures of shoulder function provide important information regarding 

functional status from the patient’s perspective, they are subjective. Objective 

assessments may provide clinicians with valuable information about a patient’s ability to 

perform functional movements. However, the research to assess which physical 

performance measures are best suited to evaluate older adult cohorts is sparse (Hegedus 
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et al., 2013). For these patients, successful completion of ADL tasks is paramount, while 

sport and heavy labor activities referenced in some self-report assessments are of 

secondary importance. Understanding which physical performance measure is best suited 

to assessment of older patients with shoulder impairment would be useful to implement 

into the clinical setting. 

Our assessment of muscle and fat tissues in the rotator cuff muscles provides 

motivation for additional work to characterize the localization of fatty infiltration 

following a rotator cuff tear.  We provide evidence to suggest that the current method to 

obtain a Goutallier score, in which a single CT/MRI slice is evaluated, is not a useful 

surrogate for assessment of fatty infiltration in the whole muscle. While the amount of fat 

in the whole muscle was quantified in this work, we did not characterize the spatial 

distribution of fat within the volume. Understanding where fat primarily resides in the 

muscle and the way it may be localized or diffuse within a region of the muscle would 

enable a better evaluation of the intramuscular fat quantity for patients with a rotator cuff 

tear. We used manual segmentation of MRI to calculate muscle volume in this study. 

However, implementation of this method in a clinical setting is impractical due to the 

length of time needed to trace the muscles on each image slice. Future studies should 

focus on automating muscle segmentation and the subsequent calculation of 

intramuscular fat. Doing so would allow clinicians to quickly and easily gain an 

assessment of both muscle and fat volumes and provide a better foundation upon which 

to base their treatment decisions. 

Functional assessments were conducted with 7 tasks which spanned the upper 

limb workspace. However, other important daily tasks, like eating, were not explored. 
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Other studies have explored a variety of upper limb tasks (Hall et al., 2011; Kasten et al., 

2009; Magermans et al., 2005; Morrey et al., 1981; Muraki et al., 2008; Murray and 

Johnson, 2004; Safaee-Rad et al., 1990; van Andel et al., 2008; Veeger et al., 2006), but 

little work (Hall et al., 2011; Veeger et al., 2006) has focused on older individuals with 

shoulder pathology. It would be a beneficial supplement to the literature for additional 

functional tasks to be studied for older adults with and without a rotator cuff tear. 

Similarly, different protocols to explore functional task performance should be 

investigated. The tasks in this study used either small loads (0.91kg dumbbell, 2.72kg 

resistance) or no load. It is unclear how the joint kinematics we measured in this work 

may be different when greater or maximum loads (e.g. 1 repetition maximum weight) are 

used, or when the effects of fatigue are included in the protocol. 

 

Computational Simulations 

There are a number of expansions that can be performed using the individualized 

computational models developed as a part of this dissertation work. Computational 

modeling provides an ideal medium for the exploration of the aforementioned minimum 

strength thresholds needed to successfully complete ADL tasks. The ability of the system 

to withstand external perturbations or the effects of strength training can be explored by 

application of external forces or adjusting the muscle forces, respectively, or during a 

simulation. Additionally, the contributions of individual muscles to movement (e.g. the 

hand acceleration during a reaching task) can be explored using induced acceleration 

analyses (Daly, 2011). Understanding the roles of individual muscles and how the system 

responds to various changes can provide valuable information to researchers and 
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clinicians and inform rehabilitation protocols. Additionally, these studies can be used to 

explore the secondary effects of changes, such as increased glenohumeral joint reaction 

forces, which may lead to the development of osteoarthritis or joint instability if the 

forces are directed outside the glenoid rim (van Drongelen et al., 2013). 

Further development of computational models would be beneficial to advance the 

biomechanical study of shoulder pathologies, and rotator cuff tears in particular. 

Currently, the upper limb model described here does not account for humeral head 

translation or altered scapular kinematics. These are important clinical considerations 

associated with rotator cuff tears, and future studies should focus on their inclusion into 

the upper extremity model. Additionally, expanding the study of rotator cuff tears to 

include the three-dimensional aspects of the tear would provide useful information 

regarding characterization of tear propagation. The development of a 3D muscle model 

(Blemker and Delp, 2005) of the rotator cuff muscles and tendons would allow 

researchers to explore the intramuscular stresses following a rotator cuff tear, to better 

understand how tears propagate, and explore resultant changes in the distribution of 

forces following a tear. 

 

6.4 Summary 

This dissertation work provides information characterizing the distribution of 

muscle and strength in the upper limb of older adults. We report volumes for the upper 

limb muscles, which were used as the basis for the development of individualized 

computational models. We successfully used these computational models to explore the 

kinematics recorded from these same subjects to determine that older individuals with 
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and without a rotator cuff tear perform functional tasks differently, resulting in different 

joint forces and moments and muscle activations. We further detail the functional 

differences between older patients with and without a rotator cuff tear on self-reported 

physical function. Altogether, this dissertation work reports that older adults have 

reduced strength and muscle volume compared to healthy young adults, and the subjects 

with a rotator cuff tear in this older cohort demonstrate further reduced muscle volume, 

strength, and functional ability. This work lays the foundation for future studies to 

develop rehabilitation strategies that will increase strength and function for an older adult 

population. 
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APPENDICES 

Appendix A: Participant identification codes and demographics 

This appendix contains the subject codes describing rotator cuff tear (RT) and 

control (CN) subjects and the codes used for each of the chapters in which their data was 

used. Participant demographics are also included.  
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Subject identification codes for the study and as they appear in chapters 3, 4, and 5 and participant demographics. CN 

indicates control subject; F indicates female; M indicates male. 

Study 

Subject 

Code 

Code in 

Chapter 3 

Code in 

Chapter 

4 

Code in 

Chapter 

5 Age 

Height 

(in) 

Height 

(m) 

Height 

Percentile 

Weight 

(lb) 

Weight 

(kg) 

Weight 

Percentile 

Dominant 

Arm 

Injured 

Arm 

Number 

of 

tendons 

torn 

RTF02 RF01 RF01 N/A 64 64 1.63 50 129 58.51 35 Right Right 1 

RTF05 RF02 RF02 N/A 65 65 1.65 65 185 83.91 99 Right Right 1 

RTF07 RF03 RF03 RF01 65 59 1.50 2 118 53.52 15 Right Left 3 

RTF09 RF04 RF04 RF02 63 63 1.60 35 162 73.48 90 Right Right 2 

RTF10 N/A RF05 RF03 60 71 1.80 99+ 270 122.47 99+ Right Right 3 

RTF11 N/A RF06 N/A 75 64 1.63 50 122 55.34 20 Right Right 2 

RTF12 RF05 RF07 RF04 65 64 1.63 50 145 65.77 70 Right Left 2 

RTM01 RM01 RM01 N/A 64 69 1.75 50 161 73.03 35 Right Left 1 

RTM04 RM02 RM02 RM01 61 66 1.68 10 185 83.91 70 Right Left 2 

RTM05 RM03 RM03 RM02 64 70 1.78 65 238 107.95 99+ Left Left 2 

RTM06 RM04 RM04 RM03 64 72 1.83 85 195 88.45 80 Right Left 3 

RTM07 RM05 RM05 RM04 62 70 1.78 65 210 95.25 90 Left Left 1 

RTM08 N/A RM06 RM05 66 66.5 1.69 15 192 87.09 80 Right Left 2 

 

  



 

208 

 

 
Subject identification codes for the study and as they appear in chapters 3, 4, and 5 and participant demographics. CN indicates control 

subject; F indicates female; M indicates male. 
Study 

Subject 

Code 

Code in 

Chapter 3 

Code in 

Chapter 4 

Code in 

Chapter 5 Age 

Height 

(in) 

Height 

(m) 

Height 

Percentile 

Weight 

(lb) 

Weight 

(kg) 

Weight 

Percentile 

Dominant 

Arm 

Injured 

Arm 

CNF01 CF01 CF01 N/A 64 60 1.52 5 165 74.84 90 Left N/A 

CNF03 CF02 CF02 N/A 63 68 1.73 95 120 54.43 20 Right N/A 

CNF04 CF03 CF03 CF01 67 68 1.73 95 156 70.76 85 Right N/A 

CNF05 CF04 CF04 CF02 65 64 1.63 50 145 65.77 70 Right N/A 

CNF06 N/A CF05 CF03 60 62 1.57 20 175 79.38 97 Right N/A 

CNF07 CF05 CF06 CF04 64 63 1.60 35 133 60.33 45 Right N/A 

CNM01 CM01 CM01 N/A 64 68 1.73 35 155 70.31 25 Right N/A 

CNM02 CM02 CM02 CM01 61 70 1.78 65 220 99.79 97 Right N/A 

CNM03 CM03 CM03 CM02 64 72 1.83 85 190 86.18 75 Right N/A 

CNM04 CM04 CM04 CM03 62 68 1.73 35 162 73.48 35 Right N/A 

CNM05 CM05 CM05 CM04 61 69 1.75 50 155 70.31 25 Right N/A 

CNM06 N/A CM06 CNM05 66 72 1.83 85 185 83.91 70 Right N/A 
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Appendix B: Muscle Volume for healthy older adults 

 This appendix contains the upper limb muscle volume measurements for healthy 

older adults described in Chapter 2. Data for female (F) and male (M) subjects is 

presented in the following tables. 
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Upper limb muscle volumes (cm
3
) for healthy female older adult subjects 

Muscle F01 F02 F03 F04 F05 F06 F07 F08 

Anconeus 3.5 3.5 4.2 5.4 5.0 4.1 5.7 6.5 

Biceps 100.0 78.4 113.5 96.2 76.3 117.8 86.6 114.5 

Brachialis 83.9 49.5 103.0 87.5 58.2 100.8 76.9 71.1 

Brachioradialis 21.3 19.4 40.1 30.9 23.4 24.1 28.0 21.4 

Coracobrachialis 9.2 8.1 12.5 10.7 8.6 19.9 11.2 9.4 

Deltoid 225.4 198.4 322.8 202.2 204.0 286.9 224.5 281.4 

Extensor carpi radialis 41.0 30.0 45.9 47.0 31.4 36.0 35.8 38.0 

Flexor carpi radialis 30.3 33.9 37.6 38.8 33.5 43.4 30.2 25.1 

Flexor carpi ulnaris 28.6 25.7 37.0 27.3 29.1 26.0 26.1 22.9 

Infraspinatus 81.9 75.7 98.0 60.8 74.9 87.1 76.2 90.9 

Latissimus dorsi 188.2 117.5 221.9 197.5 152.2 269.8 203.8 225.8 

Pectoralis major 129.3 102.0 122.8 137.1 90.1 206.9 97.8 150.2 

Pronator quadratus 4.2 2.6 5.5 4.9 2.6 5.0 5.1 4.3 

Pronator teres 18.3 20.3 30.9 17.6 18.3 24.8 19.2 13.8 

Subscapularis 75.6 65.5 98.6 69.3 59.6 103.8 83.5 66.8 

Supinator 12.8 9.6 20.2 18.6 10.0 17.2 11.4 11.8 

Supraspinatus 39.1 28.9 28.5 18.6 34.7 32.8 24.3 29.1 

Teres major 22.4 17.1 33.2 20.4 30.6 33.1 20.9 36.7 

Teres minor 20.5 12.5 23.5 16.5 14.5 24.2 18.4 15.0 

Triceps 224.4 163.6 259.0 218.1 195.5 274.1 212.2 232.1 

Wrist extensors 69.1 67.9 101.8 78.9 61.0 58.5 60.7 63.9 

Wrist flexors 123.8 87.4 129.3 122.9 115.5 113.4 97.9 106.7 

Total 1552.8 1217.6 1889.8 1527.2 1329.0 1909.7 1456.4 1637.3 
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Upper limb muscle volumes (cm3) for healthy male older adult subjects 

Muscle M01 M02 M03 M04 M05 M06 M07 M08 M09 M10 

Anconeus 6.8 8.6 9.3 5.1 5.1 5.2 9.5 9.3 12.0 6.8 

Biceps 146.1 200.8 176.8 160.5 101.4 222.6 186.5 191.1 229.6 171.7 

Brachialis 111.3 121.5 105.5 126.8 83.4 134.4 134.5 116.9 76.5 99.4 

Brachioradialis 42.4 46.4 64.4 50.8 41.0 60.1 59.1 64.1 64.1 49.7 

Coracobrachialis 11.4 14.1 12.4 14.8 11.7 14.0 17.5 12.7 18.5 19.9 

Deltoid 321.7 400.7 361.9 369.3 283.8 410.4 387.5 406.2 374.3 385.3 

Extensor carpi radialis 50.4 54.7 69.0 55.4 35.0 74.4 75.2 78.3 52.1 52.6 

Flexor carpi radialis 39.7 41.8 55.5 41.3 36.3 62.0 46.2 57.6 46.3 42.2 

Flexor carpi ulnaris 37.7 42.0 55.1 40.8 38.4 59.7 55.3 58.8 47.5 49.1 

Infraspinatus 89.1 125.6 133.4 108.0 72.3 141.9 156.2 133.7 93.1 132.7 

Latissimus dorsi 284.7 167.5 398.8 328.2 245.4 325.1 334.8 426.9 409.1 328.3 

Pectoralis major 208.5 238.9 274.1 279.8 177.4 275.1 250.3 289.2 415.8 219.9 

Pronator quadratus 7.5 6.0 8.7 8.7 3.9 9.1 13.8 6.2 10.8 7.0 

Pronator teres 31.7 19.5 37.4 42.9 24.8 49.4 65.4 53.6 39.7 47.5 

Subscapularis 105.9 143.0 128.2 117.2 59.5 147.9 147.2 123.9 113.2 136.4 

Supinator 15.5 22.5 20.7 12.1 15.2 28.5 26.1 26.5 9.0 14.2 

Supraspinatus 43.4 48.9 31.6 63.9 28.6 55.2 70.7 45.4 62.9 30.6 

Teres major 34.1 45.8 45.6 33.4 26.5 42.2 53.0 35.0 53.5 36.5 

Teres minor 24.1 29.8 32.4 34.3 23.6 38.7 38.1 30.0 29.5 30.6 

Triceps 313.4 333.8 396.6 341.9 285.4 380.0 401.3 465.7 417.6 355.5 

Wrist extensors 98.0 105.3 108.7 94.0 87.3 123.1 153.5 126.8 125.9 104.2 

Wrist flexors 152.3 129.6 189.1 168.0 150.9 216.0 301.0 254.3 226.5 200.0 

Total 2175.6 2346.8 2715.1 2497.1 1837.0 2874.8 2982.5 3012.1 2927.4 2520.0 
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Appendix C: Muscle volume as a percentage of total upper limb volume 

This appendix contains individual muscle volumes as a percentage of total upper 

limb muscle volume for healthy older adults described in Chapter 2. Data for female (F) 

and male (M) subjects is presented in the following tables.  
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Individual muscle volumes as a percentage (%) of total upper limb muscle volume for healthy female older adults 

Muscle F01 F02 F03 F04 F05 F06 F07 F08 

Anconeus 0.2 0.3 0.2 0.4 0.4 0.2 0.4 0.4 

Biceps 6.4 6.4 6.0 6.3 5.7 6.1 5.9 7.0 

Brachialis 5.4 4.1 5.5 5.7 4.4 5.2 5.3 4.3 

Brachioradialis 1.4 1.6 2.1 2.0 1.8 1.3 1.9 1.3 

Coracobrachialis 0.6 0.7 0.7 0.7 0.6 1.0 0.8 0.6 

Deltoid 14.5 16.3 17.1 13.2 15.4 14.9 15.4 17.2 

Extensor carpi radialis 2.6 2.5 2.4 3.1 2.4 1.9 2.5 2.3 

Flexor carpi radialis 2.0 2.8 2.0 2.5 2.5 2.3 2.1 1.5 

Flexor carpi ulnaris 1.8 2.1 2.0 1.8 2.2 1.3 1.8 1.4 

Infraspinatus 5.3 6.2 5.2 4.0 5.6 4.5 5.2 5.5 

Latissimus dorsi 12.1 9.6 11.7 12.9 11.5 14.0 14.0 13.8 

Pectoralis major 8.3 8.4 6.5 9.0 6.8 10.7 6.7 9.2 

Pronator quadratus 0.3 0.2 0.3 0.3 0.2 0.3 0.4 0.3 

Pronator teres 1.2 1.7 1.6 1.1 1.4 1.3 1.3 0.8 

Subscapularis 4.9 5.4 5.2 4.5 4.5 5.4 5.7 4.1 

Supinator 0.8 0.8 1.1 1.2 0.8 0.9 0.8 0.7 

Supraspinatus 2.5 2.4 1.5 1.2 2.6 1.7 1.7 1.8 

Teres major 1.4 1.4 1.8 1.3 2.3 1.7 1.4 2.2 

Teres minor 1.3 1.0 1.2 1.1 1.1 1.3 1.3 0.9 

Triceps 14.5 13.4 13.7 14.3 14.7 14.2 14.6 14.2 

Wrist extensors 4.4 5.6 5.4 5.2 4.6 3.0 4.2 3.9 

Wrist flexors 8.0 7.2 6.8 8.1 8.7 5.9 6.7 6.5 
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Individual muscle volumes as a percentage (%) of total upper limb muscle volume for healthy male older adults 

Muscle M01 M02 M03 M04 M05 M06 M07 M08 M09 M10 

Anconeus 0.3 0.4 0.3 0.2 0.3 0.2 0.3 0.3 0.4 0.3 

Biceps 6.7 8.6 6.5 6.4 5.5 7.7 6.3 6.3 7.8 6.8 

Brachialis 5.1 5.2 3.9 5.1 4.5 4.7 4.5 3.9 2.6 3.9 

Brachioradialis 1.9 2.0 2.4 2.0 2.2 2.1 2.0 2.1 2.2 2.0 

Coracobrachialis 0.5 0.6 0.5 0.6 0.6 0.5 0.6 0.4 0.6 0.8 

Deltoid 14.8 17.1 13.3 14.8 15.4 14.3 13.0 13.5 12.8 15.3 

Extensor carpi radialis 2.3 2.3 2.5 2.2 1.9 2.6 2.5 2.6 1.8 2.1 

Flexor carpi radialis 1.8 1.8 2.0 1.7 2.0 2.2 1.5 1.9 1.6 1.7 

Flexor carpi ulnaris 1.7 1.8 2.0 1.6 2.1 2.1 1.9 2.0 1.6 1.9 

Infraspinatus 4.1 5.3 4.9 4.3 3.9 4.9 5.2 4.4 3.2 5.3 

Latissimus dorsi 13.1 7.1 14.7 13.1 13.4 11.3 11.2 14.2 14.0 13.0 

Pectoralis major 9.6 10.2 10.1 11.2 9.7 9.6 8.4 9.6 14.2 8.7 

Pronator quadratus 0.3 0.3 0.3 0.3 0.2 0.3 0.5 0.2 0.4 0.3 

Pronator teres 1.5 0.8 1.4 1.7 1.3 1.7 2.2 1.8 1.4 1.9 

Subscapularis 4.9 6.1 4.7 4.7 3.2 5.1 4.9 4.1 3.9 5.4 

Supinator 0.7 1.0 0.8 0.5 0.8 1.0 0.9 0.9 0.3 0.6 

Supraspinatus 2.0 2.1 1.2 2.6 1.6 1.9 2.4 1.5 2.1 1.2 

Teres major 1.6 2.0 1.7 1.3 1.4 1.5 1.8 1.2 1.8 1.4 

Teres minor 1.1 1.3 1.2 1.4 1.3 1.3 1.3 1.0 1.0 1.2 

Triceps 14.4 14.2 14.6 13.7 15.5 13.2 13.5 15.5 14.3 14.1 

Wrist extensors 4.5 4.5 4.0 3.8 4.8 4.3 5.1 4.2 4.3 4.1 

Wrist flexors 7.0 5.5 7.0 6.7 8.2 7.5 10.1 8.4 7.7 7.9 
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Appendix D: Volume of muscle by upper limb functional group 

This appendix contains the volumes of muscles in functional groups at the 

shoulder, elbow, and wrist, for healthy older adults, as described in Chapter 2. Data for 

female (F) and male (M) subjects is shown.  
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Functional group muscle volume (cm
3
) for healthy older adults 

Subject 

Shoulder 

abductors 

Shoulder 

adductors 

Elbow 

extensors 

Elbow 

flexors 

Wrist 

extensors 

Wrist 

flexors 

F01 422.0 369.7 240.7 223.5 110.1 182.7 

F02 368.5 257.2 176.8 167.7 97.9 147.0 

F03 548.0 413.8 283.4 287.5 147.7 204.0 

F04 350.9 382.1 242.1 232.2 125.9 189.1 

F05 373.3 295.9 210.5 176.2 92.4 178.1 

F06 510.5 553.9 295.4 267.5 94.5 182.8 

F07 408.5 352.0 229.3 210.7 96.5 154.2 

F08 468.2 437.2 250.4 220.7 101.8 154.7 

M01 560.2 562.8 335.7 331.4 148.4 229.6 

M02 718.2 496.1 364.8 388.2 160.0 213.5 

M03 655.1 763.2 426.6 384.2 177.6 299.8 

M04 658.4 690.5 359.1 381.0 149.4 250.1 

M05 444.1 484.7 305.8 250.6 122.2 225.6 

M06 755.4 694.9 413.6 466.5 197.5 337.7 

M07 761.5 693.7 436.9 445.5 228.7 402.4 

M08 709.1 793.7 501.5 425.8 205.2 370.6 

M09 643.5 926.4 438.6 409.9 178.0 320.3 

M10 685.0 635.2 376.4 368.3 156.8 291.2 
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Appendix E: Functional group muscle volume as a percentage of total upper limb 

volume 

This appendix contains functional group muscle volumes as a percentage of total 

upper limb muscle volume for healthy older adults described in Chapter 2. Data for 

female (F) and male (M) subjects is shown. 
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Functional group muscle volumes as a percentage (%) of total upper limb muscle volume for healthy older adults 

Subject Shoulder abductors Shoulder adductors Elbow extensors Elbow flexors Wrist extensors Wrist flexors 

F01 27.2 23.8 15.5 14.4 7.1 11.8 

F02 30.3 21.1 14.5 13.8 8.0 12.1 

F03 29.0 21.9 15.0 15.2 7.8 10.8 

F04 23.0 25.0 15.9 15.2 8.2 12.4 

F05 28.1 22.3 15.8 13.3 7.0 13.4 

F06 26.7 29.0 15.5 14.0 5.0 9.6 

F07 28.0 24.2 15.7 14.5 6.6 10.6 

F08 28.6 26.7 15.3 13.5 6.2 9.4 

M01 25.7 25.9 15.4 15.2 6.8 10.6 

M02 30.6 21.1 15.5 16.5 6.8 9.1 

M03 24.1 28.1 15.7 14.1 6.5 11.0 

M04 26.4 27.7 14.4 15.3 6.0 10.0 

M05 24.2 26.4 16.6 13.6 6.7 12.3 

M06 26.3 24.2 14.4 16.2 6.9 11.7 

M07 25.5 23.3 14.6 14.9 7.7 13.5 

M08 23.5 26.4 16.7 14.1 6.8 12.3 

M09 22.0 31.6 15.0 14.0 6.1 10.9 

M10 27.2 25.2 14.9 14.6 6.2 11.6 
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Appendix F: Rotator cuff muscle volume and fatty infiltration 

This appendix contains muscle volume, fat volume, fat volume as a percentage of 

muscle volume, and fat-free muscle volume measurements from shoulder muscles. These 

measurements were acquired from subjects with a rotator cuff tear and healthy age- and 

gender-matched controls as described in Chapter 3. RT indicates subjects with a rotator 

cuff tear; CN indicates control subjects; M indicates male subjects; F indicates female 

subjects. 
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Muscle and fat volumes (cm3) and fat volume as a percentage (%) of muscle volume for older 

individuals with a rotator cuff tear  

Subject RTF02 RTF05 RTF07 RTF09 RTF12 RTM01 RTM04 RTM05 RTM06 RTM07 

Supraspinatus           

Volume 18.7 18.1 17.2 26.6 21.8 33.3 28.1 54.1 54.8 66.2 

% Fat 11.7% 14.6% 6.6% 5.7% 7.9% 8.0% 10.6% 8.1% 7.4% 5.5% 

Fat volume 2.2 2.7 1.1 1.5 1.7 2.7 3.0 4.4 4.0 3.6 

Infraspinatus 

          Volume 70.5 81.9 48.6 60.2 38.5 107.3 124.9 154.2 143.4 157.6 

% Fat 7.0% 10.1% 8.5% 5.5% 8.7% 6.7% 7.8% 9.4% 6.0% 3.9% 

Fat volume 4.9 8.3 4.1 3.3 3.4 7.2 9.7 14.5 8.6 6.1 

Fat-free volume 65.6 73.7 44.5 56.8 35.2 100.1 115.1 139.7 134.8 151.4 

Teres Minor 

          Volume 16.1 13.3 12.7 13.0 13.9 25.4 34.7 33.4 32.4 36.6 

% Fat 6.6% 16.0% 9.0% 5.3% 6.0% 6.6% 7.4% 9.5% 3.6% 5.1% 

Fat volume 1.1 2.1 1.1 0.7 0.8 1.7 2.6 3.2 1.2 1.9 

Fat-free volume 15.0 11.2 11.6 12.3 13.0 23.7 32.2 30.2 31.3 34.8 

Subscapularis 

          Volume 60.8 91.0 53.4 87.4 56.0 112.6 126.5 150.5 143.2 172.4 

% Fat 7.6% 8.7% 11.4% 5.4% 8.7% 7.1% 7.5% 8.3% 4.0% 4.4% 

Fat volume 4.6 7.9 6.1 4.7 4.9 8.0 9.5 12.5 5.7 7.6 

Fat-free volume 56.2 83.1 47.3 82.7 51.2 104.5 117.0 138.0 137.5 164.8 

Deltoid 

          Volume 152.8 215.3 238.7 233.1 169.3 292.6 325.2 561.9 409.4 431.2 

% Fat 9.0% 11.5% 3.6% 5.0% 6.6% 7.3% 7.4% 6.7% 4.8% 6.8% 

Fat volume 13.8 24.8 8.5 11.7 11.2 21.4 23.9 37.5 19.5 29.5 

Fat-free volume 139.0 190.5 230.2 221.3 158.1 271.2 301.2 524.4 389.9 401.8 

Teres Major 

          Volume 20.2 24.4 11.4 19.8 12.7 26.7 39.5 37.1 36.0 27.8 

% Fat 6.7% 6.5% 5.7% 4.3% 7.0% 7.8% 6.8% 5.5% 3.3% 4.7% 

Fat volume 1.4 1.6 0.6 0.8 0.9 2.1 2.7 2.0 1.2 1.3 

Fat-free volume 18.8 22.8 10.7 18.9 11.8 24.6 36.8 35.0 34.8 26.5 
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Muscle and fat volumes (cm3) and fat volume as a percentage (%) of muscle volume for older 

healthy age- and gender-matched controls 

Subject CNF01 CNF03 CNF04 CNF05 CNF7 CNM01 CNM02 CNM03 CNM04 CNM05 

Supraspinatus           

Volume 31.2 39.4 44.5 29.8 37.5 77.7 44.8 61.3 65.3 64.2 

% Fat 5.1% 4.0% 3.7% 7.0% 5.2% 2.7% 5.0% 5.2% 4.8% 6.4% 

Fat volume 1.6 1.6 1.6 2.1 2.0 2.1 2.2 3.2 3.1 4.1 

Fat-free volume 29.6 37.9 42.9 27.8 35.5 75.6 42.6 58.2 62.2 60.1 

Infraspinatus 

          Volume 89.1 84.2 96.9 67.5 77.6 172.8 133.4 146.3 153.8 129.3 

% Fat 4.4% 4.8% 5.1% 7.0% 6.3% 2.7% 8.3% 4.3% 4.8% 5.6% 

Fat volume 3.9 4.1 5.0 4.7 4.9 4.7 11.1 6.3 7.4 7.3 

Fat-free volume 85.2 80.1 92.0 62.8 72.7 168.2 122.4 140.0 146.4 122.1 

Teres Minor 

          Volume 16.7 13.2 29.9 11.7 22.0 28.0 38.5 25.1 34.1 21.6 

% Fat 4.4% 3.3% 2.8% 4.4% 3.0% 2.4% 3.6% 6.8% 4.0% 7.6% 

Fat volume 0.7 0.4 0.8 0.5 0.7 0.7 1.4 1.7 1.4 1.6 

Fat-free volume 15.9 12.8 29.0 11.2 21.4 27.4 37.1 23.4 32.8 19.9 

Subscapularis 

          Volume 100.2 80.6 106.1 84.0 96.4 168.2 161.3 155.7 158.6 141.4 

% Fat 5.5% 4.0% 3.8% 8.3% 4.9% 3.3% 6.8% 4.9% 3.8% 5.2% 

Fat volume 5.5 3.2 4.1 7.0 4.7 5.5 10.9 7.6 6.0 7.3 

Fat-free volume 94.7 77.3 102.0 77.0 91.7 162.7 150.4 148.1 152.6 134.1 

Deltoid 

          Volume 191.7 215.1 245.3 188.6 216.1 451.6 499.1 386.9 411.6 350.4 

% Fat 5.8% 3.5% 3.4% 7.1% 6.0% 3.1% 5.5% 5.2% 4.6% 5.6% 

Fat volume 11.1 7.5 8.4 13.4 12.9 13.9 27.4 20.0 19.1 19.7 

Fat-free volume 180.6 207.6 236.9 175.1 203.2 437.7 471.7 366.9 392.5 330.7 

Teres Major 

          Volume 18.3 21.3 21.2 25.7 22.6 43.4 28.9 30.1 34.4 29.9 

% Fat 6.7% 2.7% 2.7% 6.0% 5.2% 2.1% 5.2% 4.1% 3.8% 4.1% 

Fat volume 1.2 0.6 0.6 1.5 1.2 0.9 1.5 1.2 1.3 1.2 

Fat-free volume 17.1 20.7 20.6 24.2 21.4 42.5 27.4 28.9 33.1 28.7 
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Appendix G: Goutallier scores for subjects with a rotator cuff tear 

This appendix contains the Goutallier scores assigned by three different reviewers 

at two different reviews, separated by one week, as described in Chapter 3. RT indicates 

subjects with a rotator cuff tear; M indicates male subjects; F indicates female subjects. 
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Goutallier scores assigned by three reviewers at two separate reviews 

    RTF02 RTF05 RTF07 RTF09 RTF12 RTM01 RTM04 RTM05 RTM06 

Supraspinatus 

         
Reviewer 1 

Review 1 0 1 1 0 1 0 0 3 1 

Review 2 0 1 1 1 2 1 1 2 1 

Reviewer 2 
Review 1 1 1 3 0 2 1 1 3 1 

Review 2 2 2 4 0 2 1 0 2 0 

Reviewer 3 
Review 1 0 1 1 0 1 0 0 0 0 

Review 2 0 1 0 0 0 1 0 0 0 

Infraspinatus 

         
Reviewer 1 

Review 1 1 2 3 1 1 1 1 1 1 

Review 2 1 2 3 1 1 1 1 2 1 

Reviewer 2 
Review 1 1 2 3 1 2 1 2 2 1 

Review 2 1 2 2 1 1 0 2 2 1 

Reviewer 3 
Review 1 0 2 4 0 0 0 0 0 0 

Review 2 0 2 3 0 0 0 0 1 1 

Teres minor 

         
Reviewer 1 

Review 1 0 3 1 0 0 0 2 1 0 

Review 2 0 2 1 0 1 0 0 1 1 

Reviewer 2 
Review 1 0 4 2 3 0 0 1 3 0 

Review 2 0 3 3 3 0 0 1 3 0 

Reviewer 3 
Review 1 0 2 1 0 0 0 0 0 0 

Review 2 0 2 0 3 0 0 0 0 0 

Subscapularis 

         
Reviewer 1 

Review 1 0 1 2 1 1 1 1 2 1 

Review 2 0 1 2 1 2 1 1 2 1 

Reviewer 2 
Review 1 1 1 4 0 1 1 1 2 1 

Review 2 1 1 4 0 1 1 0 2 0 

Reviewer 3 
Review 1 0 1 2 0 1 0 0 0 0 

Review 2 0 1 3 0 0 1 0 0 0 
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Appendix H: Fuchs scores for subjects with a rotator cuff tear 

This appendix contains the Fuchs scores for subjects with a rotator cuff tear, 

which were converted from the Goutallier scores assigned by three different reviewers at 

two different reviews, separated by one week, as described in Chapter 3. RT indicates 

subjects with a rotator cuff tear; M indicates male subjects; F indicates female subjects. 
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Fuchs scores from three reviewers at two separate reviews 

    RTF02 RTF05 RTF07 RTF09 RTF12 RTM01 RTM04 RTM05 RTM06 

Supraspinatus 

         
Reviewer 1 

Review 1 2 1 2 0 1 1 2 2 1 

Review 2 2 1 2 1 1 1 2 2 1 

Reviewer 2 
Review 1 0 1 1 0 1 0 1 1 0 

Review 2 0 1 0 0 1 0 0 0 0 

Reviewer 3 
Review 1 0 1 0 0 0 0 0 0 0 

Review 2 0 1 0 0 0 0 0 0 0 

Infraspinatus 

         
Reviewer 1 

Review 1 0 1 2 0 0 0 0 0 0 

Review 2 0 1 2 0 0 0 0 1 0 

Reviewer 2 
Review 1 0 1 2 0 1 0 1 1 0 

Review 2 0 1 1 0 0 0 1 1 0 

Reviewer 3 
Review 1 0 1 2 0 0 0 0 0 0 

Review 2 0 1 2 0 0 0 0 0 0 

Teres minor 

         
Reviewer 1 

Review 1 0 2 0 0 0 0 1 0 0 

Review 2 0 1 0 0 0 0 0 0 0 

Reviewer 2 
Review 1 0 2 1 2 0 0 0 2 0 

Review 2 0 2 2 2 0 0 0 2 0 

Reviewer 3 
Review 1 0 1 0 0 0 0 0 0 0 

Review 2 0 1 0 2 0 0 0 0 0 

Subscapularis 

         
Reviewer 1 

Review 1 0 0 1 0 0 0 0 1 0 

Review 2 0 0 1 0 1 0 0 1 0 

Reviewer 2 
Review 1 0 0 2 0 0 0 0 1 0 

Review 2 0 0 2 0 0 0 0 1 0 

Reviewer 3 
Review 1 0 0 1 0 0 0 0 0 0 

Review 2 0 0 2 0 0 0 0 0 0 
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Appendix I: Cross-sectional area ratio values for subjects with a rotator cuff tear 

This appendix contains cross-sectional area ratio values for subjects with a rotator 

cuff tear. Values were calculated by dividing mean measurements of cross sectional area 

by the area of the supraspinous fossa from two reviewers, as described in Chapter 3. RT 

indicates subjects with a rotator cuff tear; M indicates male subjects; F indicates female 

subjects. 
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Cross-sectional area ratio values for older individuals with a rotator cuff tear 

Subject RTF02 RTF05 RTF07 RTF09 RTF12 RTM01 RTM04 RTM05 RTM06 

Fossa area (cm2) 

         Reviewer 1 5.10 5.83 5.14 4.33 4.90 5.85 3.95 8.61 6.43 

Reviewer 2 5.17 5.68 5.31 4.15 4.60 5.65 3.71 8.62 6.42 

Mean 5.14 5.76 5.22 4.24 4.75 5.75 3.83 8.62 6.43 

Supraspinatus area (cm2) 

         Reviewer 1 2.53 3.09 2.45 5.15 3.05 4.12 4.00 5.33 6.89 

Reviewer 2 2.65 2.96 2.48 5.21 2.82 3.92 4.02 5.52 6.66 

Mean 2.59 3.02 2.47 5.18 2.93 4.02 4.01 5.42 6.78 

Mean area/Fossa area 0.50 0.53 0.47 1.22 0.62 0.70 1.05 0.63 1.05 

Infraspinatus area (cm2) 

         Reviewer 1 6.32 8.01 3.45 7.06 4.96 6.08 10.52 14.17 7.44 

Reviewer 2 6.39 7.80 3.28 7.00 5.08 5.79 10.41 14.04 7.38 

Mean 6.36 7.91 3.36 7.03 5.02 5.93 10.47 14.11 7.41 

Mean area/Fossa area 1.24 1.37 0.64 1.66 1.06 1.03 2.73 1.64 1.15 

Teres minor area (cm2) 

         Reviewer 1 4.99 2.39 2.10 0.46 1.69 5.90 5.75 6.89 3.16 

Reviewer 2 4.68 2.59 2.07 0.43 1.57 5.82 5.85 6.86 3.04 

Mean 4.83 2.49 2.08 0.44 1.63 5.86 5.80 6.88 3.10 

Mean area/Fossa area 0.94 0.43 0.40 0.10 0.34 1.02 1.51 0.80 0.48 

Subscapularis area (cm2) 

         Reviewer 1 20.27 8.66 2.34 6.42 9.80 12.65 13.00 12.60 12.52 

Reviewer 2 10.40 8.64 2.38 6.51 9.68 12.12 13.15 12.19 12.01 

Mean 15.34 8.65 2.36 6.46 9.74 12.38 13.07 12.39 12.27 

Mean area/Fossa area 2.99 1.50 0.45 1.52 2.05 2.15 3.41 1.44 1.91 
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Appendix J: Isometric joint moment for healthy older adults 

This appendix contains the maximal isometric joint moment-generating capacity 

at the shoulder, elbow and wrist for healthy older adults described in Chapter 2. Data for 

female (F) and male (M) subjects is shown. 
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Maximum isometric joint moment (Nm) for healthy older adults 

Subject 

Shoulder 

abductors 

Shoulder 

adductors 

Elbow 

extensors 

Elbow 

flexors 

Wrist 

extensors 

Wrist 

flexors 

F01 16.6 17.6 17.3 20.6 4.4 7.1 

F02 6.0 24.0 23.3 15.6 7.0 5.0 

F03 18.0 17.1 48.5 57.2 11.0 6.0 

F04 19.5 36.5 33.9 49.1 3.0 6.0 

F05 14.1 25.4 20.0 28.6 6.0 4.0 

F06 39.3 56.8 25.8 44.8 6.0 5.0 

F07 19.7 23.3 30.0 25.5 4.0 5.0 

F08 13.4 23.0 17.3 28.0 6.0 5.0 

M01 35.5 52.5 44.1 26.3 10.0 14.9 

M02 30.8 29.5 44.5 49.6 12.0 19.0 

M03 21.4 82.3 47.5 61.9 20.0 10.0 

M04 39.3 51.7 46.2 25.8 12.4 7.0 

M05 41.3 4.3 43.6 20.7 5.0 10.0 

M06 43.0 67.6 76.6 82.4 8.0 16.2 

M07 25.3 34.8 18.3 30.7 11.0 6.4 

M08 28.6 56.0 60.4 72.4 13.0 14.0 

M09 27.7 79.3 43.1 83.4 13.2 19.0 

M10 24.3 85.7 37.4 81.3 8.0 20.0 
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Appendix K: Isometric joint moment for subjects with a rotator cuff tear and 

matched controls 

 
This appendix contains isometric joint moment-generating capacity measurements 

for the three degrees of freedom at the shoulder for older individuals with a rotator cuff 

tear and healthy age- and gender-matched controls, as described in Chapters 3 and 4. RT 

indicates subjects with a rotator cuff tear; CN indicates control subjects; M indicates male 

subjects; F indicates female subjects; N/A indicates a test that a subject could not perform 

due to pain. 
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Isometric joint moment (Nm) for older individuals with a rotator cuff tear and healthy controls 

Subject Abduction Adduction Internal rotation External rotation Flexion Extension 

RTF02 3.8 18.5 16.8 0.5 1.2 31.0 

RTF05 16.4 24.7 33.4 7.4 4.0 42.4 

RTF07 2.2 38.5 15.1 3.8 N/A 41.3 

RTF09 12.0 34.6 28.5 5.5 11.1 41.4 

RTF10 15.0 39.0 20.6 1.9 N/A 35.4 

RTF11 N/A 28.8 13.8 N/A N/A 40.3 

RTF12 N/A 36.3 12.7 0.8 N/A 37.5 

RTM01 4.7 65.9 42.0 6.9 N/A 83.7 

RTM04 38.7 34.1 37.0 18.2 32.9 64.6 

RTM05 58.9 66.8 44.9 14.3 28.6 77.5 

RTM06 21.5 84.6 57.8 12.3 21.8 88.4 

RTM07 35.1 48.6 28.8 14.7 26.6 26.6 

RTM08 55.9 64.9 40.8 23.7 43.4 77.5 

CNF01 29.6 33.7 25.3 5.6 14.8 45.3 

CNF03 16.3 41.0 21.0 12.6 16.8 48.5 

CNF04 19.0 51.1 24.5 16.8 20.2 59.6 

CNF05 15.0 42.0 22.9 12.6 9.0 43.1 

CNF06 37.2 50.0 33.5 16.3 28.3 55.2 

CNF07 16.5 46.6 29.7 13.0 16.5 48.3 

CNM01 54.4 97.7 57.7 35.2 38.8 64.1 

CNM02 27.1 48.5 36.3 11.0 24.8 69.0 

CNM03 28.4 61.7 35.9 16.4 24.2 72.0 

CNM04 42.4 86.6 54.6 24.7 38.9 84.0 

CNM05 34.1 75.0 38.4 20.7 41.5 64.3 

CNM06 46.9 107.1 61.0 39.3 47.1 103.0 

 



 

232 
 

Appendix L: Range of motion for subjects with a rotator cuff tear and matched 

controls 

 
This appendix contains range of motion measurements for the three degrees of 

freedom at the shoulder for older individuals with a rotator cuff tear and healthy age- and 

gender-matched controls, as described in Chapter 4. RT indicates subjects with a rotator 

cuff tear; CN indicates control subjects; M indicates male subjects; F indicates female 

subjects. 
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Range of motion (°) for older individuals with a rotator cuff tear and healthy controls 

Subject Abduction Internal rotation External rotation Flexion Extension 

RTF02 84 44 65 51 54 

RTF05 136 70 71 155 64 

RTF07 43 31 51 67 84 

RTF09 72 45 54 164 74 

RTF10 74 46 58 90 59 

RTF11 88 61 82 87 79 

RTF12 105 52 62 94 42 

RTM01 20 48 27 15 75 

RTM04 133 42 55 121 49 

RTM05 170 43 79 171 76 

RTM06 134 59 69 135 61 

RTM07 47 59 24 91 28 

RTM08 173 52 83 174 57 

CNF01 156 39 104 180 52 

CNF03 174 68 86 179 79 

CNF04 154 70 91 164 80 

CNF05 155 63 78 153 54 

CNF06 136 71 92 161 72 

CNF07 152 69 59 156 64 

CNM01 173 54 100 157 64 

CNM02 165 45 80 149 59 

CNM03 154 52 98 158 64 

CNM04 167 61 76 162 61 

CNM05 160 48 75 165 89 

CNM06 163 55 82 164 83 
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Appendix M: Questions from self-report measures of function questionnaires 

 This appendix contains the questions for each of the self-report measures used in 

this work, including the Simple Shoulder Test (SST), the American Shoulder and Elbow 

Surgeons Shoulder Outcome Survey (ASES), and the Western Ontario Rotator Cuff 

Index (WORC). The SST includes 12 Yes/No questions; the best score is 12/12 Yes 

answers. The ASES includes questions that are included in the total score and additional 

questions that are not. Questions included in the total score include one question about 

pain, based on a visual analog scale, and 10 questions about the ability to complete ADL 

tasks. The best ASES total score is 100/100. One question about instability, using a visual 

analog scale, is included in the instability subcategory score. The WORC includes 21 

questions on a visual analog scale, which are divided into 5 subcategories. The best total 

WORC score is 0/2100. 

 

Kirkley, A., Alvarez, C., Griffin, S., 2003. The development and evaluation of a disease-

specific quality-of-life questionnaire for disorders of the rotator cuff: The Western 

Ontario Rotator Cuff Index. Clin J Sport Med 13, 84-92. 

Lippitt, S., Harryman II, D., Matsen III, F., 1993. A Practical Tool for Evaluating 

Function: The Simple Shoulder Test, in: Matsen III, F., Fu, F., Hawkins, R. (Eds.), 

The Shoulder: A Balance of Mobility and Stability. The American Academy of 

Orthopaedic Surgeons, Rosemont, IL, pp. 545-559. 

Richards, R.R., An, K.N., Bigliani, L.U., Friedman, R.J., Gartsman, G.M., Gristina, A.G., 

Iannotti, J.P., Mow, V.C., Sidles, J.A., Zuckerman, J.D., 1994. A standardized 

method for the assessment of shoulder function. J Shoulder Elbow Surg 3, 347-352. 
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 SST Questions 

1. Is your shoulder comfortable with your arm at rest by your side? 

2. Does your shoulder allow you to sleep comfortably? 

3. Can you reach the small of your back to tuck in your shirt with your hand? 

4. Can you place your hand behind your head with the elbow straight out to the side? 

5. Can you place a coin on a shelf at the level of your shoulder without bending your elbow? 

6. Can you lift one pound (a full pint container) to the level of your shoulder without 

bending your elbow? 

7. Can you lift eight pounds (a full gallon container) to the level of your shoulder without 

bending your elbow? 

8. Can you carry twenty pounds at your side with this extremity? 

9. Do you think you can toss a softball under-hand twenty yards with the affected extremity? 

10. Do you think you can toss a softball over-hand twenty yards with the affected extremity? 

11. Can you wash the back of your opposite shoulder with the affected extremity? 

12. Would your shoulder allow you to work full-time at your regular job? 
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ASES Questions and Subcategories 

Unscored Questions 

Are you having pain in your shoulder? 

Do you have pain in your shoulder at night? 

Do you take pain medication (asprin, Advil, Tylenol, etc.)? 

Do you take narcotic pain medication (codeine or stronger)? 

Does your shoulder feel unstable (as if it is going to dislocate)? 

 Scored Questions 

Instability Subcategory 

How unstable is your shoulder? 

 Pain Subcategory 

How bad is your pain today? 

 ADL Subcategory 

Please indicate your ability to: 

1. Put on a coat 

2. Sleep on your painful or affected side 

3. Wash back or do up bra in back 

4. Manage toileting 

5. Comb hair 

6. Reach a high shelf 

7. Lift 10lb above the shoulder 

8. Throw a ball overhand 

9. Do usual work - (include a list) 

10. Do usual sport - (include a list) 

 

  



 

237 
 

WORC Questions and Subcategories 

Physical Symptoms Subcategory 

1. How much sharp pain do you experience in your shoulder? 

2. How much constant, nagging pain do you experience in your shoulder? 

3. How much weakness do you experience in your shoulder? 

4. How much stiffness or lack of range of motion do you experience in your shoulder? 

5. How much are you bothered by clicking, grinding, or crunching in your shoulder? 

6. How much discomfort do you experience in the muscles of your neck because of your shoulder? 

  

Sports/Recreation Subcategory 

7. How much has your shoulder affected your fitness level? 

8. How much has your shoulder affected your ability to throw hard or far? 

9. 

How much difficulty do you have with someone or something coming in contact with your affected 

shoulder? 

10. 

How much difficulty do you experience doing push-ups or other strenuous shoulder exercises because of 

your shoulder? 

  

Work Subcategory 

11. How much difficulty do you experience in daily activities about the house or yard? 

12. How much difficulty do you experience working above your head? 

13. How much do you use your uninvolved arm to compensate for your injured one? 

14. How much difficulty do you experience lifting heavy objects from the ground or below the shouler level? 

  

Lifestyle Subcategory 

15. How much difficulty do you have sleeping because of your shoulder? 

16. How much difficulty have you experienced with styling your hair because of your shoulder? 

17. How much difficulty do you have “roughhousing or horsing around” with family or friends? 

18. How much difficulty do you have dressing or undressing? 

  

Emotions Subcategory 

19. How much frustration do you feel because of your shoulder? 

20. How “down in the dumps” or depressed do you feel because of your shoulder? 

21. How worried or concerned are you about the effect of your shoulder on your occupation or work? 

 



 

238 
 

Appendix N: Questions from the health-related quality of life questionnaire 

This appendix contains the questions for the health-related quality of life 

assessment (HRQL), the RAND 36-Item Short Form Health Survey. This questionnaire 

includes 36 questions based on a Likert scale and includes 8 subcategories. The best 

score on each subcategory is 100/100. The questions which are used to calculate each of 

the subcategory scores are also included. It is not recommended that a total score be 

calculated for the SF-36. 

 

RAND, Medical Outcomes Study: 36-Item Short Form Survey Instrument. RAND 

Health, Santa Monica, CA. 
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SF-36 Questions 

1 In general would you say your health is: Excellent, Very Good, Good, Fair, or Poor? 

2 Compared to one year ago, how would you rate your health in general now? 

Does your health now limit you in any of these activities: 

3      Vigorous activities, such a running, lifting heavy objects, participating in strenuous sports 

4      Moderate activities such as moving a table, pushing a vacuum cleaner, bowling, or playing golf 

5      Lifting or carrying groceries 

6      Climbing several flights of stairs 

7      Climbing one flight of stairs 

8      Bending, kneeling, or stooping 

9      Walking more than one mile 

10      Walking several blocks 

11      Walking one block 

12      Bathing or dressing yourself 

During the past 4 weeks, have you had any of the following problems with your work or other regular daily 

activities as a result of your physical health? 

13      Cut down on the amount of time you spent on work or other activities 

14      Accomplished less than you would like 

15      Were limited in the kind of work or other activities 

16      Had difficulty performing the work or other activities (for example, it took extra effort) 

During the past 4 weeks, have you had any of the following problems with your work or other regular daily 

activities as a result of your emotional problems (such as feeling depressed or anxious)? 

17      Cut down the amount of time you spent on work or other activities 

18      Accomplished less than you would like 

19      Didn't do work or other activities as carefully as usual 

20 During the past 4 weeks, to what extent has your physical health or emotional problems interfered 

with your normal social activities with family, neighbors, or groups? 

21 How much bodily pain have you had during the past 4 weeks? 

22 During the past 4 weeks, how much did pain interfere with your normal work (including both work 

outside the home and housework)? 

How much of the time during the past 4 weeks: 

23      Did you feel full of pep? 

24      Have you been a very nervous person? 

25      Have you felt so down in the dumps that nothing could cheer you up? 

26      Have you felt calm and peaceful? 

27      Did you have a lot of energy? 

28      Have you felt downhearted and blue? 

29      Did you feel worn out? 

30      Have you been a happy person? 

31      Did you feel tired? 

32 During the past 4 weeks, how much of the time has your physical health or emotional problems 

interfered with your social activities (like visiting with friends, relatives, etc.)? 

How true or false is each of the following statements for you? 

33      I seem to get sick a little easier than other people 

34      I am as healthy as anybody I know 

35      I expect my health to get worse 

36      My health is excellent 
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SF-36 Subcategories and the Questions used to calculate their scores 

Physical functioning 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 

Role limitations due to physical health 13, 14, 15, 16 

Role limitations due to emotional problems 17, 18, 19 

Energy/fatigue 23, 27, 29, 31 

Emotional well-being 24, 25, 26, 28, 30 

Social functioning 20, 32 

Pain 21, 22 

General health 1, 33, 34, 35, 36 

Health change 2 
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Appendix O: Subject responses from self-report measures  

 This appendix contains the answers to questions (c.f. Appendix M) from three 

self-report measures for older individuals with a rotator cuff tear and healthy age- and 

gender-matched controls. Responses for individual subjects are reported for the Simple 

Shoulder Test (SST), American Shoulder and Elbow Surgeons Shoulder Outcome Survey 

(ASES), and the Western Ontario Rotator Cuff Index (WORC), as described in Chapter 

4. RT indicates subjects with a rotator cuff tear; CN indicates control subjects; M 

indicates male subjects; F indicates female subjects.  
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Responses to individual questions on the Simple Shoulder Test (SST) for subjects with a rotator cuff tear 

SST 

Question RTF02 RTF05 RTF07 RTF09 RTF010 RTF11 RTF12 RTM01 RTM04 RTM05 RTM06 RTM07 RTM08 

1 yes no no yes yes no yes yes yes yes yes no yes 

2 no no no no no no no no no yes no no yes 

3 yes yes yes yes yes yes no no yes no yes no yes 

4 yes yes yes yes no yes no no yes yes yes no yes 

5 yes yes no yes no yes no no yes yes yes yes yes 

6 yes yes no yes yes no no no yes yes yes yes yes 

7 yes yes no no no no no no yes yes yes no no 

8 no yes yes no no yes no yes no yes yes yes yes 

9 no yes no no no yes no no no yes yes yes yes 

10 no no no no no yes no no no no no no no 

11 no yes no no no yes yes no no yes yes yes yes 

12 no yes no no yes yes yes no no no yes no yes 
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Responses to individual questions on the Simple Shoulder Test (SST) for control subjects 

SST 

Question CNF01 CNF03 CNF04 CNF05 CNF06 CNF07 CNM01 CNM02 CNM03 CNM04 CNM05 CNM06 

1 yes yes yes yes yes yes yes yes yes yes yes yes 

2 yes yes yes yes yes yes yes no yes yes yes yes 

3 yes yes yes yes yes yes yes yes yes yes yes yes 

4 yes yes yes yes yes yes yes yes yes yes yes yes 

5 yes yes yes yes yes yes yes yes yes yes yes yes 

6 yes yes yes yes yes yes yes yes yes yes yes yes 

7 yes yes yes yes yes yes yes yes yes yes yes yes 

8 no yes yes yes yes yes yes yes yes yes yes yes 

9 no yes yes yes yes yes yes yes yes yes yes yes 

10 no yes yes yes yes yes yes no yes yes yes yes 

11 yes yes yes yes yes yes yes yes yes yes yes yes 

12 yes yes yes yes yes yes yes yes yes yes yes yes 
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Responses to individual questions on the American Shoulder and Elbow Surgeons Shoulder Outcome Survey (ASES) for subjects with 

a rotator cuff tear 

ASES 

Questions RTF02 RTF05 RTF07 RTF09 RTF010 RTF11 RTF12 RTM01 RTM04 RTM05 RTM06 RTM07 RTM08 

VAS Pain 6.6 2.2 4.4 2 5.9 6.3 4.2 1.8 4.4 0 0.15 3.3 0.7 

VAS 

Instability 6.7 1.2 7.5 1 3.2 1.4 0 8 0.6 5.9 2.2 5.8 7.8 

1 2 2 2 3 2 2 2 1 3 2 2 1 3 

2 2 1 1 1 1 2 2 1 3 2 1 2 3 

3 2 2 0 1 2 3 2 1 2 1 2 1 3 

4 3 2 1 3 3 3 2 1 3 3 3 1 3 

5 2 3 1 3 2 3 2 1 3 3 3 2 3 

6 2 2 0 2 1 1 1 1 2 2 3 0 3 

7 1 1 1 0 0 1 1 1 3 3 2 0 2 

8 1 1 0 0 0 3 1 1 2 1 1 0 2 

9 2 2 2 2 2 2 2 1 3 3 3 0 3 

10 3 2 1 0 2 3 3 1 3 3 2 1 3 
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Responses to individual questions on the American Shoulder and Elbow Surgeons Shoulder Outcome Survey (ASES) for 

control subjects 

ASES 

Questions CNF01 CNF03 CNF04 CNF05 CNF06 CNF07 CNM01 CNM02 CNM03 CNM04 CNM05 CNM06 

VAS Pain 0 0.1 0.1 0 0 0.3 0.45 1.3 0.1 0.1 0.4 0 

VAS 

Instability 0.3 0.3 0.1 0 0 0 0.6 0.8 0 0.1 0.3 0 

1 3 3 3 3 3 3 3 3 3 3 3 3 

2 3 3 3 3 3 3 3 1 3 3 3 3 

3 0 3 3 3 3 3 3 3 3 3 3 3 

4 3 3 3 3 3 3 3 3 3 3 3 3 

5 3 3 3 3 3 3 3 3 3 3 3 3 

6 3 3 3 3 3 3 3 2 3 3 3 3 

7 2 3 3 3 3 3 3 3 3 3 3 3 

8 3 3 3 3 3 3 3 0 3 3 3 3 

9 3 3 3 3 3 3 3 3 3 3 3 3 

10 3 3 3 3 3 3 3 1 3 3 3 3 
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Responses to individual questions on the Western Ontario Rotator Cuff Index (WORC) for subjects with a rotator cuff tear 

WORC 

Question RTF02 RTF05 RTF07 RTF09 RTF010 RTF11 RTF12 RTM01 RTM04 RTM05 RTM06 RTM07 RTM08 

1 82 82 63.5 48 64 70 23 97 40.5 45 24 24 16 

2 51 46.5 63 93 77 61 24 6.5 25 2.5 5 30 1.5 

3 61 67 81 66 75.5 66 53 92 58 3 35 57 33 

4 8 64 68.5 52 71 36.5 19 91.5 62.5 44 3 46 2 

5 79 87.5 67.5 3.5 24 12 11.5 47 69 80 31 17 3 

6 68 5.5 65 72 93 34 58 70.5 0 2.5 21 19 1 

7 2 64.5 84 81 81 13.5 19 94 37.5 92 23 87 8.5 

8 98 70 96 96 89 57 16.5 96 100 91.5 42.5 95.5 68.5 

9 10 7.5 31 54 67.5 5 20 67 59 44.5 7 91 5 

10 1 52 98.5 95 93 11 91.5 97 99 92 57.5 95 3 

11 49 50 71 65 62 63 39.5 93.5 33 33 21 66 3.5 

12 86 70.5 43.5 84 82.5 90 78.5 95.5 70.5 88.5 35 96 21 

13 65 73 97.5 26 81 74.5 85.5 96 100 78 24.5 94.5 5 

14 61 71.5 84.5 78 93.5 17 86 94 57.5 70 42.5 24 2.5 

15 85 95 64 82.5 92 79 38 94 67 71 66 65 2.5 

16 35.5 74.5 67 6 71 82.5 42.5 20.5 66.5 44 11.5 0.5 1 

17 1 87.5 100 94.5 90 25 5 89 71 80.5 17.5 92 3 

18 10 66.5 78 6 58.5 4.5 32 48 76 47 21 49 0 

19 10 31 100 77 94 88.5 60 62.5 60 79 51 74 3.5 

20 1.5 24.5 100 75 51.5 32 19.5 51 0 33.5 66 76 1.5 

21 1 44 99 75 94 12 22 66 0 78 12 95 33 
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Responses to individual questions on the Western Ontario Rotator Cuff Index (WORC) for control subjects 

WORC 

Question CNF01 CNF03 CNF04 CNF05 CNF06 CNF07 CNM01 CNM02 CNM03 CNM04 CNM05 CNM06 

1 0 0 0.5 1 3 1.5 1 20 1 0.5 5.5 1 

2 0 1 2 1 2 2 3 18 1 0.5 6 0 

3 13 1 2 0 2.5 0.5 3 26 0 0.5 25 0 

4 15 0 1 0 2 1 4 9.5 0 0.5 22 0 

5 14 0 16 0 2 1 2.5 88 0 0.5 4.5 0 

6 0 0 2 0 2 1 1.5 19.5 0 1 27 0.5 

7 1 0.5 3.5 0 1.5 1 0.5 20 0 1 13.5 0 

8 0 0 3 1 2 1 2 88 1.5 0 34 0 

9 0 0.5 1.5 0 1 1 1 8.5 0 1 9 0.5 

10 21.5 1 2 0 1 1.5 1 23 0 1.5 14 0 

11 1 0.5 3.5 0 1.5 1 1 12.5 1 1 9 0 

12 0 1 1 1 1 1 2.5 71.5 0 0 9 0 

13 1.5 1 2.5 0 2.5 0.5 1 19 0 0 10.5 0.5 

14 29.5 0 1.5 0 1.5 1 2 41 12.5 1 12.5 0 

15 1.5 0.5 1.5 0 2.5 1 0 50 0.5 1 13 0.5 

16 0 0 2 0.5 1 0.5 1 5 0 0 12 0.5 

17 0 0.5 1.5 0 1.5 1 2 12 0 0.5 10 0.5 

18 18 0 3 0 3 1 1 4 0 1.5 10.5 0.5 

19 0 0 1 0 2 1 1 18 1.5 1 12 0.5 

20 0 0 2 0.5 1 1.5 1.5 0 1 1 9 0 

21 0 0 2.5 0 1 0 1 0 0 0.5 9 0.5 
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Appendix P: Subject responses to health-related quality of life measure 

This appendix contains the answers to questions (c.f. Appendix N) from health-

related quality of life questionnaire (HRQL), the RAND 36-Item Short Form Health 

Survey (SF-36) for older individuals with a rotator cuff tear and healthy age- and gender-

matched controls, as described in Chapter 4.  RT indicates subjects with a rotator cuff 

tear; CN indicates control subjects; M indicates male subjects; F indicates female 

subjects.  
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Responses to individual questions on the RAND 36-Item short form health survey (SF-36) for subjects with a rotator cuff tear 

SF-36 

Question RTF02 RTF05 RTF07 RTF09 RTF010 RTF11 RTF12 RTM01 RTM04 RTM05 RTM06 RTM07 RTM08 

1 75 75 75 50 75 100 75 50 50 75 100 100 50 

2 25 100 25 25 50 50 50 50 50 50 75 50 50 

3 0 50 0 0 0 50 50 0 0 0 100 0 50 

4 50 100 50 50 0 0 50 0 0 50 100 50 100 

5 50 100 50 50 0 50 50 50 0 100 100 50 100 

6 50 100 100 0 0 100 50 100 100 100 100 100 100 

7 100 100 100 50 50 100 100 100 100 100 100 100 100 

8 50 100 100 50 0 50 100 0 100 0 100 100 100 

9 100 100 100 0 0 100 100 100 100 50 100 100 100 

10 100 100 100 0 0 100 100 100 100 100 100 100 100 

11 100 100 100 50 50 100 100 100 100 100 100 100 100 

12 50 100 50 100 100 100 50 50 50 100 100 50 100 

13 100 100 0 100 0 100 100 0 0 100 100 0 100 

14 100 0 0 0 0 100 100 0 0 100 100 0 100 

15 0 0 0 0 0 100 0 0 0 0 100 0 100 

16 0 0 0 0 0 100 0 0 0 100 100 0 100 

17 100 100 0 0 100 100 100 0 100 100 100 100 100 

18 100 100 0 0 0 100 100 0 0 100 100 0 100 

19 100 100 0 0 100 100 100 100 0 100 100 100 100 

20 100 75 50 50 75 100 75 100 100 100 100 50 100 

21 20 40 40 40 40 20 40 40 40 40 40 40 80 

22 75 75 25 50 25 100 50 25 50 75 100 25 75 

23 80 60 40 0 60 100 40 40 80 80 80 60 80 

24 100 100 80 80 100 100 60 80 100 60 80 100 100 

25 100 100 80 60 100 100 80 80 100 80 100 80 100 

26 100 80 80 80 0 80 60 60 60 0 80 60 80 
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Responses to individual questions on the RAND 36-Item short form health survey (SF-36) for subjects with a rotator cuff tear (continued) 

SF-36 

Question RTF02 RTF05 RTF07 RTF09 RTF010 RTF11 RTF12 RTM01 RTM04 RTM05 RTM06 RTM07 RTM08 

28 100 80 40 40 100 100 80 60 100 80 80 80 100 

29 100 60 60 40 60 100 80 60 100 60 60 40 80 

30 100 80 80 40 100 80 60 60 80 100 80 80 80 

31 80 60 40 40 60 80 60 60 100 60 80 40 80 

32 100 100 75 50 100 100 50 75 100 100 100 50 75 

33 50 75 100 50 100 100 100 100 100 100 75 100 100 

34 75 50 100 75 100 75 75 0 75 100 75 75 100 

35 100 25 50 25 75 100 100 25 75 100 75 75 100 

36 75 50 75 25 75 75 75 75 75 75 100 75 75 
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Responses to individual questions on the RAND 36-Item short form health survey (SF-36) for subjects with a rotator cuff tear 

SF-36 

Question CNF01 CNF03 CNF04 CNF05 CNF06 CNF07 CNM01 CNM02 CNM03 CNM04 CNM05 CNM06 

1 25 75 100 75 100 75 100 75 100 75 50 100 

2 25 50 50 50 50 75 50 50 50 50 50 100 

3 0 100 100 0 100 100 100 50 50 100 50 100 

4 50 100 100 100 100 100 100 100 100 100 100 100 

5 50 100 100 100 100 100 100 100 100 100 100 100 

6 0 100 100 50 100 100 100 100 0 100 100 100 

7 50 100 100 100 100 100 100 100 50 100 100 100 

8 0 100 100 100 100 100 50 100 50 100 50 100 

9 50 100 100 100 100 100 100 100 50 100 100 100 

10 100 100 100 100 100 100 100 100 50 100 100 100 

11 100 100 100 100 100 100 100 100 100 100 100 100 

12 50 100 100 100 100 100 100 100 100 100 100 100 

13 0 100 100 100 100 100 100 100 100 100 100 100 

14 0 100 100 100 100 100 0 100 100 100 100 100 

15 0 100 100 100 100 100 0 100 100 100 100 100 

16 0 100 100 100 100 100 0 100 100 100 100 100 

17 100 100 100 100 100 100 100 100 100 100 100 100 

18 100 100 100 100 100 100 100 100 100 100 100 100 

19 100 100 100 100 100 100 0 100 100 100 100 100 

20 100 100 100 100 100 100 75 100 25 100 100 100 

21 40 80 80 100 100 100 20 60 100 100 60 60 

22 50 100 100 100 100 100 100 100 100 100 100 100 

23 40 60 80 60 80 80 100 80 80 80 60 80 

24 80 100 100 100 100 100 80 100 40 100 80 80 

25 100 100 100 100 100 100 80 100 60 100 100 100 

26 20 60 80 100 80 100 80 100 40 80 60 80 
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Responses to individual questions on the RAND 36-Item short form health survey (SF-36) for subjects with a rotator cuff tear 

SF-36 

Question CNF01 CNF03 CNF04 CNF05 CNF06 CNF07 CNM01 CNM02 CNM03 CNM04 CNM05 CNM06 

28 80 100 100 100 100 100 80 100 60 100 80 100 

29 60 60 100 100 40 80 100 20 80 80 80 80 

30 20 80 80 80 80 100 80 80 20 100 60 80 

31 60 60 100 80 40 80 100 100 80 80 80 80 

32 100 100 100 100 100 100 0 100 25 100 100 100 

33 100 100 100 75 100 100 100 100 100 100 75 100 

34 25 75 100 75 100 100 100 0 100 75 75 100 

35 0 100 100 50 100 100 100 100 75 50 50 100 

36 25 75 100 75 100 100 100 0 75 100 50 100 



 

253 
 

Appendix Q: Self-report measures subcategory and total scores 

 This appendix contains the scores for three self-report measures for older 

individuals with a rotator cuff tear and healthy age- and gender-matched controls. Scores 

are shown for the Simple Shoulder Test (SST), American Shoulder and Elbow Surgeons 

Shoulder Outcome Survey (ASES), and the Western Ontario Rotator Cuff Index 

(WORC), as described in Chapter 4. RT indicates subjects with a rotator cuff tear; CN 

indicates control subjects; M indicates male subjects; F indicates female subjects. 
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Total scores for the Simple Shoulder 

Test (SST) for older individuals with a 

rotator cuff tear and healthy controls 

Subject Total  

RTF02 6 

RTF05 9 

RTF07 3 

RTF09 5 

RTF10 4 

RTF11 8 

RTF12 3 

RTM01 2 

RTM04 6 

RTM05 9 

RTM06 10 

RTM07 5 

RTM08 10 

CNF01 9 

CNF03 12 

CNF04 12 

CNF05 12 

CNF06 12 

CNF07 12 

CNM01 12 

CNM02 10 

CNM03 12 

CNM04 12 

CNM05 12 

CNM06 12 
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Subcategory and total scores for the American Shoulder and Elbow 

Surgeons Shoulder Outcome Survey (ASES) for older individuals with a 

rotator cuff tear and healthy controls 

Subject VAS Pain VAS Instability ADL Sum Total  

RTF02 6.6 6.7 20 50.3 

RTF05 2.2 1.2 18 69 

RTF07 4.4 7.5 9 43 

RTF09 2 1 15 65 

RTF10 5.9 3.2 15 45.5 

RTF11 6.3 1.4 23 56.8 

RTF12 4.2 0 18 59 

RTM01 1.8 8 10 57.7 

RTM04 4.4 0.6 27 73 

RTM05 0 5.9 23 88.3 

RTM06 0.2 2.2 22 85.9 

RTM07 3.3 5.8 8 46.8 

RTM08 0.7 7.8 28 93.2 

CNF01 0 0.3 26 93.3 

CNF03 0.1 0.3 30 99.5 

CNF04 0.1 0.1 30 99.5 

CNF05 0 0 30 100 

CNF06 0 0 30 100 

CNF07 0.3 0 30 98.5 

CNM01 0.5 0.6 30 97.8 

CNM02 1.3 0.8 22 80.2 

CNM03 0.1 0 30 99.5 

CNM04 0.1 0.1 30 99.5 

CNM05 0.4 0.3 30 98 

CNM06 0 0 30 100 
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Subcategory and total scores for the Western Ontario Rotator Cuff Index (WORC) for older 

individuals with a rotator cuff tear and healthy controls 

Subject 

Physical 

Symptoms 

Sports/ 

Recreation Work Life Style Emotions Total 

RTF02 349 111 261 131.5 12.5 865 

RTF05 352.5 194 265 323.5 99.5 1234.5 

RTF07 408.5 309.5 296.5 309 299 1622.5 

RTF09 334.5 326 253 189 227 1329.5 

RTF10 404.5 330.5 319 311.5 239.5 1605 

RTF11 279.5 86.5 244.5 191 132.5 934 

RTF12 188.5 147 289.5 117.5 101.5 844 

RTM01 404.5 354 379 251.5 179.5 1568.5 

RTM04 255 295.5 261 280.5 60 1152 

RTM05 177 320 269.5 242.5 190.5 1199.5 

RTM06 119 130 123 116 129 617 

RTM07 193 368.5 280.5 206.5 245 1293.5 

RTM08 56.5 85 32 6.5 38 218 

CNF01 42 22.5 32 19.5 0 116 

CNF03 2 2 2.5 1 0 7.5 

CNF04 23.5 10 8.5 8 5.5 55.5 

CNF05 2 1 1 0.5 0.5 5 

CNF06 13.5 5.5 6.5 8 4 37.5 

CNF07 7 4.5 3.5 3.5 2.5 21 

CNM01 15 4.5 6.5 4 3.5 33.5 

CNM02 181 139.5 144 71 18 553.5 

CNM03 2 1.5 13.5 0.5 2.5 20 

CNM04 3.5 3.5 2 3 2.5 14.5 

CNM05 90 70.5 41 45.5 30 277 

CNM06 1.5 0.5 0.5 2 1 5.5 
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Appendix R: Health-related quality of life subcategory scores 

This appendix contains the subcategory scores for a health-related quality of life 

(HRQL) measure, the RAND 36-Item Short Form Health Survey (SF-36) for older 

individuals with a rotator cuff tear and healthy age- and gender-matched controls, as 

described in Chapter 4. No total score is calculated for the SF-36. RT indicates subjects 

with a rotator cuff tear; CN indicates control subjects; M indicates male subjects; F 

indicates female subjects. 
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Subcategory scores for the RAND 36-Item Short Form Health Survey (SF-36) for older individuals with a rotator cuff tear and healthy controls 

Subject 

Physical 

Function 

Role Limitations 

Due to Physical 

Health 

Role Limitations 

Due to Emotional 

Problems 

Energy/ 

Fatigue 

Emotional 

Well Being 

Social 

Functioning Pain 

General 

Health 

Health 

Change 

RTF02 65 50 100 85 100 100 20 75 25 

RTF05 95 25 100 60 88 87.5 40 55 100 

RTF07 75 0 0 50 72 62.5 40 80 25 

RTF09 35 25 0 30 60 50 40 45 25 

RTF10 20 0 66.7 60 80 87.5 40 85 50 

RTF11 75 100 100 90 92 100 20 90 50 

RTF12 75 50 100 60 68 62.5 40 85 50 

RTM01 60 0 33.3 50 68 87.5 40 50 50 

RTM04 65 0 33.3 90 88 100 40 75 50 

RTM05 70 75 100 70 64 100 40 90 50 

RTM06 100 100 100 75 84 100 40 85 75 

RTM07 75 0 66.7 55 80 50 40 85 50 

RTM08 95 100 100 80 92 87.5 80 85 50 

CNF01 45 0 100 50 60 100 40 35 25 

CNF03 100 100 100 55 88 100 80 85 50 

CNF04 100 100 100 90 92 100 80 100 50 

CNF05 85 100 100 75 96 100 100 70 50 

CNF06 100 100 100 60 92 100 100 100 50 

CNF07 100 100 100 85 100 100 100 95 75 

CNM01 95 25 66.7 100 80 37.5 20 100 50 

CNM02 95 100 100 70 96 100 60 55 50 

CNM03 65 100 100 80 44 25 100 90 50 

CNM04 100 100 100 75 96 100 100 80 50 

CNM05 90 100 100 60 76 100 60 60 50 

CNM06 100 100 100 80 88 100 60 100 100 
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Appendix S: Kinematics from functional tasks 

This appendix contains the maximum (min) and minimum (max) joint angles and 

range of motion (ROM) (maximum joint angle minus minimum joint angle) for each 

major upper limb degree of freedom, as presented in Chapter 5. RT indicates subjects 

with a rotator cuff tear; CN indicates control subjects; M indicates male subjects; F 

indicates female subjects; N/A indicates the subjects who could not complete specific 

tasks. 
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Axilla wash: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for rotator 

cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min 8.0 10.7 19.7 5.5 20.0 20.4 10.7 17.1 18.3 

Max 74.4 89.2 79.6 64.3 57.0 75.5 60.7 47.2 74.2 

ROM 66.4 78.6 59.8 58.7 37.0 55.1 50.0 30.1 55.9 

Elevation plane 

         Min 40.4 19.2 3.6 -1.0 19.1 -15.0 24.3 -10.4 -19.7 

Max 106.0 117.6 98.5 112.5 105.7 111.3 115.6 102.1 106.3 

ROM 65.6 98.3 94.9 113.6 86.6 126.3 91.3 112.5 125.9 

Shoulder rotation 

         Min 7.5 16.8 5.5 -15.5 -0.7 4.1 20.8 24.3 -1.9 

Max 102.3 118.6 102.8 99.1 98.3 113.1 106.8 87.1 109.8 

ROM 94.8 101.8 97.3 114.7 99.0 109.0 85.9 62.8 111.7 

Elbow flexion 

         Min 10.3 16.0 14.4 19.6 3.2 16.2 15.5 24.7 21.5 

Max 100.4 117.6 109.6 107.3 86.4 102.6 107.2 114.6 99.2 

ROM 90.1 101.6 95.2 87.7 83.2 86.4 91.7 89.9 77.7 

Pronation-supination 

         Min -31.2 -9.5 -51.6 0.6 -31.7 -25.4 -13.4 -8.7 -27.0 

Max 34.7 28.4 -6.4 69.5 27.0 54.0 10.5 9.3 2.4 

ROM 66.0 37.8 45.2 68.9 58.7 79.4 24.0 18.0 29.4 

Wrist deviation 

         Min -14.9 -8.8 -5.4 -3.4 -18.4 -13.1 -13.1 -10.1 -17.9 

Max 8.5 9.5 13.7 25.3 -2.4 2.4 -1.6 4.0 1.8 

ROM 23.4 18.3 19.1 28.7 16.0 15.4 11.4 14.0 19.8 

Wrist flexion 

         Min -13.5 -12.2 -18.8 -11.3 -14.2 -1.7 -17.9 -15.4 -0.9 

Max 19.0 30.3 17.0 33.9 25.1 16.6 22.5 7.5 23.6 

ROM 32.6 42.5 35.9 45.2 39.3 18.3 40.4 22.9 24.5 
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Axilla wash: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for control 

subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 6.7 6.3 16.5 10.4 8.9 10.2 9.8 7.6 0.8 

Max 49.1 65.4 76.4 73.5 60.3 79.4 61.1 83.5 40.9 

ROM 42.4 59.0 59.9 63.1 51.4 69.2 51.3 75.9 40.1 

Elevation plane 

         Min -46.9 17.0 -6.0 28.9 -41.7 10.7 -50.7 -45.6 -77.5 

Max 117.5 108.4 97.9 96.9 109.1 106.5 107.3 111.3 119.9 

ROM 164.3 91.4 103.9 68.0 150.8 95.8 158.1 156.9 197.4 

Shoulder rotation 

         Min -4.6 -41.5 -1.8 2.0 0.2 2.7 6.4 3.7 -40.2 

Max 87.4 94.7 97.8 89.6 93.9 104.3 100.7 100.1 92.4 

ROM 92.0 136.2 99.6 87.6 93.7 101.6 94.3 96.4 132.6 

Elbow flexion 

         Min 18.1 17.9 27.7 6.1 26.6 7.4 17.1 17.1 16.1 

Max 102.5 109.9 99.9 114.6 105.1 103.9 103.3 108.4 100.4 

ROM 84.4 92.0 72.2 108.6 78.6 96.5 86.2 91.3 84.3 

Pronation-supination 

         Min -12.8 -19.0 -15.5 -33.4 -12.2 -31.0 -40.2 -37.5 -19.8 

Max 48.1 66.9 38.1 -10.8 44.5 36.2 14.2 15.0 63.9 

ROM 60.9 85.9 53.7 22.6 56.7 67.2 54.3 52.5 83.7 

Wrist deviation 

         Min -14.1 -10.9 -5.8 -3.3 -16.1 -24.1 -11.1 -20.8 -9.3 

Max 1.1 16.9 12.2 14.0 14.1 0.1 14.9 3.4 5.7 

ROM 15.1 27.8 18.0 17.3 30.2 24.2 26.1 24.2 15.0 

Wrist flexion 

         Min 2.1 0.8 -16.5 -19.5 -3.7 -28.9 -19.8 -3.7 6.3 

Max 30.0 28.6 9.3 19.3 24.6 34.9 6.0 35.1 29.1 

ROM 28.0 27.9 25.8 38.8 28.4 63.8 25.8 38.8 22.8 
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Forward reach: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

rotator cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min 21.0 15.0 25.7 10.7 25.9 23.2 12.9 18.8 22.9 

Max 51.7 44.5 51.7 34.6 47.3 39.6 45.2 40.1 41.7 

ROM 30.8 29.5 26.1 23.9 21.4 16.4 32.3 21.3 18.8 

Elevation plane 

         Min 40.4 12.3 20.3 -39.4 33.6 -8.0 11.1 -8.1 -10.9 

Max 77.4 61.2 56.0 49.8 70.0 54.5 68.7 62.1 51.2 

ROM 37.0 48.8 35.7 89.1 36.5 62.5 57.6 70.2 62.1 

Shoulder rotation 

         Min -0.4 0.0 -6.9 0.2 15.8 15.4 2.6 10.6 0.2 

Max 20.0 27.4 21.8 23.1 37.2 36.6 29.5 29.5 19.1 

ROM 20.4 27.4 28.6 22.9 21.4 21.1 26.8 18.9 18.9 

Elbow flexion 

         Min 36.3 53.1 37.6 74.4 39.2 47.9 31.9 44.5 53.0 

Max 91.4 100.6 91.0 114.7 84.5 93.0 87.0 94.3 102.2 

ROM 55.1 47.5 53.4 40.3 45.3 45.1 55.2 49.8 49.2 

Pronation-supination 

         Min -1.1 -8.3 -24.8 1.9 -19.8 -29.3 -17.5 -10.5 -18.8 

Max 17.3 14.3 -3.7 27.7 -2.2 -5.7 4.8 12.7 -2.2 

ROM 18.4 22.6 21.1 25.8 17.6 23.5 22.3 23.2 16.6 

Wrist deviation 

         Min -0.3 -3.5 -8.6 -0.4 -13.8 -15.4 -13.3 -11.3 -10.6 

Max 10.0 4.6 2.9 13.4 -7.7 -12.7 -7.0 -4.4 -6.2 

ROM 10.3 8.0 11.5 13.8 6.2 2.7 6.4 6.8 4.4 

Wrist flexion 

         Min -21.7 -37.6 -29.2 -30.1 -18.0 -25.5 -20.0 -36.3 -19.6 

Max -5.2 -26.1 -8.4 -11.9 -0.6 -17.3 -7.7 -20.4 -6.2 

ROM 16.5 11.5 20.7 18.3 17.4 8.2 12.3 15.9 13.4 
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Forward reach: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

control subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 7.9 11.8 21.0 15.6 17.0 19.2 14.9 16.0 6.9 

Max 36.1 37.2 42.7 50.2 46.0 49.1 44.0 53.4 37.2 

ROM 28.1 25.3 21.7 34.6 29.0 29.9 29.1 37.4 30.3 

Elevation plane 

         Min -7.9 -5.2 27.5 39.9 -9.3 2.2 27.5 29.4 -15.4 

Max 71.2 64.7 70.0 66.7 73.1 58.6 73.8 76.1 63.8 

ROM 79.1 69.9 42.5 26.8 82.3 56.3 46.3 46.7 79.2 

Shoulder rotation 

         Min 1.6 -4.4 -3.0 -0.6 5.5 -5.8 8.7 -3.4 -6.0 

Max 13.5 8.0 7.9 21.6 23.0 25.4 24.1 19.7 11.5 

ROM 11.9 12.5 10.9 22.2 17.5 31.3 15.4 23.1 17.5 

Elbow flexion 

         Min 47.6 47.9 41.3 43.9 24.1 31.6 39.3 20.4 52.2 

Max 93.6 96.0 82.4 97.1 89.7 86.1 88.0 88.2 103.1 

ROM 46.0 48.1 41.1 53.3 65.6 54.4 48.7 67.8 51.0 

Pronation-supination 

         Min -8.2 -2.3 8.2 -18.5 -3.2 -26.4 -15.5 -12.2 0.4 

Max 18.1 9.1 15.5 5.4 9.6 -6.5 10.5 6.6 13.9 

ROM 26.2 11.3 7.3 23.9 12.8 19.9 26.0 18.7 13.5 

Wrist deviation 

         Min -24.0 -16.4 -8.4 -10.4 -14.2 -22.3 -13.3 -14.8 -10.0 

Max -16.5 -8.2 3.5 -5.9 -6.6 -12.3 -8.6 -3.2 -1.7 

ROM 7.5 8.2 11.9 4.4 7.6 10.0 4.7 11.6 8.4 

Wrist flexion 

         Min -19.5 -17.1 -30.4 -29.0 -25.1 -39.2 -32.5 -21.6 -12.6 

Max -11.2 -8.7 -17.1 -15.2 -12.4 -4.5 -16.6 -11.2 -1.3 

ROM 8.3 8.4 13.3 13.8 12.7 34.7 15.9 10.4 11.3 
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Functional pull: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

rotator cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min 33.8 26.4 23.8 21.9 26.4 25.8 15.3 23.8 26.1 

Max 53.7 42.8 44.0 38.8 43.9 34.2 39.3 32.2 39.9 

ROM 19.9 16.4 20.2 16.9 17.5 8.4 24.0 8.4 13.8 

Elevation plane 

         Min 25.3 1.8 2.2 -3.0 26.4 -5.5 -5.4 -20.7 -9.7 

Max 75.7 57.3 56.7 58.1 70.8 60.3 72.7 63.8 54.7 

ROM 50.3 55.4 54.5 61.1 44.4 65.8 78.1 84.5 64.4 

Shoulder rotation 

         Min 8.4 18.7 -1.9 8.1 22.0 15.1 6.1 17.8 -0.8 

Max 30.8 33.7 17.9 25.0 33.6 25.7 23.7 26.6 12.6 

ROM 22.3 15.0 19.9 16.8 11.6 10.6 17.6 8.8 13.4 

Elbow flexion 

         Min 37.4 62.0 47.4 63.2 46.9 51.7 43.7 55.9 53.5 

Max 88.0 103.2 99.2 107.3 86.0 89.2 91.3 101.0 98.7 

ROM 50.6 41.2 51.8 44.0 39.1 37.5 47.6 45.1 45.3 

Pronation-supination 

         Min -23.9 -15.0 -21.5 -3.0 -22.5 -27.1 -12.9 -8.3 -20.7 

Max -3.3 -1.5 -14.9 3.9 -12.3 -21.0 0.2 5.2 -16.1 

ROM 20.6 13.5 6.6 6.9 10.2 6.1 13.1 13.5 4.7 

Wrist deviation 

         Min -14.4 -8.8 -14.7 -3.2 -21.1 -18.1 -16.0 -12.9 -20.4 

Max -10.1 -4.0 -8.8 6.9 -19.3 -16.5 -13.5 -7.4 -17.4 

ROM 4.3 4.8 5.9 10.2 1.8 1.5 2.6 5.4 3.0 

Wrist flexion 

         Min -9.8 -58.5 -24.7 -13.6 -10.8 0.6 -10.7 -30.2 2.2 

Max 0.6 -47.5 -19.1 -2.1 -2.2 6.7 -5.3 -16.6 14.1 

ROM 10.4 11.0 5.6 11.5 8.6 6.2 5.5 13.6 12.0 
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Functional pull: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

control subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 12.0 16.8 18.3 22.9 13.8 17.9 12.5 14.5 5.9 

Max 29.7 31.4 42.6 46.2 40.4 43.3 35.5 45.4 35.2 

ROM 17.8 14.6 24.3 23.3 26.6 25.5 23.0 30.9 29.3 

Elevation plane 

         Min -48.3 -15.8 24.1 23.5 -16.4 6.4 -14.8 29.3 8.1 

Max 70.7 71.0 79.0 75.7 67.0 66.4 79.8 74.7 76.4 

ROM 119.0 86.8 54.9 52.2 83.3 60.0 94.6 45.4 68.2 

Shoulder rotation 

         Min 0.0 0.6 6.9 4.4 1.1 0.7 11.0 14.5 -5.3 

Max 9.2 9.6 15.2 19.8 18.8 13.4 21.4 26.1 6.1 

ROM 9.2 9.0 8.3 15.4 17.8 12.6 10.4 11.6 11.3 

Elbow flexion 

         Min 56.8 56.5 44.9 47.5 33.9 42.1 54.6 40.7 53.6 

Max 101.0 99.2 96.0 104.0 89.7 92.6 106.8 102.4 104.2 

ROM 44.2 42.7 51.1 56.5 55.8 50.5 52.2 61.7 50.6 

Pronation-supination 

         Min -5.1 -7.6 3.7 -15.8 0.5 -3.0 -19.2 1.9 12.1 

Max 7.3 10.4 14.1 6.3 13.6 15.3 -5.7 14.6 20.0 

ROM 12.4 18.0 10.5 22.1 13.2 18.3 13.5 12.7 7.9 

Wrist deviation 

         Min -29.8 -15.2 -9.2 -9.9 -19.5 -23.4 -14.5 -14.3 -12.4 

Max -18.5 -11.5 1.3 3.7 -14.7 -18.0 -9.2 -0.3 -7.9 

ROM 11.3 3.7 10.6 13.6 4.8 5.4 5.3 14.0 4.5 

Wrist flexion 

         Min -9.1 -19.6 -24.9 -44.3 -8.0 -33.7 -20.1 -33.0 -12.3 

Max 7.4 -10.6 -14.8 -23.7 1.3 -25.6 -5.0 -19.8 -2.6 

ROM 16.5 9.0 10.1 20.7 9.3 8.1 15.1 13.2 9.8 
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Hair comb: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for rotator 

cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min N/A 7.8 19.1 5.8 22.0 18.7 10.0 N/A 18.7 

Max N/A 132.7 106.4 117.3 94.0 105.3 94.0 N/A 111.1 

ROM N/A 124.9 87.2 111.5 72.0 86.6 84.0 N/A 92.4 

Elevation plane 

         Min N/A -6.7 5.2 11.8 17.2 -36.6 1.2 N/A -23.4 

Max N/A 66.8 51.8 73.5 42.2 28.2 58.7 N/A 47.0 

ROM N/A 73.5 46.5 61.7 25.0 64.7 57.4 N/A 70.4 

Shoulder rotation 

         Min N/A -38.3 -42.6 -16.7 -14.8 -67.8 0.1 N/A -41.8 

Max N/A 38.8 32.3 19.6 24.1 26.1 33.7 N/A 33.8 

ROM N/A 77.1 74.9 36.3 38.9 94.0 33.5 N/A 75.6 

Elbow flexion 

         Min N/A 17.7 13.4 14.7 8.2 18.2 21.3 N/A 17.4 

Max N/A 156.5 158.4 158.8 137.3 151.3 137.9 N/A 149.5 

ROM N/A 138.8 145.0 144.1 129.0 133.1 116.5 N/A 132.1 

Pronation-supination 

         Min N/A -27.9 1.1 20.2 2.7 -17.9 -19.8 N/A -37.7 

Max N/A 25.3 40.3 69.7 59.0 40.0 47.9 N/A 5.4 

ROM N/A 53.2 39.2 49.5 56.3 57.9 67.7 N/A 43.1 

Wrist deviation 

         Min N/A -5.7 9.5 -5.3 -12.4 -15.6 -23.8 N/A -19.7 

Max N/A 15.8 22.5 36.8 4.2 9.2 11.9 N/A 16.1 

ROM N/A 21.5 13.0 42.1 16.6 24.8 35.7 N/A 35.7 

Wrist flexion 

         Min N/A -12.0 -34.3 -27.4 -30.1 -52.8 -32.4 N/A -30.7 

Max N/A 19.1 8.3 47.8 7.9 17.5 10.4 N/A 24.1 

ROM N/A 31.1 42.7 75.2 38.0 70.3 42.8 N/A 54.8 
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Hair comb: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for control 

subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 3.4 8.3 20.0 10.8 8.0 12.6 3.1 9.6 2.8 

Max 103.0 112.5 118.1 99.3 95.9 123.8 123.4 116.7 113.3 

ROM 99.6 104.2 98.1 88.5 87.9 111.2 120.3 107.1 110.6 

Elevation plane 

         Min -8.4 -19.7 26.3 27.5 -21.2 -11.3 -29.4 -50.2 -26.5 

Max 46.8 56.1 56.9 67.8 38.3 44.1 45.7 47.1 54.0 

ROM 55.3 75.7 30.7 40.3 59.5 55.4 75.0 97.3 80.5 

Shoulder rotation 

         Min -33.6 -56.8 -44.7 -30.5 -51.9 -32.2 -65.2 -95.1 -49.4 

Max 22.4 14.1 17.0 7.4 13.1 30.8 27.1 30.0 10.4 

ROM 56.0 71.0 61.7 38.0 65.1 63.0 92.3 125.0 59.8 

Elbow flexion 

         Min 18.4 29.3 22.5 12.6 26.9 15.7 13.5 19.0 13.1 

Max 153.2 148.0 153.8 151.1 146.7 153.4 154.8 146.8 153.0 

ROM 134.8 118.7 131.3 138.5 119.8 137.8 141.4 127.8 139.9 

Pronation-supination 

         Min -40.7 8.8 -6.8 -9.4 6.4 -36.5 -60.3 -55.0 -12.6 

Max 61.4 75.5 46.6 58.1 52.0 59.1 30.6 41.6 60.8 

ROM 102.1 66.7 53.4 67.4 45.6 95.6 90.9 96.6 73.3 

Wrist deviation 

         Min -24.3 -17.1 -4.3 -35.9 -19.5 -29.0 -16.6 -13.8 -12.6 

Max 0.6 1.4 27.5 16.1 -3.6 0.6 20.5 16.0 6.7 

ROM 24.9 18.5 31.8 52.0 15.9 29.6 37.1 29.8 19.3 

Wrist flexion 

         Min 1.5 -41.3 -22.3 -45.6 -47.8 -27.8 -74.7 -39.2 9.5 

Max 40.6 45.3 34.2 13.3 30.8 36.4 3.7 36.3 32.0 

ROM 39.1 86.6 56.4 58.8 78.7 64.2 78.4 75.5 22.5 
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Perineal care: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for rotator 

cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min 6.9 9.7 20.3 6.3 21.3 20.5 16.7 N/A 17.5 

Max 49.8 67.9 72.1 64.2 55.9 73.2 49.4 N/A 60.7 

ROM 42.9 58.2 51.8 57.8 34.6 52.7 32.8 N/A 43.2 

Elevation plane 

         Min -77.5 -71.3 -59.7 -77.4 -26.8 -72.5 -61.6 N/A -75.6 

Max -21.6 -22.2 4.8 33.3 48.5 -9.9 -21.3 N/A -10.4 

ROM 55.9 49.2 64.5 110.6 75.3 62.6 40.3 N/A 65.2 

Shoulder rotation 

         Min 22.3 33.9 28.8 -25.9 75.4 13.8 23.4 N/A 7.8 

Max 89.7 88.1 90.2 69.3 107.5 53.4 78.7 N/A 70.8 

ROM 67.4 54.2 61.4 95.2 32.1 39.6 55.3 N/A 63.0 

Elbow flexion 

         Min 18.2 20.2 15.9 18.9 5.0 15.5 20.7 N/A 24.2 

Max 80.1 105.1 114.3 108.4 64.1 87.6 82.9 N/A 90.6 

ROM 61.9 84.9 98.3 89.5 59.1 72.1 62.2 N/A 66.4 

Pronation-supination 

         Min -115.8 -89.9 -124.3 -114.0 -60.4 -58.8 -99.2 N/A -108.1 

Max 12.3 3.4 34.9 88.9 -1.2 9.7 1.9 N/A -6.3 

ROM 128.1 93.3 159.2 202.9 59.2 68.5 101.1 N/A 101.8 

Wrist deviation 

         Min -15.0 -3.4 -14.1 8.2 -4.8 -8.5 -8.1 N/A -6.7 

Max 14.6 12.1 13.1 34.7 14.1 14.0 11.6 N/A 5.5 

ROM 29.7 15.5 27.2 26.5 18.9 22.5 19.7 N/A 12.3 

Wrist flexion 

         Min 2.6 -24.9 -14.1 -20.2 -20.4 -11.1 -4.3 N/A 2.9 

Max 70.4 15.8 60.8 64.1 6.7 39.9 31.9 N/A 35.7 

ROM 67.8 40.6 74.8 84.3 27.0 51.0 36.2 N/A 32.8 
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Perineal care: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for control 

subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 17.6 8.7 14.5 11.3 9.2 20.2 12.5 13.5 15.2 

Max 76.7 58.8 55.6 63.3 72.2 73.4 63.3 79.6 67.7 

ROM 59.2 50.1 41.1 52.0 63.0 53.2 50.7 66.1 52.5 

Elevation plane 

         Min -91.3 -61.2 -69.2 -48.2 -53.9 -77.7 -74.3 -85.9 -87.4 

Max -31.1 -2.7 -29.0 28.8 50.9 -9.8 -42.9 -51.9 -72.9 

ROM 60.2 58.5 40.2 77.0 104.8 67.9 31.4 34.0 14.4 

Shoulder rotation 

         Min 15.3 -18.3 14.6 14.3 20.0 11.3 15.2 -6.1 -25.1 

Max 70.5 81.6 69.3 88.5 73.4 70.8 69.6 47.8 51.4 

ROM 55.2 99.9 54.8 74.2 53.4 59.5 54.4 53.9 76.4 

Elbow flexion 

         Min 24.3 29.9 29.5 12.9 0.3 18.9 17.2 25.6 24.4 

Max 98.8 98.7 90.7 111.2 110.0 101.8 91.8 100.9 95.3 

ROM 74.5 68.8 61.2 98.3 109.6 83.0 74.7 75.4 70.9 

Pronation-supination 

         Min -97.3 -73.0 -63.5 -78.5 -92.6 -105.7 -95.6 -71.3 -89.9 

Max 33.1 61.7 36.9 20.9 30.9 46.8 -8.3 21.3 51.2 

ROM 130.5 134.7 100.4 99.4 123.5 152.5 87.3 92.6 141.1 

Wrist deviation 

         Min -12.0 -1.2 -0.5 -1.0 -4.3 -18.3 -6.5 -6.4 -6.6 

Max 6.9 17.6 26.1 23.3 17.2 -1.8 9.3 16.1 23.7 

ROM 18.9 18.8 26.7 24.2 21.5 16.5 15.7 22.5 30.3 

Wrist flexion 

         Min -38.5 22.4 -11.9 -21.4 -31.1 -7.0 -14.0 -35.5 -0.7 

Max 5.1 55.6 26.2 46.9 37.0 44.1 13.8 40.5 21.7 

ROM 43.7 33.3 38.1 68.3 68.0 51.1 27.8 76.0 22.5 
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Upward reach 90: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

rotator cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min 18.0 14.2 24.4 9.2 28.6 19.6 13.4 19.4 22.5 

Max 70.9 72.6 74.1 57.9 72.4 75.6 78.0 74.4 73.1 

ROM 52.9 58.4 49.7 48.7 43.8 56.0 64.6 55.0 50.6 

Elevation plane 

         Min 43.9 25.2 14.0 -34.9 42.1 -6.9 15.2 3.5 6.1 

Max 76.0 67.2 57.1 66.4 67.1 71.2 72.2 67.7 63.4 

ROM 32.1 42.0 43.1 101.3 25.0 78.1 57.0 64.2 57.3 

Shoulder rotation 

         Min 5.0 2.4 -1.8 -3.5 17.4 13.9 5.5 8.5 3.4 

Max 18.7 26.7 25.9 10.5 33.1 37.3 37.8 32.3 34.9 

ROM 13.7 24.4 27.8 13.9 15.8 23.4 32.2 23.7 31.5 

Elbow flexion 

         Min 48.5 48.9 48.0 79.1 48.0 41.1 21.9 48.0 42.8 

Max 98.5 99.7 98.4 120.1 83.3 106.9 90.1 101.6 100.7 

ROM 50.0 50.8 50.4 40.9 35.4 65.9 68.2 53.6 57.9 

Pronation-supination 

         Min 2.1 -15.1 -31.2 8.8 -27.5 -30.7 -26.7 -9.6 -44.3 

Max 18.1 16.8 1.6 34.7 4.6 1.1 1.3 21.1 -4.5 

ROM 16.0 31.9 32.8 26.0 32.1 31.8 27.9 30.7 39.8 

Wrist deviation 

         Min 1.7 -11.6 -7.2 5.1 -11.1 -9.3 -10.4 -18.7 -9.3 

Max 17.1 10.8 2.8 23.0 -3.4 2.8 -1.9 5.4 3.3 

ROM 15.3 22.4 10.0 17.9 7.7 12.0 8.5 24.1 12.6 

Wrist flexion 

         Min -19.3 -50.2 -29.6 -12.3 -27.0 -32.0 -32.5 -40.1 -23.9 

Max -2.0 -19.4 -12.6 -3.7 -4.5 -11.9 -8.8 -20.1 -1.7 

ROM 17.4 30.8 17.0 8.6 22.6 20.1 23.7 20.0 22.2 
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Upward reach 90: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

control subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 5.3 9.6 22.6 17.8 19.3 21.4 11.0 12.3 4.5 

Max 68.5 70.3 78.4 73.9 77.7 74.7 75.5 77.6 60.7 

ROM 63.2 60.7 55.8 56.2 58.4 53.3 64.5 65.3 56.3 

Elevation plane 

         Min 3.3 0.9 19.4 27.7 -5.6 9.8 -2.5 28.8 -13.9 

Max 71.2 66.1 64.9 70.5 78.4 64.7 62.4 78.6 67.1 

ROM 67.8 65.3 45.5 42.8 84.1 54.9 64.8 49.8 81.0 

Shoulder rotation 

         Min 1.8 -0.2 -1.6 -0.4 11.2 2.2 -4.4 2.7 -8.5 

Max 22.3 27.6 18.7 34.8 47.4 21.4 21.0 32.3 6.3 

ROM 20.5 27.8 20.3 35.2 36.2 19.3 25.5 29.5 14.8 

Elbow flexion 

         Min 46.4 51.4 35.7 39.9 14.1 34.8 45.0 28.9 60.5 

Max 99.0 103.3 92.9 99.6 101.0 95.4 104.8 109.5 109.2 

ROM 52.6 51.9 57.2 59.6 86.9 60.6 59.8 80.6 48.6 

Pronation-supination 

         Min -21.8 -14.0 -8.9 -30.9 -30.3 -22.4 -30.2 -11.6 5.4 

Max 7.3 12.5 17.8 8.1 14.3 13.8 -1.6 20.0 24.0 

ROM 29.1 26.5 26.7 39.0 44.7 36.1 28.5 31.6 18.6 

Wrist deviation 

         Min -5.5 -12.1 -9.9 -6.4 -10.2 -7.7 -5.7 -9.2 -6.1 

Max 2.1 11.6 16.1 3.9 10.9 1.7 16.5 14.6 9.5 

ROM 7.6 23.7 26.0 10.3 21.1 9.4 22.3 23.8 15.6 

Wrist flexion 

         Min -19.0 -33.4 -37.8 -28.6 -26.9 -49.1 -30.1 -22.1 -6.8 

Max -3.4 -17.0 -24.9 -13.1 -12.3 -0.4 -6.4 -9.5 2.4 

ROM 15.6 16.4 12.9 15.5 14.7 48.7 23.7 12.7 9.2 
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Upward reach 105: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

rotator cuff tear subjects 

  RTF07 RTF09 RTF10 RTF12 RTM04 RTM05 RTM06 RTM07 RTM08 

Shoulder elevation 

         Min 24.8 13.7 21.4 N/A 24.3 20.2 15.1 16.4 22.1 

Max 91.0 104.8 104.9 N/A 101.5 92.9 98.8 89.6 97.9 

ROM 66.2 91.1 83.5 N/A 77.2 72.7 83.7 73.1 75.8 

Elevation plane 

         Min 51.9 14.2 10.1 N/A 24.8 -2.3 17.4 -8.1 -6.9 

Max 81.2 65.8 66.0 N/A 64.9 69.3 75.7 75.5 61.6 

ROM 29.3 51.7 55.9 N/A 40.1 71.6 58.3 83.6 68.5 

Shoulder rotation 

         Min 2.7 -0.3 0.7 N/A 8.4 9.5 4.9 10.9 -5.6 

Max 17.2 37.6 40.6 N/A 37.6 36.8 43.2 38.1 29.0 

ROM 14.5 37.9 39.9 N/A 29.2 27.4 38.3 27.2 34.6 

Elbow flexion 

         Min 25.7 31.0 25.4 N/A 26.6 32.2 14.2 42.9 32.5 

Max 85.7 105.4 105.0 N/A 90.4 103.2 97.3 109.6 111.3 

ROM 60.0 74.4 79.5 N/A 63.8 70.9 83.1 66.6 78.7 

Pronation-supination 

         Min 4.4 -35.2 -39.5 N/A -30.9 -39.3 -30.7 -20.0 -40.3 

Max 16.8 13.6 8.5 N/A 3.5 -6.6 6.7 14.8 -2.6 

ROM 12.4 48.9 48.0 N/A 34.3 32.7 37.3 34.9 37.7 

Wrist deviation 

         Min -2.9 2.0 -1.9 N/A -13.0 -8.5 -11.5 -12.4 -8.0 

Max 15.2 20.8 18.4 N/A 3.8 3.0 3.7 6.0 14.8 

ROM 18.2 18.8 20.3 N/A 16.9 11.5 15.1 18.4 22.8 

Wrist flexion 

         Min -27.4 -49.7 -38.1 N/A -38.9 -28.4 -30.3 -41.0 -30.9 

Max -10.1 -24.5 -19.2 N/A -17.1 -17.9 -8.9 -22.2 -5.1 

ROM 17.4 25.2 18.9 N/A 21.8 10.5 21.3 18.8 25.8 
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Upward reach 105: Minimum (min), maximum (max), and range of motion (ROM) (degrees) for 

control subjects 

  CNF04 CNF05 CNF06 CNF07 CNM02 CNM03 CNM04 CNM05 CNM06 

Shoulder elevation 

         Min 13.2 11.1 22.5 16.2 19.6 20.2 17.1 19.0 7.3 

Max 91.3 97.3 105.8 99.2 90.7 92.2 109.1 105.2 95.5 

ROM 78.0 86.2 83.3 83.0 71.1 71.9 92.0 86.3 88.2 

Elevation plane 

         Min 5.5 2.7 15.2 38.4 -5.7 12.6 36.4 28.8 -1.4 

Max 65.5 73.4 67.6 72.7 81.4 67.4 74.1 76.5 75.2 

ROM 60.1 70.7 52.4 34.3 87.1 54.8 37.7 47.7 76.7 

Shoulder rotation 

         Min 3.1 -1.7 -10.8 -3.0 8.5 -0.4 9.7 -4.9 -7.1 

Max 26.7 29.5 25.5 32.4 48.5 29.2 45.9 25.8 18.2 

ROM 23.6 31.2 36.3 35.4 40.0 29.6 36.2 30.6 25.3 

Elbow flexion 

         Min 37.9 27.1 25.3 21.2 11.1 25.4 14.3 19.1 27.1 

Max 99.5 104.5 100.1 99.9 106.2 90.8 91.7 104.9 107.6 

ROM 61.6 77.4 74.8 78.7 95.1 65.5 77.4 85.8 80.5 

Pronation-supination 

         Min -32.6 -23.4 -16.4 -27.2 -22.8 -25.1 -54.7 -14.1 -6.8 

Max 10.9 14.1 21.8 14.3 13.7 14.4 1.6 11.1 22.5 

ROM 43.5 37.6 38.2 41.5 36.4 39.5 56.2 25.2 29.3 

Wrist deviation 

         Min -24.8 -10.5 -7.8 -10.3 -10.0 -2.0 -10.6 -8.8 -5.9 

Max 9.6 18.1 33.5 7.3 12.0 11.0 18.3 8.4 7.8 

ROM 34.4 28.6 41.3 17.6 22.0 13.0 28.9 17.2 13.7 

Wrist flexion 

         Min -21.5 -24.7 -32.9 -30.3 -22.5 -49.8 -46.0 -20.4 -10.5 

Max -7.9 -12.4 -14.3 -14.0 -7.9 -18.5 -15.8 -6.9 4.1 

ROM 13.6 12.3 18.6 16.3 14.6 31.3 30.2 13.4 14.6 

 

  



 

274 
 

CURRICULUM VITAE 

 

Education 

Virginia Tech – Wake Forest University School of Biomedical Engineering and Sciences,  

Wake Forest University campus, Winston-Salem, NC 

 Doctoral student 

 Biomedical Engineering, August 2008-May 2014, GPA 3.74/4.0 

   

North Carolina State University, Raleigh, NC 

B.S. in Biomedical Engineering, Cum Laude, May 2006, GPA 3.3/4.0   

Biomechanics Concentration, Engineering Intern (EI) certification 

 

 

Work Experience 

Graduate Research Assistant – Movement Biomechanics Laboratory, Wake Forest 

University,  

Winston-Salem, NC, August 2008-present 

 Study upper limb musculoskeletal biomechanics with applications to older adult 

movement and function  

 Collaboratively participate in the development of computational musculoskeletal 

models of the neck and upper limb for use with dynamic simulations of motion 

 Use magnetic resonance imaging, motion capture, electromyography, and 

dynamometer techniques  



 

275 

 

 Dissertation work includes the characterization of rotator cuff muscle volume and 

performance of dynamic simulations of functional task movements using 

individualized models of the upper limb to better understand the effects of a 

rotator cuff tear in an older adult population 

  

Teaching Assistant – Biomechanics and Simulation of Movement I, Fall 2010 Semester 

 Answered questions from students and graded homework assignments and exams 

 Led three lectures and a musculoskeletal modeling workshop 

 

Product Engineer, Plexigen, Inc., Cary, NC, September 2006-July 2008 

 Designed and altered biomedical equipment for transition from a prototype to 

production 

 Designed and fabricated liquid-handling and reading instruments for a microarray 

biochip  

 Actively contributed to the creation and submission of two patents 

 Composed and organized documentation for future submission to the US Food 

and Drug Administration  

 Followed Good Manufacturing Practices and Good Laboratory Practices 

guidelines for medical devices 

 

 

 



 

276 

 

Volunteer Researcher, North Carolina State University, Raleigh, NC, June 2006-June 

2008 

 Worked with the Cell Mechanics Laboratory at North Carolina State University, 

led by Dr. Elizabeth Loboa, to design and construct a custom tensile strain 

bioreactor with incubator 

 Project objective was to induce osteogenesis to mesenchymal stem cells seeded in 

an elsastomeric scaffold   

 Presented design in a first-authored conference abstract 

 

Summer Intern, AVOS Life Sciences, Raleigh, NC, Summer 2005 

 Researched pharmaceutical companies and products to determine future uses and 

trends in the US marketplace 

 Conducted telephone interviews with pharmacists and physicians to evaluate 

medications they prescribed 

 Organized and compiled data for reports on pharmaceutical trends and future 

predictions 

 

 

 

 

 

 

 



 

277 

 

Research Support 

Ruth L. Kirschstein National Research Service Award for Individual Predoctoral 

Fellows (F31) 

1F31AG040921-01A1, Role: PI $42,232/year  (7/1/12-6/30/15) 

Muscle function and compensation following rotator cuff tear in older adults 

Many older adults (age > 65 years) experience a rotator cuff tear, which can affect 

their performance of daily tasks, like reaching to a shelf or combing their hair. The 

objective of this study is to better understand the factors contributing to the ability 

of older adults with a rotator cuff tear to perform daily tasks.  

 

Awards and Honors 

2013  

 ISB Student Congress Travel Grant ($1,000) for travel to 2013 Congress of the 

International Society of Biomechanics in Natal, Brazil 

 GCMAS Student Travel Award ($340) for travel to 2013 Annual Meeting of the 

Gait and Clinical Movement Analysis Society in Cincinnati, OH  

 Wake Forest Alumni Student Travel Award ($300) for travel to 2013 American 

Society of Biomechanics conference in Omaha, NE 

 Departmental Travel Award ($500) for travel to 2013 American Society of 

Biomechanics conference in Omaha, NE 

2012 

 Wake Forest Alumni Student Travel Award ($300) for travel to 2012 American 

Society of Biomechanics conference in Gainesville, FL 



 

278 

 

 Departmental Travel Award ($350) for travel to 2012 American Society of 

Biomechanics conference in Gainesville, FL 

 Outstanding Student Podium Presentation Award ($50) at the 9
th

 Annual Human 

Movement Science Research Symposium in Chapel Hill, NC 

 

2011 

 Wake Forest Alumni Student Travel Award ($300) for travel to 2011 American 

Society of Biomechanics conference in Long Beach, CA 

 Departmental Travel Award ($550) for travel to 2011 American Society of 

Biomechanics conference in Long Beach, CA 

2010 

 Elected as the Student Representative to the American Society of Biomechanics, 2 

year term: August 2010 – August 2012 

 Wake Forest Alumni Student Travel Award ($300) for travel to 2010 American 

Society of Biomechanics conference in Providence, RI 

 WFU EMBS Student Club was the recipient of 2010 Outstanding Performance 

Award for Student Chapter/Club (Executive committee member, elected to accept 

award) 

 

 

 

 

 



 

279 

 

Publications 

Vidt, ME, Santago, AC, Marsh, AP, Hegedus, EJ, Tuohy, CJ, Poehling, GG, Freehill, 

MT, Miller, ME, Saul, KR. Analysis of activities of daily living for older adults with a 

rotator cuff tear using individualized computational models. Journal of Biomechanics. (In 

Preparation) 

 

Vidt, ME, Santago, AC, Hegedus, EJ, Marsh, AP, Tuohy, CJ, Poehling, GG, Freehill, 

MT, Miller, ME, Saul, KR. Can self-report instruments of shoulder function capture 

functional differences in older adults with and without a rotator cuff tear? Archives of 

Physical Medicine and Rehabilitation (In Preparation) 

 

Vidt, ME, Santago, AC, Tuohy, CJ, Poehling, GG, Freehill, MT, Kraft, RA, Marsh, AP, 

Hegedus, EJ, Miller, ME, Saul, KR. Quantification of muscle volume, fatty infiltration, 

and strength in older adults with a rotator cuff tear. Journal of Shoulder and Elbow 

Surgery. (In Review) 

 

Saul, KR Vidt, ME, Gold, GE, Murray, WM. Upper limb strength and muscle volume in 

healthy middle-aged adults. Journal of Biomechanics. (In Review) 

 

Saul, KR, Hu, X, Goehler, CM, Vidt, ME, Daly, M, Velisar, A, Murray, WM. 

Benchmarking of dynamic simulation predictions in two software platforms using an 

upper limb musculoskeletal model. 2013. Computer Methods in Biomechanics and 

Biomedical Engineering. (Accepted) 
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Hegedus, EJ, Vidt, ME, Tarara, DT. The best combination of physical performance and 

self-report measures to capture function in three patient groups. 2013. Physical Therapy 

Reviews. (In Press) 

 

Daly, M, Vidt, ME, Eggebeen, JD, Simpson, WG, Miller, ME, Marsh, AP, Saul, KR. 

Upper extremity muscle volumes and functional strength following resistance training in 

older adults. 2013. Journal of Aging and Physical Activity (21) 186-207. 

 

Vidt, ME, Daly, M, Miller, ME, Davis, CC, Marsh, AP, Saul, KR.  Characterizing upper 

limb muscle volume and strength in older adults: A comparison with young adults. 2012. 

Journal of Biomechanics (45) 334-341.   

 

Presentations 

Oral Presentations 

Vidt, ME, Santago, AC, Tuohy, CJ, Poehling, GG, Freehill, MT, Kraft, RA, Marsh, AP, 

Hegedus, EJ, Miller, ME, Saul, KR. Assessment of a functional pulling task in older 

adults with and without a rotator cuff tear: A simulation study using subject-specific 

models. To be presented at the 10
th

 Conference of the International Shoulder Group. 

Waterloo, Ontario, Canada. July 13-15, 2014. (Peer reviewed abstract) 
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Vidt, ME, Santago, AC, Tuohy, CJ, Freehill, MT, Poehling, GG, Miller, ME, Saul, KR. 

Kinematic and functional evaluation of daily living tasks in older adults with and without 

a rotator cuff tear. Presented at the 37
th

 Annual Meeting of the American Society of 

Biomechanics. Omaha, NE. September 4-7, 2013. (Peer reviewed abstract) 

 

Vidt, ME, Santago, AC, Tuohy, CJ, Poehling, GG, Miller, ME, Saul, KR. The effect of a 

rotator cuff tear on muscle volume, fatty infiltration, and strength and their relationship in 

older adults. Presented at the 24
th

 Congress of the International Society of Biomechanics, 

Natal, Brazil, August 4-9, 2013. (Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Marsh, AP, Saul, KR. Kinematics for functional reaching tasks in 

older adults. Presented at the 9
th

 Annual Human Movement Science Research 

Symposium. Chapel Hill, NC. February 17, 2012. *Outstanding Student Podium 

Presentation Award. (Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Miller, ME, Davis, CC, Marsh, AP, Saul, KR. Upper limb muscle 

volume and strength, and their relationship in older adults. Presented at the 35
th Annual 

Meeting of the American Society of Biomechanics. Long Beach, CA. August 10-13, 

2011. (Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Saul, KR. Effect of resistance training on upper limb strength and 

muscle volume in older adults. IEEE Winston-Salem Section Meeting. August 11, 2010. 
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Vidt, ME, Daly, M, Holzbaur, KRS. Projects in the Movement Biomechanics Laboratory 

(MoBL). IEEE Winston-Salem Section Meeting. January 13, 2010. 

 

Vidt, ME, Santago, AC, Tuohy, CJ, Poehling, GG, Freehill, MT, Kraft, RA, Marsh, AP, 

Hegedus, EJ, Miller, ME, Saul, KR. Quantitative assessments of rotator cuff muscle 

morphology: Do clinical assessment techniques capture whole muscle information? 

Submitted to the 7
th

 World Congress of Biomechanics. Boston, MA. July 6-11, 2014. 

(Peer reviewed abstract) 

 

Poster Presentations 

Vidt, ME, Santago, AC, Tuohy, CJ, Poehling, GG, Freehill, MT, Kraft, RA, Marsh, AP, 

Hegedus, EJ, Miller, ME, Saul, KR. Quantitative assessments of rotator cuff muscle 

morphology: Do clinical assessment techniques capture whole muscle information? To be 

presented at the 7
th

 World Congress of Biomechanics. Boston, MA. July 6-11, 2014. 

 

Vidt, ME, Santago, AC, Tuohy, CJ, Poehling, GG, Miller, ME, Saul, KR. Functional 

outcome scores, strength, and mobility after rotator cuff tear: Do effects of aging 

confound detection? Presented at the Gait and Clinical Movement Analysis Society 

Annual Meeting, Cincinnati, OH, May 14-17, 2013. (Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Marsh, AP, Saul, KR. Assessment of functional reaching tasks in 

older adults. Presented at the 36
th

 Annual Meeting of the American Society of 

Biomechanics. Gainesville, FL. August 15-18, 2012. (Peer reviewed abstract) 
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Vidt, ME, Daly, M, Marsh, AP, Saul, KR. Assessment of functional reaching tasks in 

healthy older adults. Presented at the 11
th

 Annual Graduate Student Research 

Symposium, Winston-Salem, NC. May 10, 2012. 

 

Vidt, ME, Murray, WM, Saul, KR. Characterization of muscle volume in the upper limb 

of middle aged adults.  Presented at the 2012 Wake Forest University Graduate Student 

& Postdoc Research Day.  Winston-Salem, NC. March 29, 2012. 

 

Daly, M, Vidt, ME, Marsh, AP, Saul, KR. Identification of muscle contributions to a 

forward reaching task using an induced acceleration analysis. Presented at the 35th 

Annual Meeting of the American Society of Biomechanics. August 10-13, 2011. Long 

Beach, CA. (Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Miller, ME, Davis, CC, Marsh, AP, Saul, KR.  Muscle volume and 

strength, and their relationship in the upper limb of older adults. Presented at the 10
th

 

Annual Graduate Student Research Symposium. May 12, 2011. 

 

Vidt, ME, Daly, M, Miller, ME, Davis, CC, Marsh, AP, Saul, KR. Characterization of 

muscle volume in the upper limb of older adults.  Presented at the 2011 Wake Forest 

University Graduate Student & Postdoc Research Day.  Winston-Salem, NC. March 22, 

2011.  
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Vidt, ME, Daly, M, Eggebeen, JD, Simpson, WG, Marsh, AP, Holzbaur, KS. 

Characterization of upper limb muscle volume in female older adult subjects following 

resistance exercise training.  Presented at the 34
th

 Annual Meeting of the American 

Society of Biomechanics. Providence, RI. August 18-21, 2010. (Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Eggebeen, JD, Simpson, WG, Marsh, AP, Holzbaur, KS. Upper limb 

muscle volume characterization in female older adult subjects following resistance 

exercise training.  Presented at the 9
th

 Annual Graduate Student Research Symposium. 

Winston-Salem, NC. May 13, 2010. 

 

Vidt, ME, Daly, M, Marsh, AP, Holzbaur, KS. Characterization of upper limb muscle 

volume in older adult subjects. Presented at the 2010 Wake Forest University Graduate 

Student & Postdoc Research Day. Winston-Salem, NC. March 23, 2010. 

 

Vidt, ME, Daly, M, Marsh, AP, Holzbaur, KS.  Isometric strength, muscle volume and 

upper extremity functional performance in older adults.  Presented at the 2009 

Biomedical Engineering Society Annual Meeting.  Pittsburgh, PA. October 7-10, 2009. 

(Peer reviewed abstract) 

 

Vidt, ME, Daly, M, Marsh, AP, Holzbaur, KS. Upper limb muscle volume 

characterization in elderly adult subjects. Presented at the 33
rd

 Annual Meeting of the 

American Society of Biomechanics. State College, PA. August 26-29, 2009. (Peer 

reviewed abstract) 
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Vidt, ME, Daly, M, Marsh, AP, Holzbaur, KS. Upper limb muscle volume 

characterization in elderly adult subjects Presented at the 8
th

 Annual Graduate Student 

Research Symposium. Blacksburg, VA. May 14, 2009. 

 

Vidt, ME, SooHoo, J, Haslauer, C, McCulloch, R, Loboa, E.  Tensile strain bioreactor 

with force feedback and custom incubator for straining cells in three-dimensional culture.  

Presented at the 2008 Institute of Biological Engineering Society Annual Meeting.  

Chapel Hill, NC. March 6-9, 2008. (Peer reviewed abstract) 

 

Price N, Shillinglaw B, Steen J, Vidt M.  A rod bending device for spinal surgeries. 

Presented at the 15
th

 Annual North Carolina State University Undergraduate Research 

Day.  Raleigh, NC. April 18, 2006. *Senior design project 

 

Patents 

Biochips and related automated analyzers and methods.  Inventors: Ben H. Liu, Meghan 

E. Vidt, Jeffrey R. SooHoo.  Application filed April 23, 2009. U.S. Patent application 

number 20090270274. 

 

Fluid sensors and related directors and methods.  Inventors: Ben H. Liu, Jeffrey R. 

SooHoo, Meghan E. Vidt. Application filed February 28, 2012. U.S. Patent application 

number 2013000008806. 
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Certifications 

 Engineering Intern (EI), June 2006 

 

Professional Activities 

Society Memberships 

 International Society of Biomechanics (ISB), September 2012-present 

 Gait and Clinical Movement Analysis Society (GCMAS), September 2012-2013 

 Engineering in Medicine and Biology Society (EMBS), July 2010-2012 

 Biomedical Engineering Society (BMES), May 2009-present 

 American Society of Biomechanics (ASB), February 2009-present 

o Student Representative, August 2010 – August 2012 

 Institute of Electrical and Electronic Engineers (IEEE), September 2008-present 

 Phi Sigma Pi National Honor Fraternity, 2004-2006. 

 Society of Women Engineers (SWE), September 2003-2013 

 

Student Chapter Memberships 

 Virginia Tech - Wake Forest Biomedical Engineering Society (BMES) Student 

Chapter, September 2009-present 

 Wake Forest Engineering in Medicine and Biology Society (EMBS) Student 

Chapter, September 2008-present 

o Vice President of EMBS Club, 2010-2011, 2011-2012 academic years 

o Project Coordinator of EMBS Club, 2009-2010 academic year  

 



 

287 

 

Teaching and Lectures 

Teaching Assistant for BMES 708 – Biomechanics and Simulation of Movement I.  Fall 

2010 semester 

 Invited lecturer, BMES 708 – Biomechanics and Simulation of Movement I; 

“Sports Applications,” November 3, 2010.  

 Invited lecturer, BMES 708 – Biomechanics and Simulation of Movement I; 

“Homework 2 Help Session,” October 6, 2010. 

 Invited lecturer, BMES 708 – Biomechanics and Simulation of Movement I; 

“Musculoskeletal Modeling: An In-class Workshop,” September 22, 2010. 

 Invited lecturer, BMES 708 – Biomechanics and Simulation of Movement I; 

“Musculoskeletal Geometry,” September 20, 2010. 

  

 

 


