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ABSTRACT 

 

 The brachial plexus is a network of nerves that includes the motor neurons that 

supply the muscles of the upper limb, including muscles that cross the shoulder. Severe 

injury of the brachial plexus nerves can result in persistent muscle weakness or paralysis, 

even following extensive surgery and rehabilitation. Bone and postural deformity are 

additional complications that further compromise upper limb function in children with 

brachial plexus birth palsy (BPBP). The pattern of injury is highly complex and 

idiosyncratic across individuals, obfuscating research to improve clinical management of 

the injury. The objective of this dissertation was to evaluate the biomechanical 

consequences of brachial plexus injury at the shoulder. Recent advances in computational 

musculoskeletal modeling and simulation techniques allowed us to compare different 

nerve transfer surgeries solely based on the biomechanical roles of the muscles they 

target while controlling for concomitant clinical factors. Traditional motion capture and 

strength measurement experimental techniques, combined with inverse dynamics 

analyses, were used to evaluate the dynamics of upper extremity movement in patients 

with brachial plexus injury. Computational techniques were again used to identify 

muscles that are mechanically capable of contributing to shoulder deformity in children 

with BPBP. Having identified muscle candidates of deformity, a rat model of BPBP 

novel to Wake Forest University was adapted to identify strength imbalance or impaired 

longitudinal muscle growth as a predominant mechanism of shoulder deformity following 

BPBP. We found that nerve transfer to the axillary nerve was most likely to restore useful 

shoulder function than transfer to the suprascapular nerve. For injuries involving the 
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axillary nerve, performing a nerve transfer only to the anterior and middle deltoid 

compartments can effectively restore useful shoulder function given the limited 

availability of donor motoneurons. An individual’s maximal strength, rather than ability 

to perform tasks, is a useful way to ensure patients with brachial plexus injury maintain 

long-term functional ability. Finally, though many muscles are capable of producing 

deforming shoulder forces for conditions of strength imbalance about the shoulder, 

shoulder deformity in a rat model of BPBP was most associated with impaired 

longitudinal muscle growth. These results provide new insights into the biomechanical 

roles of muscles involved in brachial plexus injury that may help improve the prognosis 

of brachial plexus injuries. 
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I. Introduction 

 Brachial plexus injury (BPI) is a traumatic nerve injury that can cause devastating 

upper limb muscle paralysis and lifelong functional disability. Motor vehicle accidents 

are the primary cause of injury in adults, most of whom are between the ages of 15 and 

25 (Shin et al., 2005). Brachial plexus birth palsy (BPBP), sustained by infants at birth, 

occurs in 1 to 4.6 of 1000 live births each year, and the incidence of BPBP is increasing 

even in industrialized nations in spite of advancements in obstetric monitoring and 

delivery techniques (Pearl, 2009). Surgical treatment is a substantial component of the 

management of brachial plexus injuries in both adults and infants. However, the 

biomechanical implications of these procedures on functional outcomes have not been 

adequately considered.  

 In adults who sustain brachial plexus injury, nerve reconstruction procedures, 

including nerve repairs and nerve transfers, are commonly used to restore as much upper 

limb function as possible. However, it is seldom possible to restore all muscles that are 

paralyzed, and surgeons must prioritize which muscles should be restored. Additionally, 

following nerve transfer, muscle tissue normally innervated by the donor nerve becomes 

paralyzed as a consequence of the transfer. It is important to understand the 

biomechanical contributions of upper limb muscles to strength and movement ability so 

that muscles with the most important contributions are restored or preserved.  

 Most infants who sustain a brachial plexus injury at birth exhibit full neurologic 

recovery. However, as many as 33% of the affected infants will develop permanent 

osseous shoulder deformity secondary to an internal shoulder rotation contracture despite 

neurologic recovery (Hoeksma et al., 2003; Pearl, 2009). Two mechanisms have been 
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proposed to explain the underlying biomechanical cause of contracture and subsequent 

shoulder deformity. First, it is hypothesized that a strength imbalance between active 

internal rotator muscles (e.g. pectoralis major) and paralyzed external rotators causes the 

shoulder to be chronically internally rotated (Waters et al., 2009). A second hypothesis 

states that the paralyzed muscles do not grow longitudinally in conjunction with the 

skeletal structure of the shoulder joint, creating adverse joint forces that lead to 

deformity. Determining which mechanism is predominantly responsible for the 

development and progression of shoulder deformity is the next step toward developing 

more effective treatments which prevent or reverse the course of deformity. 

 The following sections of this chapter provide pertinent background information 

on muscle anatomy and physiology, shoulder anatomy and physiology, brachial plexus 

injury and treatment, and biomechanical models. Finally, the focus and significance of 

the proposed dissertation are described. 

 

A. Muscle Anatomy and Physiology 

 Skeletal muscle is composed of a highly organized hierarchical structure of 

longitudinal fibers (Figure I-I). Contraction of these fibers generates a tensile or pulling 

force that is transmitted through the skeleton to generate movement. Sarcomeres, the 

contractile elements of muscle, consist of parallel, overlapping actin and myosin 

molecular chains (Figure I-II). Actin fibers are anchored to z-bands, and a single 

sarcomere is contained within two z-bands. Myosin fibers are arranged parallel to and 

interdigitate with the actin fibers. Sarcomeres are arranged in series to form a myofibril, 

and several myofibrils are bundled together in parallel to form a muscle fiber, or muscle 
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cell. Several muscle fibers are arranged in parallel to form fascicles, and each muscle is 

made up of multiple fascicles. Each of the sub-structures of muscle, which include 

fascicles, muscle fibers, and myofibrils, are bound together by different types of 

connective tissue. The endomysium encloses myofibrils within a muscle fiber, muscle 

fibers are bound together within a fascicle by the perimysium, and multiple fascicles are 

enclosed within the epimysium, the outer-most layer of muscle connective tissue.  

 

Figure I-I. Skeletal muscle hierarchical structure (Lieber, 2002). 
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Figure I-II. Primary structures of the sarcomere. 

 

Excitation-Contraction Coupling 

 The release of calcium into the intracellular fluid surrounding the actin and 

myosin chains allows muscle contraction to take place, and the signal to release calcium 

originates with the motor neurons. Each muscle fiber forms one neuromuscular junction 

with a single motor neuron fiber (Lieber, 2002). Presynaptic nerves stimulate motor 

neurons by releasing neurotransmitters from an axon terminal that propagate across a 

synapse and are received by the dendrites of the post-synaptic motor neuron. Once 

stimulated, the post-synaptic motor neuron propagates an action potential, an excitatory 

signal, from its cell body to the neuromuscular junction along the axonal membrane. The 

nerve then releases the neurotransmitter acetylcholine, which diffuses across the 

neuromuscular junction to receptors on the surface of the muscle fiber.  

 When a muscle fiber receives sufficient acetylcholine from a nerve, the muscle 

fiber membrane becomes depolarized, and an action potential is initiated along the 

membrane. The action potential spreads across the entire surface of the muscle fiber, so 

that the muscle fiber contracts along its entire length. The action potential propagates into 
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the muscle fiber along a network of channels called transverse tubules (t-tubules), which 

are contiguous with the muscle fiber’s exterior membrane. Within the muscle fiber, the 

action potential triggers a receptor linked between the t-tubule membrane and the 

sarcoplasmic reticulum membrane. The sarcoplasmic reticulum then releases calcium 

ions into the intracellular fluid surrounding the actin and myosin chains, allowing the 

formation of actin-myosin cross-bridges and cross-bridge cycling, the mechanism of 

muscle contraction. Conversely, the uptake of calcium by the sarcoplasmic reticulum 

leads to muscle relaxation. 

Muscle force-length relationship 

 The total tensile force a muscle produces is the sum of active and passive force 

components, which are a function of muscle fiber length (Figure I-III, A) (Lieber, 2002). 

Muscle fiber length is proportional to the length of the sarcomeres within the muscle 

fiber, which is related to the amount of overlap between actin and myosin molecules 

within the sarcomeres. The amount of overlap between actin and myosin determines the 

number of cross-bridges that can be formed and, therefore, also determines the tension 

that can be generated by cross-bridge cycling. The length at which a muscle produces its 

maximum force is its optimal fiber length, defined as the length at which the actin-

myosin overlap within the sarcomeres of the muscle fiber is optimal for cross-bridge 

formation. At fiber lengths shorter than optimal fiber length, a muscle can produce less 

active force due to interference between overlapping actin molecules and between 

myosin molecules and z-bands. At fiber lengths greater than optimal fiber length, a 

muscle can produce less active force because there is less actin-myosin overlap, which 

limits cross-bridge formation. Additionally, a lengthened muscle will produce a passive 
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tensile force that is proportional to the length that the muscle is stretched beyond its 

optimal fiber length. This passive force is primarily attributed to the protein molecule 

titin, located within the sarcomere itself (Figure I-II) (Lieber, 2002).  

 

 

Figure I-III. Characteristic (A) force-length and (B) force-velocity relationships of 

skeletal muscle. Fmax = maximum isometric muscle force, l0
m
 = optimal fiber length 

(Zajac, 1989). 

 

Muscle force-velocity relationship 

 The active force a muscle can produce is also a function of the rate at which the 

muscle shortens or lengthens when the muscle is activated (Figure I-III, B). The force a 

muscle produces when it is held at a constant length is called isometric force. If a muscle 

is allowed to shorten when it is activated, the force that the muscle produces is less than 

its isometric force for the same state of activation. As the rate of muscle shortening 

increases, the force that the muscle produces at a given state of activation decreases non-

linearly. If the rate of muscle shortening is greater than its maximum shortening velocity, 
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the muscle will no longer produce a tensile force. Conversely, if a muscle is lengthened 

in an activated state, the force that the muscle produces is greater than its isometric force.  

Muscle architecture and musculoskeletal geometry 

 Muscle architecture refers to the geometric properties of muscle fibers in a muscle 

and the geometric arrangement of muscle fibers relative to the axis of muscle-tendon 

force (Lieber, 1993). While muscle fibers may be arranged parallel to the direction of 

muscle force, muscle fibers in most muscles are pennated, or offset at an angle to the axis 

of muscle-tendon force. Fiber pennation allows muscles to generate greater force for a 

given muscle volume because it allows placement of more muscle fibers within the 

muscle. However, the greater the pennation angle, the smaller the range of muscle lengths 

over which the muscle can produce force for a given muscle volume, as the fibers 

themselves become shorter.  

 Several geometric properties of muscle and tendon are important for estimating 

the force produced by a muscle-tendon unit: 

 Sarcomere length is the in situ length of sarcomeres in muscle. Optimal sarcomere 

length, the length at which sarcomeres generate maximum contractile force, is 2.8 μm 

in humans (Lieber et al., 1994). 

 Optimal fiber length is the length of muscle fibers at which sarcomeres are at optimal 

length, allowing a particular muscle to produce its maximum force for a given state of 

activation.  

 Tendon slack length is the length of tendon at which it just begins to produce force; if 

stretched to a greater length, the tendon would generate a passive force similar to a 

non-linear spring being stretched. 
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 Pennation angle is the angle of the direction of muscle fibers with respect to the axis 

of muscle force generation. 

 Muscle volume is the volume of the bulk contractile portion of muscle (i.e. without 

tendon). 

 Physiological cross-sectional area (PCSA) is an estimate of the net cross-sectional 

area of all muscle fibers within a muscle, and is computed as muscle volume divided 

by optimal fiber length. Maximum isometric muscle force is proportional to PCSA 

(Lieber, 1993). 

 Specific tension is the maximum isometric force per unit area (specifically, PCSA) 

that a muscle can generate at its optimal fiber length when fully activated. 

 Musculoskeletal geometry refers to the spatial arrangement of muscle-tendon 

units, including their paths and the location of their origin and insertion sites, relative to 

the underlying skeleton. Muscle force acts to rotate segments about a joint by generating 

a joint moment, which is the product of the magnitude of muscle force and the muscle’s 

moment arm about the joint center (Figure I-IV). Moment arm, the perpendicular distance 

between a muscle’s line of action and the joint center, is highly influenced by the 

musculoskeletal geometry of muscles crossing a joint. Thus, musculoskeletal geometry 

partly determines a muscle’s biomechanical role because it characterizes the magnitude 

and direction of the joint moment generated by the muscle.  
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Figure I-IV. An example of the conversion of the biceps muscle tensile force to joint 

moment at the elbow. 

 

Neural force modulation 

 There are at least two ways that the nervous system modulates force produced by 

a muscle: rate coding and ordered muscle fiber recruitment (Lieber, 2002). Rate coding is 

the modulation of muscle fiber force by altering the frequency at which neurons stimulate 

muscle fibers to contract (Figure I-V). At low stimulation frequencies, a muscle produces 

a low mean force that oscillates at high amplitude relative to the mean force, known as a 

twitch response. As stimulation frequency increases, temporal summation of the twitch 

responses produces a mean force in the muscle fiber that is greater than the force 

produced during a single twitch response. At high stimulation frequencies, the force 

generated by a muscle fiber is a nearly maximal, steady-state tetanus contraction. Rate 

coding is considered a poor way to modulate force, especially at low muscle force, 
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because the oscillatory amplitude of the muscle fiber force is high relative to the mean 

muscle fiber force.  

 

Figure I-V. Force response of muscle fiber from a rabbit tibialis anterior muscle to 

different electrical stimulation frequencies (Lieber, 2002). 

 

 The nervous system can vary the number of muscle fibers that are activated 

within a muscle in order to modulate the active force the muscle produces. Each muscle 

fiber within a muscle belongs to a motor unit (Figure I-VI). The number of muscle fibers 

that belong to each motor unit varies. Small motor units have fewer, smaller fibers while 

larger motor units have more, larger fibers. Therefore, larger motor units can produce 

greater force than smaller motor units. All muscle fibers within a motor unit are activated 

simultaneously when stimulated by their motor neuron. Henneman’s size principle states 

that, when a muscle is signaled to contract, smaller motor units are activated first, and 

larger motor units are subsequently activated as the desired muscle force increases 

(Henneman et al., 1965; Milner-Brown et al., 1973). 
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Figure I-VI. The components of a motor unit. The cell body of the motoneuron 

resides in the spinal cord, and a single neuron may innervate one or more muscle 

fibers (Lieber, 2002). 

 

B. Shoulder Anatomy and Physiology 

Skeletal Anatomy 

 The bones that comprise the shoulder include the clavicle, scapula, and humerus 

(Figure I-VII). These bones provide an attachment surface for muscles and transmit 

muscle-generated forces in order to articulate the shoulder joints. The clavicle is a long, 

cylindrical, s-shaped bone on the anterosuperior portion of the thorax that spans between 

the sternum and the scapular acromion. The scapula, or shoulder blade, is a thin, 

triangular-shaped bone that lies on the posterosuperior surface of the thorax. The glenoid, 

which joins the scapula and humerus, protrudes from the lateral portion of the scapula. 

The lateral surface of the glenoid is concave and articulates with the humeral head. The 

humerus is a long, cylindrical bone in the arm with an ellipsoid-shaped head at its 

proximal end. 
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Figure I-VII. Skeletal structure of the shoulder. 

 The four joints of the shoulder are the glenohumeral joint, the acromioclavicular 

joint, the scapulothoracic joint, and the sternoclavicular joint. The glenohumeral joint, 

which is most critical for shoulder movement, is formed between the scapular glenoid 

cavity and the humeral head. At the scapulothoracic joint, the scapula rests on the 

posterosuperior portion of the thorax and is held against the thorax by the muscles that 

originate or insert on the deep or superficial surfaces of the scapula. As a result, the 

scapula glides along the surface of the thorax, and its position is entirely controlled by the 

muscles attached to it. The acromioclavicular and sternoclavicular joints are formed on 

either end of the clavicle and provide an osseous base of support between the thorax and 

upper limb. 

Soft Tissue Anatomy 

 Immediately surrounding the glenohumeral joint is a hermetically-sealed capsule 

of connective tissue that encloses the joint. The fluid within the capsule both lubricates 

the joint and helps prevent joint dislocation. When the humeral head is translated away 

from the joint center, negative hydrostatic pressure generated within the capsule resists 
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translation (Gibb et al., 1991). Ligaments surround the capsule and provide passive 

stability to the joint by generating stabilizing passive forces at the extremes of the joint 

range of motion (Gibb et al., 1991). There are 11 muscles that cross the glenohumeral 

joint (Table I-I). The supraspinatus, infraspinatus, subscapularis, and teres minor muscles 

directly surround the glenohumeral joint capsule and comprise the rotator cuff. Besides 

their role in actively stabilizing the glenohumeral joint (Bigliani et al., 1996), the rotator 

cuff muscles are important contributors to shoulder movement. The remaining muscles 

that cross the glenohumeral joint are the deltoid, teres major, pectoralis major, latissimus 

dorsi, coracobrachialis, the long head of triceps, and the long and short heads of biceps. 

Some muscles, such as the deltoid, have distinct compartments that can be activated 

independently of one another (Wickham and Brown, 2012).  
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Table I-I. Innervation and action of muscles crossing the glenohumeral joint. 

 

*moment arms from Liu et al. (Liu et al., 1997), Otis et al. (Otis et al., 1994), Kuechle et 

al. (Kuechle et al., 1997), Kuechle et al. (Kuechle et al., 2000), and Bassett et al. (Bassett 

et al., 1990).  

 

Shoulder movement 

 The shoulder joint has the greatest range of motion of any joint in the body. This 

range is supported primarily by the bones and soft tissues of the scapulothoracic and 

glenohumeral joints. At the scapulothoracic joint, the scapula glides over the thoracic 

cavity. During unimpaired shoulder movement, the scapula translates and rotates in 

coordination with the glenohumeral joint. DeGroot and Brand derived regression 

equations to describe the motion of the scapula relative to the humerus during unimpaired 

abduction (de Groot and Brand, 2001). The glenohumeral joint primarily allows rotation 
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in three degrees of freedom. The three rotational degrees of freedom, as outlined by the 

ISB, are glenohumeral elevation, glenohumeral plane of elevation, and glenohumeral 

axial rotation (Wu et al., 2005). Additionally, while the glenohumeral joint is considered 

a ball-and-socket joint, the glenoid cavity does not completely envelop the humeral head 

sufficiently to resist translation. Though this configuration allows for greater range of 

motion at the shoulder, the glenohumeral joint must rely on the soft tissues surrounding 

the joint to provide active and passive stability (Bigliani et al., 1996). A small amount of 

glenohumeral joint translation is expected during normal, unimpaired movement 

(Wuelker et al., 1994). However, failure of glenohumeral stability mechanisms can lead 

to dislocation, impingement, and rotator cuff injury (Hawkins and Janda, 1996; Pieper et 

al., 1993; Porcellini et al., 2006).  

 

C. Brachial Plexus Injury and Treatment 

Motoneuron Anatomy 

 Muscles of the upper limb are innervated by nerves of the brachial plexus, a 

network of alpha motor neurons that originate from the C5 though T1 ventral roots (Barr 

and Kiernan, 1993; Bednar and Light, 2006; Berne et al., 1998) (Figure I-VIII). The cell 

bodies of the motor neurons reside in the ventral horn of the spinal cord, and their axons 

pass through the ventral roots and terminate at the neuromuscular junction of one or 

multiple muscle fibers within the same muscle. A single nerve cell and all the muscle 

fibers it innervates are called a motor unit.  
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Figure I-VIII. Diagram of the brachial plexus and its nerve branches (Longo et al., 

2011). 

 

 Nerves have a hierarchical structure consisting of several fascicles, each of which 

is a bundle of nerve fibers containing a single axon and its myelin sheath (Barr and 

Kiernan, 1993). The myelin sheath, generated by Schwann cells that surround the axon, 

acts as an electrical insulator to increase the conduction velocity of nerve signals that are 

transmitted by the axon. Three distinct layers of connective tissue - the endoneurium, 

perineurium, and epineurium - envelop the nerve fibers, individual fascicles, and the 

entire nerve, respectively.  

Peripheral nerve injury 

 Nerve injury can vary by severity and location. In general, peripheral nerve injury 

can occur either at the nerve root where the nerve exits the spinal cord, or anywhere 

along the nerve between the root and motor end plate. There are three classifications of 
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nerve injury severity (Seddon, 1943; Sunderland, 1951). Neurotmesis, the most severe 

nerve injury, occurs when a nerve is completely severed. In axonotmesis injury, the axons 

are disrupted but the connective tissue of the nerve remains in continuity. Following mild 

neurapraxia injury, the axons and connective tissue remain in continuity, and there is no 

permanent functional loss.  

 When an axon is severed, as in axonotmesis and neurotmesis injury, the distal 

portion of the axon and its myelin sheath is broken down in a process called Wallerian 

degeneration, which begins hours after the injury (Barr and Kiernan, 1993; Burnett and 

Zager, 2004). The connective tissue of the distal nerve segment remains intact, providing 

a conduit through which regenerating axons can grow toward a target muscle. 

Spontaneous recovery of function is likely following axonotmesis injury because the 

nerve connective tissue has not been cut, but more severe neurotmesis injuries usually 

require surgery to rejoin the proximal and distal nerve segments (Burnett and Zager, 

2004). 

Brachial plexus injury 

 Injuries to the brachial plexus nerves are caused by disease or trauma and result in 

upper limb muscle paralysis and anesthesia (Moore and Dalley, 1999). In a multi-trauma 

population, approximately 1.2% of patients sustained a brachial plexus injury (Midha, 

1997). Brachial plexus injury occurs in about 0.1% of pediatric (non-perinatal) multi-

trauma cases (Dorsi et al., 2010). Injuries are most frequently caused by motor vehicle 

accidents, especially motorcycle and snowmobile accidents (Midha, 1997). The type and 

extent of functional loss following injury depends on the injury severity and the nerves 

involved. Traction or stretching of the nerves, which occurs when the head and shoulder 
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are pulled apart from one another, avulses the nerve roots from the spinal cord and 

commonly affects the upper plexus roots (C5, C6, and C7). Direct or penetrating trauma 

to the shoulder can injure the nerve distal to the nerve roots. Multiple nerve roots may be 

involved if they supply fascicles to the injured nerve.  

 Brachial plexus birth palsy, a special case of brachial plexus injury sustained by 

infants during childbirth, occurs in as many as 1 to 4.6 per 1000 live births, and the 

incidence of BPBP is increasing despite advancements in obstetric monitoring and 

delivery techniques (Pearl, 2009). Injury to the C5 and C6 nerve roots alone is most 

common, representing 46% of all cases, and injury involving at least the C5 and C6 nerve 

roots occurs in approximately 96% of cases (Hale et al., 2010). 

Treatment 

 If spontaneous recovery of motor function has not occurred within 3 to 6 months 

after brachial plexus injury, then surgery may be indicated to restore continuity to the 

severed nerve and allow axons to reinnervate the paralyzed muscle(s) (Okazaki et al., 

2011). The two most common surgical nerve reconstruction procedures following a 

neurotmesis-grade brachial plexus injury are nerve repair and nerve transfer. During 

nerve repair, the proximal and distal ends of the injured nerve are reconnected either end-

to-end or by implanting an interposed nerve graft (Okazaki et al., 2011). Nerve transfer is 

performed by suturing the proximal end of a donor nerve to the distal end of the injured 

nerve (Leechavengvongs et al., 2003). Sometimes a nerve graft must be implanted 

between the donor and recipient nerves (Terzis et al., 2006). Donor nerves can either be 

intraplexal (part of the brachal plexus) or extraplexal. Nerve transfer is usually indicated 

following root avulsion injury, though direct repair of avulsed roots has been described 
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(Carlstedt et al., 2000; Terzis et al., 2006). Either nerve repair or nerve transfer may be 

performed following direct injury distal to the nerve root. Multiple nerve repair and nerve 

transfer procedures may be performed on the same patient, depending on the extent of 

injury and the availability of donor nerves.   

Clinical functional outcome assessment 

 Pre- and post-surgical functional ability assessments are important for monitoring 

functional recovery and evaluating the effectiveness of treatments. Range of motion and 

strength are the two most common metrics used to assess functional ability. To determine 

the active range of motion of a joint, a patient is asked to perform a simple movement in 

a particular direction until the patient can no longer continue moving their limb in that 

direction. Range of motion can be influenced by many underlying musculoskeletal 

properties, including muscle size, muscle-tendon length, muscle and tendon passive 

stiffness, muscle tissue excitability, the extent of muscle innervation, joint integrity, and 

perceived pain. Therefore, while range of motion assessment may be an indicator of 

functional ability, it does not provide information about the underlying mechanisms that 

contribute to or limit the observed range of motion. 

 While some studies report qualitative measurements of strength (Bertelli and 

Ghizoni, 2010), most of the reported strength measures following nerve reconstruction 

for brachial plexus injury are manual muscle grades, such as the widely-used scale 

established by the British Medical Research Council (Riddoch et al., 1943) (Table I-II). 

This type of data is qualitative and ordinal, and strength grade intervals are broad and 

unequal. For instance, the difference in actual strength between an M2 and M3 grade is 

not the same as the difference in strength between an M3 and M4 grade. Additionally, 
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patients given the same M4 muscle grade may actually have much different strength 

profiles since an M4 grade encompasses a wide range of strength (Bhardwaj and 

Bhardwaj, 2009).  

 

Table I-II. Medical Research Council Grading Scale
*
 (Terzis and Kostas, 2006). 

 

 Functional outcomes of nerve reconstruction procedures following brachial plexus 

injury vary substantially among individuals. A patient’s age, overall health, and extent of 

injury influence functional recovery (Krishnan et al., 2008; Waikakul et al., 1999). 

Clinicians have identified several surgical factors that influence functional outcomes of 

nerve reconstruction procedures. Generally, functional outcomes are more favorable 

under the following conditions: 

1. An intraplexal donor nerve is used to restore another intraplexal nerve (Terzis and 

Barmpitsioti, 2010b). 

2. The reconstruction procedure is performed within about 1 year of injury (Burnett and 

Zager, 2004; Samii et al., 2003).  

3. No graft is used, or if a graft is used, the graft length is small (Merrell et al., 2001; 

Okazaki et al., 2011; Samii et al., 2003). 

Nerve transfers following C5-C6 injury 
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 An avulsion injury of the C5 and C6 nerve roots causes paralysis of the muscles 

innervated by the axillary, suprascapular, and musculocutaneous nerves (Venkatramani et 

al., 2008). In the following sections, the anatomy of the axillary, suprascapular, and 

musculocutaneous nerves is reviewed and examples of nerve reconstruction procedures 

are provided. 

The Axillary Nerve 

 The axillary nerve, which originates from the posterior cord and is supplied by 

motor fascicles of the C5 and C6 ventral roots, innervates the deltoid and teres minor 

muscles. The axillary nerve has two primary branches (Apaydin et al., 2010). An anterior 

branch innervates the anterior and middle deltoid compartments, while a posterior branch 

innervates the posterior deltoid compartment and teres minor.  

 Leechavengvongs and colleagues recently described a posterior surgical approach 

that transfers the radial nerve of the long head of triceps to the anterior branch of the 

axillary nerve, with all 7 patients recovering useful shoulder function (Leechavengvongs 

et al., 2003). Other intraplexal and extraplexal donor nerves have also been used (Terzis 

and Barmpitsioti, 2010b; Terzis et al., 2006).   

The suprascapular nerve 

 Supplied by motor fascicles of the C5 and C6 ventral roots, the suprascapular 

nerve innervates the supraspinatus and infraspinatus muscles. The suprascapular nerve 

originates from the superior trunk of the brachial plexus and gives off two branches to the 

supraspinatus muscle and 3 or 4 branches to the infraspinatus muscle (Moore and Dalley, 

1999; Terzis and Kostas, 2006). The spinal accessory nerve is frequently used as a donor 
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nerve for transfer to the suprascapular nerve, though other nerves have also been used 

(Terzis and Kostas, 2006; Terzis et al., 2006).  

The musculocutaneous nerve 

 The musculocutaneous nerve originates from the lateral cord of the brachial 

plexus and receives fibers from the C5, C6, and C7 ventral roots (Moore and Dalley, 

1999). The nerve innervates the coracobrachialis, biceps brachii, and brachialis muscles. 

The nerve first innervates the coracobrachialis muscle as it descends the arm, then 

supplies 1 to 3 motor branches to the biceps brachii muscle, and finally gives off 1 or 2 

motor branches to the brachialis muscle (Vicente et al., 2005). The intercostal nerve has 

been used frequently for nerve transfer to the musculocutaneous nerve, while the spinal 

accessory nerve has been used less frequently (Merrell et al., 2001). In some cases, select 

ulnar nerve motor fascicles have been transferred to the biceps branch of the 

musculocutaneous nerve (Bertelli and Ghizoni, 2004). 

Outcomes of reconstruction procedures 

 Range of motion and strength grades have been used to compare reported 

outcomes of reconstruction procedures and identify procedures or techniques that have 

produced better outcomes. Merrell and colleagues evaluated 27 studies representing 1088 

cases in which nerve transfer was performed to restore either shoulder or elbow function, 

or both (Merrell et al., 2001). Of 123 nerve transfers to restore shoulder abduction 

function, 73% of patients exhibited abduction strength of M3 or greater and 26% had 

abduction strength of M4 or greater. The axillary and suprascapular nerves are both 

candidate recipient nerves for procedures restoring shoulder abduction strength. It is 

expected that the best functional outcomes are achieved when both the axillary and 
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suprascapular nerves are restored (Terzis et al., 2006). When treatment was limited to 

nerve transfer to either the axillary or suprascapular nerve, functional outcomes following 

nerve transfer to the suprascapular nerve were better than those following axillary nerve 

transfer (Merrell et al., 2001). However, recent axillary nerve transfer techniques have 

produced functional outcomes that are comparable to those following suprascapular nerve 

transfer (Leechavengvongs et al., 2003).  

Special Considerations in the infant shoulder in BPBP 

 Infants who sustain a brachial plexus birth injury face unique challenges due to 

the rapid growth and development of their musculoskeletal tissues. In healthy newborn 

children, the central portions of the scapula have ossified, while cartilage comprises the 

ends of the glenoid, coracoid process, and acromion, as well as the edges of the scapula 

(Ogden and Phillips, 1983). Ossification of the glenoid progresses outward toward the 

glenoid cavity surface over the first decade. The shape and quality of bone during and 

after ossification are largely influenced by mechanical stimuli (Carter et al., 1996; 

Turner, 1998). In mice, muscle growth accompanying skeletal growth was achieved by  

adding sarcomeres in series and increasing the length of the sarcomere to maintain the 

desired force-generating behavior of the muscle (Goldspink, 1968). 

 The characteristic shoulder deformity following BPBP is an internal rotation 

contracture, high glenoid retroversion angle, and high posterior subluxation of the 

humeral head (Figure I-IX) (Hoeksma et al., 2003; Poyhia et al., 2005; Waters et al., 

1998a).  Internal rotation contracture has been defined as a limitation in passive shoulder 

external rotation range of motion of at least 10° compared to the unimpaired contralateral 

shoulder (Hoeksma et al., 2003). In children with severe contracture, the arm is 
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positioned in a chronically internally rotated posture (Nath et al., 2010). Glenoid version 

angle, a measure of osseous deformity, is the anteroposterior tilt of the glenoid relative to 

the centerline of the scapula in the coronal plane, with retroversion indicating a posterior 

tilt. The shape of the cartilaginous glenoid articulating surface, normally concave, has 

been observed with a flat, convex, or biconcave surface, or with a pseudoglenoid formed 

posterior to the true glenoid (Bahm et al., 2007; Poyhia et al., 2005). The humeral head 

can also be deformed (Bahm et al., 2007). The severity of the osseous deformities has 

been shown to increase with age (Waters et al., 1998a). 

 

 

Figure I-IX. Axial CT scan of a 7-month-old girl with BPBP indicates severe glenoid 

retroversion and posterior humeral head subluxation of the left shoulder (Hui and 

Torode, 2003). 

 

 In 102 children with BPBP with at least C5 and C6 involvement, the average 

glenoid retroversion angle in the affected limb was 15.9°, compared to only 5.7° in the 

unimpaired contralateral shoulder (Hogendoorn et al., 2010). In approximately half of 

these patients, the subscapularis muscle had atrophied and exhibited fatty infiltration or 
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fibrosis that is characteristic of paralyzed muscle. These degenerative changes were 

observed to a similar extent in the deltoid, infraspinatus, and supraspinatus muscles. 

Waters and colleagues evaluated 74 children with BPBP found that the strength ratio 

between muscles that internally and externally rotate the shoulder correlates with the 

severity of glenohumeral deformity (Waters et al., 2009). The severity of internal rotation 

contracture has been correlated with the angle of glenoid retroversion (Poyhia et al., 

2005). 

 In a mouse model of BPBP involving excision of the C5 and C6 nerve roots, it 

was observed that normalized muscle fiber lengths of muscles affected by nerve injury 

were significantly shorter than the lengths of these muscles in unimpaired shoulders 

(Nikolaou et al., 2011). This suggests that the nerve injury affects the longitudinal growth 

of muscle, which may contribute to internal rotation contractures and the development of 

osseous shoulder deformity. 

 

D. Biomechanical Models  

Computational musculoskeletal modeling 

 Computational models of the musculoskeletal system are useful tools for the 

study of movement biomechanics. Musculoskeletal models are a compendium of 

experimentally-derived properties that include mathematical representations of numerous 

components of the system, such as bones, ligaments, tendons, muscles, and other 

supporting structures. The properties and mathematical formulas that describe the 

function and behavior of these components are based on experimental measurements of 
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anatomic and physiologic properties. Individual properties in the model can be altered to 

represent clinical or experimental scenarios. 

 Historically, researchers created computational musculoskeletal models by 

writing custom code in various programming languages. With the advances in computer 

processing speed and graphics capabilities, graphics-based software programs have 

emerged, allowing researchers with little or no programming experience to create and 

analyze musculoskeletal models. Graphics-based models are more intuitive and easily 

accessible to clinicians and rehabilitation specialists. Additionally, these programs 

provide a standard analysis platform which facilitates sharing of models and analysis 

tools among researchers. 

 SIMM (Musculographics, Inc., www.musculographics.com/products/simm.html) 

is a graphics-based software program for creating and analyzing three-dimensional 

musculoskeletal models (Delp and Loan, 1995, 2000). Users can create muscles and body 

segments within a virtual lab space. Individual properties, such as optimal fiber length 

and muscle volume, can be specified for each muscle. Musculotendon units are 

represented as linear actuators defined by muscle points that trace each muscle’s path. 

Though SIMM is very useful for creating musculoskeletal models, it can also perform 

dynamic simulations of movement when used in conjunction with an external dynamics 

engine, such as SD/FAST (Parametric Technology Corp., Needham, MA). 

 OpenSim (Stanford University, CA, www.simtk.org/home/opensim) is an open-

source, graphics-based software program for analyzing human movement. 

Musculoskeletal models generated in SIMM can be imported into OpenSim for editing 

and movement analysis. A dynamics engine is embedded in the OpenSim software for 

http://www.musculographics.com/products/simm.html
http://www.simtk.org/home/opensim
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performing dynamic movement simulations. A number of forward and inverse analysis 

tools are available in OpenSim, including inverse kinematics, inverse dynamics, static 

optimization, computed muscle control, and forward dynamics. There are also several 

analysis tools for calculating model-based and simulation-based parameters, such as joint 

reaction force, muscle force, muscle-generated joint moments, and muscle-induced 

accelerations. More advanced users who are able to program in C++ can write custom 

plug-ins to develop models, tools, controllers, and other features that are not currently 

available in the OpenSim software.  

The Hill-type muscle model 

 The default muscle models available in SIMM and OpenSim are Hill-type models 

(Figure I-X). The Hill-type muscle model is a commonly-used mathematical model that 

captures the force-generating behavior of a muscle-tendon unit (Zajac and Gordon, 

1989). The contractile tissue of muscle – the collection of sarcomeres within muscle 

fibers – is represented as a contractile element (CE). The force generated by the 

contractile element is determined by the anatomical properties, state of activation, and 

force-length-velocity relationship of muscle. The series elastic element (SEE) is 

sometimes incorporated to capture the elastic energy stored in the actin-myosin cross-

bridges. The parallel elastic element (PEE) represents the elastic protein titin, which 

spans the length of the sarcomere and is thought to be the primary source of the passive 

force generated in stretched muscle tissue. Tendon is represented as an elastic spring 

element in series with muscle. 
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Figure I-X. Hill-type model of muscle tissue. CE = contractile element. SEE = series 

elastic element. PEE = parallel elastic element (Pandy, 2001). 

 

Biomechanical analysis of movement 

 Movement is considered to initiate in the central nervous system, which signals 

muscles to contract and produce forces required to move body segments. This 

physiological pathway from neural excitation to movement is referred to as the forward 

pathway, and the opposing direction is referred to as the inverse pathway. Biomechanical 

analyses of movement use both forward and inverse approaches to study movement. In 

inverse analyses, the location and orientation of body segments are known and used to 

calculate the joint forces and moments, muscle forces, and muscle activations that 

produced the movement. In forward analyses, the neural excitations are known and used 

to predict the resulting movement.  

 Computing the muscle forces and activations which track a desired movement is 

not a straightforward task because there are more muscles than are needed to move a joint 
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in each possible direction of movement. Therefore, mathematically, there are infinite 

ways the muscles crossing the shoulder could be activated in order to produce a given 

movement. The computed muscle control (CMC) algorithm is a dynamic optimization 

method that computes physiologic muscle activations required to track a set of 

generalized coordinates (i.e. joint angles) of a desired movement as closely as possible 

while minimizing a cost function related to metabolic effort. The CMC algorithm can be 

described in four steps (Thelen and Anderson, 2006; Thelen et al., 2003): 

1. Desired accelerations are computed based on the differences (errors) between the 

desired and actual positions and velocities of the generalized coordinates that characterize 

the movement. Feedback gains are used to drive the position and velocity errors to zero. 

2. A static optimization analysis is performed to compute muscle activations 

required to achieve the desired accelerations. Muscle activations are computed such that a 

metabolic effort cost function (Eq. 1.1) is minimized over the entire movement (Happee, 

1994): 

               Eq. 1.1 

             

Eq. 1.1 

 

In Eq. 1.1, Vi is volume of muscle i, ai is the state of muscle activation, m is the total 

number of muscles, t is the current time point of the movement, and T is the interval 

between time points.  

3. Muscle activations are used to compute neural excitations according to a 

mathematical model of excitation-activation dynamics (Raasch et al., 1997).  
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4. Muscle excitations are input into a forward dynamics model. The state equations 

incorporating muscle activation, musculotendon, and movement dynamics are integrated 

forward in time to compute the positions and velocities of the generalized coordinates at 

the next time step. The positions and velocities are input into the feedback controller in 

step 1. 

 Static optimization alone can be used to compute muscle activations and 

excitations. However CMC produces more physiologic predictions of muscle excitations 

than static optimization because it accounts for excitation-activation and muscle 

contraction dynamics in steps 3 and 4. The CMC algorithm has been used to compute 

muscle excitation patterns during pedaling (Thelen et al., 2003), walking (Thelen and 

Anderson, 2006), running (Hamner et al., 2010), and reaching (Daly, 2011). 

Murine model of BPBP 

 Murine models have recently been used to study the progression of 

musculoskeletal deformity in BPBP (Kim et al., 2010; Li et al., 2010; Li et al., 2008; 

Nikolaou et al., 2011; Weekley et al., 2012a). The Sprague-Dawley rat model of BPBP, 

developed by Li and colleagues, is one example (Li et al., 2010; Li et al., 2008). Murine 

models are ideal for investigating BPBP in ways that are impractical or unethical in 

human subjects. The anatomy of the rat and human shoulder is similar (Norlin et al., 

1994), and the rat model of BPBP has demonstrated shoulder deformity similar to that 

observed in human infants (Li et al., 2008). Rats develop more rapidly than humans, with 

every 10.5 days in a rat’s life equivalent to approximately one human year based on 

musculoskeletal development, so the length of a rat study is shorter than a human study 

for the same age span (Quinn, 2005). The animal’s environment, diet, and activity can be 
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controlled to a greater extent than that of human subjects. Animals can be sacrificed for 

examination of the shoulder and direct measurement of musculoskeletal properties that 

are difficult or impossible to measure from medical images or human subjects.  

 One important difference between the rat and human shoulder is that the rat’s 

forelimbs are weight-bearing, whereas the human upper limb is weight-bearing only 

during crawling in infancy (Li et al., 2010). Different weight-bearing patterns exert 

different mechanical loads on the shoulder tissues. However, in previous studies, rats 

have exhibited deformity characteristics similar to those of human clinical cases (Li et al., 

2010). 

 

E. Focus of the Proposed Dissertation 

 Brachial plexus injury involving the C5 and C6 nerve roots can weaken or 

paralyze muscles crossing the shoulder and elbow, compromising upper limb strength 

and functional ability. In adults, choosing which muscles to reinnervate and thereby 

restore the most useful upper limb function remains challenging. Following brachial 

plexus birth palsy, the biomechanical mechanism leading to permanent and debilitating 

osseous shoulder deformity is unknown.  

 The objectives of this research are 1) to clarify the biomechanical role of muscles 

crossing the shoulder that are possible targets for restoration by nerve transfer, 2) to 

evaluate the relationship between maximal strength and task performance in adults with 

BPI, and 3) to identify the predominant mechanism of contracture and osseous shoulder 

deformity in infants with BPBP. Different clinical nerve transfer scenarios for restoring 

shoulder function are represented in a computational upper limb musculoskeletal model, 
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and we compare differences in functional outcomes among scenarios using measures 

related to movement ability, strength, and effort. We evaluate whether nerve transfer may 

be a suitable alternative to nerve grafting following isolated axillary nerve injury, given 

that posterior deltoid and teres minor remain paralyzed following nerve transfer. We 

assess how, in individuals with BPI, persistent loss of maximal joint strength even after 

surgery and rehabilitation affects their kinematic and kinetic measures of task 

performance. In a rat model of brachial plexus birth palsy, we track the progression of 

osseous shoulder deformity and measure muscle properties to evaluate how the nerve 

injury affects the force-generating behavior of affected muscles. The muscle properties 

measured in the rat model will be used to develop a computational musculoskeletal 

model of BPBP to predict glenohumeral joint reaction forces associated with the 

development and progression of osseous shoulder deformity. These studies advance our 

understanding of the biomechanical effects of upper limb peripheral nerve injuries and 

provide a pathway for evaluating computational simulations of clinical orthopedic 

procedures. 

 

The specific aims of the proposed research are: 

Specific Aim 1: Determine whether, following a C5 and C6 root avulsion injury, a nerve 

transfer to the axillary nerve, suprascapular nerve, or both nerves most effectively 

restores shoulder strength in the context of a functional task involving the shoulder and 

elbow.   

Specific Aim 2: Determine whether posterior deltoid and teres minor should be restored 

following axillary nerve injury based on their biomechanical roles at the shoulder.  
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Specific Aim 3: Assess whether reductions in joint strength following brachial plexus 

injury affect movement kinematics and kinetics during upper extremity functional tasks. 

Specific Aim 4:  Predict the extent to which impaired longitudinal muscle growth and 

strength imbalance alter glenohumeral contact force and maximum shoulder motion 

following brachial plexus birth palsy. 

Specific Aim 5: Determine the relative contributions of impaired longitudinal muscle 

growth and strength imbalance to shoulder osseous deformity following brachial plexus 

birth palsy. 

 

F. Significance of this Research 

Our research explores the biomechanical implications of surgeries for brachial plexus 

injury, the effect of injury on strength and movement ability, and the biomechanical 

contributions of muscles to shoulder deformity in children with BPBP. 

Computer Simulation of Nerve Transfer Strategies for Restoring Shoulder Function 

after Adult C5-C6 Root Avulsion Injuries. Simulation of nerve transfer in a 

computational musculoskeletal model isolates the choice of nerve transfer strategy from 

other factors that may confound measured functional outcomes in human subjects. We 

suggested surgical strategies that are most likely, from a biomechanical standpoint, to 

restore useful upper limb function for performing daily living tasks. This study 

established a novel computational approach for evaluating surgical nerve reconstruction 

procedures using measures that are related to clinical measures of functional outcome, 

such as range of motion, strength, and effort. 
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Biomechanical Contributions of Posterior Deltoid and Teres Minor in the Context 

of Axillary Nerve Injury: A Computational Study. This study provided clinicians with 

biomechanical, quantitative support for using nerve transfer as an alternate to nerve 

grafting for restoring shoulder strength and functional ability following isolated axillary 

nerve injury. We evaluated the relative contributions of teres minor and the three 

compartments of the deltoid to shoulder strength and to joint moments generated during 

upper limb movements. Muscles which compensate for teres minor and posterior deltoid 

paralysis were also identified. Recovery of shoulder function may be improved through 

focused reinnervation and rehabilitation of muscles identified in this study as primary and 

compensatory contributors to shoulder strength and movement ability. 

Relationship Between Maximum Isometric Joint Moment and Functional Task 

Performance in Patients with Brachial Plexus Injury. We created a quantitative 

maximal joint strength profile for the shoulder and elbow in the impaired and unimpaired 

limbs of subjects with a history of unilateral BPI. In the same subjects, we recorded 

movements for 7 upper extremity tasks representative of those required for independent 

living. Through inverse biomechanical analysis, evaluated the relationship between 

strength and movement performance, and recommended that clinicians quantitatively 

measure joint strength as an effective means of monitoring movement ability. 

Effects of Muscle Architecture Changes on Glenohumeral Joint Biomechanics 

Following Brachial Plexus Birth Palsy. This study determined the extent to which two 

deformity mechanisms, impaired longitudinal muscle growth and strength imbalance, 

may produce deforming forces at the glenohumeral joint. We altered muscles in a 

computational model based on muscle changes associated with the two deformity 
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mechanisms, and computed their effect on glenohumeral joint contact forces and range of 

motion. By establishing a link between muscle architecture and shoulder mechanics 

following BPBP, we identified muscles that were most capable of contributing to 

deformity and are, therefore, potential targets for treatment to prevent or relieve shoulder 

deformity. 

Biomechanical Basis of Shoulder Osseous Deformity in a Rat Model of Brachial 

Plexus Birth Palsy. This study identified, to the greatest extent of any study to date, the 

physiologic and anatomical changes in several muscles crossing the glenohumeral joint in 

a rat model of BPBP. We established impaired longitudinal muscle growth, not strength 

imbalance, as the likely predominant mechanism of osseous shoulder deformity. 

Measured muscle properties further characterized the rat model, facilitating the 

development of more effective treatments for BPBP in future studies. 
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II. Computer Simulation of Nerve Transfer Strategies for Restoring 

Shoulder Function after Adult C5-C6 Root Avulsion Injuries 

 

This work was published in the Journal of Hand Surgery: 

Crouch DL, Li Z, Barnwell J, Plate JF, Daly M, Saul KR. Computer simulation of nerve 

transfer strategies for restoring shoulder function after adult C5 and C6 root avulsion 

injuries. Journal of Hand Surgery 36(10):1644-1651, 2011. 

 

A. Introduction 

Brachial plexus injuries commonly result in avulsion of C5 and C6 nerve roots 

(Rankine, 2004) and impair elbow flexion and shoulder function (Bertelli and Ghizoni, 

2004; Venkatramani et al., 2008). Surgical interventions seek to restore shoulder stability 

and reanimate elbow flexion to provide patients purposeful arm function. While 

combined nerve transfers to both suprascapular and axillary nerves are preferred to 

restore shoulder function, occasionally only single nerve transfer to either the axillary or 

suprascapular nerve may be possible due to limited donor nerve availability (Merrell et 

al., 2001; Terzis and Barmpitsioti, 2010a; Terzis and Kostas, 2006). Factors that 

influence functional outcomes after nerve transfers include overall patient health, injury 

severity, and surgical technique (Terzis et al., 1999). Biomechanically, the magnitude of 

restored muscle force capacity in reinnervated muscles influences a patient’s 

postoperative ability to perform tasks.  

 During functional movement, muscles rotate a joint by generating moment as a 

function of the magnitude of muscle force and the distance from the joint center of 
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rotation (moment arm). Whether muscles generate sufficient moment to perform a 

functional task is a measure of strength. From a biomechanical standpoint, joint strength 

is most effectively restored when muscles that generate relatively large joint moments 

favorable for performing a functional task are preferentially targeted for nerve transfer. 

Previous analyses considered biomechanical factors, such as moment arm and isometric 

joint strength, independently to evaluate the importance of the deltoid and infraspinatus 

muscles during basic shoulder abduction and external rotation movements (Terzis and 

Kostas, 2006). However, analyses did not simultaneously consider other determinants of 

muscle force (e.g. optimal fiber length, pennation angle, and muscle volume), the 

magnitude of muscle force recovery, or dynamic interactions among muscles and limb 

segments in the context of multi-joint movement (Delp et al., 1998; Hollerbach and 

Flash, 1982).  

 Computer-generated dynamic musculoskeletal models are a compendium of 

mathematical representations of experimentally-derived anatomical properties, strength 

measurements, and joint kinematics. Computational models of movement use 

fundamental mechanics to describe physiologic musculoskeletal behavior. A benefit of 

simulation is that muscle model properties can be altered to represent clinical scenarios 

and evaluate the influence of individual biomechanical factors in isolation on movement. 

For example, dynamic simulation has been used to assess contributions of shoulder and 

elbow muscles to wheelchair propulsion (Rankin et al., 2010) and the influence of muscle 

strength on pinch force following brachioradialis transfer (Mogk et al., 2011).  

This study sought to elucidate biomechanical consequences of nerve transfer strategies 

targeting the axillary nerve, suprascapular nerve, or both using dynamic simulation. The 
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goal was to evaluate (i) the minimum restored force capacity of reinnervated muscles 

required to perform a characteristic upper limb functional task and (ii) the effect of 

compensations following nerve transfer on movement effort. Limb strength, movement 

effort, and muscle coordination were not considered in previous biomechanical analyses 

of shoulder nerve transfers but may have important clinical implications for upper limb 

movement following brachial plexus injury. This study hypothesized that task 

performance following combined shoulder nerve transfer will be more similar to an 

unimpaired upper limb than single nerve transfer to the axillary or suprascapular nerve 

and that muscle coordination will change as less muscle force is recovered following 

transfer in order to compensate for muscle weakness. 

 

B. Methods 

 This study used a three-dimensional computer model of the upper limb 

musculoskeletal system (Holzbaur et al., 2005b) to simulate movement of the upper 

extremity following various nerve transfers. The computer model was designed as a 

platform for a broad range of neuromuscular and clinical simulations, capable of dynamic 

simulation (Daly, 2011; Rankin et al., 2010), and implemented in the OpenSim open-

source modeling environment (Stanford University, California) (Delp et al., 2007). Five 

physiological degrees of freedom at the shoulder and elbow (shoulder abduction, 

shoulder flexion/extension, shoulder rotation, elbow flexion, and forearm 

pronation/supination) were represented (Figure II-I). The movement of the scapula and 

clavicle were constrained to account for stabilizing physiological action of the trapezius, 

serratus anterior, and pectoralis minor during movement of the shoulder girdle (de Groot 
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and Brand, 2001). The architecture and origin-to-insertion paths of 23 muscles and 

muscle compartments crossing the elbow and shoulder joints (Table II-I) were defined 

based on anatomical data from previous studies (An et al., 1981; Jacobson et al., 1992; 

Lieber et al., 1990; Lieber et al., 1992; Murray et al., 2000). Muscle fiber lengths and 

moment arms for each simulated muscle compartment were calculated as a function of 

the joint postures. A mathematical model of the muscle-tendon unit was used to calculate 

the total force a muscle could produce passively when stretched and actively when 

contracted during neuronal excitation (Zajac, 1989). Active forces depending on the 

cross-sectional area, length, and shortening velocity of the muscle-tendon unit were 

allowed to vary from inactive to fully active levels according to the coordination pattern 

needed to produce the movement. Passive forces generated by stretched muscles were 

independent of muscle activation. 

 

Figure II-I. The five degrees of freedom the shoulder and elbow represented in the 

upper extremity model (forearm pronation-supination not shown). The model is 
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shown with the limb in the initial (left and upper right) and final (lower right) postures of 

the movement. 

 

Table II-I. Muscles represented in the upper extremity model. 

Region Shoulder Elbow Forearm 

Muscle Deltoid Triceps brachii Brachioradialis 

  Supraspinatus Biceps brachii 

Extensor carpi radialis 

longus 

  Infraspinatus Brachialis 

Extensor carpi radialis 

brevis 

  Subscapularis Anconeus  Extensor carpi ulnaris 

  Teres major Supinator Flexor carpi radialis 

  Teres minor   Flexor carpi ulnaris 

  Latissimus dorsi   Palmaris longus 

  Pectoralis major   Pronator teres 

  Coracobrachialis   Pronator quadratus 

 

 Three scenarios were generated, each representing a common nerve transfer 

procedure to the axillary nerve and/or suprascapular nerve for avulsion of the C5 and C6 

nerve roots. A fourth scenario representing a normal, unimpaired limb was generated for 

comparison. Paralyzed muscles and muscles reinnervated by nerve transfer were defined 

for each scenario based on descriptions of common procedures found in the literature 

(Table II-II).  
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Table II-II. Upper extremity clinical cases. 

scenario name muscles paralyzed muscles reinnervated 

unimpaired none none 

axillary SUP, INF, TRIB DELT, TMIN, BIC, BRA 

suprascapular DELT, TMIN SUP, INF, BIC, BRA 

combined TRIB SUP, INF, DELT, TMIN, BIC, BRA 

SUP = supraspinatus, INF = infraspinatus, DELT = deltoid, TMIN = teres minor, TRIB 

= triceps brachii,    BIC = biceps, BRA = brachialis, BRD = brachioradialis 

 

 Brachial plexus avulsion injury of the C5 and C6 nerve roots presents with 

paralysis of the supraspinatus, infraspinatus, deltoid, teres minor, biceps brachii, 

brachialis, and brachioradialis (Venkatramani et al., 2008). In all 3 nerve transfer 

scenarios, the biceps brachii and brachialis were assumed to be reinnervated by a double 

musculocutaneous nerve transfer (Goubier and Teboul, 2007). The axillary nerve 

scenario simulated nerve transfer to the axillary nerve with reinnervation of the deltoid 

and teres minor using the radial nerve branch to the long head of the triceps. The long 

head of the triceps is denervated as a consequence of this procedure (Table II-II) (Bertelli 

and Ghizoni, 2004). The suprascapular nerve scenario simulated nerve transfer to the 

suprascapular nerve with reinnervation of the supraspinatus and infraspinatus using the 



42 

 

spinal accessory nerve (Table II-II) (Terzis and Kostas, 2006). The combined scenario 

represented nerve transfers to both the suprascapular and axillary nerves (Table II-II).  

 Functional movement was assessed through simulation of a task that is 

characteristic of eating, lifting, or reaching. With the shoulder held in a functional posture 

of 25° of abduction, 25° of flexion, and 20° of internal rotation, the elbow was flexed 

from 0° to 120° in 1 second (Clare et al., 2001) (Figure II-I). The forearm and wrist were 

held in the neutral position. Whether the model could perform the desired movement 

accurately depended on the overall strength of the simulated muscle properties in each 

nerve transfer scenario. A computed muscle control (CMC) algorithm (Thelen and 

Anderson, 2006) was used to calculate the muscle activations that allowed the model to 

perform the desired movement as accurately as possible while minimizing a 

physiologically-based estimate of the effort (i.e. metabolic cost) that muscles exerted to 

perform the movement (Happee, 1994). This algorithm permits cocontraction of muscles 

if that pattern of activation satisfies the movement conditions and minimizes the effort 

cost. 

 While the CMC algorithm was used to calculate the actual activation levels of 

muscles during the movement, there were limits placed on the maximal activation a 

muscle could experience.  This limit was expressed as a percentage of its unimpaired 

force capacity. Unimpaired muscles were allowed to be fully activated, so these muscles 

had a force capacity of 100%. Paralyzed muscles were not allowed to be activated and 

had a force capacity of 0%. Reinnervated muscle activations were varied among 

simulations to determine the minimum restored force capacity of reinnervated muscles 

necessary to perform the movement accurately. For each scenario, a set of simulations 
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were performed in which the restored force capacity of reinnervated muscles was 

decreased from 100% in 5% increments. In a given simulation, all muscles reinnervated 

by shoulder nerve transfer had the same activation limit. Passive force properties of 

reinnervated muscles were assumed to be unaffected, while paralyzed muscles could 

produce passive properties only. To fully represent a typical C5-C6 injury while limiting 

variability across simulations, muscles reinnervated by the musculocutaneous nerve 

transfer could generate force up to 20% of their unimpaired capacity in all simulations 

(Bertelli and Ghizoni, 2010).  

 The accuracy of a simulated movement was determined by comparing the 

resulting joint angles of an unimpaired model to the joint angles in nerve transfer 

scenarios. A simulated movement that resulted in joint angles with less than 1° of average 

difference was classified as accurate. 

 Joint moments for each muscle crossing the shoulder were calculated to determine 

if muscular compensations were needed following nerve transfer. Moment, a measure of 

joint strength, is the product of muscle force and moment arm. Since the movement was 

the same for all successful simulations, the net joint moments were also the same. 

However, individual muscle contributions could vary based on altered coordination 

strategies. We evaluated the individual muscle moments for the point in the movement at 

which the net shoulder moments were maximal for the 3 scenarios, with reinnervated 

muscles permitted fully-restored force capacity (100%) and expressed as a percentage of 

the net joint moment. 

 Finally, we evaluated the effort required by each scenario to perform the desired 

elbow flexion movement while dynamically stabilizing the shoulder, as described earlier. 
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The movement effort was calculated using the effort function that was minimized by the 

CMC algorithm (Happee, 1994) and  expressed as the ratio of the movement effort of the 

nerve transfer scenarios to the movement effort of the unimpaired scenario. 

 

C. Results 

 The minimum restored force capacity required by the axillary, suprascapular, and 

combined nerve transfer scenarios to perform the desired movement accurately was 25%, 

40%, and 15%, respectively. The peak net joint moments occurred when the elbow was 

flexed to approximately 14°. For the axillary nerve scenario, the ability to perform the 

task with reduced restored force capacity was limited by the strength of the muscles that 

contribute to external shoulder rotation moment. That is, below 25% restored force 

capacity, external rotation moment was not sufficient to maintain the desired posture. In 

contrast, the suprascapular nerve and combined scenarios were limited by the ability of 

the muscles to generate sufficient positive shoulder abduction moment.     

 In the unimpaired scenario, the deltoid, infraspinatus, subscapularis, and 

supraspinatus were 4 of the primary muscles that generated moments in the same 

direction as the net shoulder abduction moment. When restored by axillary or combined 

nerve transfer, the deltoid generated the largest shoulder abduction moment (Figure II-II). 

The moment generated by the deltoid exceeded 100% of the net moment for the 

unimpaired, axillary, and combined scenarios because of the simultaneous action of 

antagonist muscles (pectoralis major, latissimus dorsi, triceps long head, and biceps short 

head) that adduct the shoulder. Additionally in this posture, the restored deltoid generated 

an internal rotation moment that is consistent with that developed in the unimpaired arm 
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(Figure II-III). When the deltoid remained paralyzed in the suprascapular scenario, the 

infraspinatus and subscapularis were more highly activated and generated shoulder 

abduction moments that were higher than those in the unimpaired scenario to compensate 

for deltoid weakness. However, as a consequence, the infraspinatus generated a very 

large external rotation moment that opposed the net shoulder internal rotation moment 

and required antagonist action of the subscapularis to maintain the shoulder posture 

(Figure II-III).  

 

Figure II-II. Shoulder abduction moment contributions by deltoid, infraspinatus, 

subscapularis, and supraspinatus at the point in the motion when the net shoulder 

joint moments were maximal. The moments are shown as a percent of the net shoulder 

abduction moment and can exceed 100% due to the simultaneous action of antagonist 

muscles. In the unimpaired, axillary, and combined scenarios, the deltoid was the primary 

contributor to net shoulder abduction moment. When the deltoid remained paralyzed in 

the suprascapular scenario, the infraspinatus, subscapularis, and supraspinatus muscles 

were the primary contributors to net shoulder abduction moment. 
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Figure II-III. Shoulder rotation moment contributions by deltoid, infraspinatus, 

subscapularis, and supraspinatus at the point in the motion when the net shoulder 

joint moments were maximal. Shoulder rotation moments are shown as a percent of net 

shoulder rotation moment, respectively. Positive values indicate an internal rotation 

moment, while negative values indicate an external rotation moment. 

 

 The movement effort increased as the restored activation capacity of muscles in 

each scenario decreased (Figure II-IV). The combined scenario exhibited the lowest 

movement effort of the 3 nerve transfer scenarios. The movement effort of the 

suprascapular scenario was approximately 50% higher than that of the axillary and 

combined scenarios.   
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Figure II-IV. Relationship between restored force capacity and movement effort. 

The movement effort was expressed as the ratio of the effort required by the nerve 

transfer scenario to perform the desired movement to the effort required by the 

unimpaired scenario to perform the desired movement. The suprascapular scenario 

exhibited the highest movement effort, while the combined scenario exhibited the lowest 

movement effort. Movement effort decreased as restored force capacity increased. 

 

D. Discussion 

 Three shoulder nerve transfer scenarios were simulated to elucidate how the 

magnitude of restored force capacity affects performance of a functional task. The 

minimum restored force capacity required to perform the intended movement correlates 

to the extent of muscle recovery achieved by nerve transfers and reinnervation of the 

target muscles. Nerve transfer scenarios that were able to perform the movement with 

lower restored force capacity required less muscle reinnervation compared to transfer 

scenarios requiring higher restored force capacity to perform the movement. The 

combined axillary and suprascapular nerve transfer required the least restored force 
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capacity for adequate functional movement. This finding concurs with clinical 

observations that combined nerve transfers provides enhanced functional recovery 

compared to single nerve transfers for brachial plexus injuries (Merrell et al., 2001; 

Midha, 2004; Terzis and Barmpitsioti, 2010a). Of the single nerve transfer scenarios, the 

axillary scenario outcome required a lower restored force capacity to perform the elbow 

flexion movement accurately.  

Shoulder joint moments generated by muscles crossing the shoulder were evaluated to 

identify the biomechanical role of muscles targeted by nerve transfers during functional 

movement. In the suprascapular scenario, the infraspinatus and subscapularis were 

required to contribute larger shoulder abduction moments to compensate for deltoid 

paralysis. Though compensation enabled the suprascapular simulations to perform the 

desired movement while the deltoid remained paralyzed, the movement was performed 

less efficiently. The unique musculoskeletal geometry and muscle architecture of the 

deltoid allowed it to elevate the shoulder without generating axial rotation moments that 

required antagonist action to overcome. The muscle properties of the infraspinatus and 

subscapularis were not as well-suited for generating the required shoulder joint moments. 

 Several limitations of this study should be considered. We used a generic model 

representing average musculoskeletal properties of an adult male. These properties vary 

across subjects and with age and gender. Among all simulations, the musculoskeletal 

properties were held constant while restored force capacity was varied, allowing 

assessment of the independent effect of restored force capacity on movement ability. 

Though differences in strength may affect the magnitude of restored force capacity 
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required to accomplish the task, we expect that relative results among nerve transfer 

scenarios would be consistent. 

 We assumed that the restored force capacity of muscles reinnervated by a 

musculocutaneous nerve transfer was 20%, based on a reported average recovered elbow 

flexion strength of 27% compared to normal contralateral strength following 

musculocutaneous nerve transfer (Bertelli and Ghizoni, 2010). This was held constant 

across all scenarios to focus on differences in function associated with different shoulder 

strategies only. The simulated musculocutaneous transfer was sufficient to flex the 

elbow, thus shoulder muscle function was the limiting determinant in performing the 

desired movement. 

 Muscles that stabilize the clavicle and scapula, including the trapezius, serratus 

anterior, and pectoralis minor, were not expected to be affected by C5-C6 injury or nerve 

transfers simulated in this study and were not included in the analysis (Terzis and 

Barmpitsioti, 2010a; Terzis and Kostas, 2006; Venkatramani et al., 2008). The 

physiological action of these muscles was instead accounted for by constraining 

movement of the clavicle and scapula in the computational model (de Groot and Brand, 

2001). Clinically, the static and dynamic positions of the scapula may be altered due to 

changes in shoulder muscle function following injury. However, the shoulder maintained 

a static posture during the entire movement, so any effect of injury on shoulder girdle 

posture would be consistent across scenarios.  

 The simulated nerve transfers reduced force capacity of muscles affected by 

injury; however, other muscle properties not accounted for may also be affected. The 

formation of contractures (Krishnan et al., 2008) following injury cause a decrease in 
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muscle fiber lengths of unimpaired muscles and limit the upper extremity range of 

motion. Atrophy, fibrosis, and joint stiffness following brachial plexus injury may further 

limit functional recovery (Bentolila et al., 1999; Gu et al.). Though passive force 

adaptations associated with contracture and atrophy were unaccounted for, the reduced 

functional ability would likely be consistent for all clinical treatment scenarios modeled 

here. Therefore, while the magnitude of necessary joint moments or effort may increase 

to account for these additional changes in muscle and joint properties, we expect that the 

relative performance of the 3 clinical scenarios discussed here would remain. 

 Muscle activations were calculated using a CMC algorithm, assuming for all 

scenarios that muscle coordination would minimize the metabolic effort required to 

perform the desired movement (Happee, 1994). CMC has been used to predict activations 

of lower limb muscles during unimpaired (Thelen and Anderson, 2006) and pathological 

ambulation (Delp et al., 2007). CMC has also been used to predict activations of upper 

limb muscles during a functional pull and a forward reach (Daly, 2011). In both 

instances, the CMC results were consistent with electromyograms measured during the 

movements for which they were calculated. Therefore, the CMC algorithm provided a 

reasonable and accepted method to evaluate the movement ability of the scenarios. 

 Results from this computer simulation study indicate that simultaneous nerve 

transfer to the suprascapular and axillary nerves yields superior simulated biomechanical 

outcomes for a single functional movement of important upper extremity function 

(Magermans et al., 2005) (eating, lifting, reaching) for lower magnitudes of muscle 

reinnervation. Transfer to the axillary nerve performs nearly as well as a combined 

transfer, while suprascapular nerve transfer is more sensitive to the magnitude of 
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reinnervation. Surgical factors which may affect restored muscle force capacity include 

the donor nerve, proximity of the implanted donor nerve to the reinnervated muscle, and 

the number and size of transferred motor neurons (Midha, 2004; Oberlin et al., 2009; 

Terzis and Kostas, 2006). Optimization of these factors is limited; therefore knowledge of 

the functional movements that can be achieved through various nerve transfers based on 

biomechanical simulations can provide guidance toward surgical treatment. The axillary 

and suprascapular nerves reinnervate muscles with different biomechanical roles, 

therefore single nerve transfers may be chosen depending on the dynamic requirements of 

the intended patient-specific functional tasks. Transfer approaches that are less sensitive 

to the magnitude of force restored to a reinnervated muscle may provide a more robust 

functional outcome requiring less compensation and reduced effort. Further studies are 

needed to examine the outcome of nerve transfers for various important functional 

movements during activities of daily living. This would allow surgeons to prioritize 

surgical strategies according to patient needs. 
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III. Biomechanical Contributions of Posterior Deltoid and Teres 

Minor in the Context of Axillary Nerve Injury: A Computational Study 

 

This work was published in the Journal of Hand Surgery: 

Crouch DL, Plate JF, Li Z, Saul KR. Biomechanical Contributions of Posterior Deltoid 

and Teres Minor in the Context of Axillary Nerve Injury: A Computational Study. 

Journal of Hand Surgery 38(2):241-249, 2013. 

 

A. Introduction 

The axillary nerve is the most commonly injured nerve following shoulder trauma 

(Payne et al., 2002; Perlmutter, 1999). Axillary nerve injuries after shoulder surgical 

procedures have also been well-recognized (Apaydin et al., 2010; Zhang et al., 2011). 

When watchful observation and therapy fail to improve deltoid function, surgical axillary 

nerve repair may be necessary to restore shoulder abduction strength required for 

activities of daily living. The axillary nerve’s anterior branch innervates the anterior and 

middle deltoid, while its posterior branch innervates posterior deltoid and teres minor 

(Apaydin et al., 2010; Uz et al., 2007). Nerve grafting, traditionally the preferred surgical 

treatment for isolated axillary nerve lesions, potentially restores both axillary nerve 

branches (Okazaki et al., 2011). Nerve transfer to the anterior branch of the axillary nerve 

has been recognized as a possible alternative to nerve grafting, despite persistent 

posterior deltoid and teres minor paralysis following nerve transfer (Leechavengvongs et 

al., 2003). 
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The effect of teres minor and posterior deltoid paralysis on functional outcomes 

following nerve transfer depends in part on each muscle’s contribution to maximum joint 

moment, a common measure of strength (Kim et al., 2009; Vidt et al., 2012). Previous 

biomechanical studies have evaluated the maximum joint moments generated by 

maximally-activated muscles crossing the shoulder during isokinetic movements (David 

et al., 2000; Howell et al., 1986). Anatomical properties such as muscle path (as 

measured by moment arm) (Kuechle et al., 1997; Liu et al., 1997; Otis et al., 1994) and 

muscle cross-sectional area (Howell et al., 1986) have also been used to calculate the 

potential maximal strength of individual muscles crossing the shoulder. However, 

muscles crossing the shoulder are often sub-maximally and unequally activated during 

daily living tasks, so each muscle’s relative contributions to the performance of such 

tasks may differ from their contributions to maximum joint strength (Kronberg et al., 

1990; Wickham et al., 2010). Additionally, when the posterior deltoid and teres minor are 

paralyzed, joint moments produced by non-paralyzed muscles may change to compensate 

(McCully et al., 2007). 

The joint moment generated by a muscle is determined by its maximum strength 

(a function of length, cross-sectional area, and moment arm) and its state of activation, 

which are difficult to measure experimentally in vivo. Computational musculoskeletal 

models implemented for dynamic movement simulation incorporate numerous 

experimentally-determined muscle properties that allow predictions of muscle activations 

and joint moments produced during daily living tasks. Dynamic simulation has been used 

with upper limb models to evaluate the biomechanics of wheelchair propulsion (Rankin 
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et al., 2010) and to predict pinch forces following brachioradialis tendon transfer (Mogk 

et al., 2011). 

The objective of this study was to determine whether the posterior branch of the 

axillary nerve should be reconstructed based on the biomechanical roles of the posterior 

deltoid and teres minor in shoulder strength and movement ability. We evaluated the 

relative contributions of posterior deltoid and teres minor to maximum joint moments 

generated during a simulated static strength assessment and to joint moments produced 

during dynamic simulations of 3 sub-maximal shoulder movements both with and 

without simulated paralysis of the posterior deltoid and teres minor. Muscles which 

generated greater joint moments to compensate for posterior deltoid and teres minor 

paralysis were identified. We hypothesized that the posterior deltoid and teres minor 

would contribute little to maximum shoulder strength and to joint moments during sub-

maximal movement. 

 

B. Methods 

 We used a 3-dimensional computer model of the upper limb musculoskeletal 

system (Holzbaur et al., 2005a) implemented for dynamic movement simulation (Daly, 

2011) in the OpenSim 2.4 modeling and simulation software (Stanford University, CA) 

(Delp et al., 2007). The model has been widely used and validated for simulation of 

healthy and impaired upper limb orthopedic conditions (Crouch et al., 2011; Rankin et 

al., 2010; Rankin et al., 2011; Saul et al., 2011; Saul et al., 2003; Vandenberghe et al., 

2012). We used a simplified model that included the architecture and origin-to-insertion 

paths of 32 muscles and muscle compartments crossing the shoulder and elbow and 
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included movement of the shoulder and shoulder girdle, elbow flexion, and forearm 

rotation (Crouch et al., 2011). Upper limb anthropometry represented a 50th percentile 

adult male. Maximum forces that the muscles could produce were based on strength and 

muscle volume measurements from young, healthy, adult male subjects (Holzbaur et al., 

2007a; Holzbaur et al., 2007b). Muscles crossing the glenohumeral joint included the 

deltoid, supraspinatus, infraspinatus, subscapularis, teres minor, teres major, pectoralis 

major, latissimus dorsi, coracobrachialis, the long head of triceps, and the long and short 

heads of biceps. 

We first determined the maximum strength of teres minor and the 3 deltoid 

compartments (anterior, middle, posterior) relative to all muscles crossing the shoulder 

during a simulated strength assessment with the upper limb in a fixed, static posture 

(Figure III-I). This simulated static strength assessment is analogous to clinical strength 

assessments performed with a dynamometer (Kim et al., 2009). Second, we used the 

model to simulate abduction, shoulder extension, and external rotation movements to 

determine how the teres minor and the 3 deltoid compartments contribute to sub-maximal 

shoulder movements (Figure III-II). These 3 movements are commonly assessed 

clinically as a measure of functional recovery following nerve transfer at the shoulder 

(Leechavengvongs et al., 2006; Okazaki et al., 2011) and are important components of 

more complex movements such as touching the face or reaching. The 3 movements were 

simulated using models that represented either an unimpaired limb or an impaired limb 

with isolated posterior deltoid and teres minor paralysis, based on procedures 

reconstructing the anterior branch of the axillary nerve only following axillary nerve 

injury (Leechavengvongs et al., 2003). We compared computed joint moments and 
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muscle activations between movement simulations with the unimpaired and impaired 

limb model to identify possible neuromuscular compensation strategies for posterior 

deltoid and teres minor paralysis. 

Simulated maximum isometric shoulder strength assessment 

We calculated the maximum isometric joint moment that each individual muscle 

crossing the shoulder could generate in 6 possible directions of shoulder movement: 

abduction, adduction, internal axial rotation, external axial rotation, shoulder flexion, and 

shoulder extension. The maximum isometric joint moment a muscle could generate was a 

function of several musculoskeletal anatomical properties, including muscle 

physiological cross-sectional area, muscle fiber length, muscle-tendon length, and 

moment arm. All maximum isometric joint moments were calculated in the same static, 

fixed shoulder posture, in which the arm was at 45° of elevation in the coronal plane, 

with the elbow in full extension, and the forearm in neutral pronation/supination (Figure 

III-I). 

 

Figure III-I: Static posture in which the simulated strength assessment was 

performed. The arm was at 45° of shoulder elevation in the coronal plane with the 

elbow, forearm, and wrist in neutral positions. 
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Simulated sub-maximal movements 

 Simulations of 3 simple shoulder movements were performed (Figure III-II). 

Shoulder joint angles were referenced from a neutral posture of full arm adduction, full 

elbow extension, and neutral forearm pronation/supination; and the movements were 

synthetically generated to move the shoulder smoothly in 1 degree of freedom for each 

movement. Unless otherwise stated, all joints were in a neutral posture during the 

movement simulations. During the abduction simulation, the arm was elevated from 0° to 

90° in the coronal plane over 3 seconds. During the shoulder extension simulation, the 

shoulder was extended from 45° shoulder flexion to 10° shoulder extension over 2 

seconds against a 5 lb (22 N) resistance applied at the hand, while the arm was held at 

20° elevation from the saggital plane. The elbow flexion angle varied during the 

simulation to maintain the forearm parallel to the axial plane. External rotation was 

simulated from 20° internal rotation to 10° external rotation over 1 second against a 5 lb 

(22 N) resistance applied at the hand, with the elbow at 90° flexion. 

 

Figure III-II: Three movements simulated in the computational upper limb 

musculoskeletal model. The model is shown in the beginning and end postures, and the 

direction of each movement is indicated by an arrow. 
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A computational method, computed muscle control, was used to predict the 

muscle activations and forces required to simulate the 3 movements (Thelen and 

Anderson, 2006). Because more muscles cross the upper limb joints than are required to 

rotate the joints during movement, we use this method which assumes that muscles are 

coordinated such that the total metabolic effort exerted by all muscles is minimized 

during the movement. Muscle activations calculated during computed muscle control 

ranged from 0 (inactivated) to 1 (fully activated). Active force generated by each muscle 

was a function of its state of activation, maximum force generating potential, length, and 

rate of change of length. The total force generated by each muscle was the sum of active 

and passive forces produced by the muscle. Co-contraction of opposing muscles was 

permitted if it was necessary to perform the desired movement while minimizing the total 

metabolic effort. 

We calculated the mean joint moment each muscle crossing the shoulder 

produced during the 3 movement simulations. Muscles could potentially generate joint 

moment in 6 possible directions of shoulder movement: abduction, adduction, internal 

axial rotation, external axial rotation, shoulder flexion, and shoulder extension. Joint 

moments generated during movement accounted for each muscle’s moment-generating 

potential (determined from muscle cross section, length, and moment arm) and state of 

activation during the movement. 

 

C. Results 

Simulated maximum isometric shoulder strength assessment 
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 Both the teres minor and posterior deltoid generated a combined 16% of the total 

maximum isometric shoulder extension moment and 14% of the total maximum isometric 

external rotation moment (Figure III-III). The combined contribution of these muscles to 

total isometric abduction and adduction joint moment was 4% and 3%, respectively. By 

comparison, middle deltoid accounted for 58% of the total maximum isometric abduction 

moment, while anterior deltoid accounted for 37% of the total maximum isometric 

shoulder flexion moment. 

  

 

Figure III-III: Maximum isometric joint moments produced by muscles crossing the 

shoulder during a simulated static strength assessment. Joint moments were 

calculated with the arm at 45° of shoulder elevation in the coronal plane, and the elbow, 

forearm, and wrist in neutral positions. Maximum isometric joint moments were 

computed in 6 possible directions of shoulder movement. Positive joint moments were 

generated in the direction of abduction, shoulder flexion, and internal rotation. Negative 

joint moments were generated in the direction of adduction, shoulder extension, and 
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external rotation. For each direction of shoulder movement, the combined maximum 

isometric joint moments of both the posterior deltoid and teres minor as a percentage of 

the total maximum isometric joint moment are indicated on the figure. 

 

Unimpaired sub-maximal movement simulations 

 The teres minor and posterior deltoid primarily generated shoulder extension and 

external rotation joint moments (Figure III-IV). Posterior deltoid produced 20% and 11% 

of the total mean shoulder extension moment during the abduction and shoulder 

extension simulations, respectively. During the external rotation simulation, the teres 

minor accounted for 5% of the total mean adduction moment, more than in any other 

direction of movement during the 3 simulations. Middle deltoid accounted for 59% to 

73% of the total mean abduction moment during the 3 movement simulations. Anterior 

deltoid produced 34% and 55% of the total mean shoulder flexion moment during the 

abduction and shoulder extension simulations, respectively. 
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Figure III-IV: Mean joint moments generated by muscles crossing the shoulder 

during simulated abduction, shoulder extension, and external rotation movements. 

The 3 simulated movements are labeled at the top of the figure. Mean joint moments 

were computed in 6 possible directions of shoulder movement, which are labeled for each 

simulated movement. Positive joint moments were generated in the direction of 

abduction, shoulder flexion, and internal rotation. Negative joint moments were 

generated in the direction of adduction, shoulder extension, and external rotation. Some 

muscles generated joint moments in both agonist and antagonist directions (e.g. 

abduction and adduction), indicating that their moment arms changed direction during the 

simulations. For each direction of shoulder movement, the combined mean joint moments 

of both the posterior deltoid and teres minor as a percentage of the total mean joint 

moment are indicated on the figure. The posterior deltoid contributed to abduction, 
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adduction, shoulder extension, and external rotation joint moments, and the teres minor 

contributed to adduction, shoulder extension, and external rotation joint moments. 

 

Compensation for muscle paralysis during sub-maximal movement simulations 

 Because the posterior deltoid primarily contributed to shoulder extension 

moments during movements, other muscles crossing the shoulder compensated for 

posterior deltoid paralysis by generating greater shoulder extension joint moments. 

During the abduction simulation, the mean extension moments generated by the 

supraspinatus, long head of triceps, and latissimus dorsi were 44%, 52%, and 38% higher, 

respectively, when the posterior deltoid and teres minor were paralyzed (Figure III-V). 

Likewise, during the extension simulation, the mean shoulder extension moments 

generated by the middle deltoid, long head of triceps, and latissimus dorsi were 6%, 16%, 

and 19% higher, respectively, when the posterior deltoid and teres minor were paralyzed. 

 

Figure III-V: Mean joint moments generated in the direction of shoulder extension 

by muscles crossing the shoulder during the abduction and shoulder extension 

movement simulations, both with and without simulated posterior deltoid and teres 
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minor paralysis. The supraspinatus, long head of triceps, latissimus dorsi, and middle 

deltoid generated greater extension moments when the posterior deltoid and teres minor 

were paralyzed. 

 

 Muscles that generated greater mean shoulder extension moments to compensate 

for posterior deltoid and teres minor paralysis also exhibited increased mean and 

maximum muscle activations (Figure III-VI). Supraspinatus mean and maximum 

activations increased the most of any other compensatory muscle during the 3 movement 

simulations. During the abduction simulation, the mean activation of the supraspinatus 

increased from 0.28 to 0.38 when the posterior deltoid and teres minor were paralyzed, 

while its maximum activation increased from 0.61 to 0.86. During the shoulder extension 

simulation, the mean activation of the long head of triceps increased from 0.13 to 0.17, 

and its maximum activation increased from 0.49 to 0.63, when the posterior deltoid and 

teres minor were paralyzed. Compensatory muscles were not maximally activated during 

the simulations, even when the posterior deltoid and teres minor were paralyzed. 

 

Figure III-VI: Mean and maximum states of activation of select compensatory 

muscles during the abduction and shoulder extension movement simulations, both 
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with and without simulated posterior deltoid and teres minor paralysis. 

Compensatory muscles were not fully activated during movement simulations even when 

the posterior deltoid and teres minor were paralyzed. 

 

D. Discussion 

 Anterior and middle deltoid were greater contributors to maximum isometric 

shoulder strength and to joint moments generated during sub-maximal movements than 

the posterior deltoid and teres minor. During the simulated maximum strength 

assessment, the middle deltoid accounted for 58% of the total maximum isometric 

abduction strength, compared to only 4% by the posterior deltoid. During the movement 

simulations, the anterior and middle deltoid accounted for 34% to 73% of the total mean 

abduction and shoulder flexion joint moments, while the posterior deltoid produced no 

more than 20% of the total mean joint moment in any direction of shoulder movement. 

The model had sufficient strength to simulate the 3 movements even when the 

posterior deltoid and teres minor were paralyzed. Muscles that compensated for posterior 

deltoid paralysis by generating greater shoulder extension moments included the 

supraspinatus, long head of triceps, latissimus dorsi, and middle deltoid. Muscle 

activations of the supraspinatus and the long head of triceps increased the most of all 

compensatory muscles. However, compensatory muscles were not fully activated during 

the movement simulations, indicating that the shoulder musculature had sufficient 

residual strength to accomodate additional shoulder weakness or perform tasks 

demanding greater strength. 
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Our simulation results suggest that reconstructing only the anterior branch of the 

axillary nerve is an acceptable technique for restoring shoulder function following 

isolated axillary nerve injury. Reconstruction procedures limited to the anterior branch of 

the axillary nerve have achieved good recovery of abduction strength despite persistent 

paralysis of the posterior deltoid and teres minor (Leechavengvongs et al., 2003). 

Anterior and middle deltoid recovery may even be superior when reconstruction is 

limited to the anterior axillary branch, as more donor nerve fibers are available to 

reinnervate the targeted muscles (Leechavengvongs et al., 2003). 

It may be advantageous to restore innervations to the posterior deltoid and teres 

minor when neuromuscular shoulder injury is not limited to the axillary nerve. The 

posterior deltoid contributes to shoulder extension, which is required to perform certain 

functional tasks, including perineal care and touching the back of the head (Andel et al., 

2008; Magermans et al., 2005). Concomitant neuromuscular injuries may limit the ability 

of the supraspinatus, long head of triceps, and other muscles crossing the shoulder to 

biomechanically compensate for posterior deltoid paralysis. For example, shoulder 

dislocation may cause both an axillary nerve injury and a supraspinatus tear (Apaydin et 

al., 2010). Humerus fractures can cause radial nerve palsy and paralysis of the long head 

of triceps (Kettelkamp and Alexander, 1967). Brachial plexus injury involving the C5 and 

C6 nerve roots paralyzes several muscles that generate shoulder extension moments, 

including the posterior deltoid, teres minor, supraspinatus, and infraspinatus (Bertelli and 

Ghizoni, 2004; Kuechle et al., 1997). In such cases, reconstruction of both posterior and 

anterior branches of the axillary nerve should be considered. 
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Previous studies investigating deltoid strength and activity during movement fail 

to quantify its contribution to joint moments generated during sub-maximal daily living 

tasks. In subjects receiving alternating axillary and suprascapular nerve block, the deltoid 

accounted for approximately 50% of the total maximum isokinetic forward flexion and 

scapular abduction moment (Howell et al., 1986). By comparison, our computational 

model predicted that the deltoid accounts for 62% of the total maximum isometric 

abduction moment at 45 degrees of shoulder elevation. Experimental moment arm 

measurements confirm that the posterior deltoid can generate extension moments in 

several postures (Kuechle et al., 1997). Electromyographic recordings show that the 

anterior and middle deltoid exhibit high activation levels during abduction, while the 

posterior deltoid exhibits low activation (Wickham et al., 2010). This pattern of deltoid 

compartment activation is consistent with muscle activations calculated during our 

abduction simulations. The teres minor contributes to external rotation and adduction 

joint moments based on its moment arm (Otis et al., 1994), consistent with our results. 

We evaluated 2 hypothetical, simplified clinical conditions of axillary nerve 

transfer following isolated axillary nerve injury, either with or without persistent 

paralysis of the posterior deltoid and teres minor, to identify the largest possible 

biomechanical contributions of these muscles. However, we did not simulate other 

clinical factors associated with axillary nerve injury and reconstruction that can affect 

neuromuscular function. For example, muscles of donor nerve branches are paralyzed 

during the axillary nerve transfer procedure (Terzis and Barmpitsioti, 2010b). Incomplete 

strength recovery following nerve reconstruction lends to residual weakness in restored 

muscles (Krishnan et al., 2008; Okazaki et al., 2011). Axillary nerve injury can occur in 
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isolation, but other concomitant neuromuscular shoulder injuries following shoulder 

trauma are common (Apaydin et al., 2010; Berbig et al., 1999; Bertelli and Ghizoni, 

2004; Kettelkamp and Alexander, 1967). Therefore, the results of this study should be 

considered in the context of each patient’s complete clinical condition and used to guide 

the choice of repair strategy in light of other affected muscles. 

We assumed that scapular kinematics were unaffected by nerve injury. However, 

scapular motion may be compromised following nerve injury involving muscles crossing 

the shoulder (Dayanidhi et al., 2005; Duff et al., 2007). This study highlights the 

contributions of the posterior deltoid and teres minor to strength and movement about the 

glenohumeral joint, which these muscles cross. In future studies, the role of the deltoid 

and teres minor in scapular motion and the effect of residual weakness or paralysis of 

these muscles on neuromuscular control of shoulder girdle movement must be explored. 

We used a mathematical algorithm to predict muscle activations that minimize 

metabolic effort during the simulated movements. Muscle activations predicted with the 

computed muscle control algorithm have demonstrated consistency with measured 

electromyograms during movement in both the upper and lower limb (Daly, 2011; Delp 

et al., 2007; Thelen and Anderson, 2006; Vandenberghe et al., 2012). However, patients 

following nerve transfer may adopt muscle coordination patterns and compensation 

strategies that do not optimize metabolic effort. Electromyographic recording techniques 

for predicting activation levels during movement in healthy subjects (Wickham et al., 

2010) may generate more physiologic estimates of motor control patterns during shoulder 

movement in patients with neuromuscular injury. Muscle activations computed from 
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movement simulations can form the basis of hypotheses about impaired muscle 

coordination strategies that can be tested experimentally in future studies. 

As treatments to restore muscle function following nerve injury become more 

effective, the biomechanical role of restored muscles has a greater influence on treatment 

outcomes. Our simulation approach allowed us to evaluate the biomechanical effect of 

choosing or declining to restore the posterior branch of the axillary nerve apart from other 

clinical and subject-specific factors that affect functional outcome. Understanding the 

individual muscle contributions to strength and movement ability at the shoulder can 

inform preoperative planning and permit more accurate predictions of functional 

outcomes. 

 

 

  



69 

 

IV. Relationship Between Maximum Isometric Joint Moment and 

Functional Task Performance in Patients with Brachial Plexus Injury 

 

This work has been prepared for submission to the Journal of Biomechanics. 

Authors: Crouch DL, Santago AC, Plate JF, Li Z, Saul KR 

 

A. Introduction 

 Traumatic brachial plexus injury (BPI) occurs in approximately 1.2% of all 

trauma cases (Midha, 1997). Involvement of the C5 and C6 nerve roots can impair 

shoulder abduction, shoulder external rotation, and elbow flexion ability (Bertelli and 

Ghizoni, 2010; Venkatramani et al., 2008). Even following intensive surgery and 

physiotherapy, strength and function of the impaired extremity may remain substantially 

diminished (Bertelli and Ghizoni, 2011). Categorical manual muscle grades are used to 

assess upper extremity function in BPI patients (Merrell et al., 2001; Terzis et al., 1999), 

but strength ranges unequally between muscle grades, and different grading systems may 

be used among clinicians (Bhardwaj and Bhardwaj, 2009). Additionally, it is unclear how 

manual muscle grades correspond to a patient’s ability to perform functional tasks 

required for self-care and independent living, such as eating, bathing, and dressing. 

 Quantitative functional assessment techniques would permit a more 

comprehensive characterization of upper extremity functional ability in BPI patients. 

Joint strength, quantified as maximum isometric joint moment (MIJM), has been 

measured at the shoulder and elbow in young adults (Holzbaur et al., 2007a), older adults 

(Daly et al., 2013; Vidt et al., 2012), and patients with spinal cord injury (Powers et al., 



70 

 

1994; Sabick et al., 2004). Quantitative joint strength measurements in patients with BPI 

have been limited to the elbow, wrist, and hand (Bertelli and Ghizoni, 2010; Bertelli and 

Ghizoni, 2011). Strength and joint kinematics during functional task performance have 

been reported in different groups of children with brachial plexus birth palsy (Brochard et 

al., 2014; Fitoussi et al., 2009; Mosqueda et al., 2004). However, such measures at the 

shoulder and elbow have not been reported for adults with BPI. 

 To know whether a subject’s strength is sufficient to perform upper extremity 

tasks, it is necessary to determine the muscle-generated joint moments required to 

perform upper extremity functional tasks. Task dynamics are commonly computed by 

inverse analysis of kinematic data. Previously reported upper extremity joint moments 

during movement are primarily the net joint moments as computed from an inverse 

dynamics analysis, which include moments due to gravity and inertial and coriolis forces 

in addition to moments produced by muscles (Finley et al., 2004; Van Drongelen et al., 

2005). Vandenberghe and colleagues investigated individual muscle contribution to upper 

extremity joint trajectories during functional tasks, but muscle-generated moment 

contributions were not reported. Muscle contributions to upper extremity segment power 

have been reported for wheelchair propulsion, but not for other tasks (Rankin et al., 

2011). Joint kinematics have been reported for numerous functional tasks, but the 

associated joint forces were not determined (Andel et al., 2008; Magermans et al., 2005). 

Evaluating maximal strength in the context of task dynamics will be useful for 

developing patient-specific and task-specific rehabilitation strategies to enhance patient 

outcomes following BPI. 
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 We conducted a pilot study to evaluate the relationship between MIJM and 

functional task performance for 7 upper extremity tasks in adults with BPI. We 

hypothesized that joint strength at the shoulder and elbow would be lower in the impaired 

extremities than in the unimpaired contralateral extremities. Additionally, we expected 

that joint angle and net muscle-generated joint moment extrema during tasks would be 

lower in the impaired extremities than in the unimpaired contralateral extremities.  

 

B. Methods 

Subject Recruitment 

 We recruited six adults ages 23-75 with a history of unilateral traumatic BPI 

(Table IV-I). Subjects were included if they had an injury affecting the C5 and C6 spinal 

levels of the brachial plexus but were able to move their shoulder, and excluded if they 

had a secondary upper extremity musculoskeletal disorder, such as osteoarthritis. All 

patients had received prior surgical and physiotherapeutic treatment for their nerve injury. 

The causes of injury were motor vehicle collisions (n=2), motorcycle accidents (n=2), an 

all-terrain vehicle accident, and a pedestrian struck by a car. Surgical procedures included 

neurolysis, direct nerve repair, and nerve transfer.  
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Table IV-I. Subject profile and nerve injury summary. 

 

 

Subject Testing 

 The experimental protocol was approved by the Institutional Review Board for 

human subject research, and informed consent was obtained prior to each testing session. 

During a single testing session, we assessed joint strength and movement ability for both 

the impaired and unimpaired upper extremities of each subject, with the unimpaired 

extremities serving as controls (Wang et al., 2007). Joint strength, as quantified by MIJM, 

was measured along 8 directions of movement (Table IV-II) using a Chatillon CSD300 

hand-held dynamometer (AMETEK, Inc., Largo, FL). For each trial, subjects were 

positioned in the desired posture and verbally encouraged to press against the 

dynamometer with maximal effort for 5 seconds. The dynamometer was positioned to 

record linear force orthogonal to both the joint axis of rotation and the subject’s 

extremity. Two trials were performed for each direction of movement, and the maximum 

measured linear force was recorded. Arm, forearm, and total limb lengths were measured 

to determine the dynamometer’s moment arm about the joint center of rotation for each 

direction of movement. MIJM was computed as the product of the maximum linear force 

and the dynamometer moment arm about the joint axis of rotation.  

subject age sex

height 

(cm)

body 

mass 

(kg)

level of 

injury

time since 

surgery 

(months)

affected 

limb

dominant 

limb

1 54 m 181.6 92.5 C5-C6 27 left right

2 75 m 177.8 104.8 C5-C6 25 left right

3 24 m 177.8 98.0 C5-C6 30 left right

4 31 m 180.3 94.1 C5-T1 24 left right

5 51 m 177.8 86.2 C5-C6 17 left right

6 23 f 162.6 57.2 C5-T1 4 right right
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Table IV-II. MIJM measurement postures. 

 

 

 Marker kinematic data was collected for 7 unimanual tasks that were 

representative of basic activities of daily living (Table IV-III). Twenty-seven retro-

reflective markers were placed on each subject to track the position of the torso, head, 

and right and left upper extremities during the movements (Figure IV-I). During the 

motion capture session, subjects were seated in an upright posture and instructed to begin 

and end each trial with the arm relaxed at the side. Subjects performed each task 3 times 

with each extremity at a self-selected speed, and were allowed to rest each side for 60 

seconds between trials. Subjects were encouraged to move the hand as close to the 

desired endpoint as possible. Marker trajectories were measured and recorded at 200 Hz 

using a 7-camera Hawk infrared motion capture system (Motion Analysis, Santa Rosa, 

CA). One of the 3 trials for each extremity, based on the quality of the motion recording, 

was chosen for post-processing in Cortex (Motion Analysis, Santa Rosa, CA).  
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Table IV-III. Tested upper extremity tasks. 

 

 

 

 

Figure IV-I. Retroreflective marker anatomical locations. Markers were placed on the 

same anatomical locations on the right and left upper extremities. A total of 27 markers 

were used for each subject. 

 

 A generic adult upper extremity musculoskeletal model (Holzbaur et al., 2005b; 

Saul et al., 2014) implemented in OpenSim (Stanford University, CA) was simplified to 

include five degrees of freedom: shoulder elevation, shoulder elevation plane, shoulder 

rotation, elbow flexion, and forearm pronation/supination. Muscles were replaced by 
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linear torque actuators along the five degrees of freedom. The upper extremity model was 

scaled to match each subject’s size using marker data recorded while the subject 

maintained a static pose. Using the processed marker trajectories, an inverse kinematics 

analysis was performed to compute the joint kinematics during each task. The joint 

kinematic data was filtered at 5 Hz using a 3
rd

 order low pass IIR Butterworth digital 

filter. A static optimization analysis was performed to compute task joint moments 

produced by the model’s linear torque actuators during the tasks. Task joint moments 

produced by the linear torque actuators represent the net joint moments that muscles 

crossing the shoulder would have to generate to complete each task. Once computed, task 

joint moments were filtered using a simple moving average filter with a 50-sample 

window, with each sample being equally weighted. 

 To permit comparison between MIJM and task joint moments, task joint moments 

about the shoulder were converted from the Euler reference frame used in the model to an 

anatomical reference frame. Shoulder abduction/adduction moment, generated about the 

anterior-posterior anatomical axis, was computed as: 

 EAMM SEabduction cos         

 (Eq.1) 

and shoulder flexion/extension moment, generated about an axis parallel to the frontal 

plane, was computed as: 

  22 sin)( EAMMMsignM SEEAEAflexion  .     

 (Eq.2) 

In Eq.1 and Eq.2, SEM  and EAM  are the moments about the shoulder elevation and 

elevation plane axes, respectively, and EA is the elevation plane angle.  
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Data Analysis 

For this pilot study, we computed the within-subject difference in MIJM between 

impaired and unimpaired extremities for each direction of movement. One-tailed paired 

sample Wilcoxin signed rank tests were performed to determine if MIJM was 

significantly lower in the affected compared with the unaffected extremity across 

subjects. Additionally, we performed two-tailed paired sample Wilcoxin signed rank tests 

to determine whether, during the seven upper extremity tasks, extremum joint angles and 

peak task joint moments (Mt,peak) differed between the impaired and unimpaired 

extremities. The percentage of MIJM that subjects used to perform the tasks (%MIJM) 

was computed for each extremity by dividing the maximum peak task joint moment 

across tasks performed with the extremity by the MIJM of the extremity. The %MIJM 

was compared between extremities using one-tailed paired sample Wilcoxin signed rank 

tests.  

Statistical comparisons were significant for p<0.05. Due the pilot nature of this 

study, no corrections were made for performing multiple statistical tests. 

 

C. Results 

Subjects had significantly lower MIJM in the impaired extremities than in the 

unimpaired extremities for 7 of the 8 directions of movement tested (Figure IV-II). In 

particular, abduction, extension, and external rotation MIJM about the shoulder were 

60%, 49%, and 75% lower, respectively, in the impaired extremities. Subject 2 exhibited 

the most weakness at the shoulder of all subjects, having no measurable shoulder 
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abduction and external rotation strength in the tested postures. Likewise, subject 4 had no 

measurable elbow flexion or extension strength in the tested postures. 

 

 

Figure IV-II. Mean (+/- standard deviation) subject impaired extremity strength as 

a percentage of unimpaired extremity strength. Impaired extremity strength was 

significantly lower than unimpaired extremity strength for all directions of movement. 

 

Maximum and minimum joint angles differed between the subjects’ impaired and 

unimpaired extremities for some tasks. During the head task, subjects achieved 23.1° 

(SD=16.1°, p=0.03) less posterior elevation plane angle but 16.2° (SD=16.5°, p=0.03) 

more external shoulder rotation angle, on average, when using their impaired extremity. 

In other words, subjects’ impaired extremities were in a more anterior posture when 

touching the back of the head. As a result of severe weakness, only subjects 2 and 4 could 

not move the hand of their impaired extremity to the desired endpoint for all 7 tasks. 

Subject 2 could only successfully complete the pocket and table tasks, while subject 4 

could only complete the abduction, shelf, and table tasks. 



78 

 

Shoulder abduction Mt,peak was 29% lower on the impaired side during the head 

task as a result of between-side kinematic differences during this task (p=0.03) (Figure 

IV-III). For all other tasks, Mt,peak was not significantly different between sides. Due to 

lower MIJM on the impaired side, Mt,peak accounted for a higher percentage of subjects’ 

maximum strength for tasks performed with the impaired upper extremities (Figure IV-

IV). The shoulder extension and shoulder external rotation %MIJM was an average of 

32% (p=0.03) and 29% (p=0.03) higher, respectively, for subjects’ impaired extremities. 

For both impaired and unimpaired extremities, %MIJM was higher about the shoulder 

than about the elbow. 
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Figure IV-III. Peak joint moments (Mt,peak) during tasks relative to maximum 

isometric joint moments (MIJM) for select directions of movement: (A) shoulder 

abduction, (B) shoulder flexion, (C) shoulder extension, (D) shoulder external 

rotation, and (E) elbow flexion. Mt,peak in shoulder abduction, shoulder flexion, and 

shoulder extension was higher than Mt,peak in shoulder external rotation and elbow 
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flexion. Mt,peak paired differences between sides were significant only in shoulder 

abduction during the head task (*p<0.05). 

 

 

Figure IV-IV. Maximum percentage of MIJM, or %MIJM, that subjects used to 

perform tasks. Paired differences in %MIJM between subjects’ impaired and 

unimpaired extremities were significant along the shoulder extension (p=0.03) and 

shoulder external rotation (p=0.03) directions of movement. Subjects 2 and 4 required 

100% of their MIJM to perform at least one of the tasks. 

 

D. Discussion 

Though great advances have been made in the management of patients with BPI, 

restoring muscle strength remains a challenge. One center reported that, of 176 patients 

with loss of shoulder function, only half recovered the ability to abduct the shoulder more 

than 45° and externally rotate the shoulder more than 20° (Terzis and Barmpitsioti, 



81 

 

2010b). Similarly, we observed that subjects were significantly weaker on the affected 

side for all directions of movement tested, despite all having undergone surgery and 

physiotherapy.  

The results of this study generally did not support our hypothesis that, for subjects 

with relatively low impaired extremity strength, impaired extremity kinematics change to 

reduce the net muscle-generated joint moments required to perform basic upper extremity 

tasks. Subjects were significantly weaker in all directions of shoulder and elbow 

movement, and used a significantly higher percentage of their maximal strength to 

perform tasks, in their impaired upper extremity. However, we only observed significant 

kinetic differences between sides for one task and along one direction of movement. 

When touching the back of the head, subjects’ impaired arms assumed a more anterior 

posture, leading to a lower shoulder abduction Mt,peak on the impaired side.  

For management of patients with upper extremity musculoskeletal disorders, 

quantitative maximum joint strength measurements can help clinicians more precisely 

monitor patient function for preserving long-term functional independence. Currently, 

clinicians assess upper extremity function by assigning manual muscle grades (Zyaei and 

Saied, 2009), or by assessing task performance (Venkatramani et al., 2008), range of 

motion (Terzis and Barmpitsioti, 2010b), or task-based questionnaires (Novak et al., 

2009). However, we observed that the ability to perform basic functional tasks was not an 

indicator of joint strength, since 4 of the 6 subjects were able to complete all 7 tasks 

despite large bilateral differences in MIJM. Additionally, manual muscle grades are semi-

quantitative, subjective, and may include large ranges of strength between grades 

(Bhardwaj and Bhardwaj, 2009; Wadsworth et al., 1987). Conversely, quantitative 
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strength measurements provide context to functional ability by allowing clinicians to 

estimate how close patients are to being unable to perform tasks. %MIJM is one possible 

effective indicator of reserve strength, or the margin between a patient’s maximum 

strength and the strength required to perform tasks. Patients with BPI had significantly 

higher %MIJM on their impaired side, suggesting that these individuals are less robust to 

long-term strength declines due to injury progression (Strombeck et al., 2007) or normal 

aging (Vidt et al., 2012). To help standardize estimates of %MIJM, future studies are 

needed to define the strength required to perform a variety of upper extremity tasks.  

Previous studies have shown that both strength and upper extremity kinematics 

can be impaired following BPI, but the relationship between the two have not been 

explored in the same subjects. As with the adults in this study, children with brachial 

plexus birth palsy exhibited significantly reduced strength in the impaired extremity in all 

directions of movement (Brochard et al., 2014). Bertelli and Ghizoni reported that, 

following treatment, elbow flexion strength in the impaired extremity of adult patients 

with C5-C6 injury ranged from 27% to 59% of that of the unimpaired contralateral side 

(Bertelli and Ghizoni, 2010). Upper extremity kinematics during basic functional tasks 

(Fitoussi et al., 2009; Mosqueda et al., 2004), as well as scapular kinematics for limited 

shoulder movements and postures (Duff et al., 2007; Russo et al., 2014), have been 

reported for children with brachial plexus birth palsy, but not for adults with BPI. 

Kinematic data from children suggest a reduced ability to abduct and externally rotate the 

shoulder during tasks and higher scapulothoracic motion relative to glenohumeral motion 

when elevating the shoulder. That children with brachial plexus birth palsy exhibited 

more bilateral kinematic differences than observed in adults with non-obstetric, traumatic 
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BPI may be due to differences in injury severity, neuromuscular recovery patterns, and 

treatment, or the development of shoulder deformity in children with brachial plexus 

palsy. Additionally, we did not measure scapular kinematics during tasks to determine if 

they differed between sides. 

Subjects 2 and 4 had no measurable shoulder abduction or elbow flexion strength, 

respectively, and could not successfully complete all tasks. When considering treatment 

for patients with BPI involving the C5 and C6 nerve roots, some clinicians prioritize 

restoring elbow function (Shin et al. 2004; Venkatramani et al. 2008), while others assert 

that restoring shoulder strength is most important as it supports movement distally at the 

elbow, wrist, and hand (Terzis et al. 2006). Based on the task performance of subjects 2 

and 4, severe weakness at either the shoulder or elbow may render individuals unable to 

perform many of the most basic functional tasks required for independent living. 

However, we observed that greater strength is required at the shoulder than at the elbow 

to perform such tasks. Therefore, treatments should restore both shoulder and elbow 

function, with greater emphasis on recovering shoulder strength. 

 To make the study cohort as homogeneous as possible, subjects were included in 

the study only if they had nerve involvement at the C5 and C6 spinal levels of the 

brachial plexus. The clinical presentation of BPI is very heterogeneous across 

individuals, varying by the extent of injury, injury severity, and treatments performed, 

among other factors. Strength and movement ability were assessed bilaterally to permit 

paired statistical testing and improve statistical power. By limiting recruitment based on 

nerve involvement, we detected significant strength differences between affected and 

impaired extremities along all tested directions of movement. Additionally, from this 
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study, we were able to identify trends in functional ability that will support the 

development of more focused studies with larger numbers of subjects. Collaborating with 

other medical centers in future studies will expand the pool of potential participants. 

 For each direction of movement at the shoulder and elbow, we compared MIJM 

measured in a single posture to joint moments produced in many different postures 

during each task. MIJM varies with joint posture, as it is a function of the length, moment 

arm, and activation of each muscle contributing to joint moment in a given posture. We 

also measured MIJM using a hand-held dynamometer, which has been used to measure 

upper extremity strength in tetraplegia patients (Noreau and Vachon, 1998) and in 

children with brachial plexus birth palsy (Brochard et al., 2014). Measuring joint strength 

in a single posture using hand-held dynamometry permits quick comparison of relative 

strength between extremities or subjects, and is clinically practical. 

 In conclusion, subjects with unilateral BPI involving the C5 and C6 nerve roots 

have significantly reduced shoulder and elbow strength in the impaired extremity, 

compared with the unimpaired contralateral extremity. However, we observed few 

bilateral differences in kinematics and dynamics for seven basic upper extremity 

functional tasks. Only subjects with severe weakness were unable to complete all tasks. 

Therefore, quantitatively measuring joint strength should be a critical component of the 

clinical management strategy to preserve strength and functional ability in patients with 

BPI.  
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V. Computational Sensitivity Analysis to Identify Muscles that can 

Mechanically Contribute to Shoulder Deformity Following Brachial 

Plexus Birth Palsy 

 

This work was published in the Journal of Hand Surgery: 

Crouch DL, Plate JF, Li Z, Saul KR. Computational sensitivity analysis to identify 

muscles that can mechanically contribute to shoulder deformity following brachial plexus 

birth palsy. Journal of Hand Surgery 39(2):303-311, 2014. 

 

A. Introduction 

 One in three children affected by brachial plexus birth palsy (BPBP) sustain 

permanent osseous and postural shoulder deformities that can interfere with upper limb 

strength and mobility (Pearl, 2009). Osseous deformity - characterized by posterior 

humeral head subluxation and glenoid retroversion - is thought to arise from a “persistent, 

posteriorly directed” glenohumeral joint force that both shifts the humeral head 

posteriorly and compresses the posterior glenoid margin (Hogendoorn et al., 2010; Pearl 

and Edgerton, 1998; Poyhia et al., 2005). Additionally, children with BPBP develop 

contractures that primarily reduce passive external shoulder rotation and abduction range 

of motion (ROM), causing postural deformity (Hoeksma et al., 2003; Nath et al., 2010; 

Pearl, 2009). Both osseous and postural deformities are attributed to deforming 

mechanical forces that, over time, alter the shape and behavior of bone and soft tissues at 

the shoulder. 
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 Identifying the muscles that could produce the observed deformities is critical for 

developing treatments to prevent or reverse shoulder deformity following BPBP. Two 

mechanisms - strength imbalance and impaired longitudinal muscle growth - have been 

proposed to explain the biomechanical etiology of shoulder deformity. Previous studies 

suggest that a strength imbalance between unimpaired internal shoulder rotator muscles 

and paralyzed external shoulder rotator muscles produces an internal rotation contracture 

(Bahm et al., 2007; Birch, 1998; Dodds and Wolfe, 2000; Gelein Vitringa et al., 2009; 

Hale et al., 2010; Waters et al., 2009). A second, recently proposed mechanism posits that 

muscle paralysis impairs longitudinal muscle growth, increasing passive forces that 

muscles exert on the shoulder joint (Nikolaou et al., 2011; Weekley et al., 2012b). Either 

the strength imbalance or impaired growth deformity mechanism could change the 

mechanical forces acting on the shoulder, but it is yet unclear which mechanism 

dominates in children with BPBP.  

 Experimental methods are useful for measuring changes in muscle properties 

(such as muscle functional length, muscle size, and muscle path) and osseus deformity 

following BPBP, but it is difficult to directly quantify the mechanical consequences of 

these changes in vivo. In contrast, computational musculoskeletal models can be used to 

predict which muscles or anatomical changes are mechanically capable of producing 

posteriorly directed, compressive glenohumeral joint forces or limiting shoulder ROM 

consistent with deformity. Such an analysis would narrow the potential muscles and 

mechanisms underlying deformity, and provide a basis for future experiments that will 

focus on evaluating these candidate muscles in a more targeted way. Upper limb 

computational models have been used to investigate the biomechanics of numerous 
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orthopaedic issues, including tendon transfers (Jastifer et al., 2012; Ling et al., 2009), 

wheelchair propulsion (Rankin et al., 2011), nerve injury (Crouch et al., 2013), and 

clavicle fractures (Patel et al., 2012). 

 The objective of this study was to identify the shoulder muscles that were 

mechanically capable of producing forces in directions consistent with the development 

and progression of shoulder deformity in children with BPBP via either the strength 

imbalance or impaired longitudinal muscle growth deformity mechanism. Upon 

performing a sensitivity analysis, we identified muscles that could 1) increase the 

posteriorly directed, compressive glenohumeral joint force associated with osseous 

deformity, or 2) reduce the external shoulder rotation or abduction ROM consistent with 

postural deformity. We hypothesized that muscles crossing the posterior aspect of the 

shoulder could mechanically contribute to osseous shoulder deformity, and that muscles 

that internally rotate or adduct the shoulder could mechanically contribute to postural 

shoulder deformity.  

 

B. Methods 

Musculoskeletal Model 

 We used a 3-dimensional computer model of the upper limb musculoskeletal 

system to perform a sensitivity analysis to assess the impact of two potential deformity 

mechanisms - strength imbalance and impaired growth - on shoulder biomechanics. The 

model, implemented for dynamic musculoskeletal simulation in the OpenSim 3.0 

software platform (Stanford University, CA) (Delp et al., 2007), has been widely used to 

evaluate both healthy and pathological upper limb function (Crouch et al., 2011; Crouch 
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et al., 2013; Rankin et al., 2010; Rankin et al., 2011; Saul et al., 2011; Saul et al., 2003; 

Vandenberghe et al., 2012). Experimentally-determined muscle properties were 

incorporated in the model to characterize the biomechanical action and force-generating 

behavior of 18 muscles and muscle compartments crossing the shoulder. Origin-to-

insertion muscle paths determined the direction in which muscles produced glenohumeral 

joint forces. Joint moment, the mathematical product of muscle force and moment arm, 

indicated a muscle’s tendency to augment or limit joint ROM along a given direction of 

movement. The total force produced by each muscle was the sum of both active and 

passive muscle forces; active force depends on the level of neural stimulation, muscle 

length, and muscle size, while passive force is generated by stretched muscles 

independent of neural stimulation. Representations of ligaments and other passive 

structures at the shoulder were included in the model to limit movement at the extremes 

of unimpaired shoulder ROM (Rankin et al., 2010). 

Sensitivity Analysis 

 In a sensitivity analysis, we iteratively altered the properties of individual muscles 

crossing the shoulder in the musculoskeletal model to simulate muscle changes 

associated with either the strength imbalance or impaired growth deformity mechanism. 

To simulate strength imbalance, each muscle crossing the shoulder, one muscle at a time, 

was iteratively activated to produce a sub-maximal force equal to 30% of its maximum 

active force; all other muscles were inactive and could generate passive forces only. We 

simulated impaired longitudinal muscle growth by reducing the functional length of each 

muscle crossing the shoulder, one muscle at a time, by 30%; all muscles in the model 
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were inactive and could generate passive forces only, and all other properties in the 

model were unchanged. 

 We computed the effect of each applied muscle change on shoulder forces, and 

identified muscles that were mechanically capable of contributing to shoulder deformity. 

We first identified muscles that, through either simulated deformity mechanism, 

increased the posteriorly directed, compressive glenohumeral joint force. The 

glenohumeral joint force was calculated as the sum of gravitational and muscle forces 

transmitted between the glenoid and humeral head. During the force calculations, the 

torso assumed an upright posture, and the arm was in neutral abduction and 

internal/external shoulder rotation posture. We evaluated whether muscles increased 

glenohumeral joint force in the axial plane, as such forces are expected to contribute to 

posterior humeral head subluxation and glenoid retroversion osseous deformities that 

occur in the axial plane. Changes in glenohumeral joint force produced by muscles were 

normalized to the largest individual force change, to highlight relative differences among 

muscles. For muscles that produced a posteriorly directed glenohumeral joint force, the 

joint force was resolved into posterior and compressive force components; posterior 

forces would tend to shift the humeral head posteriorly, while compressive forces would 

tend to compress the humeral head and glenoid together, increasing the mechanical 

loading within these structures. 

 Second, we identified individual muscles crossing the shoulder that reduced the 

external shoulder rotation or abduction ROM, consistent with postural shoulder 

deformity, through either simulated deformity mechanism. We simulated two clinical 

exams that are commonly performed to determine if a BPBP patient has limited shoulder 
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ROM (Figure VI-I) (Hoeksma et al., 2003). During the first simulated exam, the shoulder 

was externally rotated with the shoulder adducted and the elbow flexed to 90°. In the 

second exam, the shoulder was abducted in the coronal plane. For each deformity 

mechanism, we calculated how much each individual muscle crossing the shoulder 

reduced ROM during the simulated exams. We first computed the net shoulder rotation 

joint moments generated by muscles and ligaments crossing the shoulder as the shoulder 

was moved in the directions indicated in Figure VI-I. The end point, or limit, of ROM 

was defined as the joint angle at which the muscles and ligaments crossing the shoulder 

could prevent further external rotation during a clinical exam (Osbahr et al., 2002). We 

then calculated the difference between the ROM end points for simulated clinical exams 

both with and without the deformity mechanisms applied to the musculoskeletal model.  

 

 

Figure V-I. The postures in which external shoulder rotation was evaluated, which 

were analogous to those used during clinical exams (Hoeksma et al., 2003). The black 

arrows indicate the direction of movement, and the shaded regions provide an example 

illustration of the angle that was calculated to quantify the amount that shoulder ROM 

was reduced, computed as the difference between the full and reduced ROM. 
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C. Results 

Potential Contributors to Osseous Deformity: Strength Imbalance Mechanism  

 Through the simulated strength imbalance mechanism, several muscles increased 

the glenohumeral joint force in the axial plane, and were therefore mechanically capable 

of contributing to osseous deformity (Figure VI-II). Muscles that increased the 

posteriorly directed, compressive glenohumeral joint force included the infraspinatus, 

subscapularis, long head of biceps, latissimus dorsi, teres major, teres minor, and 

posterior deltoid. The infraspinatus was the most sensitive to the strength imbalance 

deformity mechanism, producing a higher glenohumeral joint force primarily in a 

direction that compressed the joint. Most of the increase in the posteriorly directed, 

compressive glenohumeral joint force was attributed to the subscapularis, latissimus 

dorsi, and infraspinatus muscles. Of muscles that increased the posteriorly directed 

glenohumeral joint force, the infraspinatus and subscapularis muscles increased the 

compressive force the most. 
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Figure V-II. Glenohumeral joint forces produced by muscles in the axial plane 

through the strength imbalance deformity mechanism. A) Glenohumeral joint forces 

superimposed on a diagram of the glenohumeral joint. Forces were normalized to that of 

the infraspinatus muscle, which was most sensitive to the strength imbalance mechanism. 

Muscles that increased the posteriorly directed, compressive glenohumeral joint force 

relative to the glenoid centerline are shown as black arrows on the radial plot. B) 

Components of the glenohumeral joint force in the posterior and compressive directions.  

 

Potential Contributors to Osseous Deformity: Impaired Growth Mechanism 

 Muscles that increased the posteriorly directed, compressive glenohumeral joint 

force with simulated impaired growth included the infraspinatus, subscapularis, long head 

of biceps, and long head of triceps (Figure VI-III); therefore, these muscles were also 

mechanically capable of contributing to osseous deformity in children with BPBP. Nearly 

equal posteriorly directed glenohumeral joint forces were produced by the infraspinatus, 
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subscapularis, and long head of biceps. The infraspinatus increased the compressive force 

component more than any other muscle through the impaired growth mechanism. 

 

 

Figure V-III. Glenohumeral joint forces produced by muscles in the axial plane 

through the impaired longitudinal muscle growth deformity mechanism. A) 

Glenohumeral joint forces superimposed on a diagram of the glenohumeral joint. Forces 

were normalized to that of the anterior deltoid muscle compartment, which was most 

sensitive to the impaired growth mechanism. Muscles that increased the posteriorly 

directed, compressive glenohumeral joint force are shown as black arrows on the radial 

plot. B) Components of the glenohumeral joint force in the posterior and compressive 

directions. 

 

Potential Contributors to Postural Deformity: Strength Imbalance Mechanism 

 Through the strength imbalance deformity mechanism, external shoulder rotation 

ROM was reduced by the subscapularis, anterior deltoid, and pectoralis major by 28°, 
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17°, and 10°, respectively; therefore, these muscles were mechanically capable of 

contributing to BPBP-associated postural deformity (Figure VI-IV). The latissimus dorsi 

and long head of triceps each reduced external rotation ROM by less than 3°. No muscle 

individually reduced abduction ROM through the strength imbalance deformity 

mechanism by more than 2°. 

 

 

Figure V-IV. Individual muscles that reduced the external shoulder rotation and 

abduction ROM through the strength imbalance deformity mechanism. 

 

Potential Contributors to Postural Deformity: Impaired Growth Mechanism 

 External shoulder rotation ROM was reduced by 52° and 40° by impaired growth 

of the anterior deltoid and subscapularis muscles, respectively (Figure VI-V). 

Additionally, the long head of triceps reduced the abduction ROM by 56°. Consequently, 

these muscles that reduced shoulder ROM were mechanically capable of contributing to 

postural shoulder deformity. Shoulder ROM was not reduced by more than 2° by either 

the pectoralis major or latissimus dorsi.  
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Figure V-V. Individual muscles that reduced the external shoulder rotation and 

abduction ROM through the impaired longitudinal muscle growth deformity 

mechanism. 

 

D. Discussion 

 Our computational simulations demonstrated that muscle changes observed in 

children and biological models of BPBP can alter forces at the glenohumeral joint, 

providing a mechanical stimulus for the promotion of shoulder deformity. We identified 

muscles that had the greatest potential to contribute to shoulder deformity following 

BPBP based on their mechanical response to either the strength imbalance or impaired 

longitudinal muscle growth deformity mechanism. The posteriorly directed, compressive 

glenohumeral joint force was increased the most by the infraspinatus, subscapularis, 

latissimus dorsi, and long head of biceps muscles, which were therefore most capable of 

contributing to osseous deformity. Likewise, because they reduced shoulder ROM the 

most, subscapularis, anterior deltoid, and long head of triceps were most capable of 

contributing to postural deformity. These muscles should be the focus of future 
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experiments to quantify the changes they undergo and define their role in the process of 

shoulder deformity following BPBP. 

 The subscapularis muscle is likely a key contributor to shoulder deformity in 

children with BPBP, as it was capable of contributing to both osseous and postural 

deformities through either deformity mechanism. The subscapularis receives most of its 

innervation from the C5 and C6 nerve roots (Kendall et al., 1993), which are injured in 

up to 96% of children with BPBP (Hale et al., 2010; Pearl, 2009), and the subscapularis is 

frequently atrophic in children with BPBP (Hogendoorn et al., 2010; Waters et al., 2009). 

Einarsson and colleagues observed an increase in subscapularis muscle fiber stiffness 

(Einarsson et al., 2008), while in a mouse model of BPBP, the subscapularis was 

functionally shorter in the affected limbs than in the unimpaired contralateral limbs 

(Nikolaou et al., 2011). Higher stiffness and shorter fibers would increase the passive 

force that subscapularis could generate when stretched. Indeed, surgical release of the 

subscapularis muscle is commonly performed to reduce the in vivo force generated by the 

subscapularis and effectively relieve shoulder contractures in children with BPBP 

(Bertelli, 2009; Newman et al., 2006).  

 While the subscapularis may have a commanding role in promoting shoulder 

deformity, other muscles that were mechanically capable of producing deforming 

shoulder forces are also frequently affected by BPBP. In addition to the subscapularis, 

injury involving the C5 and C6 nerve roots can paralyze or weaken the deltoid, teres 

minor, supraspinatus, infraspinatus, and pectoralis major. Atrophy and fatty degeneration 

has been observed in many of these muscles in children with BPBP (Hogendoorn et al., 

2010; Waters et al., 2009). Furthermore, functional shortening of the biceps muscle was 
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linked to postural deformity in a murine model of BPBP (Weekley et al., 2012b). Future 

experiments should quantify the specific muscle changes that occur following BPBP in 

order to define each muscle’s biomechanical role in the promotion of deformity. 

 Posterior humeral head subluxation and glenoid retroversion osseous deformities, 

observed clinically (Pearl and Edgerton, 1998; van der Sluijs et al., 2004; Waters et al., 

1998a) and in murine models of BPBP (Li et al., 2010; Li et al., 2008), are thought to be 

caused by abnormal mechanical forces acting on the developing tissues of the shoulder. 

Over the first decade of unimpaired upper limb development, endochondral ossification 

progresses from the center of the scapula toward the cartilaginous glenoid (Ogden and 

Phillips, 1983). The humeral head and glenoid typically support the compressive forces 

generated by muscles and soft tissues crossing the shoulder to stabilize the glenohumeral 

joint at rest and during movement (Finnoff et al., 2004; Labriola et al., 2005). However, 

according to the Hueter-Volkmann law, abnormally high static, continuous compression 

of the epiphyseal plate reduces the rate of longitudinal bone growth (Villemure and 

Stokes, 2009). As other authors have suggested, we hypothesize that muscles in children 

with BPBP subluxate the humeral head posteriorly and compress the humeral head 

against the posterior glenoid margin (Pearl and Edgerton, 1998). Compression within the 

posterior glenoid would locally inhibit ossification and bone growth, while the 

uncompressed anterior glenoid would continue to grow. With increasing age, this 

mechanical condition would effectively increase the glenoid retroversion angle, 

producing the characteristic glenoid deformities observed in children with BPBP.  

 Several muscles reduced shoulder ROM by only 1° or 2° individually; however, 

when multiple muscles are affected by BPBP simultaneously, shoulder ROM may be 
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reduced by more than the sum of each muscle’s individual shoulder ROM reduction. To 

illustrate this effect, we applied the strength imbalance mechanism simultaneously to all 

muscles that internally rotate the shoulder in an adducted posture. When internal rotator 

muscles were affected simultaneously, external rotation was restricted by 82°, whereas 

the sum of each muscle’s individual restriction from Figure VI-IV was only 60°. 

Therefore, multiple muscles may need to be targeted to treat postural deformity in 

children with extensive nerve injury. 

 Our sensitivity analysis allowed us to identify muscles that, by virtue of their 

anatomic and geometric arrangement in the shoulder, produced forces and limited 

shoulder rotation in directions that were consistent with osseous and postural shoulder 

deformity, respectively, in children with BPBP. Muscle force direction is a function of 

the origin-to-insertion muscle paths, as quantified by moment arm, relative to the 

glenohumeral joint. The paths of muscles crossing the shoulder in our computational 

model match experimentally determined moment arms from numerous studies (e.g. 

Hughes et al., 1998; Liu et al., 1997). The predictions of muscle force direction in this 

study offer guidance about which muscles should be investigated further to determine 

their specific contributions to shoulder deformity in children with BPBP.   

 The muscle changes applied in the musculoskeletal model in the sensitivity 

analysis were based on observed changes in muscle size and length following BPBP 

(Nikolaou et al., 2011; Waters et al., 2009). Muscle changes were applied consistently to 

all muscles to compare the relative response among individual muscles to the changes. 

The magnitude of each muscle’s mechanical response would be different for different 
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magnitudes of applied muscle changes, but we expect that the relative response among 

muscles due to those changes would be preserved.   

 In conclusion, the muscles that were most capable of producing shoulder forces 

that may contribute to shoulder deformity following BPBP were the infraspinatus, 

subscapularis, latissimus dorsi, long head of biceps, anterior deltoid, and long head of 

triceps. These muscles should be the focus of experimental studies investigating the 

musculoskeletal consequences of BPBP, and are potentially critical targets for treating 

shoulder deformity. 
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VI. Biomechanical Basis of Shoulder Osseous Deformity in a Rat 

Model of Brachial Plexus Birth Palsy 

 

This work has been prepared for submission to the Journal of Bone and Joint Surgery. 

Authors: Crouch DL, Hutchinson I, Antoniono J, Plate JF, Gong H, Cao G, Li Z, Saul 

KR 

 

A. Introduction 

  Upper trunk injury involving the C5 and C6 nerve roots is common in children 

with brachial plexus birth palsy (BPBP) and causes partial or complete loss of elbow 

flexion, external shoulder rotation, and shoulder abduction strength (Lagerkvist et al., 

2010). As many as 33% of children affected by BPBP sustain permanent osseous and 

postural shoulder deformity that can interfere with upper limb strength and mobility 

(Pearl, 2009). Typically, osseous shoulder deformity presents as humeral head 

subluxation, glenoid retroversion, and deformation of the glenoid articulating surface 

(Hogendoorn et al., 2010; Pearl and Edgerton, 1998; Poyhia et al., 2005). Postural 

deformity is characterized by contracture, or limited passive range of motion (ROM), of 

shoulder abduction, shoulder external rotation, and elbow flexion (Hoeksma et al., 2003; 

Nath et al., 2010; Pearl, 2009). Osseous deformity is strongly correlated with internal 

rotation contracture (Hoeksma et al., 2003), so it is likely that similar injury mechanisms 

contributes to the development of both postural and osseous deformities (Pearl and 

Edgerton, 1998). 
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 A better understanding of the biomechanical etiology of shoulder deformity is 

needed to improve clinical management of BPBP. The prevailing hypothesized 

mechanism to explain the development of shoulder deformity is strength imbalance 

between muscles that internally and externally rotate the shoulder. The infraspinatus, 

supraspinatus, and teres minor muscles, which augment shoulder external rotation based 

on their moment arms (Kuechle et al., 2000; Otis et al., 1994), are paralyzed following a 

C5-C6 injury. Consequently, the unimpaired subscapularis and pectoralis major muscles 

act unopposed, leading to the development of an internal rotation contracture (Birch, 

1998; Dodds and Wolfe, 2000; Gelein Vitringa et al., 2009; Hale et al., 2010; Waters et 

al., 2009). A second, recently proposed mechanism suggests that impaired longitudinal 

growth of paralyzed muscles increases the passive force acting on the shoulder. Fibers 

from the subscapularis muscle, which primarily contributes to internal shoulder rotation 

(Kuechle et al., 2000; Otis et al., 1994), were mechanically stiffer and functionally 

shorter on the affected side than those on the unimpaired side in infants with BPBP 

(Einarsson et al., 2008). In a mouse model of BPBP for which muscle length, muscle 

cross-sectional area, and histology samples were evaluated, the subscapularis muscle in 

the affected forelimbs was significantly shorter, smaller, and more fibrotic than the 

muscle in the unimpaired forelimbs (Nikolaou et al., 2011). Radiographic studies 

indicated that internal rotation contracture severity is most strongly correlated with 

subscapularis atrophy (Hogendoorn et al., 2010; Poyhia et al., 2005).  

 Evidence supporting the role of both deformity mechanisms in the development 

of shoulder deformity is not unanimous across studies. For instance, higher ratios of 

pectoralis major to external rotator muscle cross sectional area were associated with 
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increased glenohumeral deformity severity (Waters et al., 2009). However, excision of 

the infraspinatus and teres minor in a mouse model of BPBP did not produce internal 

rotation contractures (Nikolaou et al., 2011). Despite evidence of impaired subscapularis 

and biceps growth and their association with contracture (Einarsson et al., 2008; 

Nikolaou et al., 2011; Weekley et al., 2012b), the prevalence of external rotation 

contracture is relatively low (Hoeksma et al., 2003) even though external rotator muscles 

(i.e. supraspinatus and infraspinatus) are frequently involved. Muscle changes associated 

with both strength imbalance and impaired growth are mechanically capable of producing 

deforming shoulder forces (Crouch et al., 2014). However, because several muscles are 

potentially affected by BPBP, more extensive study of the effect of injury on muscle and 

bone is needed to establish the causal relationship between the two and to identify a 

predominant mechanism of deformity.  

 We conducted a prospective cohort study to determine the extent to which two 

deformity mechanisms - strength imbalance and impaired longitudinal muscle growth - 

contribute to shoulder deformity following BPBP. In a rat model of BPBP, we allowed 

both deformity mechanisms to contribute to shoulder deformity independently and in 

concert. We hypothesized that muscle changes associated with strength imbalance would 

be more strongly related to osseous shoulder deformity than those associated with 

impaired longitudinal muscle growth. 

 

B. Methods 

 All procedures were approved by the Institutional Animal Care and Use 

Committee. Thirty-two 5-day-old Sprague Dawley rat pups (Harlan Laboratories, 
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Indianapolis, IN) were divided into 4 groups based on surgical interventions designed to 

permit strength imbalance, impaired longitudinal muscle growth, or both mechanisms to 

contribute to shoulder deformity. All surgeries were performed in the left forelimb. In the 

strength imbalance group, the supraspinatus and infraspinatus muscles were injected 

with botulinum neurotoxin A (botox) to inactivate them while leaving their nerves intact. 

In the impaired growth group, rats underwent a neurectomy of the brachial plexus upper 

trunk by transverse infraclavicular incision through the pectoralis major muscle, and 

received a botox injection to the pectoralis major to reduce imbalance between internal 

and external rotator muscles. Animals in both the imbalance and impaired growth groups 

received botox injections at 5 days old and at 4 weeks post-operatively to maintain 

chemodenervation in the target muscles. Both mechanisms were permitted to contribute 

to deformity in combined group in which rats underwent an upper trunk neurectomy 

only, which is most analogous to the clinical condition. The sham group received 

infraclavicular incisions and saline injections to the pectoralis major, supraspinatus, and 

infraspinatus muscles. All surgeries were performed while animals were anesthetized 

with inhalative isoflurane.  

 

Range of Motion 

 At 4 and 8 weeks post-operatively, we measured in vivo maximum passive 

external shoulder rotation angle (ERmax) bilaterally. Under inhalative isoflurane 

anesthesia, rats were placed in a custom test fixture. The forelimb was placed in 90° of 

shoulder abduction and 90° of elbow flexion, with the forelimb oriented ventrally at 

neutral shoulder rotation posture (Li et al., 2008). The forearm was fixed against a 
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rotating arm, which was connected by an axle to a 1 inch diameter disk. During the test, a 

10 g weight was hung from the disk to externally rotate the shoulder with a constant 

rotational force. The maximum external rotation angle was measured using a protractor 

attached to the test fixture. Prior to, during, and immediately following the exam, while 

the animals were anesthetized, electromyographic (EMG) signals were recorded from the 

pectoralis major muscle using stainless-steel fine wire electrodes inserted percutaneously 

into the muscle belly.  

 

Specimen Preparation 

  At 8 weeks post-operatively, animals were sacrificed through intracardial 

injection of saturated potassium chloride, consistent with the recommendations of the 

American Medical Veterinary Association. The torso and forelimbs were skinned and 

secured to metal plates to position the forelimbs in approximately 20° of shoulder 

abduction, neutral shoulder flexion and rotation, 90° of elbow flexion, and neutral 

forearm pronation/supination. The secured specimens were fixed in 10% phosphate 

buffered formalin for 48 hours, then immersed in phosphate buffered saline for storage 

(Ward et al., 2011).  

 

Micro-CT Imaging and Analysis 

 To assess the extent of osseous shoulder deformity, both forelimb shoulders of the 

specimens were imaged in a micro-CT scanner (MicroXCT-400, Xradia Inc, Pleasanton, 

CA) in the posture in which they were fixed. For each scan, 805 projection images were 

acquired over a scan range from -96º to 96º. Pixel width was approximately 85 µm. 
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Three-dimensional image reconstruction and bone anatomical measurements were 

performed in Mimics (Materialise, Leuven, Belgium). Anatomical measurements 

included glenoid version, glenoid inclination angle, humeral head superoinferior 

translation, and anteroposterior subluxation relative to the glenoid. Glenoid version and 

anteroposterior subluxation were measured similar to clinical techniques  (Waters et al., 

1998b). Briefly, two reference planes were created; one plane was aligned and centered 

parallel to the subscapular fossa, and the other to the scapular spine. In the scapular spine 

plane, a centerline was drawn along the spine and extending through the humeral head. 

Glenoid version angle was measured in a plane parallel to the scapular spine plane and 

through the widest portion of the glenoid; 90° was subtracted from the posteromedial 

angle between the scapular spine centerline and a line drawn tangent to the glenoid fossa 

rim. To measure anteroposterior subluxation, a line was drawn perpendicular to the 

scapular spine centerline at the widest part of the humeral head. The percent 

anteroposterior subluxation was computed as the ratio of the anterior portion of the 

humeral head bisection, relative to the scapular spine centerline, to total humeral head 

width. Glenoid inclination angle was measured within the subscapular fossa plane by 

subtracting 90° from the superolateral angle between the scapular spine centerline and a 

line tangent to the glenoid fossa rim. Superoinferior translation was measured as the 

smallest distance between the humeral head and the scapular spine plane.  

 

Muscle Architecture  

 Ten muscles crossing the glenohumeral joint were dissected bilaterally from the 

fixed specimens: deltoid, pectoralis major (sternoclavicular head), supraspinatus, 
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infraspinatus, spinodeltoid (not found in humans), subscapularis, teres major, teres minor, 

biceps brachii, and triceps (long head). Mass, muscle-tendon length, muscle length, and 

sarcomere length were measured directly for each muscle. Mass was measured on a 

digital scale with a resolution of 0.1 µg. Before measuring muscle mass, extramuscular 

tendon and connective tissue were removed and muscles were blotted dry. Muscle-tendon 

length, muscle length, and sarcomere length were measured using digital calipers with a 

resolution of 0.01 mm. Sarcomere length was measured using a standard laser diffraction 

technique (Lieber et al., 1984) using a 5.0 mW HeNe laser with a wavelength of 633 nm 

(Thorlabs, Inc., Newton, NJ). Optimal muscle length (
mL0 ) was computed by 

normalizing muscle length by sarcomere length (Ward et al., 2011) (Eq. 4.1).    

  









s
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L

m
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0     Eq. 4.1 

In Eq. 4.1, 
mL and 

sL are muscle length and sarcomere length, respectively. Optimal 

sarcomere length was assumed to be 2.4 μm for rat skeletal muscle (Burkholder and 

Lieber, 2001).  

 

Data Analysis 

Paired Student’s t-tests were performed to compare ERmax, muscle properties, and bone 

geometry between the affected (left) and unaffected (right) forelimbs for each group. As 

an estimate of internal-external rotation strength imbalance, we computed the ratio 

between internal rotator (pectoralis major, subscapularis) and external rotator 

(supraspinatus, infraspinatus, spinodeltoid) muscle mass. The strength ratio was 
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compared among groups using a one-way Anova with a post-hoc Tukey test to identify 

between-group differences. Statistical comparisons were significant for p<0.05. 

 

C. Results  

Bilateral Muscle Differences 

 Overall, muscle mass differences between the affected and unaffected side were 

greatest in the impaired growth and combined groups, both of which received an upper 

trunk neurectomy (Figure V-I). Nine of the 10 dissected muscles were significantly 

atrophic on the affected side in the impaired growth and combined groups, with the 

largest differences observed in the biceps and triceps. In the impaired growth group, 

biceps and triceps muscle mass was 63% (p<0.001) and 48% (p=0.006) lower, 

respectively, on the affected side. Likewise, in the combined group, biceps and triceps 

muscle mass was 71% (p<0.001) and 54% (p=0.002) lower, respectively, on the affected 

side. In the strength imbalance group, mass of the supraspinatus, infraspinatus, and 

spinodeltoid muscles, which externally rotate the shoulder, was 19% (p=0.008), 8% 

(p<0.001), and 50% (p<0.001) lower, respectively, on the affected side. In the sham 

group, splitting the pectoralis major significantly reduced the muscle’s mass on the 

affected side. The ratio of internal rotator to external rotator muscle mass was highest in 

the strength imbalance group, and was significantly different between the strength 

imbalance group and all 3 other groups (p<0.001) (Figure V-II).  
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Figure VI-I. Muscle mass difference between affected (left) and unaffected (right) 

forelimbs. Muscle mass was significantly lower in groups that received an upper trunk 

neurectomy. (supsp=supraspinatus, spdelt=spinodeltoid, infsp=infraspinatus, tmin=teres 

minor, pec=pectoralis major, tmaj=teres major, subsc=subscapularis, delt=deltoid, 

bicL=biceps brachii (long head), bicS=biceps brachii (short head), tril=triceps brachii 

(long head)) 
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Figure VI-II. Ratio of internal rotator (pectoralis major, subscapularis) to external 

rotator (supraspinatus, infraspinatus, spinodeltoid) muscle mass. Internal-external 

rotator muscle mass ratio was significantly higher in the strength imbalance group than in 

the other 3 groups. 

 

Bilateral differences in optimal muscle length, an indicator of impaired longitudinal 

muscle growth, were largest in the impaired growth and combined groups that underwent 

neurectomy (Figure V-III). In the impaired growth group, optimal muscle lengths were 

significantly lower (p<0.05) on the affected side for the pectoralis major (12%), 

spinodeltoid (13%), and biceps short head (12%) muscles. Similarly, in the combined 

group, optimal muscle lengths were significantly lower (p<0.05) on the affected side for 

the pectoralis major (14%), supraspinatus (4%), subscapularis (13%), and teres major 

(11%) muscles. In the strength imbalance group, optimal length of the spinodeltoid and 

teres major muscles, which we expect were chemodenervated by botox injection, was 

significantly lower on the affected side. 
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Figure VI-III. Optimal muscle length difference between affected (left) and 

unaffected (right) forelimbs. Bilateral differences in optimal muscle length, an indicator 

of impaired longitudinal muscle growth, were largest in the impaired growth and 

combined groups. (supsp=supraspinatus, spdelt=spinodeltoid, infsp=infraspinatus, 

tmin=teres minor, delt=deltoid, clav pec=pectoralis major (clavicular head), stern 

pec=pectoralis major (sternal head), tmaj=teres major, subsc=subscapularis, bicL=biceps 

brachii (long head), bicS=biceps brachii (short head), tril=triceps brachii (long head)) 

 

Shoulder Deformity 

 Despite having a significantly higher internal-external rotator muscle mass ratio, 

animals in the strength imbalanced group did not have significantly reduced ERmax in the 

affected forelimbs (Figure V-IV). However, ERmax was significantly lower in groups that 
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received an upper trunk neurectomy. On average, ERmax was 26° (p=0.03) and 23° 

(p=0.004) lower in the impaired growth group’s affected limbs at 4 and 8 weeks, 

respectively, compared to the unaffected side. Likewise, ROM was 17° (p=0.006) and 

11° (p=0.10) lower in the combined group’s affected limbs at 4 and 8 weeks, 

respectively. ERmax was not lower on average in the sham and strength imbalance groups 

at both 4 and 8 weeks. No muscle activity was observed in the EMG recordings during 

the passive external shoulder rotation trials. 

 

 

Figure VI-IV. Bilateral difference in maximum passive external shoulder rotation 

angle, ERmax (affected – unaffected). Negative values indicated lower ERmax on the 

affected side. ERmax was significantly lower in groups that received an upper trunk 

neurectomy. ERmax was not lower on average in the sham and strength imbalance groups 

at both 4 and 8 weeks. 
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 Changes in glenoid version and inclination angle differed among groups (Figure 

V-V). In the strength imbalance group, the affected side was more inclined, with a mean 

inclination angle of -33.1° on the affected side compared to -38.4° on the unaffected side 

(p=0.01). Conversely, the glenoid was more declined in the impaired growth and 

combined groups, having mean inclination angles of -52.3° (p=0.07) and -56.1° (p=0.02) 

on the affected side, respectively, compared to approximately -38° on the unaffected side. 

The impaired growth group exhibited a higher mean glenoid anteversion on the affected 

side, 26.1°, compared to 5.4° on the unaffected side (p=0.11), but glenoid version was not 

significantly different between sides for any group. 
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Figure VI-V. Glenoid version and inclination angles in affected forelimbs. Ovals 

represent 68% confidence regions of measures from the affected sides of each group and 

the unaffected side of all groups. The glenoid inclination angle was higher on the affected 

side in the strength imbalance group (p=0.01), but lower on the affected side in the 

impaired growth (p=0.07) and combined (p=0.02) groups, compared to the unaffected 

side. 

 The humeral head was translated more inferiorly on the affected side than on the 

unaffected side in the impaired growth and combined groups (Figure V-VI). In the 

impaired growth group, mean humeral head translation was 0.86 mm inferiorly in the 

affected forelimbs compared to 0.10 mm superior translation in the unimpaired forelimbs 

(p=0.07). Likewise, mean humeral head translation in the combined group was 1.03 mm 
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inferiorly on the affected side, but 0.09 mm superiorly on the unaffected side (p=0.09). 

The average anterioposterior humeral head translation in the strength imbalance group 

was 61.5% on the affected side and 69% on the unaffected side (p=0.04); thus, the 

humeral head was translated more posteriorly on the affected side than on the unaffected 

side in the strength imbalance group. 

 

Figure VI-VI. Humeral head anteroposterior and superoinferior translation relative 

to the scapula. Ovals represent 68% confidence regions of measures from the affected 

sides of each group and the unaffected side of all groups. In both the impaired growth and 

combined groups, the humeral head was translated more inferiorly on the affected side 

than on the unaffected side (p=0.07 and p=0.09, respectively). Conversely, the humeral 
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head was translated more posteriorly on the affected side in the strength imbalance group 

(p=0.04) 

 

D. Discussion 

Both strength imbalance and impaired longitudinal muscle growth conditions 

have been observed clinically and in animal models, with strength imbalance having long 

been considered to be the predominant mechanism of shoulder deformity. The strength 

imbalance group exhibited the highest ratio of internal to external rotator muscle mass of 

all the experimental groups, suggesting that animals in the strength imbalance group 

would be most susceptible to conditions believed to beget shoulder deformity. Yet rats in 

the strength imbalance group did not develop an internal rotation contracture or severe 

osseous deformity. In a previous study involving a mouse model of BPBP, strength 

imbalance conditions created by excising the infraspinatus and supraspinatus muscles 

also did not produce an internal rotation contracture (Nikolaou et al., 2011). All muscles 

in the strength imbalance group animals remained in situ, which is more akin to the 

clinical presentation of injury than an excision model of strength imbalance. However, in 

both chemodenervation and excision models, a mechanical environment of strength 

imbalance between opposing muscle groups did not produce those patterns of shoulder 

deformity that are commonly observed in children with BPBP.  

 Impaired longitudinal muscle growth, observed clinically and in animal 

models of BPBP (Einarsson et al., 2008; Nikolaou et al., 2011; Weekley et al., 2012b), 

provides an additional mechanical basis for the development of both osseous and postural 

shoulder deformity. Several animals in the impaired growth and combined groups, which 
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underwent an upper trunk neurectomy, developed internal rotation contracture and 

osseous deformity at the glenohumeral joint. In the combined group, the optimal lengths 

of the pectoralis major, teres major, and subscapularis muscles, which internally rotate 

the shoulder, were significantly lower, and several other muscles trended toward having 

lower optimal lengths on the affected side. Likewise, in the impaired growth group, the 

pectoralis major and teres major had shorter optimal lengths on the affected side. Our 

findings are consistent with observations in a mouse model of BPBP in which 

subscapularis and biceps long head were functionally shorter on the affected side 

(Nikolaou et al., 2013; Nikolaou et al., 2011; Weekley et al., 2012b). 

Studies involving patients with BPBP have shown that the magnitude of strength 

imbalance was significantly correlated with the severity of osseous glenohumeral 

deformity (Waters et al., 2009). Due to the involvement of the supraspinatus, 

infraspinatus, and teres minor in a C5-C6 level injury, it is not surprising that the internal-

external rotator muscle mass ratio is higher in children with BPBP. Unopposed activity of 

unimpaired muscles during movement could change glenohumeral joint loading. 

However, changes in cross sectional area or mass ratios between opposing muscle groups 

only indicates an imbalance of force generating capacity between the opposing muscle 

groups. It is not clear how changes in force generating capacity would change the in situ 

activity of the unimpaired internal rotator muscles.  

Preventing or halting functional muscle length changes associated with nerve 

injury may be an effective approach to manage shoulder deformity in children with 

BPBP. The functional or normalized length of a muscle is proportional to the number of 

sarcomeres in series along its length and has a profound effect on both the active and 
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passive force generating behavior of the muscle. In rapidly growing young animals and 

humans, sarcomeres must be added in series for muscle length to keep pace with 

increasing skeletal size. In 3-day-old mice, sciatic nerve neurectomy delayed, but did not 

halt, the addition of sarcomeres in series in the soleus muscle (Williams and Goldspink, 

1976). The authors noted that reduced muscle excursion - the lengthening and shortening 

muscle with joint movement - due to the effects of denervation on limb movement could 

have slowed the serial addition of sarcomeres in addition to the nerve injury itself. 

Indeed, immobilizing muscle at shorter lengths in young animals has been shown to 

impair longitudinal muscle growth (Williams and Goldspink, 1973). In children with 

BPBP, reduced active motion of the affected limb may effectively immobilize muscles in 

the upper limb, interfering with normal muscle growth. Muscle excursion has been noted 

as a particularly important factor regulating the number of sarcomeres in series in young 

skeletal muscle (Koh and Herzog, 1998). Thus, future studies should investigate whether 

passively manipulating the upper limb through its full range of motion can reduce 

contracture severity in children with BPBP. 

Botox injection has been used to relieve contractures in children with BPBP with 

varying results (Gobets et al., 2010). Spinodeltoid, which was directly affected in all 

three intervention groups, had significantly lower muscle mass and optimal length 

following both botox chemodenervation and physical denervation. That similar muscle 

changes occurred with both nerve disruption models suggests that preserving physical 

neuromuscular continuity does not prevent muscle changes associated with BPBP. 

Additionally, because botox injections led to impaired muscle growth, and because 
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increased EMG activity was not observed in animals with contracture, the use of botox as 

a therapeutic agent in newborns and infants with BPBP should be carefully considered. 

Most muscles crossing the affected shoulder had significantly lower muscle mass 

on the affected side than on the unaffected side. In the strength imbalance group, atrophy 

was observed in muscles that were not directly injected with botox but were near the 

injection site, suggesting the toxin may have spread to the surrounding muscles on the 

anterior aspect of the shoulder. Atrophy of muscles in the strength imbalance group was 

primarily limited to muscles that externally rotate the shoulder, thus preserving the 

strength imbalance condition in the group. Several muscles crossing the shoulder receive 

partial or full innervation from the upper trunk of the brachial plexus, which explains the 

global pattern of atrophy observed in the impaired growth and combined groups that 

underwent an upper trunk neurectomy. In all three intervention groups, weakness or 

paralysis of muscles directly impaired by the interventions likely contributed to limb 

disuse and atrophy observed in other muscles in the affected forelimbs.  

The 4 and 8 week timepoints chosen for passive external shoulder rotation testing 

and subsequent musculoskeletal analysis correspond to approximately  3.1 and 5.8 years, 

respectively, of postnatal human musculoskeletal development (Quinn, 2005), by which 

time shoulder deformity is well established clinically. Earlier timepoints should be 

investigated with the rat model to characterize the temporal onset and progression of 

deformity, which is needed to test possible treatment paradigms in the model. 

Though forelimbs were fixed in approximately the same posture for all animals 

prior to muscle analysis, we computed and compared optimal muscle lengths, rather than 

in situ sarcomere lengths, among muscles and groups. This was done to account for 
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impaired skeletal growth of the affected limbs, which reduces in situ muscle length. In 

situ muscle lengths were measured to compute optimal muscle lengths. However, given 

the small size of the muscles, it was difficult to clearly define the musculotendinous 

junctions of some muscles, most notably the biceps, which may have contributed to in 

situ muscle length measurement error in those muscles.  

We observed high within-group variability in the study outcomes, even though all 

animals within a group underwent the same procedures. Rats were followed up to 8 

weeks post-intervention, by which time some animals may have spontaneously recovered 

function (Brenner et al., 2008). Variation in the response to injury and recovery among 

animals in each group likely contributed to the high outcome variability. 

 In summary, neurectomy in neonatal rats resulted in atrophy and impaired 

longitudinal growth of several muscles crossing the shoulder. These muscle change 

patterns, observed in other muscle denervation  (Williams and Goldspink, 1976) and 

brachial plexus injury (Nikolaou et al., 2011) models, were associated with more severe 

shoulder deformity. Though impaired longitudinal muscle growth appears to play a 

predominant role in the development of shoulder deformity, strength imbalance 

conditions may potentially alter the mechanical environment at the glenohumeral joint. 
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VII. Conclusion 

The purpose of this dissertation was to elucidate the biomechanical consequences 

of brachial plexus injury and treatment at the shoulder. Studies focused on aspects of 

injury and treatment related to brachial plexus injury in general, and those specific to 

brachial plexus birth palsy.  

 Using computer simulation techniques, we compared different nerve transfer 

strategies by their potential to restore useful function given the biomechanical action of 

the muscles they target. We found that nerve transfer to the axillary nerve was most likely 

to restore useful shoulder function than transfer to the suprascapular nerve. Compared to 

the suprascapular nerve transfer, the axillary nerve transfer was more robust to the 

effectiveness of the nerve transfer procedure, an important consideration given the 

uncertainty of muscle reinnervation following surgery. Additionally, neuromuscular 

compensation was more efficient following an axillary nerve transfer, leading to lower 

metabolic effort during movement.   

 In a second computational study, we compared two strategies for performing an 

axillary nerve transfer that either targeted the anterior and middle deltoid compartments, 

or all deltoid compartments and teres minor. Posterior deltoid and teres minor primarily 

contributed to shoulder extension joint moments. When posterior deltoid and teres minor 

remained paralyzed, other muscles crossing the shoulder were able to compensate by 

producing higher joint moments during movement simulations. We recommended that 

axillary nerve transfer to the anterior and middle deltoid compartments only was 

generally sufficient except in cases when restoring additional shoulder extension strength 

is desired. 
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 We recruited 6 subjects with a history of traumatic unilateral brachial plexus 

injury and subsequent treatment, and measured their isometric strength and kinematics 

during 7 basic upper extremity tasks. Subjects’ impaired upper extremities were 

significantly weaker along 7 of 8 directions of shoulder and elbow movement, compared 

to their unimpaired upper extremities. Following inverse analyses, we found bilateral 

differences in movement kinematics for some tasks. However, there were no significant 

differences in peak joint moments during the tasks. Subjects used a higher percentage of 

their maximal strength to perform tasks with their impaired limb, indicating that the 

impaired limb is less robust to strength declines associated with injury progression or 

aging that may compromise functional ability. We recommended that clinical 

management of BPI should include quantitatively measuring strength in order to preserve 

long-term strength and functional ability. 

A computational sensitivity study revealed that muscle changes representing both 

strength imbalance and impaired longitudinal muscle growth were capable of producing 

deforming forces at the shoulder. Impaired growth restricted shoulder range of motion 

more than strength imbalance. Both mechanisms could produce posteriorly directed 

glenohumeral joint forces consistent with clinical patterns of osseous deformity, but most 

muscles that could produce deforming shoulder forces by the strength imbalance 

mechanism are typically paralyzed in cases of BPBP. The muscles most capable of 

producing deforming shoulder forces were the infraspinatus, subscapularis, latissimus 

dorsi, long head of biceps, anterior deltoid, pectoralis major, and long head of triceps.

 In a rat model of BPBP, we created in vivo mechanical conditions that were 

associated with either strength imbalance or impaired longitudinal muscle growth, two 
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hypothesized mechanisms of shoulder deformity in children with BPBP. Animals that 

underwent an upper trunk neurectomy had more drastic bilateral muscle differences and 

developed more severe shoulder deformity. Several muscles in the same animals were 

significantly shorter on the affected side, evidence of impaired longitudinal muscle 

growth. Strength imbalance conditions alone did not produce severe shoulder deformity. 

  

A. Contributions 

The main contributions of this dissertation are: 

 a biomechanical comparison of three nerve transfer strategies and their likelihood to 

restore useful shoulder function based on minimum restored force capacity required, 

neuromuscular compensation, and metabolic effort in the context of a simple elbow 

flexion movement.  

 an evaluation of two axillary nerve transfer strategies based on the contributions of 

teres minor and deltoid, the potential muscle targets, to maximal strength and 

submaximal joint moments during movement. 

 an experimental evaluation of the relationship between maximal strength and 

functional task performance in adults with traumatic brachial plexus injury, and 

recommendations for quantitative strength measurements for the clinical management 

of this patient population. 

 a computational sensitivity analysis identifying the muscles and muscle changes, 

related to either strength imbalance or impaired longitudinal muscle growth, that are 

most likely to contribute to shoulder deformity in children with brachial plexus birth 

palsy. 
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 the characterization of changes in muscle properties and shoulder geometry, and the 

analysis of the relationship between the two, to identify the predominant mechanism 

of shoulder deformity in a rat model of brachial plexus birth palsy. 

 

B. Applications 

The following are a few of the possible applications of the work presented in this 

dissertation. 

Develop more effective treatment strategies for brachial plexus injury. We compared 

nerve transfer procedures that target different muscles but have the same objective of 

restoring the most strength and function. In, Chapter II, we found that a combined 

transfer to the axillary and suprascapular nerve was best, but axillary nerve was superior 

to suprascapular nerve transfer based on simulated biomechanical outcomes. For axillary 

nerve transfer, targeting only the anterior and middle deltoid sufficiently restored strength 

and movement ability in most cases. The recommendations based on these comparisons 

help surgeons prioritize muscle targets that are most likely to restore useful function, 

since the limited availability of donor nerves restricts the number of muscles that can be 

restored by nerve transfer.  

Compute clinically-relevant measures of function for simulation-based 

musculoskeletal studies of the upper extremity. Computational simulation is a 

powerful tool for evaluating human performance and function in ways that are difficult or 

impractical to perform in vivo. For such studies, it is beneficial to have some computed 

measures that are related to clinical measures of function. For example, in Chapters III 

and VI, we simulated standard clinical exams, such as tests to measure maximum 
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isometric joint strength and passive range of motion at the shoulder and elbow, as part of 

a larger effort to determine individual muscle biomechanical behaviors. Computing 

clinical measures of function provides some validation of simulation predictions and 

gives clinical context to the research findings. 

Test orthopaedic and pharmacologic treatments for shoulder deformity. In Chapter 

VI, we extensively characterized bilateral differences in muscle properties, bone 

geometry, and range of motion at the shoulder in a rat model of BPBP. Given the 

exceptional limitations of experiments involving young children, the rat model of BPBP 

is an excellent in vivo platform for developing treatments to prevent or relieve shoulder 

deformity. The detailed account of musculoskeletal changes at the shoulder in the rat 

provides a standard against which the effectiveness of treatments can be determined. 

 

C. Future Work 

There are many possible future directions for the work described in this 

dissertation. A few of them are presented below. These and other research endeavors 

would advance the clinical utility of computational tools and improve treatments for 

those with brachial plexus injury and other neuromuscular disorders.  

Use non-invasive techniques to better characterize muscle changes and bone 

deformity in children with BPBP. MRI and CT imaging is often part of the clinical 

management of children with BPBP since it is a non-invasive way to monitor the 

progress of shoulder deformity. Analysis of the acquired images has been limited to 

measuring glenoid retroversion and humeral head subluxation, or measuring muscle area, 

on a single axial slice. As research into the etiology of shoulder deformity with BPBP 
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continues, advanced imaging analysis techniques could provide invaluable quantitative 

information about the clinical progression of deformity. For example, three-dimensional 

morphometric analysis of bone geometry from CT images (Weaver et al., 2014) could 

further clarify the nature of glenohumeral osseous deformity and suggest which muscles, 

based on their arrangement, are contributing to the deformity. Ultrasound elastography 

could be used to measure changes in soft tissue mechanical properties that correspond 

with changes in the force production of the tissue (Muraki et al., 2010). 

Identify how neuromuscular coordination patterns change after nerve injury and 

nerve transfer. Current hypotheses about how muscles are coordinated during 

movement in healthy individuals include optimization of metabolic cost and muscle 

stress. Mathematical representations of optimization functions are often implemented in 

dynamic simulations to compute muscle forces during movement. In Chapters II and III, 

we employed an algorithm that assumed optimized metabolic cost to simulate movement 

with a model of brachial plexus injury and nerve transfer. However, the extent to which 

such optimization strategies persist following nerve injury and treatment is unclear. 

Experimental tools, such as EMG, EEG, and motion capture, could be used to investigate 

how nerve injury and treatment affects neuromuscular coordination. Monitoring 

coordination over time can give insights into neural plasticity and optimization strategies 

in impaired populations that can be used to develop more effective rehabilitation 

programs.    

Define minimum strength thresholds for performing functional tasks. Movement is 

achieved when muscles produce sufficient net forces to overcome resisting gravitational, 

inertial, centrifugal, and external forces acting on the involved extremity. The sum of 
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forces that must be overcome to generate movement are unique to the task being 

performed. Several tasks are associated with so-called activities of daily living (ADLs), 

or those activities that are critical for independent living such as eating, bathing, and 

dressing (Lawton and Brody, 1969). One goal of clinical interventions for patients with 

musculoskeletal disorders is maintaining strength needed to perform ADLs. However, the 

dynamics of tasks associated with ADLs and, therefore, the minimum strength required to 

perform those tasks have not been defined. Determining the minimum strength thresholds 

for ADL tasks would provide quantitative, objective rehabilitation goals for strength-

compromised patients, as well as permit estimates of reserve strength capacity as we 

presented in Chapter IV. 

Develop tools to monitor kinematics and joint forces in real time. Processing motion 

capture data and performing biomechanical analyses are typically time-consuming 

activities. With improved computing hardware and processing speed, the processing steps 

could be streamlined to permit virtually real-time biomechanical analysis of movement. 

In recent years, real-time processing of biomechanical data has gained interest in the 

research and clinical community. One potential application for real-time analysis 

stemming from our work would be to compute net muscle-generated joint moments 

during movement, as we did in Chapter IV. By computing net muscle-generated joint 

forces in real time, clinicians could train patients to perform tasks in ways that reduce the 

forces generated during movement. Controlling muscle forces during movement may be 

important for reducing tissue stresses following orthopaedic surgery, reducing fatigue for 

repetitive movements, reducing joint stresses in patients with arthritis, or assessing 

rehabilitation progress. 
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Perform forward dynamic simulations of movement with models of neuromuscular 

injury. In Chapters II and III, we simulated pre-defined, generic movements and 

compared simulated movement performance among different nerve transfer scenarios. 

Though we were able to precisely specify muscle force-generating capability to represent 

clinical scenarios, the generic kinematics weren’t representative of movement for 

subjects with neuromuscular impairment, as we showed in Chapter IV. Experimentally 

determined kinematics are more representative of impaired movement, but it is difficult 

to assess the underlying neuromuscular condition for each muscle contributing to that 

movement. Forward dynamic simulations permit researchers to specify muscle behavior 

and generate novel kinematic predictions. Furthermore, closed loop control of muscle 

forces can be used to predict muscle forces and movement kinematics associated with 

goal oriented tasks. Muscle-driven operational space-controllers that reposition limb 

segments, such as the hand, to desired endpoints would allow more physiologic 

movement simulations with models of healthy and impaired individuals (De Sapio et al., 

2005). 

Finite element modeling and analysis of glenohumeral loading and deformity in 

children with BPBP. It is thought that the mechanical basis for glenoid retroversion and 

humeral head subluxation, the typical pattern of osseous deformity in children with 

BPBP, is an increase in the posteriorly-directed force acting on the glenoid through its 

contact with the humeral head. In Chapter V, we showed that several muscles crossing 

the shoulder could produce such a mechanical condition at the glenohumeral joint. 

However, it is unclear how these muscle forces affect the mechanical stress and strain 

within the bones themselves. Finite element modeling is commonly used in many fields 
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to compute the internal response to materials under mechanical loads and other 

environmental stressors. Finite element deformable bone modeling (Sharma et al., 2009)  

would facilitate analysis of the unique musculoskeletal mechanical conditions that are 

thought to lead to shoulder deformity following BPBP. 

Experimental assessment of nerve transfer outcomes. In Chapters II and III, we used 

computational techniques to compare different nerve transfer strategies based on results 

that were analogous to clinical measures of function, such as range of motion and joint 

strength. However, these predictions were limited by assumptions, such as metabolic cost 

minimization during movement, and uncertainty about the effectiveness of surgical 

procedures. Therefore, it would be useful to quantitatively assess strength and function in 

patients being treated for brachial plexus injury to determine the range of possible 

outcomes for different procedures. Experimental outcome data could inform future 

simulation studies and help surgeons develop more effective treatment strategies. 

Because injury characteristics vary greatly among individuals, and because the 

availability of subjects is usually limited at any one medical center, future experimental 

studies should be coordinated among multiple medical centers. 

Determine the effectiveness of muscular electrical stimulation therapy in patients 

with brachial plexus injury. Muscle paralysis can be accompanied by degenerative 

changes such as atrophy or, in children, impaired growth. Electrical stimulation of muscle 

has been shown to preserve muscle volume in patients with spinal cord injury (Baldi et 

al., 1998), and may also do the same in the paralyzed muscles of patients with brachial 

plexus injury. By preserving muscle volume until muscles are reinnervated, patients may 

be able to recover greater strength and have improved functional recovery following 
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surgery. In infants with BPBP, electrical stimulation may promote muscle growth in 

paralyzed muscles to mitigate conditions of strength imbalance and impaired growth 

which likely contribute to deformity. 

 

D. Summary 

Restoring and preserving upper extremity function is a primary goal of the clinical 

management of brachial plexus injury. Postural and osseous shoulder deformities in 

children with brachial plexus birth palsy are additional concerns for which an effective 

treatment approach has not yet been established. Through the work described in this 

dissertation, we presented new insights into the biomechanical aspects of nerve transfers 

commonly used to restore shoulder function in patients with brachial plexus injury. We 

identified maximal strength, rather than the ability to perform tasks, as a useful way to 

ensure patients with brachial plexus injury maintain long-term functional ability. Finally, 

we used animal and computational models to assess whether strength imbalance or 

impaired longitudinal muscle growth mechanisms potentially contribute to shoulder 

deformity in children with BPBP. Studies integrating findings from human, animal, and 

computational models, as exemplified in this dissertation, greatly advances our 

understanding of the complex presentation of brachial plexus injury. With further 

research, the prognosis of this debilitating injury and patient quality of life will continue 

to improve.  
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IX. Appendix A: Chapter IV Summary Data 

 

Subject maximum isometric joint moments, MIJM (N-m) 

 

 
Unimpaired Limb 

 
B01 B02 B03 B04 B05 B06 

Abd 65.9 59.0 55.0 110.8 73.5 34.2 

Add 76.7 70.9 66.5 100.1 73.5 44.8 

Flex 106.3 100.3 94.7 102.6 105.3 51.2 

Extend 79.5 85.4 82.6 111.3 92.5 38.7 

Int Rot 41.7 46.8 46.3 52.6 47.7 23.0 

Ext Rot 42.3 27.6 34.1 50.2 51.4 23.0 

Elbow flex 70.4 61.8 70.0 92.4 83.2 37.9 

Elbow extend 46.7 51.6 60.1 58.1 46.5 29.4 

       

 
Impaired Limb 

 
B01 B02 B03 B04 B05 B06 

Abd 44.0 0.0 38.4 24.0 47.3 25.0 

Add 74.7 49.9 66.5 42.7 47.3 23.8 

Flex 80.2 44.0 43.4 60.2 101.9 52.9 

Extend 55.7 34.5 66.2 13.9 67.9 34.8 

Int Rot 34.2 40.5 45.7 18.1 35.2 17.6 

Ext Rot 18.1 0.0 15.0 6.2 26.7 18.7 

Elbow flex 62.3 56.1 59.0 0.0 45.4 39.0 

Elbow extend 44.2 31.2 46.8 0.0 32.9 29.9 
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Extremum joint angles during upper extremity tasks (degrees) 

 

DOF: shoulder elevation 
      Maximum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 80.6 76.7 95.7 97.6 108.9 108.6 

axilla 71.3 58.3 60.3 52.4 67.0 60.3 

face             

head             

pocket             

shelf 71.1 86.6 75.5 49.8 61.0 91.3 

table 24.3 26.5 23.0 26.7 25.8 22.0 

impaired side 

abduction 89.6 22.4 99.8 95.9 104.2 82.0 

axilla 72.3 50.2 54.7 55.6 67.5 51.7 

face             

head             

pocket             

shelf 77.8 37.2 79.0 99.3 56.6 87.0 

table 31.1 18.3 22.3 70.1 27.2 14.1 

        DOF: shoulder elevation 
      Minimum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 15.9 11.3 11.4 9.8 11.5 6.1 

axilla 15.5 12.6 11.3 7.1 12.0 6.9 

face             

head             

pocket             

shelf 16.6 12.9 12.9 9.7 13.0 7.3 

table 14.2 12.0 11.1 9.0 12.4 9.3 

impaired side 

abduction 9.1 8.8 13.3 5.6 8.6 3.7 

axilla 11.5 7.0 10.0 7.3 12.1 7.9 

face             

head             

pocket             

shelf 12.3 8.4 12.4 8.9 10.0 7.5 

table 9.2 6.6 10.0 10.5 11.7 5.5 
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DOF: elevation plane angle 
      Maximum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction -16.6 3.5 -11.3 -9.5 6.7 8.0 

axilla 92.3 113.6 110.5 112.2 108.9 100.6 

face 74.2 75.8 77.6 53.0 73.6 69.9 

head 32.9 47.9 26.8 9.3 22.9 42.4 

pocket -40.9 8.7 -53.0 -2.8 6.4 -8.3 

shelf 63.8 78.3 73.7 69.9 68.2 57.9 

table -16.0 49.6 -16.0 25.6 14.1 -8.2 

impaired side 

abduction 11.9 27.7 -5.9 39.9 0.5 31.8 

axilla 99.2 110.0 100.2 83.0 98.1 101.2 

face 70.8 78.6 69.1 64.8 62.5 71.5 

head 43.0 85.3 27.4 34.7 25.2 40.5 

pocket 16.2 19.1 20.5 26.5 -7.4 -23.5 

shelf 69.0 89.9 75.0 67.0 67.2 56.6 

table 21.1 72.4 4.7 64.3 10.7 -30.6 

        DOF: elevation plane angle 
      Minimum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction -55.9 -23.0 -67.1 -40.1 -14.3 -20.1 

axilla -53.8 -42.4 -64.7 -38.8 0.1 20.5 

face -52.4 -44.3 -39.9 -55.2 -27.3 6.6 

head -58.9 -39.0 -57.5 -56.6 -47.0 -25.9 

pocket -74.5 -81.3 -90.0 -81.4 -71.4 -79.4 

shelf -62.7 -50.7 -65.2 -64.8 -49.4 -4.9 

table -55.5 -35.4 -61.0 -63.1 -41.6 -62.1 

impaired side 

abduction -20.3 10.0 -48.1 -2.0 -30.4 -44.3 

axilla -21.6 -36.2 -29.1 -33.9 -14.0 -43.2 

face -28.8 -28.8 -20.8 -14.3 -16.2 -28.3 

head -24.5 -30.4 -23.6 -11.8 -46.5 -2.9 

pocket -54.5 -89.3 -88.9 -60.1 -83.6 -74.2 

shelf -47.7 -47.2 -41.0 6.3 -39.2 -64.4 

table -30.2 -40.1 -51.6 -13.0 -59.3 -79.1 
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DOF: shoulder rotation angle 
      Maximum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction -2.1 5.7 -5.2 -7.6 3.0 -23.5 

axilla 81.2 97.7 92.4 94.5 100.9 86.8 

face 43.1 41.9 30.5 21.9 33.4 25.2 

head -2.8 13.4 -2.6 -6.6 0.9 -1.8 

pocket 40.6 38.1 20.5 37.9 38.4 36.4 

shelf 17.1 34.7 23.0 29.1 36.1 16.0 

table 25.4 39.2 34.1 38.7 39.7 32.2 

impaired side 

abduction 12.2 16.1 5.2 -8.4 -2.6 -32.0 

axilla 91.0 96.7 89.9 100.8 94.2 80.3 

face 37.6 50.0 28.7 64.1 24.1 29.3 

head 8.0 63.3 14.4 -6.3 7.0 0.4 

pocket 59.1 33.5 28.1 11.1 37.8 46.0 

shelf 26.9 62.9 30.7 74.1 29.3 13.0 

table 37.1 36.5 41.8 64.8 39.1 25.9 

        DOF: shoulder rotation angle 
      Minimum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction -50.3 -53.7 -59.0 -74.5 -43.4 -42.2 

axilla -11.2 -11.7 -19.3 -36.5 -17.3 -20.3 

face -12.1 -10.8 -31.1 -17.7 -7.9 -32.2 

head -38.3 -16.0 -61.0 -89.9 -74.1 -45.8 

pocket 1.5 -3.0 -22.7 -16.1 -5.7 -8.1 

shelf -28.4 -12.9 -28.8 -30.2 -9.5 -45.1 

table -11.8 -12.8 -18.8 -25.4 -7.1 -28.0 

impaired side 

abduction -51.1 -18.8 -44.3 -45.5 -44.3 -58.3 

axilla -7.1 -0.3 -0.4 -36.8 -14.2 -37.4 

face -6.9 0.1 -5.4 -26.5 -14.8 -44.2 

head -35.2 -2.5 -57.9 -43.4 -47.4 -39.0 

pocket 3.1 -23.2 4.2 -7.4 -11.2 -35.9 

shelf -14.4 3.0 -16.9 -24.1 -18.1 -44.7 

table -13.2 -5.9 -12.7 -26.5 -19.5 -41.9 
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DOF: elbow flexion angle 
      Maximum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 60.2 41.0 32.7 37.6 32.2 18.6 

axilla 106.8 83.3 88.3 100.6 88.7 91.3 

face 125.7 118.9 128.4 128.2 124.0 125.7 

head 151.3 140.4 148.5 138.7 142.4 134.7 

pocket 84.5 73.1 72.1 80.9 83.1 21.8 

shelf 108.7 95.4 109.1 129.9 105.5 99.7 

table 115.3 91.9 110.3 117.3 102.2 110.4 

impaired side 

abduction 51.0 27.6 38.2 27.3 31.5 25.8 

axilla 100.8 79.9 95.5 25.5 95.9 93.0 

face 121.5 119.8 123.0 82.4 126.1 116.6 

head 143.6 111.3 132.2 44.6 142.3 129.7 

pocket 88.5 57.0 67.1 36.4 81.0 26.0 

shelf 119.9 95.4 97.5 69.3 104.3 98.0 

table 110.4 88.9 103.4 55.2 107.1 114.1 

        DOF: elbow flexion angle 
      Minimum angle   subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 39.4 28.8 26.3 24.3 15.3 3.7 

axilla 34.4 34.3 28.4 28.0 23.9 12.3 

face 36.6 32.3 27.1 26.1 26.0 14.0 

head 38.3 31.8 26.5 29.9 26.6 12.8 

pocket 37.4 30.8 33.1 31.9 27.7 6.9 

shelf 42.1 32.1 36.5 34.1 30.9 17.6 

table 38.8 32.4 27.3 36.5 25.4 19.7 

impaired side 

abduction 26.3 24.8 25.5 17.8 22.1 12.9 

axilla 23.9 27.2 17.1 7.7 22.0 22.3 

face 27.7 30.8 19.2 18.0 21.7 20.0 

head 27.1 30.1 19.9 16.8 23.5 21.0 

pocket 25.2 26.8 13.4 17.9 25.6 12.8 

shelf 29.6 28.8 25.4 10.8 23.0 20.6 

table 28.9 29.1 20.3 11.0 26.0 20.0 
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Peak joint moments (Mt,peak) during upper extremity tasks (N-m) 

 

shoulder abduction 
      

 

  subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 18.9 18.3 12.9 18.7 26.3 17.2 

axilla 12.3 7.8 11.0 13.6 16.7 13.0 

face 9.4 8.7 9.1 12.2 19.1 12.3 

head 20.8 18.4 38.3 11.0 34.3 19.7 

pocket 12.8 8.1 5.8 13.2 23.3 4.7 

shelf 14.5 11.7 11.8 5.0 10.4 19.8 

table 4.5 5.6 5.0 6.0 7.9 4.1 

  

      
 

  subject 

 
task B01 B02 B03 B04 B05 B06 

impaired side 

abduction 26.7 9.2 21.1 17.3 20.2 11.4 

axilla 17.8 7.3 8.2 18.8 17.3 6.6 

face 17.9 10.4 9.1 16.3 17.4 9.3 

head 31.9 5.0 26.1 18.2 29.4 12.2 

pocket 23.3 6.8 6.9 5.9 11.1 4.6 

shelf 8.8 5.0 19.6 17.2 11.3 13.8 

table 11.6 4.7 6.2 18.3 8.5 2.1 

 

shoulder flexion 
      

 

  subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 4.6 4.8 6.3 6.4 4.3 3.2 

axilla 57.1 25.9 45.0 39.4 32.1 20.0 

face 48.0 15.1 26.4 44.1 42.2 19.1 

head 23.8 14.2 28.9 20.5 37.9 15.3 

pocket 15.1 8.4 19.6 8.1 28.9 3.0 

shelf 31.6 42.5 53.9 46.3 52.2 14.1 

table 17.4 17.8 21.9 45.3 32.1 25.9 
 

       

 
  subject 

 
task B01 B02 B03 B04 B05 B06 

impaired side 

abduction 9.2 4.7 6.7 8.7 7.6 6.3 

axilla 36.8 29.2 16.3 17.5 39.6 10.5 

face 25.7 30.1 26.9 20.0 30.1 14.4 

head 31.0 28.0 17.2 11.5 26.8 12.4 

pocket 16.6 6.6 14.8 15.1 20.1 2.8 

shelf 46.6 71.3 41.6 31.6 43.8 9.4 

table 30.9 48.5 30.2 27.8 37.5 15.1 



158 

 

 

shoulder extension 
      

 

  subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction -13.9 -4.6 -16.5 -9.6 -9.6 -6.9 

axilla -50.9 -13.3 -36.3 -20.8 -42.0 -6.9 

face -56.1 -22.8 -36.5 -23.5 -46.9 -13.5 

head -39.1 -24.4 -26.3 -12.6 -26.2 -8.1 

pocket -18.7 -9.3 -23.5 -12.3 -19.5 -9.4 

shelf -20.6 -31.2 -29.9 -20.5 -39.0 -5.0 

table -13.0 -17.3 -14.0 -13.9 -18.7 -19.6 

 
       

 
  subject 

 
task B01 B02 B03 B04 B05 B06 

impaired side 

abduction -6.6 -2.0 -12.8 -9.1 -8.2 -8.2 

axilla -48.8 -20.8 -29.7 -4.1 -50.4 -5.0 

face -24.7 -27.0 -25.9 -4.5 -38.2 -4.5 

head -30.2 -13.5 -24.9 -7.5 -19.0 -1.6 

pocket -17.4 -14.9 -13.7 -26.0 -12.8 -9.0 

shelf -33.3 -49.8 -45.2 -44.8 -38.9 -8.5 

table -15.9 -29.2 -25.3 -17.3 -23.4 -12.6 

 

shoulder external rotation 
      

 

  subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction -2.6 -1.8 -1.6 -1.3 -2.0 -0.7 

axilla -3.5 -3.6 -3.3 -2.8 -3.8 -3.4 

face -2.0 -2.1 -1.7 -2.2 -1.9 -1.9 

head -1.4 -1.7 -1.5 -2.5 -1.9 -2.5 

pocket -1.0 -0.6 -0.8 -1.3 -1.3 -0.4 

shelf -2.4 -2.6 -2.3 -2.3 -2.6 -2.7 

table -1.3 -1.9 -1.5 -1.5 -1.7 -1.3 

 
       

 
  subject 

 
task B01 B02 B03 B04 B05 B06 

impaired side 

abduction -1.8 -0.7 -2.1 -1.0 -1.3 -0.6 

axilla -3.7 -2.9 -3.6 -1.7 -3.8 -2.9 

face -2.1 -1.5 -2.0 -3.9 -1.8 -2.0 

head -1.6 -2.5 -2.0 -2.0 -1.7 -2.4 

pocket -1.0 -1.0 -0.5 -0.5 -0.8 -0.4 

shelf -2.6 -1.9 -2.5 -3.8 -2.3 -2.6 

table -2.1 -1.1 -1.7 -2.9 -1.6 -0.9 
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elbow flexion 
       

 

  subject 

 
task B01 B02 B03 B04 B05 B06 

unimpaired side 

abduction 2.8 2.6 2.4 2.9 2.3 2.5 

axilla 5.4 4.0 3.9 4.0 5.0 3.7 

face 4.9 4.1 4.1 4.2 4.8 3.6 

head 4.5 4.3 4.5 3.5 5.0 4.3 

pocket 2.1 1.8 1.6 2.0 2.3 0.6 

shelf 3.8 4.1 4.4 4.0 4.5 3.9 

table 3.4 3.6 3.3 3.7 3.7 3.2 

 
       

 
  subject 

 
task B01 B02 B03 B04 B05 B06 

impaired side 

abduction 3.1 1.9 2.1 2.8 2.5 2.7 

axilla 4.7 3.6 3.8 2.6 5.5 3.4 

face 4.9 3.8 4.2 2.7 4.0 3.3 

head 4.6 3.4 4.7 3.1 4.2 3.2 

pocket 2.1 1.8 2.3 1.8 2.2 1.3 

shelf 3.9 3.8 5.2 3.1 4.1 3.7 

table 3.6 3.5 3.2 2.7 3.5 3.3 
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Maximum % MIJM used during upper extremity tasks 

 

    direction of movement 

  subject 
shoulder 

abduction 
shoulder 
flexion 

shoulder 
extension 

shoulder 
external 
rotation 

elbow 
flexion 

unimpaired side 

B01 31% 54% 71% 9% 9% 

B02 31% 42% 37% 15% 8% 

B03 70% 57% 44% 22% 7% 

B04 17% 45% 21% 6% 6% 

B05 47% 50% 51% 8% 8% 

B06 58% 51% 51% 16% 12% 

              

impaired side 

B01 72% 58% 88% 24% 9% 

B02 100% 100% 100% 100% 11% 

B03 68% 96% 68% 28% 11% 

B04 78% 53% 100% 66% 100% 

B05 62% 43% 74% 17% 14% 

B06 55% 29% 36% 15% 10% 
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X. Appendix B: Chapter VI Summary Data 

 

Unaffected (right) side muscle mass (g) 

 

 
Strength Imbalance Group 

     

 
L4C1A1R L4C1A2R L4C2A1R L4C2A2R L4C3A1R L4C3A2R L4C3A3R L4C4A1R 

delt 0.189 0.174 0.149 0.145 0.243 0.258 0.247 0.243 

pecm 0.432 0.386 0.323 0.297 0.622 0.655 0.614 0.677 

supsp 0.328 0.328 0.3 0.3 0.482 0.45 0.487 0.486 

spdelt 0.177 0.168 0.151 0.146 0.271 0.259 0.248 0.248 

infsp 0.326 0.331 0.286 0.288 0.477 0.51 0.469 0.49 

subsc 0.446 0.417 0.389 0.367 0.597 0.627 0.61 0.598 

tmaj 0.259 0.242 0.229 0.208 0.381 0.374 0.385 0.378 

tmin 0.024 0.022 0.024 0.02 0.03 0.033 0.034 0.035 

tril 0.883 0.771 0.748 0.714 1.335 1.22 1.119 1.277 

bicl 0.135 0.116 0.118 0.1 0.192 0.179 0.191 0.176 

bics 0.037 0.027 0.033 0.042 0.043 0.043 0.044 0.036 

     

 
 
 

   

 
Impaired Growth Group 

     

 
L2C2A2R L2C2A3R L2C3A1R L2C4A2R L2C5A1R L3C3A1R L3C3A2R L3C5A1R 

delt 0.261 0.242 0.188 0.158 0.259 0.242 0.25 0.236 

pecm 0.731 0.608 0.472 0.37 0.732 0.58 0.498 0.625 

supsp 0.463 0.396 0.326 0.308 0.446 0.438 0.435 0.406 

spdelt 0.231 0.211 0.151 0.153 0.252 0.189 0.267 0.224 

infsp 0.493 0.483 0.334 0.29 0.454 0.417 0.46 0.442 

subsc 0.579 0.554 0.423 0.41 0.603 0.579 0.605 0.556 

tmaj 0.39 0.346 0.255 0.217 0.361 0.332 0.389 0.369 

tmin 0.031 0.033 0.025 0.021 0.03 0.027 0.04 0.032 

tril 1.198 1.107 0.904 0.799 1.218 1.069 1.226 1.157 

bicl 0.183 0.168 0.133 0.13 0.192 0.158 0.168 0.161 

bics 0.052 0.054 0.039 0.026 0.055 0.05 0.06 0.048 
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Combined Group 

      

 
L1C1A1R L1C2A1R L1C2A2R L3C1A1R L3C1A2R L3C2A1R L3C4A3R L3C5A3R 

delt 0.137 0.214 0.198 0.168 0.155 0.248 0.163 0.244 

pecm 0.337 0.553 0.65 0.391 0.361 0.711 0.359 0.664 

supsp 0.287 0.419 0.405 0.319 0.295 0.434 0.341 0.413 

spdelt       0.154 0.132 0.242 0.145 0.22 

infsp       0.311 0.308 0.452 0.332 0.418 

subsc 0.35 0.542 0.559 0.455 0.403 0.572 0.421 0.565 

tmaj 0.208 0.332 0.369 0.269 0.25 0.372 0.259 0.364 

tmin   0.022 0.033 0.024 0.03 0.033 0.026 0.029 

tril 0.724 1.076 1.133 0.809 0.753 1.047 0.802 1.096 

bicl       0.113 0.113 0.152 0.113 0.149 

bics       0.041 0.035 0.041 0.052 0.05 

  

 
 
 

      

 
Sham Group 

      

 
L2C2A1R L2C4A1R L2C3A2R L3C2A2R L3C5A2R L3C3A3R L3C4A1R L3C4A2R 

delt 0.265 0.161 0.165 0.243 0.254 0.26 0.135 0.148 

pecm 0.77 0.389 0.414 0.674 0.681 0.644 0.319 0.326 

supsp 0.492 0.298 0.316 0.4 0.42 0.444 0.261 0.285 

spdelt 0.252 0.148 0.164 0.245 0.237 0.218 0.12 0.137 

infsp 0.493 0.268 0.314 0.444 0.454 0.436 0.272 0.287 

subsc 0.638 0.389 0.425 0.596 0.585 0.578 18.91 0.385 

tmaj 0.431 0.235 0.251 0.38 0.358 0.371 18.03 0.252 

tmin 0.031 0.018 0.02 0.034 0.03 0.035 9.41 0.022 

tril 1.182 0.824 0.855 1.103 1.126 1.188 21.53 0.746 

bicl 0.211 0.12 0.141 0.17 0.17 0.167 16.35 0.109 

bics 0.049 0.038 0.025 0.048 0.047 0.045 16.05 0.037 
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Affected (left) side muscle mass (g) 

 

 

 

 
Strength Imbalance Group 

   

 

  

 
L4C1A1L L4C1A2L L4C2A1L L4C2A2L L4C3A1L L4C3A2L  L4C3A3L L4C4A1L 

delt 0.132 0.15 0.13 0.099 0.239 0.235  0.218 0.217 

pecm 0.369 0.32 0.3 0.263 0.618 0.696  0.602 0.571 

supsp 0.22 0.131 0.277 0.272 0.442 0.432  0.431 0.41 

spdelt 0.07 0.095 0.076 0.04 0.164 0.183  0.104 0.137 

infsp 0.288 0.297 0.261 0.264 0.446 0.47  0.456 0.458 

subsc 0.387 0.382 0.37 0.373 0.574 0.623  0.597 0.57 

tmaj 0.209 0.197 0.175 0.178 0.312 0.322  0.324 0.296 

tmin 0.025 0.022 0.02 0.015 0.031 0.036  0.039 0.036 

tril 0.779 0.714 0.627 0.589 1.186 1.192  1.077 1.096 

bicl 0.13 0.122 0.115 0.102 0.185 0.16  0.188 0.164 

bics 0.039 0.021 0.023 0.037 0.056 0.067  0.042 0.05 

  

 
 
 
 

    

 

  

 
Impaired Growth Group 

   

 

  

 
L2C2A2L L2C2A3L L2C3A1L L2C4A2L L2C5A1L L3C3A1L  L3C3A2L L3C5A1L 

delt 0.235 0.084 0.182 0.154 0.26 0.202  0.165 0.176 

pecm 0.61 0.366 0.259 0.246 0.637 0.34  0.284 0.41 

supsp 0.492 0.369 0.324 0.303 0.473 0.295  0.184 0.302 

spdelt 0.239 0.068 0.153 0.128 0.238 0.172  0.152 0.203 

infsp 0.462 0.398 0.317 0.308 0.459 0.32  0.246 0.319 

subsc 0.542 0.493 0.415 0.382 0.579 0.419  0.4 0.408 

tmaj 0.339 0.292 0.235 0.207 0.348 0.298  0.24 0.281 

tmin 0.022 0.02 0.022 0.019 0.031 0.017  0.013 0.017 

tril 1.088 0.198 0.794 0.622 1.19 0.166  0.221 0.159 

bicl 0.091 0.042 0.052   0.193 0.048  0.049 0.038 

bics 0.044 0.012 0.015   0.045 0.027  0.008   
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Combined Group 

    

 

  

 
L1C1A1L L1C2A1L L1C2A2L L3C1A1L L3C1A2L L3C2A1L  L3C4A3L L3C5A3L 

delt 0.12 0.164 0.09 0.148 0.13 0.132  0.092 0.158 

pecm 0.142 0.441 0.399 0.342 0.273 0.304  0.282 0.282 

supsp 0.269 0.368 0.253 0.295 0.294 0.269  0.267 0.391 

spdelt       0.148 0.137 0.091  0.096 0.173 

infsp       0.284 0.294 0.328  0.239 0.357 

subsc 0.328 0.474 0.349 0.397 0.375 0.345  0.341 0.456 

tmaj 0.241 0.307 0.248 0.26 0.249 0.236  0.18 0.274 

tmin 0.016 0.018 0.006 0.025 0.025 0.015  0.011 0.018 

tril 0.589 0.215 0.139 0.727 0.573 0.157  0.079 0.688 

bicl       0.029 0.023 0.031  0.024 0.036 

bics       0.005 0.006 0.006  0.014 0.023 

 

 
 
 
 

     

 

  

 
Sham Group 

    

 

  

 
L2C2A1L L2C4A1L L2C3A2L L3C2A2L L3C5A2L L3C3A3L  L3C4A1L L3C4A2L 

delt 0.27 0.153 0.165 0.244 0.289 0.271  0.15 0.165 

pecm 0.69 0.18 0.276 0.456 0.305 0.368  0.256 0.362 

supsp 0.482 0.279 0.334 0.427 0.443 0.447  0.272 0.292 

spdelt 0.258 0.135 0.161 0.235 0.255 0.213  0.125 0.148 

infsp 0.496 0.285 0.311 0.447 0.438 0.454  0.263 0.282 

subsc 0.634 0.383 0.423 0.609 0.555 0.583  0.36 0.391 

tmaj 0.411 0.224 0.255 0.363 0.388 0.357  0.206 0.24 

tmin 0.034 0.018 0.023 0.039 0.041 0.036  3.028 0.025 

tril 1.353 0.803 0.839 1.07 1.094 1.197  0.656 0.741 

bicl 0.219 0.126 0.142 0.164 0.169 0.172  0.106 0.098 

bics 0.048 0.038 0.031 0.055 0.047 0.05  0.03 0.044 
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Unaffected (right) side muscle belly length (mm) 

 

 

 

 

 
Strength imbalance group 

     

 
L4C1A1R L4C1A2R L4C2A1R L4C2A2R L4C3A1R L4C3A2R L4C3A3R L4C4A1R 

delt 14.44 14.96 13.29 14.08 14.44 14.18 15.93 15.41 

pecm 25.67 24.8 23.35 24.57 30.05 28.3 28.48 27.77 

supsp 24.37 25.73 25.61 24.15 27.99 28.03 28.05 27.82 

spdelt 18.06 17.82 17.95 16.35 21.89 20.58 21 21.51 

infsp 26.13 26.95 26 25.16 27.6 29.42 28.39 28.15 

subsc 18.46 20.44 20.58 19.48 21.85 22.77 22.42 22.2 

tmaj 19.37 19.55 19.71 19.29 22.03 23.42 22.13 21.17 

tmin 11.04 10.19 11.95 9.73 11.04 11.79 12.24 11.74 

tril 22.83 24.75 23.18 23.28 25.77 25.85 27.43 25.45 

bicl 18.5 17.18 17.2 17.55 18.92 18.51 22.3 20.33 

bics 21.76 16.9 16.91 19.04 18.51 18.25 20.21 19.19 

          
 
         

 
Impaired growth group 

     

 
L2C2A2R L2C2A3R L2C4A2R L2C3A1R L2C5A1R L3C5A1R L3C3A1R L3C3A2R 

delt 14.42 15.46 14.68 13.01 16.17 13.52 16.18 16.02 

pecm 27.37 26.31 26.48 25.52 26.25 22.65 27.5 27.77 

supsp 27.94 24.79 24.7 24.76 25.52 25.38 25.48 27 

spdelt 19.85 17.84 17.13 16.49 20.78 19.33 18.47 20.48 

infsp 27.65 26.75 22.21 23.62 25.27 26.42 27.06 26.21 

subsc 22.54 21.34 20.02 20.18 22.35 20.16 21.22 21.65 

tmaj 21.91 21.92 19.6 19.03 21.29 22.43 21.72 21.24 

tmin 10.86 11.49 9.52 9.9 11.31 11.05 10.14 10.27 

tril 25.2 25.41 21.95 22.75 24.24 22.43 22.64 24.1 

bicl 19 17.75 19.05 18.49 21.98 19.45 21.22 18.83 

bics 18.72 17.44 19.12 18.84 22.32 21.41 21.2 19.48 
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Combined group 

      

 
L1C1A1R L1C2A1R L1C2A2R L3C1A1R L3C1A2R L3C2A1R L3C4A3R L3C5A3R 

delt 14.02 15.07 15.81 14.43 13.81 15.67 13.49 15.51 

pecm 24.47 26.35 25.57 24.63 24.1 27.79 23.02 22.89 

supsp 26.9 28.14 27.5 24.5 24.04 26.13 24.75 24.62 

spdelt       17.33 16.46 20.07 16.37 22.26 

infsp 25.45 29.58 29.24 26.12 26.46 27.36 25.74 25.89 

subsc 20.41 23.84 24.82 20.55 19.54 20.52 21.17 20.06 

tmaj 22.97 24.43 23.95 19.33 19.25 21.65 19.56 24.48 

tmin   13.78 13.84 10.15 10.47 10.94 9.28 11.84 

tril 23.47 25.59 24.37 22.33 21.56 22.84 22.94 24.81 

bicl       18.03 17.27 20.32 16.31 18.05 

bics       19.01 19.14 18.83 17.98 20.29 

bic 27.71 28.05 27.75 37.04 36.41 39.15 34.29 38.34 

infsp 25.45 29.58 29.24           

                  
 
 
 
         

 
Sham group 

      

 
L2C2A1R L2C4A1R L2C3A2R L3C2A2R L3C5A2R L3C3A3R L3C4A1R L3C4A2R 

delt 15.13 13.59 13.96 16.05 15.26 16 13.27 13.72 

pecm 26.37 23.86 25.46 28.07 26.88 27.43 23 21.43 

supsp 27.08 24.36 24.67 25.75 26.41 27.48 23.93 24.31 

spdelt 20.82 16.11 16.68 21.91 20.31 19.73 15.74 16.84 

infsp 26.23 20.96 24.55 26.87 26.69 27.9 24.01 26.46 

subsc 23.05 18.95 20.52 21.74 19.94 21.74 18.91 18.82 

tmaj 22.57 18.3 18.02 21.75 22.97 21.92 18.03 18.85 

tmin 11.76 7.67 10.58 11.28 12.19 10.69 9.41 9.15 

tril 22.94 22.73 23.28 24.52 23.3 25.01 21.53 21.88 

bicl 20.16 17.2 17.96 21.52 21.91 20.59 16.35 17.25 

bics 19.15 18.08 17.41 20.76 22.37 20.18 16.05 19.21 
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Affected (left) side muscle belly length (mm) 

 

 

 

 

 
Strength imbalance group 

     

 
L4C1A1L L4C1A2L L4C2A1L L4C2A2L L4C3A1L L4C3A2L L4C3A3L L4C4A1L 

delt 14.38 13.98 13.69 13.32 15.7 15.82 16.94 14.12 

pecm 24.83 26.27 24.59 22.25 30.05 29.75 27.17 26.65 

supsp 24.93 25.84 24.84 24.76 28.11 27.32 29.71 28.22 

spdelt 15.63 15.8 14.67 12.63 21.38 18.37 18.9 19.41 

infsp 24.63 25.64 24.35 25.44 27.71 28.29 28.41 29.14 

subsc 19.73 20.77 19.79 20 21.4 23.68 22.33 22.23 

tmaj 19.82 20.06 18.97 19.12 21.37 21.72 21.84 22.08 

tmin 11.4 10.12 9.26 9.95 12.11 10.91 12.18 11.93 

tril 23.48 24.03 23.13 23.59 25.41 26.85 27.09 25.38 

bicl 19.14 18.95 17.13 16.17 19.69 18.57 20.72 19.2 

bics 20.03 19.68 16.72 15.5 21.32 18.77 21.1 18.31 

     

 
 
 
 

   

 
Impaired growth group 

     

 
L2C2A2L L2C2A3L L2C4A2L L2C3A1L L2C5A1L L3C5A1L L3C3A1L L3C3A2L 

delt 16.31 13.04 13.95 11.89 16.6 13.3 15.33 11.66 

pecm 26.47 26.51 23.05 15.97 27.38 20.3 28.7 24.44 

supsp 28.08 26.15 24.08 24.8 27.15 23.28 23.92 23.72 

spdelt 18.32 12.56 15.33 17.9 20.37 18.54 14.44 11.57 

infsp 25.42 25.13 24.14 24.77 26.8 23.94 24.45 22.28 

subsc 23.51 21.26 20.06 20.49 27.7 18.06 19.16 18.16 

tmaj 22.62 18.54 19.29 22 23.4 21.02 19.28 16.91 

tmin 11.12 9.47 10.37 12.04 13.01 9.81 9.56 9.00 

tril 25.87 22.1 22.27 22.97 23.72 23.76 27.67 24.99 

bicl 16.54 15.87 17.89 16.44 21.37 22.37 20.71 20.6 

bics 18.26 14.62 18.22 16.41 22.8   21.62 18.17 
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Combined group 

      

 
L1C1A1L L1C2A1L L1C2A2L L3C1A1L L3C1A2L L3C2A1L L3C4A3L L3C5A3L 

delt 13.55 15.48 15.05 14.49 14.49 12.5 12.04 12.66 

pecm 21.43 25.03 24.25 24.93 24.66 24.11 24.51 26.25 

supsp 25.56 27.44 25.29 23.84 24.37 23.29 24.22 23.27 

spdelt       16.96 15.74 12.81 12.48 17.58 

infsp 26.9 27.68 23.58 22.68 24.35 22.82 21.97 24.86 

subsc 20.54 23.56 21.46 20.02 19.37 17.39 19.88 19.65 

tmaj 23.4 22.68 20.16 19.63 20.19 17.75 18.28 20.38 

tmin 11.44 12.63 9.41 10.15 9.73 10.19 7.77 10.09 

tril 21.12 25.67 26.8 23.29 21.54 24.36 22.31 23.91 

bicl       20.85 19.94 20.11 20.37 20.8 

bics       17.57 19.11 20.49 18.29 22.16 

bic 18 23.88 28.47 38.42 39.05 40.6 38.66 42.96 

infsp 26.9 27.68 23.58           

  

 
 
 
 

      

 
Sham group 

      

 
L2C2A1L L2C4A1L L2C3A2L L3C2A2L L3C5A2L L3C3A3L L3C4A1L L3C4A2L 

delt 15.71 12.92 13.93 15.86 14.94 15.9 12.63 14.08 

pecm 25.31 23.31 22.92 29.36 24.88 28.43 23.39 22.85 

supsp 26.57 22.79 25.01 26.52 25.11 26.71 24.48 24.42 

spdelt 21.06 16.01 16.8 20.57 22.92 19.85 15.01 17.17 

infsp 28.02 24.55 24.05 28.77 26.17 28.29 23.98 24.76 

subsc 23.09 19.69 20.85 21.35 19.98 21.5 19.97 20.12 

tmaj 24.59 18.5 20.23 21.44 23.75 20.6 18.08 20.46 

tmin 11.98 9.09 11.37 12.42 11.2 10.95 9.96 10.52 

tril 26.39 22.34 23.52 24.14 24.71 24.47 22.11 21.76 

bicl 19.95 16.05 16.72 19.58 20.49 19.27 17.71 19.04 

bics 18.67 17.54 16.48 18.78 21.92 20.45 16.76 20.49 
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Mean in situ muscle sarcomere lengths (µm) 

 

strength imbalance group                       

animal ID an
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p
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n
g 

h
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d
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L4C1A1R 22.7 25.6 18.3 24.6 22.4 32.6 23.5 26.9 31.7 35.7 26.5 23.8 28.4 29.8 

L4C1A1L 22.3 23.3 19.1 25.1 21.6 32.1 24.6 25.2 29.7 36.2 26.6 23.6 28.4 30.5 

L4C1A2R 21.5 26.4 19.1 24.3 22.7 34.0 24.7 25.7 31.0 36.7 29.4 28.7 34.4 29.1 

L4C1A2L 22.1 24.8 19.0 23.5 21.9 33.5 24.8 24.8 30.4 34.2 29.2 23.9 28.8 31.6 

L4C2A1R 25.0 25.7 21.9 28.2 22.3 32.5 24.2 24.7 28.3 35.4 26.2 27.9 34.2 30.4 

L4C2A1L 22.5 25.0 19.4 22.8 23.2 33.7 26.3 22.5 26.0 34.9 31.2 27.0 31.2 29.0 

L4C2A2R 22.3 26.2 20.8 24.1 22.4 33.1 24.8 24.3 29.4 34.3 29.7 25.2 31.3 29.6 

L4C2A2L 23.9 26.4 21.6 26.2 23.4 34.0 25.7 24.1 27.5 35.0 31.5 27.0 34.0 28.4 

L4C3A1R 23.0 24.3 18.5 23.4 22.3 31.5 23.8 25.2 29.7 37.1 27.6 27.1 32.5 28.4 

L4C3A1L 22.0 24.4 19.0 22.3 21.6 32.7 23.8 24.9 30.3 36.3 27.6 25.6 30.6 32.3 

L4C3A2R 22.8 24.1 18.5 23.4 22.6 32.4 25.5 24.4 28.6 35.5 28.8 26.6 33.2 29.6 

L4C3A2L 22.6 25.9 19.1 23.2 22.9 32.1 24.6 23.9 28.6 36.1 26.8 27.3 33.5 28.7 

L4C3A3R 23.5 22.8 20.0 23.7 22.2 32.0 24.4 24.2 29.7 36.5 27.3 26.9 33.6 29.1 

L4C3A3L 23.6 23.4 20.7 25.3 22.5 33.3 23.6 24.9 31.1 36.3 26.0 27.2 34.9 31.2 

L4C4A1R 22.9 23.7 18.7 23.4 23.0 31.5 26.1 26.0 28.1 36.9 26.9 26.0 31.4 31.3 

L4C4A1L 23.9 24.9 20.7 25.3 22.2 32.5 24.5 26.4 30.7 37.3 25.9 27.4 34.4 28.5 
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impaired growth group                       

animal ID an
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n
g 

h
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d
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L2C2A2R 23.4 24.4 22.1 25.8 23.2 30.8 26.0 23.6 26.6 37.2 28.2 27.7 34.7 31.0 

L2C2A2L 25.0 25.2 22.5 25.2 22.8 32.8 26.0 23.0 26.5 36.1 29.2 28.0 36.5 30.6 

L2C2A3R 24.7 26.2 21.3 26.8 24.4 32.0 25.2 26.0 29.4 38.0 26.6 29.2 35.5 30.7 

L2C2A3L 22.9 24.9 21.3 23.5 24.1 34.1 25.5 25.2 29.5 35.4 26.7 25.0 28.4 30.6 

L2C3A1R 24.4 26.0 21.7 24.6 23.4 34.5 26.6 25.3 27.9 38.3 29.6 24.3 28.9 34.6 

L2C3A1L 27.9 25.0 33.4 31.6 23.5 30.9 23.5 29.8 32.2 34.7 24.9 26.6 30.0 33.9 

L2C4A2R 22.2 26.2 19.5 26.1 22.7 32.3 25.3 24.5 29.4 36.8 28.1 23.6 27.6 30.8 

L2C4A2L 22.4 27.1 19.8 23.8 23.3 33.8 24.8 27.3 31.5 37.8 29.5 28.5 25.8 35.5 

L2C5A1R 23.3 24.8 20.7 29.1 24.9 30.0 25.3 27.6 33.1 36.2 27.1 23.3 27.8 36.8 

L2C5A1L 23.7 28.6 21.9 26.8 25.9 31.6 27.5 26.2 27.8 33.6 26.1 24.5 27.6 33.1 

L3C3A1R 23.6 25.6 20.6 26.5 24.3 32.4 25.2 27.5 29.1 37.4 28.2 23.9 30.1 34.5 

L3C3A1L 24.5 23.0 19.8 23.8 26.1 33.5 29.5 25.7 28.2 32.4 31.4 22.9 25.5 29.9 

L3C3A2R 24.4 23.8 22.0 28.0 22.2 30.7 25.0 25.8 28.4 35.8 26.3 24.9 34.7 33.7 

L3C3A2L 23.5 24.6 21.5 27.2 25.5 31.4 27.3 24.3 27.5 31.8 31.2 30.0 29.4 25.8 

L3C5A1R 27.8 25.9 29.1 31.1 27.5 30.2 26.0 29.4 27.8 32.4 25.9 25.8 29.4 32.3 

L3C5A1L 32.1 32.2 29.7 27.8 30.3 28.0 28.4 30.2 29.2 28.5 29.6 28.4 27.6 29.6 
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combined group                         

animal ID an
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L1C1A1R 24.9 24.4 24.2 28.1 23.6 34.3 26.4 25.4 27.1 40.0   25.7 31.5 35.2 

L1C1A1L 25.4 27.6 21.2 23.6 24.0 34.4 28.3 28.3 25.5 37.1 31.9     29.7 

L1C2A1R 24.8 29.1 24.4 29.2 25.4 35.4 25.9 25.7 27.2 36.2 28.1 28.5 31.3 33.2 

L1C2A1L 27.0 25.9 25.2 26.6 25.8 35.2 27.4 26.8 30.1 36.0 28.2 30.1 32.4 30.6 

L1C2A2R 26.3 29.9 23.9 31.3 27.1 31.3 26.6 29.6 32.2 36.0 26.4 26.3 29.9 31.6 

L1C2A2L 25.0 24.1 23.7 26.7 27.8 31.4 28.8 27.9 27.1 35.5 31.7 28.3 27.9 32.4 

L3C1A1R 24.9 23.9 21.3 28.2 23.4 30.7 24.6 25.5 29.6 38.3 31.5 25.1 33.8 41.6 

L3C1A1L 25.7 26.1 20.7 25.8 23.2 34.7 26.1 25.1 26.0 38.2 32.2 24.6 23.5 29.8 

L3C1A2R 23.7 24.8 20.4 26.2 22.8 32.4 24.7 27.4 36.8 40.9 26.1 23.2 30.6 35.1 

L3C1A2L 23.4 26.4 20.1 22.1 22.2 34.9 25.2 25.0 31.0 37.3 30.2 24.6 26.7 31.7 

L3C2A1R 25.7 23.1 21.5 26.6 22.5 32.7 24.3 27.5 32.3 37.0 25.6 26.7 32.9 32.7 

L3C2A1L 22.3 24.5 21.7 25.8 25.3 29.4 27.2 26.7 28.2 31.6 27.2 23.7 32.7 32.1 

L3C4A3R 24.2 24.0 21.4 27.8 23.6 32.2 24.1 26.6 29.0 36.5 26.8 25.6 26.7 31.8 

L3C4A3L 22.7 23.5 20.9 25.9 23.8 34.2 25.7 23.4 27.1 33.9 34.2 29.5 26.0 33.7 

L3C5A3R 25.1 26.3 21.9 32.5 28.3 27.4 24.5 29.1 31.0 30.1 21.4 27.9 32.0 28.3 

L3C5A3L 21.8 28.6 18.4 22.4 25.4 30.3 26.8 25.6 23.9 31.6 28.6 23.1 24.5 30.4 
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sham group                           

animal ID an
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L2C2A1R 26.2 25.0 25.7 30.2 23.2 29.7 27.9 25.4 26.9 37.4 28.3 26.5 35.8 31.4 

L2C2A1L 26.4 26.8 24.6 25.9 24.7 33.1 27.1 23.7 27.1 37.6 30.4 28.4 34.6 31.0 

L2C3A2R 22.3 26.2 20.7 23.5 23.1 33.5 25.6 24.9 30.5 37.4 25.0 24.6 31.0 30.7 

L2C3A2L 23.6 27.1 22.5 24.8 23.7 34.1 24.6 26.7 34.1 37.1 24.5 27.0 34.1 31.3 

L2C4A1R 23.4 26.6 21.3 25.9 23.0 34.0 26.0 24.0 30.4 37.6 29.4 24.8 28.0 32.1 

L2C4A1L 23.0 26.5 20.1 26.1 23.4 33.2 25.5 24.7 31.6 36.9 29.4 26.4 29.9 31.7 

L3C2A2R 23.7 24.1 20.3 25.9 22.2 30.4 25.3 25.7 30.0 37.0 25.9 24.9 28.9 32.9 

L3C2A2L 23.8 24.2 20.6 23.8 22.6 31.1 25.7 26.1 26.5 38.0 27.2 24.7 33.6 31.2 

L3C3A3R 23.1 24.1 22.1 25.3 22.5 31.6 24.5 26.1 32.2 40.5 27.2 25.8 32.1 31.7 

L3C3A3L 23.8 24.9 21.8   22.7 32.5 25.1 25.2 26.0 39.0 27.7 25.9 34.9 33.8 

L3C4A1R 22.9 24.6 21.1 24.6 22.6 32.5 24.7 25.5 29.8 38.4 26.0 25.2 30.1 30.3 

L3C4A1L 25.8 26.3 20.8 23.3 22.8 32.6 25.3 25.4 27.8 38.7 29.4 25.5 31.6 34.3 

L3C4A2R 25.1 24.6 22.6 28.9 22.7 33.1 24.4 27.1 32.4 38.7 26.3 25.2 30.9 32.6 

L3C4A2L 24.3 25.6 21.0 29.4 23.7 32.7 25.3 25.8 27.4 35.1 29.0 23.2 29.3 32.2 

L3C5A2R 24.7 28.7 22.5 30.0 25.1 33.0 26.2 26.3 25.7 33.0 26.6 23.5 27.0 33.6 

L3C5A2L 26.1 25.4 23.9 31.6 28.2 26.1 24.2 31.6 35.2 31.2 20.5 26.9 27.6 28.8 
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Maximum external rotation range of motion (degrees) 

 

ROM - Week 4 
      

  

R L 
   

R L 

sh
am

 

L2C2A1 134 136 
 

im
p

ai
re

d
 g

ro
w

th
 

L2C2A2 122 107 

L2C4A1 132 139 
 

L2C2A3 129 140 

L2C3A2 139 149 
 

L2C4A2 136 137 

L3C2A2 110 138 
 

L2C3A1 131 137 

L3C5A2 125 100 
 

L2C5A1 126 95 

L3C3A3 125 115 
 

L3C5A1 122 80 

L3C4A1 130 128 
 

L3C3A1 120 80 

L3C4A2 112 130 
 

L3C3A2 120 60 

        
 

        

co
m

b
in

ed
 

L3C2A1 120 75 
 

st
re

n
gt

h
 im

b
al

an
ce

 

L4C1A1 115 135 

L3C5A3 100 80 
 

L4C1A2 115 120 

L3C1A1 128 110 
 

L4C2A1 100 130 

L3C1A2 132 120 
 

L4C2A2 140 135 

L3C4A3 106 95 
 

L4C3A1 100 120 

L1C1A1 121 123 
 

L4C3A2 105 122 

L1C2A1 138 135 
 

L4C3A3 110 140 

L1C2A2 105 110 
 

L4C4A1 120 120 

 

ROM - Week 8 
      

  

R L 
   

R L 

sh
am

 

L2C2A1 90 90 
 

im
p

ai
re

d
 g

ro
w

th
 

L2C2A2 90 65 

L2C4A1 133 110 
 

L2C2A3 85   

L2C3A2 115 135 
 

L2C4A2 135 125 

L3C2A2 77 75 
 

L2C3A1 130 120 

L3C5A2 78 90 
 

L2C5A1 110 95 

L3C3A3 100 77 
 

L3C5A1 80 63 

L3C4A1 98 115 
 

L3C3A1 100 45 

L3C4A2 100 105 
 

L3C3A2 77 50 

        
 

        

co
m

b
in

ed
 

L3C2A1 70 40 
 

st
re

n
gt

h
 im

b
al

an
ce

 

L4C1A1 100 125 

L3C5A3 73 77 
 

L4C1A2 135 135 

L3C1A1 100 85 
 

L4C2A1 125 120 

L3C1A2 120 28 
 

L4C2A2 125 125 

L3C4A3 120 98 
 

L4C3A1 65 65 

L1C1A1 138 128 
 

L4C3A2 75 80 

L1C2A1 125 130 
 

L4C3A3 120 95 

L1C2A2 119 52 
 

L4C4A1 70 100 
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Unaffected (right) side bone deformity measurements 

 

group name 
(deformity 

mechanism) 

animal 
ID 

glenoid 
version 
angle 

(degrees) 

glenoid 
inclination 

angle 
(degrees) 

humeral head 
anterior-
posterior 

subluxation 
(%) 

humeral head 
superior 

(+)/inferior(-) 
translation                              

(mm) 

radius of 
curvature 
of glenoid 

(mm) 

         

Sham 

L2C2A1 11.4 -32.7 67 1.01 3.00 

L2C4A1 6.4 -36.7 76 -0.21 2.28 

L2C3A2 1.8 -30.3 64 1.23 2.49 

L3C2A2 6.2 -32.3 76 -0.05 2.67 

L3C5A2 -2.4 -38.4 52 -0.09 2.79 

L3C3A3 -0.4 -39.7 64 -0.34 2.56 

L3C4A1 16.7 -36.0 68 0.05 2.78 

L3C4A2 12.2 -35.3 74 0.70 2.84 

  mean 6.5 -35.2 68 0.29 2.68 

Combined 

L3C2A1 11.9 -38.1 67 -0.08 2.99 

L3C5A3 6.7 -42.4 63 -0.92 2.58 

L3C1A1 9.2 -44.5 61 -0.28 2.84 

L3C1A2 8.0 -35.1 63 0.34 3.11 

L3C4A3 12.3 -39.3 67 0.21 2.53 

L1C1A1 4.9 -38.0 62 -0.18 2.60 

L1C2A1 -0.3 -33.3 53 0.90 2.35 

L1C2A2 9.2 -36.7 72 0.74 2.61 

  mean 7.7 -38.4 63 0.09 2.70 

Impaired 
Growth 

L2C2A2 6.0 -36.2 59 0.27 2.62 

L2C2A3 7.9 -32.7 72 0.35 2.87 

L2C4A2 5.8 -40.9 78 -0.40 2.43 

L2C3A1 5.7 -32.1 58 1.66 2.18 

L2C5A1 6.1 -33.2 59 0.16 2.37 

L3C5A1 -3.9 -41.3 45 -0.13 2.69 

L3C3A1 2.8 -40.7 60 -0.51 3.23 

L3C3A2 12.9 -41.7 68 -0.64 2.87 

  mean 5.4 -37.4 62 0.10 2.65 

Strength 
Imbalance 

L4C1A1 9.1 -28.5 58 0.19 2.22 

L4C1A2 6.4 -38.0 76 -0.11 2.39 

L4C2A1 10.7 -31.9 71 0.75 2.58 

L4C2A2 10.4 -44.2 69 -0.18 2.71 

L4C3A1 1.6 -42.3 53 -0.34 2.64 

L4C3A2 17.2 -41.5 79 -0.17 2.38 

L4C3A3 18.0 -40.9 85 -1.53 2.90 

L4C4A1 7.8 -39.9 61 0.15 2.29 

  mean 10.1 -38.4 69 -0.16 2.51 
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Affected (left) side bone deformity measurements 

 

group name 
(deformity 

mechanism) 

animal 
ID 

glenoid 
version 
angle 

(degrees) 

glenoid 
inclination 

angle 
(degrees) 

humeral head 
anterior-
posterior 

subluxation 
(%) 

humeral head 
superior 

(+)/inferior(-) 
translation                              

(mm) 

radius of 
curvature 
of glenoid 

(mm) 

         

Sham 

L2C2A1 4.5 -35.5 70 1.54 2.63 

L2C4A1 5.7 -34.3 55 0.89 2.35 

L2C3A2 3.1 -30.1 52 1.04 2.29 

L3C2A2 0.1 -33.9 57 -0.18 2.88 

L3C5A2 1.7 -33.0 56 0.34 3.26 

L3C3A3 1.9 -41.9 53 -0.93 2.32 

L3C4A1 6.3 -38.3 57 -0.05 2.33 

L3C4A2 12.2 -39.4 66 -0.01 2.46 

  mean 4.4 -35.8 58 0.33 2.56 

Combined 

L3C2A1 -20.5 -69.4 52 -1.96 4.90 

L3C5A3 -1.8 -69.6 50 -1.48 7.51 

L3C1A1 9.1 -40.7 61 0.59 3.27 

L3C1A2 4.3 -39.6 52 0.65 4.05 

L3C4A3 3.8 -63.0 84 -2.63 13.45 

L1C1A1 10.6 -36.5 54 -0.30 2.38 

L1C2A1 -7.0 -49.7 31 -0.08 2.38 

L1C2A2 3.2 -80.4 77 -3.02 7.58 

  mean 0.2 -56.1 58 -1.03 5.69 

Impaired 
Growth 

L2C2A2 2.0 -38.2 54 0.15 2.27 

L2C2A3 14.0 -51.0 57 -0.25 3.84 

L2C4A2 4.2 -31.9 70 0.42 2.41 

L2C3A1 2.1 -35.3 62 0.22 2.37 

L2C5A1 0.6 -28.1 56 0.57 2.79 

L3C5A1 39.8 -72.2 58 -2.14 14.58 

L3C3A1 74.0 -76.7 76 -3.34 9.66 

L3C3A2 72.4 -84.7 88 -2.49 15.87 

  mean 26.1 -52.3 65 -0.86 6.72 

Strength 
Imbalance 

L4C1A1 3.2 -24.0 59 0.22 2.55 

L4C1A2 7.4 -29.5 62 -0.09 2.52 

L4C2A1 11.3 -33.8 65 0.63 2.36 

L4C2A2 -8.0 -30.9 66 -0.36 2.68 

L4C3A1 1.3 -38.3 54 -0.64 2.52 

L4C3A2 10.2 -37.3 66 -0.64 2.32 

L4C3A3 4.2 -34.8 62 0.76 2.91 

L4C4A1 5.7 -36.0 58 0.03 2.85 

  mean 4.4 -33.1 62 -0.01 2.59 
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movement simulations.  
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 Authored a Visual Basic program to calculate average cortical thickness along length of 

long bones. 

 Segmented CT images to calculate volumes of pulmonary contusion regions and lower 
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INDUSTRY EXPERIENCE 

 

Design Engineer, August 2006 – May 2009 

GE Aircraft Engines, Rotating Parts Center of Excellence, Evendale, OH 

 Implemented design changes and presented to technical reviews boards to implement 

field, manufacturing, and new-product initiatives while meeting rigorous FAA and 

design requirements. 

 Managed low pressure turbine rotor design tasks among an international team of 

engineers. 

 Performed stress and fatigue analysis to resolve field and production hardware issues. 

 Reviewed and classified proprietary design documents for export control. 

 

Engineering Co-op, May 2004 – August 2004, May 2005 – August 2005 

GE Aircraft Engines, Engine Assembly, Durham, NC 

 Created novel engine assembly instruction documents to improve assembly speed and 
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 Assisted with development of new engine assembly line. 
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middle school students. 

 Initiated a bi-monthly tutoring partnership between the biomedical engineering 

department and a local high school that draws from underprivileged neighborhoods in 

Winston Salem. 

 

President, September 2011 - September 2012 

Engineering in Medicine and Biology Society (IEEE-EMBS) Student Chapter 

 Assisted with a student chapter development workshop at the international society 

meeting. 

 

Secretary, September 2011 – September 2012 

Biomedical Engineering Society (BMES) Student Chapter 

 Prepared programs and organized catering for 150 attendees at annual departmental 

symposium. 

 

Treasurer, September 2010 – September 2011 
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Graduate Student Association, Wake Forest University 
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