SCIENTIFIC ARTICLE

Contributions of Muscle Imbalance and Impaired
Growth to Postural and Osseous Shoulder
Deformity Following Brachial Plexus Birth Palsy:
A Computational Simulation Analysis

Wei Cheng, MS, Roger Cornwall, MD, Dustin L. Crouch, PhD, Zhongyu Li, MD, PhD,
Katherine R. Saul, PhD

Purpose Two potential mechanisms leading to postural and osseous shoulder deformity after
brachial plexus birth palsy are muscle imbalance between functioning internal rotators and
paralyzed external rotators and impaired longitudinal growth of paralyzed muscles. Our goal
was to evaluate the combined and isolated effects of these 2 mechanisms on transverse plane
shoulder forces using a computational model of C5—6 brachial plexus injury.

Methods We modeled a C5—6 injury using a computational musculoskeletal upper limb
model. Muscles expected to be denervated by C5—6 injury were classified as affected, with
the remaining shoulder muscles classified as unaffected. To model muscle imbalance, affected
muscles were given no resting tone whereas unaffected muscles were given resting tone at
30% of maximal activation. To model impaired growth, affected muscles were reduced in
length by 30% compared with normal whereas unaffected muscles remained normal in length.
Four scenarios were simulated: normal, muscle imbalance only, impaired growth only, and
both muscle imbalance and impaired growth. Passive shoulder rotation range of motion and
glenohumeral joint reaction forces were evaluated to assess postural and osseous deformity.

Results Allimpaired scenarios exhibited restricted range of motion and increased and posteriorly
directed compressive glenohumeral joint forces. Individually, impaired muscle growth caused
worse restriction in range of motion and higher and more posteriorly directed glenohumeral
forces than did muscle imbalance. Combined muscle imbalance and impaired growth caused the
most restricted joint range of motion and the highest joint reaction force of all scenarios.

Conclusions Both muscle imbalance and impaired longitudinal growth contributed to range of
motion and force changes consistent with clinically observed deformity, although the most
substantial effects resulted from impaired muscle growth.

Clinical relevance Simulations suggest that treatment strategies emphasizing treatment of
impaired longitudinal growth are warranted for reducing deformity after brachial plexus birth
palsy. (J Hand Surg Am. 2015;40(6):1170—1176. Copyright © 2015 by the American Society
for Surgery of the Hand. All rights reserved.)

Key words Brachial plexus birth palsy, shoulder deformity, computer simulation, muscle
strength, impaired growth.
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to the peripheral nerves supplying the muscle

of the upper limb, estimated to affect 0.4 to 4
per 1,000 newborns.' Injury most commonly occurs
at the C5—6 level, resulting in paralysis of elbow
flexors and muscles crossing the shoulder.” Postural
and osseous deformities, including contractures of the
shoulder and elbow,”" abnormal morphology of the
scapula and humerus, and subluxation of the humeral
head,””’ are common sequelae of the nerve injury,
even when spontaneous nerve regeneration is observed.
Such deformity has a substantial negative impact on
patient function and quality of life and motivates
improved understanding of the etiology of the deformity
to enhance treatment.

Recent literature suggests 2 potential muscular
mechanisms underlying the clinically observed post-
ural and osseous deformity: muscle imbalance and
impaired longitudinal muscle growth. One long-held
hypothesis suggests that the imbalance between
paralyzed external rotators and intact internal rotator
muscles at the shoulder leads to the internal rotation
contractures, or restricted range of motion (ROM) and
increased joint stiffness, that have been observed.' "
More recently, experiments in rodent models sug-
gested that perinatal nerve injury may result in
impaired longitudinal growth of the paralyzed mus-
cles, resulting in reduced resting fiber length and
overstretched sarcomeres.”'" A recent computational
sensitivity analysis'' investigating the potential bio-
mechanical influence of these mechanisms on the joint
reaction forces at the glenoid and on shoulder ROM
suggested that both mechanisms have the potential to
influence glenoid force, whereas impaired longitudi-
nal growth may influence ROM. However, in that
study, the roles of individual muscles were studied; it
is unknown whether the combined effect of both
mechanisms acting through multiple muscles has a
potentially synergistic influence.

The goal of this study was to evaluate the com-
bined and isolated effects of impaired longitudinal
growth and muscle imbalance using a computational
model of C5—6 brachial plexus injury on transverse
plane mechanical forces at the shoulder. The model
represented the clinically observed pattern of injury
and muscle changes based on the best available de-
scriptions of normal neuroanatomy, data from
experimental animal models, and previously pub-
lished clinical findings. In particular, we evaluated
the effect of each mechanism on shoulder rotation
ROM and transverse plane joint reaction forces at the
glenohumeral joint.

B RACHIAL PLEXUS BIRTH PALSY IS A perinatal injury

MATERIALS AND METHODS

We implemented simulations of brachial plexus birth
palsy using a computational model of the upper
limb,'*"? as previously augmented for dynamic
simulation of brachial plexus palsy.'' Simulations
were performed in OpenSim (version 3.1, Stanford,
CA),'" an open-source musculoskeletal simulation
software platform. Briefly, the model integrates rep-
resentations of bone and joint geometry for the
shoulder, elbow, forearm, and wrist with models of the
path and force-generating capacity of the 32 muscles
crossing these joints. The muscles crossing the gle-
nohumeral joint include the anterior deltoid, middle
deltoid, posterior deltoid, teres major, teres minor,
supraspinatus, infraspinatus, subscapularis, pectoralis
major (clavicular head and 2 compartments of sterno-
costal head), biceps (long and short heads), triceps
(long head), latissimus dorsi (3 compartments), and
coracobrachialis. The subscapularis muscle was
augmented from a previous implementation of the
model to include 2 compartments: an upper compart-
ment that accounts for one third of the total muscle
mass, and a lower compartment accounting for two
thirds of the muscle mass.'” The origin-to-insertion
paths of the muscles are based on anatomical descrip-
tion and experimental measurements of muscle
moment arm,’ % which is the distance from the muscle
line of action to the center of rotation of the joint. The
force of each muscle actuator depends on posture of the
arm, the level of muscle activation from unactivated
(0%) to fully activated (100%), and architectural
characteristics of the individual muscle. These char-
acteristics include optimal muscle fiber length, peak
isometric force (related to muscle physiologic cross-
sectional area), pennation angle, and tendon length,
and are derived from experimental measurements
made from cadaveric specimens and MRIs of living
subjects.'®~** Representations of ligaments and other
passive structures were included to limit movement at
the extremes of the ROM."*”* The model permits
calculation of joint moment, the product of muscle
force and moment arm, which indicates a muscle’s
ability to contribute to or resist rotation at a joint.

We classified muscles crossing the shoulder as
either affected or unaffected by a C5—6 level injury
(Table 1), according to neuroanatomy, available
clinical findings, magnetic resonance imaging (MRI),
electrodiagnostic testing, muscle biopsies, and mo-
tion analysis.”'"'72*" “Affected” refers to initial
denervation from the neurological injury, regardless
of whether reinnervation occurs. “Unaffected” refers
to muscles without interruption of innervation from

J Hand Surg Am. « Vol. 40, June 2015



1172 BRACHIAL PLEXUS BIRTH PALSY DEFORMITY SIMULATION

TABLE 1. Affected and Unaffected Muscle
Classifications

Affected Muscles Unaffected Muscles

Supraspinatus

Infraspinatus

Teres minor

Subscapularis (2 compartments)*
Deltoid

Long head of biceps

Short head of biceps

Brachialis

Coracobrachialis

Teres major*

Triceps (all heads)

Pectoralis major

Latissimus dorsi

All other muscles
crossing elbow and
wrist

*Two versions of the simulations were considered: with subscapularis
(2 compartments) and the teres major affected, and with the upper
subscapularis affected while the middle/lower subscapularis and teres
major are unaffected.

the neurological insult. We used the model to test 4
scenarios representing patterns of impaired longitu-
dinal growth and muscle strength imbalance in
isolation and combination (Table 2). Scenario 1 used
the nominal model and represented an uninjured
control. Scenario 2 represented isolated strength
imbalance, in which muscles affected in a C—6 injury
were permitted to produce passive force only,
whereas unaffected muscles were activated to 30% of
maximal possible activation; this value was based on
the largest degree of imbalance described in a
radiographic study of internal and external rota-
tors.*'" Scenario 3 represented impaired growth of
the muscles affected by a C—6 injury, in which
impaired growth was represented by shortening the
optimal fiber length by 30%; this value was selected
based on reported muscle length deficits in affected
muscles in a murine model of brachial plexus birth
palsy.'”'" Scenario 4 represented the combined in-
fluence of both impaired longitudinal growth and
muscle strength imbalance following a C—6 injury if
both mechanisms are in fact contributing to defor-
mity. The influence of C5—6 injury on the sub-
scapularis and teres major muscles is unclear.
Therefore, we performed the simulations twice: first
with both muscles treated as affected, and then with
the upper muscle belly of the subscapularis affected
and the middle and lower subscapularis muscle belly
and teres major unaffected.

We evaluated the effect of each pattern of muscle
changes on postural deformity by assessing the range
of internal/external shoulder rotation permitted under
each simulation scenario. We simulated the clinical
examination of axial rotation ROM with the shoulder
adducted and the elbow flexed to 90°. We calculated

the net joint moment generated by muscles and lig-
aments crossing the shoulder as the shoulder was
moved across the ROM. The limit of the ROM was
defined as the joint angle at which the muscles and
ligaments crossing the shoulder exerted sufficient
passive force to restrict shoulder rotation against a
3.5-kg load applied at the wrist; this method has been
previously used experimentally to determine shoulder
rotation range of motion.”'

We evaluated the potential of each pattern of
muscle changes to contribute to osseous deformity by
assessing the compressive glenohumeral joint force.
Forces that change to be more posteriorly directed are
consistent with clinically observed posterior humeral
head subluxation and glenoid retroversion. The joint
force was calculated as the sum of gravitational and
muscle forces transmitted between the humeral head
and glenoid. For joint force calculations, the torso
was oriented in an upright posture, the arm was
placed in a neutral shoulder posture, and the elbow
was permitted to flex freely. We calculated the joint
forces exerted in the transverse plane and compared
the magnitude and direction of these forces between
simulation scenarios.

RESULTS

In all injury scenarios, shoulder rotation ROM was
restricted. Muscle imbalance alone resulted in the
least restricted ROM, with external rotation reduced
only 24° (scenario2 in Fig. 1). In contrast, combined
strength imbalance and impaired growth (scenario4v1
in Fig. 1) resulted in more restricted ROM, especially
for external rotation, which was reduced by 60°.
When all compartments of subscapularis were con-
sidered to be affected (scenario3v1l and scenario4vl
in Fig. 1), ROM was restricted more than when only
the upper compartment was affected. Specifically,
ROM was restricted for the impaired growth only
(scenario3 in Fig. 1) and combined (scenario4 in
Fig. 1) mechanisms by 11° and 9° more, respectively,
when subscapularis was considered totally affected.
Similarly, in all scenarios with altered muscle
forces, the glenoid experienced substantially increased
compressive and more posteriorly oriented joint re-
action forces compared with the uninjured scenario.
Whereas strength imbalance alone resulted in in-
creased compressive forces (scenario2 in Fig. 2) that
were more posterior than the uninjured scenario (84°
posterior to unimpaired scenariol in Fig. 2), impaired
longitudinal growth resulted in much higher forces
(scenario3v1 in Fig. 2; 123% higher than scenario2 in
Fig. 2) that were oriented in a more posterior direction
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TABLE 2. Simulation Scenarios

Affected

Unaffected Mechanisms

No change
Normal length, 0% activation
Short, 0% activation

AW N =

Short, 0% activation

internal 44

20

Normal length, 30% activation

Normal length, 0% activation

No change

Muscle imbalance

Impaired growth

Normal length, 30% activation Both

-20

-40

-60

axial shoulder rotation ROM (degrees)

external _gg

scenariol scenario2

scenario3vl scenario3v2 scenariodvl scenariodv2

FIGURE 1: Passive ROM for axial shoulder rotation. Muscle imbalance (scenario2) restricted external rotation ROM relative to the
unimpaired case (scenariol) but did not restrict internal rotation. Cases in which impaired growth was applied to affected muscles
(scenario3) or in concert with muscle imbalance (scenario4) exhibited restrictions of both internal and external rotation ROM. Cases in

which the subscapularis and teres major were completely affected (scenario3v1 and scenario4v1) had more substantial external rotation

ROM restrictions compared with when only upper subscapularis was affected (scenario3v2 and scenario4v2).

(scenario3v1 in Fig. 2; 87° posterior to scenariol in
Fig. 2). The combined influence of muscle imbalance
and impaired growth resulted in larger and more
posteriorly directed forces than either mechanism
alone; for example, scenario4v1 in Fig. 2 was directed
at 101° posterior to the unimpaired case, with 257%
higher forces than the muscle imbalance mechanism
alone (case 2 in Fig. 2) and 61% higher forces than the
impaired growth of affected muscles mechanism alone
(case 3vl in Fig. 2). When subscapularis was
considered to be only partially affected and teres major
unaffected (cases 3v2 and 4v2 in Fig. 2) forces were
reduced in magnitude (7% and 2% reduced for cases 3
and 4, respectively, in Fig. 2) and less posteriorly
directed (13° and 4°, respectively).

DISCUSSION

Our simulations revealed that both muscle imbalance
and impaired longitudinal growth change gleno-
humeral passive ROM and joint reaction forces,
which is consistent with clinically observed patterns

of postural and osseous deformity. Whereas earlier
work with this computational model'' also investi-
gated the influence of the 2 mechanisms under
consideration here, it focused on the roles of indi-
vidual muscles without investigating the relative
impact of the 2 mechanisms in isolation or combi-
nation. The current study showed that the combined
influence of both imbalance and impaired growth was
larger than either in isolation, and in some cases it
was larger than a simple sum of the 2. Furthermore,
the current study places the results in the context of
clinically relevant measures of ROM in a way in
which the prior study was not designed to do.
Whereas in all scenarios glenohumeral joint forces
were larger and more posterior than when uninjured,
impaired longitudinal growth more markedly influ-
enced both postural and osseous deformity measures.
Combined effects were larger than either in isolation.
Treatments considering both mechanisms are war-
ranted, although correction of growth restriction is
more likely to influence ROM and osseous changes
profoundly. This work not only provides insight into
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FIGURE 2: Joint forces in the transverse plane. Forces are shown
normalized to the largest force in any simulation (scenario4vl)
and relative to the scapula (gray silhouette). x is anterior and z is
lateral. The vector of the uninjured scenario (scenariol) has been
scaled by 250:1 for visualization because its magnitude is small
relative to the other scenarios shown. In scenario2, when only
muscle imbalance exists, the force is more compressive and
posteriorly directed. Scenarios including restricted growth of
affected muscles alone (scenario3) and in combination with
muscle imbalance (scenario4) have forces of increasing magni-
tude and are increasingly posteriorly directed. When the entire
subscapularis and teres major are considered to be affected
(scenario3vl and scenario4vl), the force is more posteriorly
directed than when only the upper subscapularis is affected
(scenario3v2 and scenario4v?2).

the relative importance of 2 mechanisms acting at the
shoulder; it also provides a biomechanical foundation
to interpret and reconcile existing clinical literature
that holds conflicting evidence regarding the causes
of deformity.

Our results integrate with clinical observations of
ROM in several ways. First, the magnitude of ROM
restriction is similar to clinical observation. We pre-
dict external rotation reductions of 24° to 71°, similar
to passive external rotation ROM restrictions seen
clinically.”*>~* Reduced passive internal rotation
has also been reported (17° £ 22°), as predicted in
our simulations (0° to 16°). Passive internal rotation
restriction was present only in scenarios involving
impaired muscle growth. Therefore, impaired growth
of denervated external rotators may explain posterior
glenohumeral tightness that results in scapular
winging during attempted internal rotation or cross-
body adduction.”® Second, our results reconcile
conflicting MRI studies examining the relationship
between muscle atrophy and shoulder contractures.
One study found a correlation between shoulder
internal rotation contracture severity and cross-
sectional area ratio between internal rotators (pec-
toralis major and subscapularis) and external rotators
(infraspinatus and teres minor).”® Conversely, other
MRI studies reported contracture severity to correlate

only with subscapularis atrophy rather than external
rotators.”” Despite conflicting conclusions, these
studies share the MRI finding of atrophy of both
external rotators and subscapularis that indicates
neurologic injury to these muscles, which according
to our model is sufficient to cause contractures
through subsequent impaired growth, independent of
muscle imbalance. Third, we did not find muscle
imbalance alone to affect ROM substantially. This
finding parallels clinical findings of a ‘“notable
absence” of contractures after C5—6 avulsion in-
juries.”” In C5—6 nerve root avulsions, muscle
imbalance identical to that after C5—6 nerve root
ruptures fails to cause the contractures seen after
C5—6 ruptures. This dichotomy could be explained
by the preganglionic nature of these injuries, which
preserves afferent muscle innervation, possibly pre-
serving muscle growth.

Our simulations predicted glenohumeral joint forces
consistent with increased glenoid retroversion and
posterior humeral head subluxation.”® In addition,
relative severity of osseous deformity and ROM re-
striction were parallel among scenarios, similar to a
clinically observed correlation between ROM and
osseous deformity.”>*” Whereas both muscle imbal-
ance and impaired growth individually led to
deforming forces, force magnitude increased syner-
gistically when mechanisms were combined. How-
ever, the mechanisms may have different roles during
stages of deformity development. It is possible that
both mechanisms position the humeral head posteri-
orly whereas impaired muscle growth during skeletal
growth drives the progressive nature of glenohumeral
deformity with age.”’ Imbalance may gradually im-
prove with neuromuscular recovery, whereas effects
of muscle shortening would worsen with time and
increased skeletal size.

Our simulations suggest that subscapularis impair-
ment has an important role in overall outcome, because
more negative outcomes were associated with a fully
affected subscapularis. This is consistent with MRI
evidence associating subscapularis atrophy with inter-
nal rotation contractures.”’ Evidence for subscapularis
impairment includes atrophic appearance, increased
fiber stiffness, and impaired growth in a mouse model
of brachial plexus birth palsy.®*'**” Clinically, sub-
scapularis release relieves shoulder internal rotation
contractures after brachial plexus birth palsy.”****!

Our simulation had several limitations. First, our
musculoskeletal model represented the anatomical ge-
ometry of an adult male. Therefore, we normalized
joint forces for comparison between cases to eliminate
the effect of different muscle forces between adults and
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children. Second, our model assumed normal scap-
ulothoracic kinematics and did not include changes to
bony geometry or humeral head translation. Children
with brachial plexus birth palsy have more scap-
ulothoracic movement and smaller glenohumeral
displacement to achieve internal/external rotation in
clinical observation’” and have glenoid retroversion.
Our simulations were designed to limit the effect of
these simplifications. For example, because shoulder
posture was fixed and humeral head translation
against the glenoid was not allowed, scapular kine-
matics and retroversion angle would have limited
influence on outcome measures as we evaluated
them. However, changes to glenoid version could
change the effect of these directional forces on
the bones, and humeral head translation may alter
muscle actions and location of joint loading. Future
work should examine humeral head translation in
more detail. We did not take into account poten-
tial restrictive effects of pathological glenohumeral
joint capsule or ligaments. However, numerous
clinical reports describe successful release of inter-
nal rotation contracture by release of shoulder mus-
cles alone,’*"* especially the subscapularis, which
highlights the primary role of musculature in con-
tracture pathophysiology. We restricted our analyses
to the transverse plane based on primary clinical
reports of changes in glenoid retroversion and axial
rotation ROM. However, abduction contractures also
have been reported, sometimes severe enough to
warrant varus osteotomy of the humerus.”* Recent
work reports that glenoid declination is prominent in
these patients.”” Therefore, future analyses of scap-
ular plane changes are warranted. Finally, we applied
uniform changes to muscles within affected and
unaffected muscle groups, based on previous de-
scriptions of the degree of imbalance” and short-
ening'’ exhibited after injury. We specifically chose
values that reflected the best available estimate of
these muscle changes; and in the case of imbalance,
we used the largest reported value to highlight the
most important effect that might be expected as a
result of this mechanism. Individual muscles may be
affected to different degrees given the pattern of
injury for a particular patient. These simulations were
intended to highlight the relative importance of
possible underlying mechanisms of deformity, rather
than to represent a specific patient.

The current work elucidates contributions to
shoulder deformity and reconciles conflicting evi-
dence in existing clinical literature. These simulations
provide a foundation for future investigations into
shoulder deformity, including both computational and

experimental work. For example, finite element ana-
lyses of bone growth and development under abnormal
loading conditions may clarify the mechanobiological
etiology and progression of bone deformity. Similarly,
our study may inform animal model experiments that
isolate the deformity mechanisms studied here to
potentially identify methods to prevent or reverse
deformity. Specifically, animal models can be used to
determine the biological mechanisms by which the
neurological injury alters postnatal muscle growth,
because the current work highlights the importance of
muscle growth on shoulder function and development
after brachial plexus birth palsy.
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