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Brachial plexus birth injury (BPBI) is the most common nerve injury among children. The glenohumeral
joint of affected children can undergo severe osseous deformation and altered muscle properties, depend-
ing on location of the injury relative to the dorsal root ganglion (preganglionic or postganglionic).
Preganglionic injury results in lower muscle mass and shorter optimal muscle length compared to post-
ganglionic injury. We investigated whether these changes to muscle properties over time following BPBI
provide a mechanically-driven explanation for observed differences in bone deformity between pregan-
glionic and postganglionic BPBI. We developed a computational framework integrating musculoskeletal
modeling to represent muscle changes over time and finite element modeling to simulate bone growth in
response to mechanical and biological stimuli. The simulations predicted that the net glenohumeral joint
loads in the postganglionic injury case were nearly 10.5% greater than in preganglionic. Predicted bone
deformations were more severe in the postganglionic case, with the glenoid more declined (pre:
�43.8�, post: �51.0�), flatter with higher radius of curvature (pre: 3.0 mm, post: 3.7 mm), and anteverted
(pre: 2.53�, post: 4.93�) than in the preganglionic case. These simulated glenoid deformations were con-
sistent with previous experimental studies. Thus, we concluded that the differences in muscle mass and
length between the preganglionic and postganglionic injuries are critical mechanical drivers of the
altered glenohumeral joint shape.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Brachial plexus birth injury (BPBI) is the most common nerve
injury among children (Foad et al., 2008), caused by infant neck
hyperextension during childbirth. The C5-C6 brachial plexus nerve
roots are most commonly affected (Lagerkvist et al., 2010), leading
to shoulder and elbow paralysis (Pearl, 2009). While many affected
children spontaneously recover nerve and muscle function, 20% to
30% do not have total neurological recovery (Pondaag et al., 2004).
Up to 33% of children affected with BPBI sustain permanent postu-
ral and bone deformities (Pearl, 2009), greatly impairing quality of
life (Bae et al., 2008). Postural deformities include shoulder inter-
nal rotation and elbow flexion contractures (Waters, 2005). Con-
comitant altered upper limb bone growth can include
retroversion, declination, and flattening of the glenoid fossa
(Sibinski et al., 2010; Eismann et al., 2016), associated with partial
humeral dislocation and severe shoulder instability (Kambhampati
et al., 2006; Di Mascio et al., 2011). Joint contractures, or restricted
range of joint motion, are significantly correlated with gleno-
humeral bone deformities (Pearl and Edgerton, 1998; Kozin,
2004; Bhardwaj et al., 2013). Importantly, presentation in patients
depends in part on nerve injury location relative to the nerve root
ganglion. More severe contractures and bone deformity present for
nerve root ruptures distal to the ganglion (postganglionic) (Waters,
2005), in contrast to avulsions proximal to the ganglion (pregan-
glionic), which typically result in paralysis without shoulder or
elbow contractures or significant bone deformity (Al-Qattan,
2003).

Understanding timing and mechanism of deformity initiation is
essential for developing treatments to prevent bone and postural
deformities from developing, rather than correcting deformity
after formation. Because almost nothing is known about how bone
tissue deformity first initiates, there is currently no consensus on
optimal timing or treatment type (nerve repair or other therapy)
post-injury (Belzberg et al., 2004; Hale et al., 2010), leading to
inconsistent clinical outcomes and poor quality of life for children
and their families who suffer from lack of guidance on the best
treatment plan (DeMatteo et al., 2014). Animal and computational
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studies suggest that reduced longitudinal growth (resulting in
shorter optimal muscle lengths) of paralyzed muscles crossing
the shoulder may explain both contracture and bone morphologi-
cal changes in postganglionic BPBI (Crouch et al., 2015; Crouch
et al., 2014). It is well known that bone shape and density are dri-
ven by mechanical environment (Duncan and Turner, 1995), but
there are other drivers of growth and development which could
be negatively affected by either disuse or direct nerve injury to
bone following BPBI. Shorter optimal muscle lengths on the
affected limb in rats and mice following postganglionic neurec-
tomy (Nikolaou et al., 2011; Crouch et al., 2015) may be associated
with higher passive muscle forces compared to a typically develop-
ing muscle in a given posture due to reduced excursion capacity, in
the absence of other changes to muscle or tendon. Multibody
dynamic simulations (Crouch et al., 2014; Cheng et al., 2015) sug-
gest that reduced optimal muscle lengths are sufficient to lower
external rotation range of motion and redirect glenohumeral joint
reaction forces posteriorly. Our recent work using finite element
analysis to predict glenoid morphology following BPBI suggests
that declination and flattening of the glenoid fossa will be more
severe under static joint loading with constant magnitude and
direction of loading (as with paralysis) compared to dynamic load-
ing; in a normal functioning shoulder both magnitude and direc-
tion of loading change as the humeral head rotates in the
glenoid. Likewise, simulations predicted more severe declination
and flattening with shorter optimal muscle lengths (as seen follow-
ing both preganglionic and postganglionic BPBI) compared to nor-
mal muscle lengths (Dixit et al., 2019). This work suggests that
both higher magnitude passive muscle forces and static joint reac-
tion loads due to BPBI and its associated paralysis could cause
glenohumeral morphological changes, in the absence of confound-
ing factors such as changes to tendon length or stiffness or optimal
muscle force associated with reduced muscle mass.

While there is no data indicating changes to tendon properties
post brachial plexus injury, there is compelling evidence that mus-
cle properties such as muscle mass and optimal muscle length dif-
fer between preganglionic and postganglionic injury, and these
properties change over time during growth. Earlier work in mice
suggested that longitudinal muscle growth is preserved after pre-
ganglionic injury, based on reduced joint contractures and retained
ErbB signaling and spindle formation in biceps (Nikolaou et al.,
2015). However, more recent work by our group characterized
muscle architecture of all BPBI-affected shoulder muscles in a rat
model of BPBI and revealed that optimal muscle lengths in affected
muscles were, in fact, shorter after preganglionic injury compared
to postganglionic injury (Dixit et al., 2020b). Notably, however,
affected muscles in this preganglionic injury case also suffered
markedly more muscle mass loss than after postganglionic injury
(Crouch et al., 2015; Dixit et al., 2020b). Muscle mass and length
are both related to muscle force production capacity (Zajac,
1989). Moreover, skeletal muscle is the fastest growing protein
mass in neonates (Davis and Fiorotto, 2009), and growing skeletal
size at this neonatal stage requires increasing muscle length in
healthy development. Thus, this period of rapid musculoskeletal
growth produces continual changes in the force production capac-
ity of the muscles.

Therefore, the goal of this study was to evaluate whether
changes to both muscle mass and optimal muscle length over
time following BPBI provide a mechanically-driven explanation
for the observed differences in bone deformity between pregan-
glionic and postganglionic BPBI. We answered this question using
a computational framework integrating musculoskeletal modeling
to represent muscle changes over time and finite element model-
ing to simulate bone growth in response to mechanical and bio-
logical stimuli. Our hypothesis was that changes to muscle mass
and optimal muscle length observed in preganglionic and post-
ganglionic BPBI are sufficient to account for glenohumeral bone
deformities.
2. Methods

To evaluate effects of impaired longitudinal growth and muscle
atrophy on bone growth over time, we implemented muscle archi-
tecture measured in a rat model of BPBI in an integrated iterative
musculoskeletal modeling (I2M2) framework (Fig. 1). The
approach incorporated muscle architectural properties, such as
muscle length and muscle mass, as inputs to a multibody dynamic
simulation (OpenSim 3.3, Stanford University) to predict shoulder
joint reaction forces and apply these loads in finite element analy-
sis (Abaqus 6.13.3, Dassault Systemes) to predict bone growth in
response to biological and mechanical stimuli. To capture time-
dependent changes inherent in a growing musculoskeletal system,
at each time point, the new bone geometry was used to scale the
musculoskeletal model and inform new joint reaction forces. These
closed-loop simulations (MATLAB� R2016b, Mathworks) predict
progression of joint deformation in response to changing joint
loads over time. Specifically, we simulated bone growth under sta-
tic postganglionic and preganglionic BPBI in a neonatal rat shoul-
der, for which quantitative descriptions of bone deformities are
available for comparison (Li et al., 2010; Crouch et al., 2015). We
simulated humeral head and scapular glenoid growth over 8 weeks
of rat growth (equivalent to 2–7 human years) (Quinn, 2005) from
a baseline undeformed initial condition representing 0 days post-
natally. The initial geometry representing a neonatal stage for the
simulation was obtained by isometrically reducing geometry
obtained via micro-computed tomography (micro-CT) and corre-
sponding muscle parameters in a typically developed 8-week-old
rat to match bone lengths of a neonatal rat.

Multibody forward dynamic simulations of the glenohumeral
joint were implemented in OpenSim 3.3 (Delp et al., 2007) using
an existing musculoskeletal model of the shoulder as a foundation
(Saul et al., 2015). Rat and human shoulder anatomy are known to
be similar (Norlin et al., 1994), and the BPBI rat model has been
shown to produce similar musculoskeletal changes as seen in
human patients. The shoulder model was scaled using rat experi-
mental data as described below. Twenty actuators representing
muscles crossing the glenohumeral joint were included. We simu-
lated denervation of muscles affected by C5-C6 level BPBI (deltoid,
pectoralis major, biceps long head, biceps short head, subscapu-
laris, supraspinatus, infraspinatus, teres major, and triceps long
head) (Crouch et al., 2014; Cheng et al., 2015; Hogendoorn et al.,
2010; Waters et al., 2009) by restricting activation level to 0 (pas-
sive contributions only), while unaffected muscles were activated
at 30% (Waters et al., 2009). The muscle mass and optimal length
(resting length) of affected muscles showing significant changes
relative to the unaffected limb in both injury cases were obtained
from our previous experiments in a rat model of BPBI (Dixit et al.,
2020b). Spinal deltoid present in rats was incorporated in our mus-
culoskeletal model in place of posterior deltoid muscle actuator
due to anatomical similarity. Since these muscle changes were
measured at 8 weeks of age in rats (Table 1), their effect was imple-
mented in simulations by incrementing affected muscle PCSA and
length linearly from 0 to 8 weeks over 15 simulation cycles to rep-
resent 8 weeks of musculoskeletal growth.

We assumed the ratio of muscle mass to optimal muscle length
to be directly proportional to muscle physiological cross-sectional
area (PCSA) for a given muscle, thereby affecting maximum iso-
metric force development capacity. Similarly, changes to optimal
muscle length for a given muscle were directly applied in the mus-
culoskeletal model by reducing optimal muscle length by the % dif-
ference measured for affected muscles relative to the unimpaired



Fig. 1. Integrated iterative musculoskeletal modeling tool performs co-simulation between OpenSim and Abaqus. Forward dynamic simulations in OpenSim predict joint
reaction forces, which are used by Abaqus as boundary conditions for bone growth computation. The changes to the bone shapes are communicated back to OpenSim such
that it scales the musculoskeletal model for the next cycle of simulations.

Table 1
Experimentally determined changes in muscle mass and muscle length used as simulation inputs. No entry reflects no significant effect of BPBI injury case on this parameter for a
given muscle.

Injury case Metric (mean) Deltoid Spinal
deltoid

Pectoralis
major

Biceps
long

Biceps
short

Subscap-
ularis

Suprasp-
inatus

Infrasp-
inatus

Teres
major

Triceps
long

Preganglionic % muscle mass loss 71.0 64.6 – 76.8 – 70.0 83.6 78.8 54.5 23.5
% restriction in optimal
muscle length

– 22.3 – 22.3 20.0 – 32.4 – 29.3 –

Postganglionic % muscle mass loss 38.0 41.5 25.3 54.3 – 24.0 – – 36.9 42.1
% restriction in optimal
muscle length

– 14.5 11.2 �5.7 – 9.0 – – – –

Fig. 2. Initial glenohumeral model geometry. Meshes defining the geometry of a
typically developing neonatal rat scapula and humerus derived from microCT were
reduced to include only the glenoid and humeral head articulating regions to
increase computational efficiency.
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side (Table 1). We performed static studies at 30� abduction as a
typical resting posture within the achievable range of motion for
both injuries (Crouch et al., 2015, Dixit et al., 2019). Joint loads
were computed at this posture and scaled using a force reduction
factor based on a ratio of average PCSA of subscapularis and
infraspinatus in neonatal rats to humans (Swan et al., 2014;
Crouch et al., 2014). Force direction and magnitude calculated in
simulations were applied as displacements in the finite element
growth model. Our previous work describing simulations of gleno-
humeral joint growth using finite element analysis showed that
the effective joint stiffness (applied reaction force/contact point
displacement) during 8 weeks of bone development remains
within 10% of the joint stiffness at the initial stage (Dixit et al.,
2019). Therefore, resultant joint reaction forces were converted
into corresponding displacements using a constant joint stiffness
of 0.7 N/mm (Giorgi et al., 2014).

Joint loading boundary conditions were applied in an iterative
finite element modeling approach (Dixit et al., 2019) to predict
bone morphological growth in response to biological and mechan-
ical stimuli. Initial geometry for all simulations was derived from
an existing micro-CT scan of an uninjured neonatal rat (Crouch
et al., 2015). The geometry was reduced to include only glenoid
and humeral head articulating surfaces to improve computational
efficiency (Fig. 2). Because these neonatal bones are mostly carti-
laginous in the region of interest, a cartilage material model was
applied, with Young’s modulus of 1.1 MPa and Poisson’s ratio of
0.45 (Giorgi et al., 2014). We defined material properties to be
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linear elastic, isotropic, and homogenous. The geometry was
meshed using quadratic tetrahedral elements (type C3D10M) with
smaller elements near articulating surfaces. The final glenoid mesh
contained 6,447 elements with 9,822 nodes, and humeral head
mesh contained 4,730 elements with 7,109 nodes, based on a con-
vergence study from our previous work (Dixit et al., 2019). A fric-
tionless impenetrable surface-to-surface contact was defined
between the articulating surfaces.

Biological growth was modeled as isometric, with constants
applied such that the biological growth component was 75–85%
of total growth (Germiller and Goldstein, 1997). Mechanical
growth was proportional to compressive hydrostatic stress at
every node. Stress due to static loads restricted growth (Giorgi
et al., 2014):

_em ¼ Cd

PN
i¼1rhi

N

 !
ð1Þ

where _emis mechanical growth rate, rhiis compressive hydro-
static stress, N is number of movements per step, and Cdis chon-
drocyte density (Giorgi et al., 2014). Thermal expansion was used
as an analog to incorporate deformations due to biological and
mechanical growth. Growth rates determined from biological and
mechanical governing equations were used to define temperature
gradients to identify nodal deformations, and deformations were
summed to create resultant deformed geometry.

After each cycle of finite element simulation, glenohumeral
geometry was quantified by measuring in Abaqus nodal extrema
along the three local coordinate axes of the glenoid and humeral
Fig. 3. The glenohumeral geometry after each cycle of finite element simulation
was captured along the medial-lateral, superior-inferior, and anterior-posterior
aspects of the (A) glenoid cavity and (B) humeral head by measuring specific nodal
landmarks along the three anatomical axes. S – superior, I – inferior, A – anterior, P
– posterior, M – medial, L – lateral.

Fig. 4. Bone deformations were quantified by measuring A) glenoid inclination angle (GIA
defined in a local scapular plane, measured as the complementary angle to the angle betw
in the same scapular plane by fitting a circle to the glenoid curvature. GVA was defined i
the angle complementary to the angle between the plane of the scapular body and the
head (Fig. 3). New positions of nodal coordinates were stored
and sent to a scaling algorithm in OpenSim, which scaled the mus-
culoskeletal model according to distance between landmarks
before and after a simulation cycle. Optimal length and mass of
affected muscles were also updated in the scaled musculoskeletal
model as described earlier for 1) preganglionic and 2) postgan-
glionic cases (Table 1); muscles unaffected grew proportional to
model scaling to represent normal growth. A forward dynamic
simulation with the revised model was then performed to obtain
new glenohumeral joint loads, and loads were used as a boundary
condition for the next finite element iteration. In total, we per-
formed 15 iterative growth cycles to simulate 8 weeks of postnatal
growth.

Glenoid geometries for each simulation were assessed using
glenoid inclination angle (GIA), glenoid radius of curvature (GRC),
and glenoid version angle (GVA) after simulation cycles 0, 5, 10,
and 15. GIA was defined in a local scapular plane, measured as
the complementary angle to the angle between the scapular spine
central line and glenoid rim tangent (Fig. 4A). GRC was measured
in the same scapular plane by fitting a circle to glenoid curvature
(Fig. 4B). GVA was defined in the scapular transverse plane in
which the glenoid was widest, measured as the angle complemen-
tary to the angle between the scapular body plane and tangent to
the glenoid rim (Fig. 4C). The GIA, GRC, and GVA predicted from
I2M2 simulations were compared with existing geometry derived
from micro-CT scans of rats at the same 8-week timepoint after
preganglionic and postganglionic injuries (Dixit et al., 2020a). To
evaluate the difference in the glenohumeral joint force production
under simulated preganglionic and postganglionic injury cases, we
used the joint force analysis tool in OpenSim to predict reaction
loads at the glenohumeral interface.
3. Results

GIA at 8 weeks (15 simulation cycles) was more declined (unin-
jured GIA ~ –32.2 ± 3.8�) (Dixit et al., 2020a) in the postganglionic
case (-51.0�) compared to preganglionic case (-43.8�). Although
both models started with identical geometries at the 1st cycle,
GIA was predicted to be more declined (Fig. 5A and Fig. 6) in the
postganglionic case for all the subsequent timepoints: 4.2% after
5 cycles, 5.8% after 10 cycles, and 16.4% after 15 cycles compared
to the preganglionic case.

Simulations predicted higher GRC, or flatter glenoid, at 8 weeks
(uninjured GRC ~ 44 ± 1.5 mm) (Dixit et al., 2020a) in the postgan-
glionic injury simulation case (3.7 mm) than in the preganglionic
case (3.0 mm). Simulations predicted a flatter glenoid in the post-
ganglionic case by 20.0% after 5 cycles, 16.7% after 10 cycles, and
23.3% after 15 cycles compared to preganglionic case (Fig. 5B
and Fig. 6). At 8 weeks, simulations predicted a more anteverted
), B) glenoid radius of curvature (GRC), and C) glenoid version angle (GVA). GIA was
een the scapular spine central line and the glenoid rim tangent. GRC was measured
n the transverse plane of the scapula in which the glenoid was widest, measured as
tangent to the glenoid rim.



Fig. 5. Glenoid measurements after preganglionic and postganglionic injures show
change in A) GIA, B) GRC, and, C) GVA from 0 to 8 weeks of growth. The glenoid in
the postganglionic case is more declined, flatter, and anteverted than in the
preganglionic case.

Fig. 6. Timeline of glenoid morphological changes over 8 weeks.

Fig. 7. Normalized net glenohumeral joint loads were lower in preganglionic case
than the postganglionic injury cases over 15 simulation cycles representing 8 weeks
of growth.
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glenoid in the postganglionic case (5.0�) compared to the
preganglionic case (2.5�) (uninjured GVA ~ 4.8 ± 3.8�) (Dixit
et al., 2020a) (Fig. 5C and Fig. 6).
The net glenohumeral joint reaction forces in the postganglionic
case were consistently higher at every timepoint than the pregan-
glionic case. The net joint reaction forces in the postganglionic case
were consistently higher by 4.4% after 5 cycles, 11.7% after 10
cycles, and 8.4% after 15 cycles than in the preganglionic case at
same timepoint (Fig. 7).

4. Discussion

We examined whether and to what extent changes in muscle
mass and optimal muscle length following preganglionic and post-
ganglionic BPBI influences postnatal glenohumeral joint morpho-
genesis, elucidating the mechanical factors responsible for joint
deformity. Computational analyses predicted that net gleno-
humeral joint loading was higher in the postganglionic case than
preganglionic and as a result there were more severe predicted
bone deformations, suggesting that altered mechanical loading
could account for observed changes in glenoid morphology after
BPBI. Our past simulations (Crouch et al., 2014; Cheng et al.,
2015) also revealed that these muscle changes could be drivers
of increased postural deformity (i.e., contracture) in postganglionic
but not preganglionic BPBI. Thus, taken together, these simulations
reveal that mechanical underpinnings of both postural and bone
deformity can be linked to altered structure of muscle. The current
study also employed a new computational framework that inte-
grated musculoskeletal dynamics with finite element simulations
of growth to capture interactions of tissue growth and mechanical
loading over time.

Joint reaction loads in both injury cases increased from 0 to
8 weeks, but at a slower rate in the preganglionic condition than
in the postganglionic condition. Even though at every timepoint,
preganglionic condition had shorter optimal muscle length (and
were thus more stretched), muscle mass was also remarkably
lower compared to muscles in the postganglionic condition at
the same timepoint (Dixit et al., 2020b). The force developed by
a muscle-tendon unit depends both on its length and cross-
sectional area (Zajac, 1989). Shorter optimal muscle lengths will
cause higher joint reaction forces (Cheng et al., 2015), especially
the passive force component due to increased muscle stretch.
However, lower muscle mass will substantially reduce passive
force generation of affected muscles. The presence of joint contrac-
ture derives not from restricted longitudinal muscle growth alone
but also depends on the extent to which muscle mass is lower fol-
lowing the injury (Dixit et al., 2020b). Thus, since joint loads were
lower in the preganglionic case despite having shorter optimal
muscle lengths compared to the postganglionic case, lower muscle
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mass due to nerve injury appears to play a critical role, thereby
contributing towards the reduction of overall joint load.

Prior work in rat BPBI models report glenoid deformities consis-
tent with these simulations, including postganglionic deformities
that are more severe than preganglionic, with higher declination
(difference between injury cases = 26.1 ± 6.5�) and flatter radius
of curvature (difference between injury cases = 3.1 ± 1.3 mm)
(Crouch et al., 2015; Dixit et al., 2020a). BPBI alters glenohumeral
joint loads both in magnitude and in direction (Cheng et al.
2015). In addition, differences between injury cases for glenoid
version were rarely significant and variable across studies whether
postganglionic injury displayed retroversion (�0.9 ± 3.7�) (Li et al.,
2010) or anteversion (6 ± 1.2�) (Li et al., 2008) relative to the unim-
paired limb. In comparison, our simulations also predicted higher
declination (more negative GIA) (difference = �7.2�) and more flat-
ness (larger GRC) (difference = 0.7 mm), and minimal anteversion
(more positive GVA) (difference = 2.5�) in the postganglionic case.
Differences were somewhat more remarkable in the experimental
conditions on average, which may be attributable to limitations in
the simulation conditions. Most notably, preganglionic injury did
not exhibit contractures at the shoulder in our experimental stud-
ies (Dixit et al., 2020b) and some previous clinical work (Al-Qattan,
2003) but the postganglionic condition did, so a fully static shoul-
der in the preganglionic simulations is likely a conservative esti-
mate of loading in this injury case.

This study provides a predictive framework for investigating
effects of injury and therapy on altered bone development, which
could assist clinicians in deciding timeline and targets for most
effective intervention. Currently, even with surgical strategies such
as external rotation tendon transfer (Eismann et al., 2016) or gle-
noid osteoplasty or osteotomy (Di Mascio et al., 2011), there is
no consensus among surgeons as to whether deformities after BPBI
are reversible after surgical intervention (Hogendoorn et al., 2010).
This framework provides an opportunity to explore how bone
deformation would progress over time. Similarly, it may provide
guidance for intervention timing. For example, contracture and
bone deformity was observed as early as 4-months old in human
patients with postganglionic injuries, and less severe deformity
in preganglionic injury (Al-Qattan, 2003). In simulation, GIA
deforms at a higher rate in the postganglionic injury than in pre-
ganglionic injury, consistent with the clinical observation and sug-
gesting a potentially more rapid rate of tissue change at odds with
the wait-and-see approach currently used in clinical practice (Hale
et al., 2010; Patra et al., 2016). Our simulations directly link
changes in joint forces to altered shoulder morphology for BPBI.
Thus, this work may support surgical or physical therapy interven-
tions at an earlier time period that alters joint force direction and
magnitude as a possible approach to limit progression of bone
deformity.

The results of these computational simulations must be consid-
ered in light of the limitations. Muscle architecture following pre-
ganglionic and postganglionic BPBI were obtained at 8 weeks in
rats (Dixit et al., 2020b). Although these muscle changes were
implemented in simulations from 0 to 8 weeks through linear
incrementation, only values for the 8-week time point have been
measured; additional experimental data are needed to validate
and refine at intermediate time points. Joint loading was obtained
from a scaled musculoskeletal model using human glenohumeral
joint as a foundation; while muscle and joint geometry and oss-
eous morphological response to BPBI is very similar in rat and
human shoulders (Norlin et al., 1994), they are not identical. There
are limited data available describing operating ranges of shoulder
muscles in rats or pediatric humans, but the limited data available
(Crouch et al., 2015; Li et al., 2008; Li et al., 2010) suggests that rat
anatomy is sufficiently similar for this study in which we are inter-
ested in how altered muscle mass and length in combination may
influence bone growth. For example, both rats and pediatric
humans experience restrictions in external rotation range of
motion and similar changes to glenoid geometry (Crouch et al.,
2015; Cheng et al., 2015). Development of a rat forelimb muscu-
loskeletal model should be pursued to improve representation of
muscle and joint forces in future work. Joint stiffness, which was
used to convert joint forces to equivalent displacements for appli-
cation in finite element models, was constant in all simulations
and over time. It is possible that effective stiffness may vary with
condition or time; however, in our previous study (Dixit et al.,
2019) joint stiffness under morphogenesis was found to be within
10% of the initial stiffness. Although cartilage is a biphasic material
(Roddy et al., 2011), we modeled cartilage as a single-phase, nearly
incompressible material (Poisson’s ratio 0.49) (Giorgi et al., 2014).
Previous studies (Carter and Wong, 2003; Shefelbine and Carter,
2004) have shown that the fluid pressure in biphasic models and
hydrostatic stress in single phase models are similar when loaded
at 1 Hz, which is approximately the frequency of muscle contrac-
tion (Vaal et al., 2000). In this study, static simulations did not have
applied loading at 1 Hz. However, prior work in simulation of joint
morphogenesis using a single-phase model were successfully
extended to predict bone development under hip dysplasia under
both static and dynamic loading (Giorgi et al., 2015; Giorgi et al.,
2014). Additional future work is needed to capture effects of incor-
porating single-phase material in this framework when loading
occurs under varied loading frequencies. Although we used a carti-
laginous material model over the entire 8 weeks of growth simula-
tion, some ossification occurs during this period; future
simulations could incorporate evolving material models over time
to address this limitation. The effect of synovial fluid at the joint
does not play a crucial role in defining joint morphology (Giorgi
et al., 2014); hence we did not model synovial fluid interface. We
modeled isotropic biological growth for the glenoid, but there are
multiple ossification centers at this stage of development
(Nougarolis et al., 2017), and each may have different biological
growth rates. We do not report changes to the humeral head; how-
ever, humeral head flatness has been reported in previous BPBI
studies (Sibinski et al., 2010). To investigate the role of altered
mechanical environment on bone growth, biological growth was
held constant across all simulations, but the nerve injury may
affect biological growth directly, and its effect on glenoid and hum-
eral head shape should be investigated.

In conclusion, we found that changes to muscle mass and opti-
mal muscle length over time due to BPBI are sufficient to explain
key observed differences in bone and postural deformity between
preganglionic and postganglionic BPBI. Using this computational
framework, we predicted time progression of these osseous defor-
mities and found that they are driven by altered joint reaction
loads generated due to changes in muscle mass and optimal mus-
cle length. The implementation of this framework is not limited to
glenohumeral joint growth simulations due to BPBI, but can be
used to predict growth for other joints following an injury or a
disease.
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