
From *Department of Mechanical and Aerospace Engineering, North C
Raleigh; the †Joint Department of Biomedical Engineering, University o
Hill; and the ‡North Carolina State University, Raleigh, NC.

Received for publication June 25, 2019; accepted in revised form O

No benefits in any form have been received or will be received relat
to the subject of this article.

512.e1 r � 2021 ASSH r Published by Elsevier, I
SCIENTIFIC ARTICLE
Influence of Brachial Plexus Birth Injury

Location on Glenohumeral Joint

Morphology
Nikhil N. Dixit, PhD,* Carolyn M. McCormick, MS,†‡ Jacqueline H. Cole, PhD,†‡ Katherine R. Saul, PhD*
Purpose Patient presentation after brachial plexus birth injury (BPBI) is influenced by nerve
injury location; more contracture and bone deformity occur at the shoulder in postganglionic
injuries. Although bone deformity after postganglionic injury is well-characterized, the extent
of glenohumeral deformity after preganglionic BPBI is unclear.

Methods Twenty Sprague-Dawley rat pups received preganglionic or postganglionic neu-
rectomy on a single forelimb at postnatal days 3 to 4. Glenohumeral joints on affected and
unaffected sides were analyzed using microecomputed tomography scans after death at 8
weeks after birth. Glenoid version, glenoid inclination, glenoid and humeral head radius of
curvature, and humeral head thickness and width were measured bilaterally.

Results The glenoid was significantly more declined in affected compared with unaffected
shoulders after postganglionic (e17.7� � 16.9�) but not preganglionic injury. Compared with
the preganglionic group, the affected shoulder in the postganglionic group exhibited signif-
icantly greater declination and increased glenoid radius of curvature. In contrast, the humeral
head was only affected after preganglionic but not postganglionic injury, with a significantly
smaller humeral head radius of curvature (e0.2 � 0.2 mm), thickness (e0.2 � 0.3 mm), and
width (e0.3 � 0.4 mm) on the affected side compared with the unaffected side; changes in
these metrics were significantly associated with each other.

Conclusions These findings suggest that glenoid deformities occur after postganglionic BPBI
but not after preganglionic BPBI, whereas the humeral head is smaller after preganglionic
injury, possibly suggesting an overall decreased biological growth rate in this group.

Clinical relevance This study expands understanding of the altered glenoid and humeral head
morphologies after preganglionic BPBI and its comparisons with morphologies after post-
ganglionic BPBI. (J Hand Surg Am. 2021;46(6):512.e1-e9. Copyright � 2021 by the
American Society for Surgery of the Hand. All rights reserved.)
Key words Brachial plexus birth injury, glenoid inclination, glenoid version, humeral head
morphology, radius of curvature.
B RACHIAL PLEXUS BIRTH INJURY (BPBI) is the
most common nerve injury among children,1

most frequently affecting the C5-C6 nerve
arolina State University,
f North Carolina, Chapel

ctober 20, 2020.

ed directly or indirectly

nc. All rights reserved
roots of the brachial plexus.2 Although many children
spontaneously recover nerve and muscle function,
20% to 30% of affected children do not have total
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neurological recovery.3 Up to 33% of children
affected with BPBI sustain permanent postural and
osseous deformities,4 which can have lifelong conse-
quences for upper-limb function and quality of life.5

Abnormal glenoid development, such as greater
retroversion (posteriorly tilted glenoid face) and
declination (inferiorly tilted glenoid face),6e9 and
increased humeral head flattening at the joint inter-
face10 are typical. Glenoid retroversion has been
one of the notable changes observed in clinical
studies,6,11 but recent findings show that glenoid
declination also contributes importantly to glenoid
deformities.7,12,13 The relative orientation of the
bones is also affected; posterior humeral head sublux-
ation is common.6e9 These severe osseous defor-
m i t i e s a f t e r BPBI a f f e c t f un c t i o n o f t h e
glenohumeral joint, causing dysplasia and joint
subluxation.14,15

Brachial plexus birth injury presentation in pa-
tients can vary markedly according to the location of
the nerve injury relative to the dorsal root ganglion.
Nerve root ruptures, which occur distal to the gan-
glion (postganglionic), frequently result in paralysis
with shoulder internal rotation and elbow flexion
contractures.16 In contrast, avulsion injuries proximal
to the ganglion (preganglionic) typically result in
paralysis without contractures at the shoulder and
elbow.17 Although surgical reconstruction can be
indicated depending on the extent of bone defor-
mity,7,11 the relationship between the location of
nerve injury (type of BPBI) and bone deformity is not
well-described, but it could be useful for clinical
decision-making. Clinical reports suggest that
postural contractures significantly correlate with
osseous deformities at the glenohumeral joint,17

which implies that the extent of bone deformity
may be related to nerve injury location. However,
variability in patient condition (including the extent
of nerve root involvement, completeness of nerve
transection and recovery, and treatment history) can
confound the ability to tease out direct relationships
between nerve injury location and bone changes from
the clinical record.6,18 Because nerve injury can affect
bone and joint development both directly (via neural
regulation of bone remodeling)19e23 and indirectly
(via altered loading from changes in muscle or
functional use),12,18,24 isolating the effects of nerve
injury location is a critical first step to understanding
these contributions and developing improved treat-
ments to prevent or reverse the bone deformity.
Knowledge of the relative impact of innervation,
passive muscle, and functional loading on ultimate
deformity will allow clinicians to prioritize efforts
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better to reconstruct damaged nerves, relieve con-
tractures, or normalize bone and joint loading.

Rat models of BPBI provide an opportunity to
examine the effect of nerve injury location on bone
growth in a controlled manner. Prior work showed
that postganglionic rat models of BPBI exhibit
shoulder neuromuscular anatomy25 and bone de-
formities similar to those of human patients,
including increased glenoid retroversion and decli-
nation12,13,26 and smaller humeral head size.26

However, quantitative bone changes with pregangli-
onic BPBI have not been previously reported. A
clearer understanding of patterns of bone changes
with nerve injury is essential for a better under-
standing of the drivers of deformity formation as a
foundation for understanding appropriate treatment
targets and their effects. We conducted a study in a
BPBI rat model to characterize the isolated effect of
C5-C6 nerve injury location (preganglionic or post-
ganglionic) on glenoid (version, inclination, and
radius of curvature) and humeral head (thickness,
width, and radius of curvature) morphology. We
hypothesized that preganglionic injures would have
less severe deformities compared with postganglionic
injuries.
MATERIALS AND METHODS
All procedures were approved by the institutional
animal care and use committee. We assigned 20
neonatal Sprague-Dawley rats to 2 injury groups:
preganglionic (n ¼ 12) and postganglionic (n ¼ 8).
The postganglionic group was from a previous
study,27 with an effect size of 1.7 for glenoid incli-
nation angle changes and 1.2 for glenoid curvature
changes. The sample size for the preganglionic group
was chosen to detect an effect size of 1.8 (a ¼ 0.05
and power ¼ 0.8). Neurectomies were performed
under isoflurane anesthesia on pups at postnatal days
3-5. Preganglionic neurectomy was performed on the
left forelimb, in which C5 and C6 nerve roots were
excised proximal to the dorsal root ganglion via a
supraclavicular incision, according to the methods of
Nikolaou et al.28 Postganglionic neurectomy was
performed on the right forelimb, in which C5 and C6
nerve roots were excised distal to the dorsal root
ganglion using a transverse infraclavicular incision
through the pectoralis major muscle26; a prior publi-
cation27 presented muscle measurements and glenoid
version and inclination angles, without comparison
with preganglionic injury. In the current study, we
use computed tomography (CT) images obtained in
the prior work to make new measurements of glenoid
ol. 46, June 2021
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and humeral bone shape, as described subsequently,
and new comparisons with preganglionic measure-
ments. After the procedures, incisions were closed
with tissue adhesive and rat pups were given one
prophylactic dose each of buprenorphine and car-
profen. The rats were closely monitored for pain or
distress; no additional analgesics were needed. All
pups were kept with their respective dams for 3
weeks, weaned on postnatal day 21, and subsequently
housed in shared cages with no more than 3 rats/cage.
The animals were provided standard chow and water
ad libitum. Body mass was measured every other day
for 2 weeks after surgery and biweekly thereafter. At
8 weeks of age, animals were killed via CO2

asphyxiation followed by bilateral thoracotomy.
Upon death, the upper torso was separated from the
body with a guillotine and skin was removed; the
torso was then fixed in 10% neutral buffered formalin
for 2 days at room temperature and stored in 70%
ethanol at 4�C. Before micro-CT, all upper-limb
muscles were dissected, but the glenohumeral joint
was kept intact with the scapula and humeral head
attached to each other.

To evaluate glenohumeral morphology, affected
and unaffected intact shoulder joints (connected
humerus and scapula) for preganglionic rats were
imaged with micro-CT (SCANCO mCT 80, Brütti-
sellen, Switzerland), using an x-ray energy of 70
kVp at 114 mA, 800 ms of integration time, 1,000
projections/rotation, no frame averaging, and a 0.5-
mm Al filter. Samples were scanned in 70% ethanol;
the scans were reconstructed at an isotropic voxel
size of 36 mm. Existing micro-CT scans for the
postganglionic group27 were evaluated for compar-
ison. Right (affected) and left (unaffected) scapulae
and humeri for both preganglionic and post-
ganglionic groups were segmented in Mimics soft-
ware (Materialise, Leuven, Belgium), and each bone
image was thresholded such that bone surface de-
tails were captured accurately. Morphological mea-
surements were made from the 3-dimensional (3D)
surfaces, including glenoid version angle, glenoid
inclination angle, glenoid radius of curvature, hu-
meral head radius of curvature, humeral head
thickness, and humeral head width. Glenoid version
angle was defined in the transverse plane of the
scapula in which the glenoid was widest, measured
as the angle complementary to the angle between
the plane of the scapular body and the tangent to the
glenoid rim (Fig. 1A). The glenoid inclination angle
was defined in a local scapular plane, measured as
the complementary angle to the angle between the
scapular spine and the glenoid rim tangent (Fig. 1B).
J Hand Surg Am. r V
The glenoid (Fig. 1C) and humeral head radius of
curvature (Fig. 2B) were measured in the same
plane as the glenoid inclination angle by fitting a
circle to the respective articular surfaces. The hu-
meral head thickness (epiphyseal depth) and width
were defined in the same plane as the glenoid
inclination angle by fitting an ellipse to the humeral
head and measuring the major radius and minor
diameter of the ellipse, respectively (Fig. 2A). The
width axis of the ellipse was aligned along a line
approximately parallel to the medial region of the
growth plate and intersecting with the center of the
growth plate, and the thickness axis was defined
perpendicular to the width axis. For the post-
ganglionic group, the glenoid version and inclina-
tion angles were previously analyzed and reported,27

as described earlier. The new humeral head
and glenoid radius of curvature measurements
made from the existing CT images (and new com-
parisons of all measurements with preganglionic
morphology) are described here.

We evaluated the normality of the data for each
metric using Shapiro-Wilk tests. Morphological
measurements of the glenoid and humeral head
were compared between the affected and the un-
affected limb within each injury group (pregangli-
onic and postganglionic) using paired t tests for
normally distributed data and Wilcoxon signed
rank tests for nonnormal data. Comparisons be-
tween the preganglionic and postganglionic injury
groups were performed based on the difference
between the affected and unaffected side for each
morphological metric using either unpaired t tests
(if normally distributed) or Mann-Whitney U tests
(if nonnormal). All comparisons used a significance
level of a ¼ 0.05.
RESULTS
All data were normally distributed, except for hu-
meral head thickness in the unaffected limb of the
preganglionic group and the difference in glenoid
version between the affected and unaffected side in
the postganglionic group. In the preganglionic
group, the glenoid retroversion (difference ¼ e1.3�

� 4.7�) and declination (e1.2� � 9.5�) (Fig. 3)
were not significantly different in the affected limb
relative to the unaffected limb. In the postganglionic
group, the affected glenoid had significantly more
declination (e17.7� � 16.9�; P < .05) relative to
the unaffected glenoid (Fig. 3). The glenoid radius
of curvature was not significantly different on the
affected side relative to the unaffected side in the
ol. 46, June 2021



FIGURE 1: Glenoid morphology measures. A The glenoid version angle (GVA) was defined in the transverse plane of the scapula in
which the glenoid was widest, measured as the angle complementary to the angle between the plane of the scapular body and the tangent
to the glenoid rim. B The glenoid inclination angle (GIA) was defined in a local scapular plane, measured as the complementary angle to
the angle between the scapular spine and the glenoid rim tangent. C The glenoid radius of curvature (GRC) was measured in the same
plane as the GIA by fitting a circle to the articular surface. For the postganglionic group, GVA and GIA were previously analyzed and
reported.27
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preganglionic group (e0.1 � 0.5 mm) (Fig. 4).
When comparing injury groups, the glenoid
exhibited significantly higher declination (P < .05)
and curvature (P < .05) for the postganglionic
group than for the preganglionic group.

In the preganglionic group, the affected side had a
significantly smaller humeral head radius of curvature
(-0.2 � 0.2 mm, p < 0.05) (Fig. 4), thickness (-0.2 �
0.3 mm, p < 0.05), and width e-0.3 � 0.4 mm; P <
.05) (Fig. 5) compared with the unaffected side. In the
postganglionic group, humeral head morphology did
not differ significantly between the 2 limbs for cur-
vature (e0.1 � 0.5 mm) (Fig. 4) or humeral head
thickness (e0.3 � 0.6 mm) and width (e0.2 � 0.4
mm) (Fig. 5). Comparing injury groups, no signifi-
cant differences were observed between
J Hand Surg Am. r V
postganglionic and preganglionic groups for humeral
head radius of curvature, thickness, or width.
DISCUSSION
Glenohumeral morphology was markedly affected by
neonatal injury to the brachial plexus, and the effects
were significantly influenced by the location of the
injury relative to the dorsal root ganglion. Glenoid
morphology was more altered after postganglionic
injury, with severe glenoid declination. The affected
glenoid declination in the postganglionic group (dif-
ference between limbs, e17.7� � 16.9�) was
consistent with reports of declination after BPBI in
humans (median difference between limbs, e15.0�).7

Glenoid retroversion in the postganglionic group
ol. 46, June 2021



FIGURE 2: Humeral head morphology measures. A The humeral
head thickness and width were defined in the same plane as the
glenoid inclination angle by fitting an ellipse to the humeral head
and measuring the major radius and minor diameter of the ellipse,
respectively. B The humeral head radius of curvature (HRC) was
measured in the same plane as glenoid inclination angle by fitting
a circle to the articular surface.
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(difference between limbs, e7.4� � 11.4�) was also
similar to values observed in humans (difference
between limbs, e10.2� � 11.6�) in prior work
examining 102 children after BPBI.11 Increased gle-
noid radius of curvature after postganglionic injury
reflects flattening of the glenoid surface, which rep-
resents a meaningful alteration to joint function,
because glenoid curvature is essential for maintaining
shoulder stability.29 We found no evidence of altered
glenoid version, declination, or radius of curvature in
the affected limb relative to the unaffected limb for
the preganglionic group. Taken together, these ob-
servations suggest that glenoid deformity is severe
only after postganglionic C5-C6 injury. Although
most clinical studies describing bone deformity do
not specifically report whether ruptures or avulsions
are present, the current results are consistent with
prior clinical reports of glenoid deformities,6,10,11,30

which include primarily patients with Narakas level
I and II injuries, and describe more severe changes to
the glenoid with Narakas level I injuries.11

In contrast, humeral head morphology was more
altered after preganglionic injury. The overall size of
the humeral head was markedly smaller, with a
smaller radius of curvature, thickness, and width after
preganglionic injury, but no significant changes were
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detected to the humeral head after postganglionic
injury. A prior study in rats reported that humeral
head width and thickness tended to be smaller after
postganglionic injury,13 in contrast to our findings,
but that study did not assess the radius of curvature.
Consistent with our study, a clinical report on chil-
dren with BPBI described smaller humeral head
features and overall osseous atrophy on the affected
arm.31 Although this clinical report does not explic-
itly describe the preganglionic or postganglionic na-
ture of the injuries, the patients as a group are
described as having Narakas scores with an average
of 2.5 (SD � 0.8); a Narakas level of II corresponds
to injury of C5-C7 roots with spontaneous recovery
in approximately 60% of patients whereas Narakas
level III corresponds to effects for C5-T1 levels and a
complete flaccid paralysis with no Horner syndrome,
and recovery in only 30% to 50% of patients.32

Because bone growth is driven by both mechanical
and biological factors,33 differences in bone develop-
ment after preganglionic and postganglionic injury
may be driven by differences in both joint loading and
biological stimulus in the 2 presentations. For
example, evidence in young rats suggests that bone
innervation has a direct impact on bone remodeling,
such as temporal and spatial matching of sensory
nerves with active bone sites.34 After spinal cord
injury, bone loss exceeds that which can be fully
explained by unloading from disuse alone,35,36 and
rapid bone loss even with muscle stimulation after
spinal cord injury supports a direct neurologicebone
connection.37,38 Mechanical loading of bone tissue is
influenced by joint forces induced by muscle loading
as well as limb use. Postganglionic injury is frequently
associated with muscle contractures that cause re-
striction in shoulder external rotation,6,8,18 causing
high passive muscle forces acting on the bone. These
observations in the clinical population are corrobo-
rated by work in rat and mouse models of BPBI, in
which restrictedmuscle growth in length and increased
contracture are reported.12,28 Computationalmodels of
BPBI suggest that this reduced muscle growth in
length would mechanically result in both restricted
range of motion and altered glenoid loading consistent
with the observed deformity after postganglionic
neurectomy.12,39 However, in both clinical and animal
studies, contractures are minimal after preganglionic
injuries17,40; thus, only low joint forces from reduced
limb use and muscle paralysis are present. Therefore,
glenoid differences may be primarily driven by dif-
ferences in joint load. However, in contrast to the
postganglionic case, in the absence of marked
contracture after preganglionic injury, altered
ol. 46, June 2021



FIGURE 3: The glenoid version and inclination angles (GVA and GIA, respectively) are shown. The glenoid was significantly more
declined on the affected limb compared with the unaffected limb in postganglionic injuries. The difference in affected limb GIA relative
to the unaffected limb differed between the 2 injury groups, with higher relative declination in the postganglionic group compared with
the preganglionic group. *p < 0.05 for the affected versus unaffected limb. †p < 0.05 for the preganglionic versus postganglionic injury
group. For the postganglionic group, GVA and GIA were previously analyzed and reported.27

FIGURE 4: Glenoid and humeral head curvature (GRC and HRC, respectively) are shown. The difference in the affected limb GRC
relative to the unaffected limb differed between the 2 injury groups, with the postganglionic injuries exhibiting larger relative GRC than
the preganglionic group. The HRC was significantly smaller on the affected side compared with the unaffected side after preganglionic
injury. *p < 0.05 for the affected versus unaffected limb. †p < 0.05 for the preganglionic versus postganglionic injury group.
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biological signals caused by the nerve injury or
reduced limb use may dominate the changes in bone
growth, leading to overall slower bone formation and
smaller bones. Clinical and other animal BPBI studies
J Hand Surg Am. r V
have also reported smaller humeral and scapular ge-
ometry,13,31 providing additional evidence for reduced
biological growth after nerve injury. Thus, when
examined in the context of the literature, this work
ol. 46, June 2021



FIGURE 5: Humeral head dimensions. The humeral head was significantly smaller in thickness and width in the preganglionic affected
limb compared with the unaffected limb. The postganglionic group did not exhibit significant changes in humeral head thickness or
width in the affected limb. *p < 0.05 for the affected versus unaffected limb.
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provides support that glenoid shape deformities, seen
more in the postganglionic case, are likely to be driven
by the presence of contracture and high passivemuscle
forces, whereas humeral deficiencies after pregangli-
onic injury are more likely to be driven by reduced
limb use and direct nerve injury.

Surgical approaches are often used to correct the
shoulder dislocation and severe dysplasia and joint
subluxation that are a consequence of the gleno-
humeral deformity after BPBI.15 Specific techniques
include anterior translation of the humeral head to
prevent dislocation,41 external rotation tendon trans-
fer,7 or glenoid osteoplasty or osteotomy,14 Surgical
decisions are typically planned based on axial plane
measures,30,42 especially glenoid retroversion, which
do not account for coronal or sagittal plane changes,
and which may be confounded by imaging plane and
scapular positioning.43 However, recent 3D medical
imaging reconstructions of glenoid geometry in BPBI
patients, in which true glenoid angles can be extrac-
ted, rather than planar projections that may be
affected by plane selection, suggest that glenoid
declination may also be greatly altered after nerve
rupture (postganglionic injury).44 Our study using 3D
imaging corroborates that glenoid declination is also
a key marker in characterizing glenoid deformity in
this animal model. However, our work also suggests
that glenohumeral deformity depends heavily on
BPBI location, which may provide an additional
J Hand Surg Am. r V
foundation on which surgical decision-making can be
informed.

The results of the current study should be evalu-
ated in light of its limitations. Although nerve exci-
sion was evaluated and confirmed by observing the
phenotype after the surgical procedure, spontaneous
recovery of the nerve injury can occur and may
contribute to the variability that was observed within
groups.4 The existing animal models on which this
study relied were validated using transection as a
surrogate for complete rupture or avulsion, but not for
partial injuries.26,45 Because complete nerve injuries
are more likely to result in marked bone or postural
deformities,17 and there are limited data quantifying
preganglionic and postganglionic bone deformities,
our primary focus for this study was to quantify the
extent of bone deformities after complete injuries.
Future work should consider the effect of partial le-
sions and explore the use of animal models for partial
injury and their effects on muscle and bone. Although
rat neuromuscular anatomy is similar to that of
humans,25 mechanical loading of the glenohumeral
joint may differ between species, because rats expe-
rience lifelong quadrupedal loading, whereas human
infants do so only during the first year.12 Bone
deformity was investigated at only one time point (8
weeks after birth) for both injury groups, and by this
time shoulder deformity is well-established in this
model.12,13,26 The growth of the humeral head or
ol. 46, June 2021
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scapular glenoid over 8 weeks in the rat is equivalent
to 5.8 human years12,46; skeletal maturity in rats is
reached at approximately 20 weeks.47 To measure the
glenohumeral joint features, clinical studies used a
minimum age for patients of 3 years to allow enough
time for bone ossification so that metrics could be
adequately assessed.6 Thus, for rats in this study, we
used an 8-week time point to ensure the deformity
was established and adequate ossification of the bone
had occurred. However, assessing injury progression
over time will be critical in future work to understand
the timing of deformity initiation and inform optimal
treatment timing. In this study, we do not report other
metrics that relate to the congruence and alignment of
the humerus relative to the glenoid, such as percent
coverage, percent humeral head displacement, or
percent humeral head anterior to scapular axis. These
measures typically require measurements from an
intact shoulder.48,49 However, the current study
required high-resolution micro-CT scans to be ac-
quired of the scapula and humerus individually after
dissection; thus, these metrics were not captured.
However, in prior work by our group,12 alignment of
the humeral head relative to the glenoid was reported
for postganglionic injury.

Our humeral head measurements of width and
height are similar to those previously reported by Li
et al,13 who also observed smaller humeral head
features on the affected rats. The humeral head
measures in this study have not been described in
clinical studies. Sheehan et al31 described a smaller
humeral head in humans, but our metrics are different
because the study by Sheehan et al provided metrics
from the entire humerus, which we did not analyze in
this work.

The current work highlights changes in bone and
provides quantification of bone morphology after
preganglionic injury, adding to previously reported
changes after postganglionic injury. The study also
provides essential comparisons of morphological
changes between preganglionic and postganglionic
injury, which are needed to isolate contributions of
the biological and mechanical consequences of
nerve injury to bone and joint development. Un-
derstanding the interactions of innervation, passive
muscle loading, and functional limb loading during
musculoskeletal growth and deformity development
with BPBI will aid clinicians in decisions on
treatment type (eg, nerve reconstruction, contracture
relief, or normalized bone or joint loading) and
timing. To understand these interactions, measures
of muscle and limb function are also essential;
prior and ongoing work of our group40 and others28
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explore those factors. Computational work39 and
other clinical conditions also suggest that differ-
ences in bone morphology likely reflect differences
in mechanical loading from altered muscle and
disuse, which may be an important consideration
for developing treatments to preserve the articulat-
ing geometry.

This study clearly identified differences in gleno-
humeral osseous deformities after preganglionic and
postganglionic BPBI. Glenoid deformities were more
severe after postganglionic injury, with a markedly
altered shape profile, whereas changes in humeral
head morphology were more pronounced after pre-
ganglionic injury, with an overall smaller head. A
clearer understanding of bone change patterns with
nerve injury provides an important foundation for
future work to understand better the drivers of
deformity formation.
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