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ABSTRACT: Neonatal brachial plexus injury (NBPI) results in substantial postural and functional impairments associated with
underlying muscular and osseous deformities. We examined the relationship between glenoid deformity severity and gait in a rat model
of NBPI, an established model for studying the in vivo pathomechanics of NBPI. At 8 weeks post-operatively, we monitored the gait of
24 rat pups who exhibited varying degrees of glenoid deformity following unilateral brachial plexus neurectomy and chemodenervation
interventions administered 5 days postnatal. Five basic stride and stance metrics were calculated for the impaired forelimbs over four
consecutive gait cycles. Bilateral differences in glenoid version (DGAv) and inclination (DGAi) angles were computed from data for the
same rats as reported in a previous study. A linear regression model was generated for each deformity-gait pair to identify significant
relationships between the two. DGAv was not significantly correlated with any gait measurements, while DGAi significantly correlated
with all five gait measurements. Specifically, DGAi was significantly positively correlated with stride length (R2¼0.38, p¼ 0.001) and
stance factor (R2¼0.45, p<0.001), and significantly negatively correlated with stance width (R2¼0.24, p¼0.016), swing/stance ratio
(R2¼0.17, p¼0.046), and stride frequency (R2¼0.33, p¼0.003). Rats with declined glenoids exhibited the most altered gait. Clinical
significance: Our findings link musculoskeletal changes and functional outcomes in an NBPI rat model. Thus, gait analysis is a
potentially useful, non-invasive, quantitative way to investigate the effects of injury and deformity on limb function in the NBPI rat
model. � 2017 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 36:1991–1997, 2018.
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Neonatal brachial plexus injury (NBPI), primarily
affecting cervical roots C5 through C8,1,2 occurs in
0.42–5.1 of every 1,000 live births via the birth
canal3–5 and 0.2–2.0 of every 1,000 births via Caesar-
ean section.6 Estimates of incomplete neurological
recovery range widely,7 but were reported to be as
high as 27% in one prospective large-scale study.5

Infants without full neurological recovery predomi-
nantly display glenoid retroversion,8,9 which may also
be accompanied by posterior humeral head subluxa-
tion,10 malformation of the humeral head and gle-
noid,8,10 and glenoid declination.9,11,12 Rotator cuff
muscular imbalance and internal rotation contrac-
ture4,10 is also attributed to NBPI, with associated
subscapularis shortening and stiffening,13 and weak-
ening or paralysis of the infraspinatus and supra-
spinatus.14 Although quantitative data collection from
infants and children is limited in the literature, it is
known that NBPI patients have overall reduced
passive and active range of motion that is correlated
with deformity.15,16 The most significant range of
motion restriction is seen for passive movement,17

with horizontal adduction, shoulder adduction, and
external rotation most negatively affected.4 Children
with NBPI also experience motor and sensory deficits
that are associated with relatively poor performance of
activities of daily living.18

Animal models are often used to elucidate the
mechanisms of deformity and loss of function following
brachial plexus injury.19–24 Since humans and rodent
animal models share similar shoulder joint anatomy
and innervation of the brachial plexus,23 rat models
are commonly used. Surgical infliction of brachial
plexus injury in rats 5 days postnatal results in gross
musculoskeletal and postural deformities that reflect
patterns observed in human patients,24 as described
by several groups.19–21,24 Specifically, based on non-
invasive micro-CT imaging, rat models of NBPI exhibit
shoulder dislocation,19–21 decreased humeral head
size,20,21,24 flattening of the humeral head,20 glenoid
retroversion,19,21 and glenoid declination.19,20 Muscle
changes that have been seen in the NBPI rat model
include subscapularis and infraspinatus muscle atro-
phy24 and shortening of the pectoralis major, supra-
spinatus, and subscapularis.19

While the extent of bone and muscle alterations
following injury in the NBPI rat model has been well
characterized, it remains unclear how the degree of
deformity relates to functional limitations. The previ-
ous quantitative methods, including non-invasive
imaging under sedation or post-mortem imaging and
dissection, only assess the severity of shoulder defor-
mation, not the relationship to active limb function.
These assessment procedures are also relatively
challenging to perform and limit the information that
could be obtained in longitudinal studies of injury
progression. Post-injury passive range of motion has
been recorded in animal models of NBPI under
sedation and post-mortem,19–21,24 as well as qualita-
tive descriptions of rat gait following NBPI.23 How-
ever, the quantitative effect of NBPI in the rat model
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on active function and the relationship between
osseous deformity and active function have not been
previously studied.

Given that clinical studies have shown clear rela-
tionships between osseous deformity and limb func-
tion,15,16 we expected that the same would be true in a
NBPI rat model. If so, gait analysis would potentially
be a useful non-invasive function-based quantitative
method for monitoring both the progression of injury
and efficacy of novel treatment strategies in the NPBI
rat model. Therefore, we quantified differences in gait
function in a rat model of NBPI and conducted a
retrospective analysis to examine the relationship
between osseous deformity severity and functional
changes to gait in rats with a brachial plexus injury.
Specifically, we focused on the effect of glenoid version
and glenoid inclination on gait, since glenoid deformity
is a hallmark of clinical NBPI.15,16 We hypothesized
that gait would be altered following NBPI, and that
rats with more severe glenoid deformity would exhibit
greater adverse changes in gait.

METHODS
The following procedures were approved by the Institutional
Animal Care and Use Committee. As part of a previous study
to elucidate the role of muscle changes on osseous defor-
mity,19 32 5-day-old Sprague Dawley rat pups (Harlan
Laboratories, Indianapolis, IN) underwent surgical interven-
tion on the left forelimb while anesthetized with inhalative
isoflurane. Details of the interventions are available in the
prior publication.19 Briefly, rat pups received interventions
including neurectomy of the brachial plexus upper trunk,
botulinum neurotoxin A (Botox) injections, a combination of
the two, or a sham surgery. The contralateral limb in all
animals was also maintained as additional control.

In the prior report, measurements of glenoid version
angle and glenoid inclination angle were made from
3D-reconstructed micro-CT images.19 The images were ac-
quired post-sacrifice at 8 weeks post-intervention. Glenoid
version angle (GAv), measured in the plane of the scapular
spine, was 90˚ minus the posteromedial angle between two
lines: (i) a line from the medial aspect of the scapula through
the center of the glenoid, and (ii) a line connecting the
anterior and posterior margins of the glenoid fossa16 (Fig. 1).

Glenoid inclination angle (GAi) was defined as the angle
between the scapular spine centerline and the line tangent
to the glenoid fossa rim, minus 90˚, as measured in the
subscapular fossa plane19 (Fig. 2).

To quantify the degree of symmetry in glenoid version
and inclination between the left and right shoulders, the
difference in glenoid angle between the affected and unaf-
fected shoulders were calculated for each rat (Equation 1).

Glenoid Angle Dif f erence ¼ DGA ¼ GAaffected �GAunaf fected

ð1Þ

Gait Analysis
At 8 weeks post-operatively, the gait of each rat was
monitored while walking on a treadmill (DigiGait Imaging
System, Quincy, MA) set to a constant speed of 10 cm per
second with no incline.25,26 Trials were continued or repeated
until each rat walked for four consecutive gait cycles. For 17
rats, only one trial was conducted; for seven rats, two or
three trials were necessary to obtain four consecutive gait
cycles. We were unable to collect a sufficient number of gait
data for eight rats due to non-compliance. Thus, data from
24 of the 32 rats were included in subsequent analysis.
Stride length, stride frequency, stance factor, stance width,
and swing to stance ratio were calculated for the impaired
forelimbs using the camera underneath the treadmill belt
(Fig. 3); contact location was calculated as the centroid of the
contact area. Stride length is the total distance the impaired
limb travels over one step. Stride frequency is the number of
steps per second. Stance factor is the ratio between average
stance durations of the impaired and unaffected forelimbs; a
stance factor of 1 represents symmetric gait. Stance width is
the measured distance between the centroids of the forelimb
contact areas. The swing to stance ratio is the ratio between
the average swing and stance durations of the impaired limb.

Data Analysis
A linear regression model was fit for each pair of DGA and gait
characteristic across groups to identify potential relationships
between observed glenoid deformity and gait impairment.
Four samples (one from neurectomy intervention group, three
from neurectomy and chemodenervation intervention group)

Figure 1. Glenoid version definition. Glenoid version angle
(GAv), measured in the plane of the scapular spine, was defined
as a �90˚, where a is the angle between a line from the medial
aspect of the scapula and through the glenoid (line x) and the
line tangent to the rim of the glenoid fossa (line y). The glenoid is
considered more retroverted as a decreases and anteverted as a
increases.

Figure 2. Glenoid inclination definition. Glenoid inclination
angle (GAi), measured in the plane of the subscapular fossa, was
defined as b �90˚, where b is the angle between the centerline of
the scapular spine (line u) and the line tangent to the rim of the
glenoid fossa (line v). The glenoid is considered more declined as
a decreases and inclined as a increases.
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were excluded from the DGAv regression analysis because they
were determined to be outliers based on a quantile-quantile
plot test for normality of DGAv. Regression coefficients
were considered significant for a� 0.05. Given the pilot
nature of this study, no adjustment was made for multiple
comparisons.

RESULTS
Linear regression analysis indicated that DGAv tended
to be correlated with stance width (R2¼0.19,
p¼ 0.056) (Fig. 4). However, there was no significant
linear relationship between DGAv and stride length
(R2¼0.038, p¼0.411), stance factor (R2¼0.009,
p¼ 0.685), swing/stance ratio (R2¼9.9� 10�5,
p¼ 0.967), and stride frequency (R2¼0.12, p¼0.140).

All five gait performance metrics were statistically
significantly related to DGAi (Fig. 5). Specifically,
DGAi was significantly correlated with stance width
(R2¼0.24, p¼0.016), stride length (R2¼0.38,
p¼ 0.001), stance factor (R2¼ 0.45, p<0.001), swing/
stance ratio (R2¼ 0.17, p¼0.046), and stride frequency
(R2¼0.33, p¼ 0.003).

Linear regression models revealed how gait char-
acteristics varied with glenoid inclination angle de-
formity severity, as indicated by DGAi (Fig. 5). For

instance, rats with declined glenoids took shorter
steps and had a higher stride frequency than those
with higher glenoid inclination angles. Stance met-
rics also indicated that rats with declined glenoids
had higher forelimb stance width and lower stance
factor. Rats with declined glenoids had higher swing/
stance ratios, indicating that they spent less time in
stance on the affected limb than rats with higher
glenoid inclination angles. Of the eight rats with the
most declined glenoid, seven walked on the elbow of
the affected limb instead of the paw, while one rat
did not place any part of the affected limb on the
treadmill.

DISCUSSION
We quantitatively evaluated the gait of rats with
NBPI, and found that variation in glenoid inclination
angle deformity, as quantified by DGAi, was signifi-
cantly correlated with altered gait characteristics in
the impaired limb, while DGAv was not. Rats with a
declined glenoid exhibited the most severe gait
changes. Our results are consistent with another
prior qualitative experiment in which gait was stud-
ied in a NBPI rat model.23 Using a paper runway on
which the rats walked at their self-selected speed,
Ochiai et al. divided the rats into three groups based
on how the impaired limb was used during gait. Rats
were given a low clinical score when walking on all
four paws normally, a medium clinical score when
the impaired limb trailed slightly behind the unaf-
fected limb, and a high clinical score when the
impaired limb was dragged across the floor. When
required to walk on a horizontal grid, rats with the
worst clinical scores also exhibited decreased stabil-
ity, frequently misplacing the impaired limb and
falling through the grid.23 While these results are
consistent with the current study in which we also
observed altered gait, Ochiai et al.23 study was
unable to provide quantitative gait metrics, and did
not provide information regarding the underlying
degree of osseous or muscular abnormality. In addi-
tion, the inflicted neurectomy of the brachial plexus
was preganglionic in that study, while the current
study employed a postganglionic model of NBPI.
Nikolaou et al.22 reported that preganglionic neurec-
tomy preserves muscle spindles during development
and exhibited reduced internal rotation contracture,
while postganglionic neurectomy was associated with
more severe contracture and disorganized spindle
structure. Therefore, gait characteristics between the
two types of NBPI may differ.

While our regression analysis identified a statisti-
cally significant relationship between glenoid defor-
mity and gait characteristics, the underlying cause of
gait adaptations remains unclear. One confounding
factor among animals was that some walked on their
elbows of the affected forelimb, while others walked on
their paws. Post-intervention musculoskeletal changes

Figure 3. Quadrupedal gait characteristics. (A) Stride length is
the distance the centroid of the impaired forelimb travels in one
stride. (B) Stride frequency was calculated as the number of
strides/sec of the impaired limb. (C) Stance factor is the ratio of
stance duration of the impaired and unimpaired forelimbs. (D)
Stance width was defined as the orthogonal distance between the
centroids of the forepaws at peak stance. (E) Swing: Stance is the
ratio between swing and stance durations of the impaired limb22.
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in the animals may have also contributed to the
observed gait differences among animals. For instance,
musculoskeletal changes were suspected to have re-
duced external rotation range of motion, as measured
following neurectomy in the group of animals studied
here.19 Muscles were also likely weak or paralyzed
following neurectomy. Optimal muscle fiber lengths of
the pectoralis major, supraspinatus, and subscapularis
were shortened, and cross-sectional areas of all rotator
cuff muscles decreased in animals that underwent
neurectomy.19 Other clinically observed factors that
potentially altered gait include injury-induced sensory
impairment27 and changes in limb segment lengths.28

As discussed in the previous paragraph, it is likely
that a combination of neuromuscular and skeletal
morphology changes contributed to the observed gait
differences. Simulation using animal and computa-
tional models could help identify the relative contribu-
tion of each factor to impairment independently, and
reveal factors that may be effective targets for clinical
intervention. For instance, the effect of elbow walking
on gait could be determined by comparing gait charac-
teristics between rats with and without elbow disartic-
ulation. Aspects of the glenoid deformity, such as

retroversion, could be created by surgical or mechani-
cal intervention to study the effects of deformity apart
from muscle changes. Conversely, creating a brachial
plexus injury in older rats may induce, and highlight
the effects of, muscle changes without bone deformity.

Although the animals in the current study were
divided among surgical groups for the purposes of
the prior report, we combined animals together
across all surgical groups to perform the regression
analysis, rather than compare among groups. Not
all rats in each surgical group exhibited severe
musculoskeletal changes,19 possibly due to varia-
tion in the administration of and animals’ response
to the surgical and chemodenervation interven-
tions. Additionally, some animals may have experi-
enced spontaneous neurological recovery, as is
observed in human NBPI patients in up to 50% of
cases within 3 months and 82% within 18 months
from birth.18 Given high within-group variability
in post-intervention outcomes, gait differences
between intervention groups were not as marked.
However, note that rats exhibiting a declined
glenoid had undergone a neurectomy, which was
previously associated with more severe osseous and

Figure 4. Linear regression between glenoid version angle difference (DGAv) and gait characteristics. Equations are given for each
regression line (gray line), as well as R2 and p-values for each regression. None of the regression slope coefficients were significantly
different from zero.
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muscular changes compared to chemodenervation
alone.19

Animal models of NBPI are important and useful
tools for investigating clinical pathology in a more
comprehensive and controlled manner than is practi-
cal or possible in humans. However, as with all
models, it is important to carefully consider differences
between the NBPI rat model and clinical scenario
when comparing the two. In humans, glenoid retrover-
sion, not glenoid declination, is considered the promi-
nent, classic glenoid deformity characteristic in
children with NBPI.15,16 We hypothesize that DGAi

was more strongly associated with gait characteristics
than DGAv in the rat model because forelimb humeral
motion during quadrupedal gait primarily occurs in
the superoinferior direction, which is the same approx-
imate direction of glenoid inclination angle changes.
Though glenoid version angle is the most common
clinical measure of glenoid deformity in NBPI, glenoid
deformity may not be limited to the axial plane. Two
recent studies that evaluated the three-dimensional
morphology of the glenoid found that the glenoid on
the affected side was significantly more retroverted

and declined in children with NBPI.11,12 Another
study found that glenoid retroversion deformity sever-
ity was negatively correlated with glenoid declination
deformity severity.9 Though the relationship between
glenoid retroversion and function is well estab-
lished,15,16 the possible pattern of glenoid declination
and its effect on function must be investigated further.
In addition, the active functional outcome examined
here is quadrupedal and not typical of human upper
limb movement, limiting direct clinical relevance.
However, within the context of the animal model,
understanding the active functional repercussions of
structural changes in addition to passive outcomes
such as range of motion is critical to comprehensively
evaluate the effects of NBPI.

There were several limitations of our study. First,
despite similar observations of muscular and osseous
changes between our rat model and infants with
NBPI, there are major differences between rats and
humans that warrant caution when translating our
findings directly to clinical cases. For instance, rats
are quadrupedal while humans are so for only about
1 year, leading to differences in biomechanical shoul-

Figure 5. Linear regression between glenoid inclination angle difference (DGAi) and gait characteristics. Equations are given for each
regression line (gray line), as well as R2 and p-values for each regression. All regression slope coefficients were significantly different
from zero.
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der loading that may affect deformity progression. The
tested sample size of rats was relatively small, so some
gait differences were possibly undetected. The number
of animals included in the analysis was based on the
sample size of a previous study.19 Eight of the 32
rats from the previous study were not included in
the data analysis because we were unable to collect
gait data over a sufficient number of strides. Of the
eight excluded rats, 1, 2, and 5 of the rats exhibited
glenoid inclination angles on the affected side that
were declined, typical, and inclined, respectively,
based on DGAi. Since we observed the most promi-
nent gait alterations in rats with declined glenoids,
other factors (e.g., animal reluctance to walk), rather
than excessive functional impairment, likely explain
why we were unable to collect sufficient data from
the excluded animals. Chemodenervation was used
in two surgical intervention groups to elicit specific
biomechanical conditions in the rat model; however,
chemodenervation effects can be widespread and
may have affected more tissues than the intended
muscular targets. Finally, the eight rats with the
most severe glenoid declination did not walk on the
paws of the affected limbs, which likely conflated
with the effects of shoulder deformity on gait
measurements.

We conclude that the severity of glenoid inclina-
tion angle deformity, particularly in rats with a
declined glenoid, was significantly associated with
altered gait, while glenoid version angle was not.
This work supports the use of gait analysis as a non-
invasive, quantitative functional assessment tool,
and potential indicator of shoulder deformity severity
in the NBPI rat model. As the mechanism of
deformity following NBPI and potential treatments
continue to be investigated, quantitative gait analysis
is potentially valuable for monitoring progression of
injury, recovery, or the effectiveness of treatments in
longitudinal studies.
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