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Abstract

Brachial plexus birth injury (BPBI) results in shoulder and elbow paralysis with shoulder

internal rotation and elbow flexion contracture as frequent sequelae. The purpose of this

study was to develop a technique for measuring functional movement and examine the

effect of brachial plexus injury location (preganglionic and postganglionic) on functional

movement outcomes in a rat model of BPBI, which we achieved through integration of

gait analysis with musculoskeletal modeling and simulation. Eight weeks following uni-

lateral brachial plexus injury, sagittal plane shoulder and elbow angles were extracted from

gait recordings of young rats (n=18), after which rats were sacrificed for bilateral muscle

architecture measurements. Musculoskeletal models reflecting animal‐specific muscle

architecture parameters were used to simulate gait and extract muscle fiber lengths. The

preganglionic neurectomy group spent significantly less (p=0.00116) time in stance and

walked with significantly less (p<0.05) elbow flexion and shoulder protraction in the

affected limb than postganglionic neurectomy or control groups. Linear regression re-

vealed no significant linear relationship between passive shoulder external rotation and

functional shoulder protraction range of motion. Despite significant restriction in long-

itudinal muscle growth, normalized functional fiber excursions did not differ significantly

between groups. In fact, when superimposed on a normalized force–length curve,

neurectomy‐impaired muscle fibers (except subscapularis) accessed regions of the curve

that overlapped with the control group. Our results suggest the presence of compensa-

tory motor control strategies during locomotion following BPBI. The clinical implications

of our findings support emphasis on functional movement analysis in treatment of BPBI,

as functional and passive outcomes may differ substantially.
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1 | INTRODUCTION

Brachial plexus birth injury (BPBI) occurs in at least 1.5 of every 1000

live births.1 It is most frequently caused by traction on the brachial

plexus during difficult childbirth, injuring C5–C6 brachial plexus nerve

roots2 and weakening or paralyzing the shoulder and elbow.3 While

spontaneous neurological recovery does occur, 20%–30% of patients

suffer from residual deficits in nerve and muscle function,4 and up to

33% of patients sustain permanent postural and osseous deformities.3

Presentation of injury can vary according to nerve injury location
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relative to the dorsal root ganglion: more severe shoulder and elbow

contractures present with nerve root ruptures distal to the ganglion

(postganglionic),5 while avulsion injuries proximal to the ganglion

(preganglionic) typically present as paralysis without contracture.6

Postganglionic injuries demonstrate greater spontaneous recovery and

amenability to surgical repair compared with preganglionic injuries.7

Rodent models are an established model for studying patho-

mechanics of BPBI; humans and rodents share similar shoulder

anatomy and brachial plexus innervation,8 and surgically induced

brachial plexus injury in rodents reproduces the musculoskeletal

deformities and shoulder contracture observed in humans.9 Specifi-

cally, rodent models of BPBI exhibit impaired longitudinal muscle

growth,9–12 glenohumeral deformation,11,13 and shoulder internal

rotation and elbow flexion contracture.5,9–13 Within injury types, rat

models of BPBI demonstrate restricted longitudinal muscle growth of

pectoralis major, spinal deltoid, and subscapularis following post-

ganglionic injury and of spinal deltoid, biceps long head, biceps short

head, supraspinatus, and teres major following preganglionic injury.12

While effects of BPBI on passive movement in rodent models have

been documented, effects on functional movement remain under-

explored, perhaps because of the difficulty associated with measuring

functional movement parameters in vivo. Passive shoulder and elbow

range of motion (ROM) have been evaluated in rodent models of BPBI

under sedation and postmortem.5,10–13 Insight into the impact of BPBI

on functional movement outcomes in rodent models can be beneficial in

assessing effectiveness of therapies and surgical interventions currently

employed in clinical treatment of infants. Furthermore, investigating the

fidelity with which passive outcomes can predict functional perfor-

mance in rodents may increase utility of passive performance data and

elucidate mechanisms contributing to neuromotor and musculoskeletal

deficits. Existing literature on functional movement following BPBI in

rodent models includes qualitative reports of altered forelimb posture

following preganglionic8 and postganglionic injury,13 and quantitative

stride and stance metrics following postganglionic injury.14 The quan-

titative effects of injury location on functional limb posture and muscle

excursion have not been previously studied.

Two potential useful tools for studying functional movement ex

vivo are gait analysis and musculoskeletal modeling. Gait analysis can

be an effective function‐based quantitative method for studying BPBI

in a rat model.14 Musculoskeletal models provide a framework for

integrating anatomical and physiological data, offering insight into the

biomechanics underlying movement. While upper‐extremity models

have been developed for the human,15,16 and one hindlimb model has

been developed for the rat,17 the rat forelimb remains unmodeled.

Coupled with gait analysis, musculoskeletal modeling and simulation

offer insight into functional movement parameters such as muscle

excursion that cannot be easily measured in vivo. In this study, we

developed a noninvasive framework integrating musculoskeletal

modeling with gait analysis to examine the effect of BPBI on functional

movement. Specifically, we developed a musculoskeletal model of the

rat forelimb using measured muscle architecture parameters and we

simulated locomotion using limb posture from gait analysis to examine

the effect of injury location on gait characteristics and muscle fiber

excursion. We hypothesized that injury location (preganglionic or

postganglionic) would impact key characteristics of functional move-

ment. We also hypothesized that previously measured passive ROM

capabilities would be good predictors of functional performance.

2 | METHODS

The following procedures were approved by the Institutional Animal

Care and Use Committee at North Carolina State University. We studied

18 Sprague Dawley rat pups that underwent surgical intervention 3–5

days postnatally as part of larger, prior studies. Details of the inter-

vention are available in the prior publications.12,18 Briefly, animals re-

ceived one of three unilateral surgical interventions: preganglionic

neurectomy, postganglionic neurectomy, or sham surgery. Preganglionic

neurectomy was performed through supraclavicular incision and exci-

sion of C5–C6 nerve roots proximal to the dorsal root ganglion. Because

this procedure involves limited visual access to the nerve, success was

determined through observation of an internally rotated and adducted

limb within 24 h of surgery.5,12 Nerve roots were more easily visualized

during postganglionic neurectomy, which was performed through

transverse infraclavicular incision and splitting of the pectoralis major,

and excision of C5‐C6 nerve roots distal to the dorsal root ganglion.11,12

Eight weeks postoperatively, these rats participated in the assessment

of maximum passive shoulder external rotation ROM and gait analysis.

This time point corresponds to approximately 5.3 years of postnatal

human musculoskeletal development,19 by which time shoulder defor-

mity is well‐established clinically. After gait analysis, rats were sacrificed,

and bilateral muscles crossing the shoulder were dissected to char-

acterize muscle mass, muscle belly length, and sarcomere length in a

fixed posture: elbow flexed 90° and shoulder adducted and protracted

neutrally. In this study, we examined the effect of nerve injury location

on functional movement using gait analysis to determine limb posture

during locomotion and a musculoskeletal model to extract fiber lengths.

We studied the unimpaired limb of the sham surgery group as a control

(n = 6) and the impaired limb of preganglionic (n = 6) and postganglionic

(n = 6) neurectomy groups.

2.1 | Muscle architecture

We report new measures of architectural parameters necessary to

compute muscle force‐generating capacity. Muscle fiber length was

measured using a digital caliper (0.01 mm accuracy) by isolating fiber

bundles from muscles. Optimal fiber lengths (lo
F ) were calculated by

normalizing measured fiber lengths (lF) to a sarcomere length (l )S of

2.4 µm, the optimal sarcomere length of rat skeletal muscle20:

l l
l

=
2.4

.o
F

S
F







 (1)

Physiological cross‐sectional area (PCSA) was calculated based

on muscle mass (mM), pennation angle (θ), and the density (ρ) of
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mammalian muscle (0.001056 g mm∙ −3)21 according to Sacks and

Roy22:

cosθ

ρ l
PCSA =

m ∙

∙
.

o
F

M

(2)

Estimates of PCSA and specific tension (σ) of muscle (50.8

N cm/ 2)23 were used to calculate maximum isometric muscle force

(FMo ):

σF = PCSA∙ .M
o

(3)

2.2 | Gait analysis

Rats were recorded walking on a treadmill (Exer‐3/6, Columbus In-

struments) with no incline at 5 m/min for 2min.24,25 The camera was

placed level with the center of the treadmill and oriented to capture

sagittal plane movement. Before gait analysis, rats were acclimated to

the treadmill over 2 days. Gait data were collected during a single

assessment 8 weeks postoperatively with researchers blinded to

group allocation. While some animals required nudging to initiate

walking when first placed on the treadmill, no animals required in-

centives to walk during the gait cycles selected for this analysis, or in

those immediately preceding and following selected cycles. A single

gait cycle (from heel‐strike) that included two heel‐strikes and a toe‐

off immediately followed by a swing phase was chosen from each

recording. Sample size for this study (n = 6 per group) was determined

by the subset of animals from larger, prior studies12,18 that exhibited

at least two consecutive cycles to ensure that continuous gait was

achieved. Selected gait cycles were processed at 30 frames/s. Duty

factor was calculated as the time from heel‐strike to toe‐off divided

by total gait cycle duration,26 representing the fraction of the gait

cycle spent in stance by that limb. Sagittal plane shoulder and elbow

angles were extracted by placing virtual markers on bony landmarks

on the wrist, elbow, shoulder, and body midline (Figure 1) using

Tracker. Shoulder angle (shoulder protraction hereafter) is the in-

cluded angle between the midline and a line connecting the shoulder

and elbow marker; a negative value for this rotation is equivalent to

shoulder flexion in humans. Elbow angle (elbow flexion hereafter) is

supplementary to the included angle between the shoulder, elbow,

and wrist; a positive rotation is equivalent to elbow flexion in hu-

mans. To eliminate high frequency noise, a first‐order Butterworth

filter with a cut‐off frequency of 6 Hz was implemented in MATLAB

(The MathWorks).

2.3 | Musculoskeletal model

We developed 18 musculoskeletal models in OpenSim27,28 (v3.3,

Stanford University) using animal‐specific muscle parameters for the

six rats from each group. Because animal‐specific parameters were

integrated into modeling for animal‐specific analyses, researchers

could not be blinded to group allocation during modeling and

simulation. A generic skeletal structure was derived from publicly

available microcomputed tomography (micro‐CT) scans of a healthy,

young (10‐12 week‐old) Sprague Dawley rat skull, spine, and uni-

lateral scapula, humerus, forearm, clavicle, and hand.29 Fourteen Hill‐

type muscle‐tendon actuators were used to represent 10 muscles

crossing the shoulder (pectoralis major, anterior deltoid, spinal del-

toid, biceps long head, biceps short head, subscapularis, supraspina-

tus, infraspinatus, teres major, and triceps long head). Hill‐type

actuators determine muscle force production based on muscle acti-

vation level, length, velocity, and four major architectural parameters:

maximum isometric force, optimal fiber length, tendon slack length,

and pennation angle at optimal fiber length.30 Maximum isometric

forces and optimal fiber lengths were defined from individual ana-

tomical measurements. Tendon slack length, which cannot be mea-

sured directly, was estimated such that muscle fiber length matched

the value measured in the fixed posture during muscle dissection.

Pennation angle at optimal fiber length was zero, as this parameter

has little effect on PCSA in the rat forelimb.31 Muscle attachment

locations and muscle paths were prescribed based on anatomical

descriptions from literature.32,33 For muscles represented using two

Hill‐type actuators to span the shoulder (pectoralis major, anterior

deltoid, spinal deltoid, and subscapularis), each actuator had half the

reported maximum isometric force, such that muscle totals matched

reported values.

Joint kinematic definitions including axes and degrees of free-

dom were defined based on standard veterinary anatomical con-

ventions for quadrupedal mammals.34 The shoulder joint coordinate

system was placed at the glenohumeral joint (Figure 2). Protraction

and retraction refer to cranial and caudal rotation of the humerus,

respectively, about an axis pointing from the lateral to the medial face

of the humeral head. Movements ventral to the zero position of this

rotation are negative to indicate that the humerus is moving below

the body axis.29 Adduction and abduction refer to medial and lateral

rotation, respectively, about an axis pointing from the ventral to the

dorsal face of the humeral head. Internal rotation and external

F IGURE 1 Sagittal plane joint angle tracking. Virtual markers,
placed on bony landmarks of the wrist, elbow, shoulder, and body
midline were used to track sagittal plane joint angles. Shoulder
protraction (θS) is the included angle between the midline and a line
between the shoulder and elbow markers. Elbow flexion (θE) is the
supplementary angle to the included angle between the shoulder,
elbow, and wrist
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rotation describe medial and lateral rotation of the humerus, re-

spectively, about an axis orthogonal to the two former axes. The

elbow joint coordinate system was located between medial and lat-

eral epicondyles of the humerus. Flexion and extension describe ro-

tation of the forearm about an axis pointing from the medial to lateral

epicondyle. Pronation and supination describe the rotation of the

forearm about an axis pointing from the olecranon process to the

midpoint of the radial and ulnar styloid processes.

To validate the musculoskeletal model, simulations of passive

external rotation ROM were compared with experimental values from

the prior report.18 The shoulder was rotated externally from 0 to 90°, and

the moment generated by a single muscle was calculated as the muscle‐

tendon force times the moment arm at each joint angle. ROM endpoint

was defined as the joint angle at which muscles crossing the shoulder

exerted a net passive force sufficient to restrict external shoulder rota-

tion against a 10‐g load applied at the wrist. ROM has been similarly

assessed in the human shoulder to study BPBI.35 Differences between

simulated and experimental ROM were quantified using percent error.

2.4 | Simulation

Animal‐specific shoulder protraction and elbow flexion kinematic trajec-

tories from gait analysis were used to simulate movement in the sagittal

plane of the corresponding musculoskeletal model. Other degrees of

freedom were set to zero. Muscle fiber length trajectories were extracted

and normalized to optimal fiber length. Normalized fiber excursion was

calculated as the difference between maximum and minimum normalized

fiber lengths for a muscle. Normalized muscle fiber excursions were

averaged by group and superimposed on a normalized force–length curve

based on sarcomere lengths in literature36 to estimate the operating

range of selected muscles during functional movement. The muscles

selected for this analysis were those for which group‐averaged optimal

muscle length of the neurectomy‐impaired limb was significantly shorter

than that of the contralateral limb (biceps long head, biceps short head,

pectoralis major, spinal deltoid, subscapularis, supraspinatus, and teres

major).12 These muscles were chosen to elucidate potential effects of

restricted muscle growth on functional muscle fiber excursion.

2.5 | Statistical methods

A significance level of 0.05 and a confidence interval of 95% was used

for all analyses of kinematic data and muscle fiber lengths. Where

applicable, data were screened for normality with the Shapiro–Wilk

test and visual inspection of QQ plots in GraphPad Prism (GraphPad

Software). All other analyses were performed in MATLAB. The effect

of injury location on duty factor was assessed using one‐way analysis

of variance (ANOVA) with Tukey post hoc analysis for pairwise group

comparisons, and effect sizes were estimated using standardized mean

differences corrected for small sample bias (Hedges's d statistic).37 To

evaluate the effect of injury location on limb posture, one‐dimensional

paired t test statistical parametric mapping (SPM) analyses were con-

ducted on kinematics data. SPM, originally developed for neuroima-

ging to study time series data, permits presentation of statistical results

in the original spatiotemporal spectra of the data.38–40 Previous work

has demonstrated utility of SPM in analyzing kinematics time series

data to identify temporal periods of differences in limb posture.41 In

this study, SPM analyses incorporated SPM1D functions described by

Pataky.42 Additionally, the relationship between animal‐specific pairs

of functional shoulder protraction ROM and passive shoulder external

rotation ROM were assessed with linear regression.

After simulating gait in musculoskeletal models, the effect of injury

location on individual muscles was studied using one‐dimensional

paired t test SPM analyses on time‐series normalized fiber length data.

The effect of injury location on normalized fiber excursion was

investigated for each muscle actuator using one‐way ANOVA, and

effect sizes were estimated using Hedges's d statistic.

3 | RESULTS

3.1 | Muscle architecture

Muscle architecture parameters used to develop animal‐specific

musculoskeletal models are reported by group (mean ± standard de-

viation) in Tables 1 and 2.

3.2 | Gait analysis

Limb posture extracted from gait analysis revealed less consistent

kinematics (as quantified by standard deviation) for elbow flexion

angles in neurectomy groups compared with control (Figure 3).

F IGURE 2 Degrees of freedom and axes of rotation are defined
according to veterinary standards.34 Shoulder degrees of freedom
describe rotation of the humerus including protraction, adduction,
and internal rotation. Elbow degrees of freedom describe rotation of
the radius‐ulna segment (coupled as the forearm) including flexion
and pronation. Sagittal plane joint angles from gait analysis (Figure 1)
map to protraction of the shoulder (θS) and flexion of the elbow (θE ) in
the musculoskeletal model
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TABLE 1 Measured muscle fiber lengths (lF); calculated optimal fiber lengths (lo
F ), physiological cross‐sectional areas (PCSA), and maximum

isometric forces (Fo
M); and simulated tendon slack lengths (lST ) for muscles crossing the shoulder in unimpaired forelimbs of the control group

Control
Muscle lF (mm) lo

F (mm) PCSA (mm2) Fo
M (N) lST (mm)

Pectoralis major 15.58 ± 0.78 16.03 ± 1.27 19.16 ± 6.42 9.73 ± 3.26 7.5 ± 0.8

Anterior deltoid 9.74 ± 2.27 9.39 ± 1.96 13.75 ± 3.98 6.98 ± 2.02 3.7 ± 1.8

Spinal deltoid 9.66 ± 1.88 12.17 ± 2.47 10.46 ± 3.68 5.31 ± 1.87 7.7 ± 1.8

Biceps long head 10.57 ± 1.68 11.34 ± 1.94 8.48 ± 2.39 4.31 ± 1.22 19.4 ± 1.6

Biceps short head 9.86 ± 1.12 11.57 ± 1.54 1.21 ± 0.37 0.62 ± 0.19 16.9 ± 1

Subscapularis 8.59 ± 1.60 8.92 ± 1.37 29.75 ± 7.34 15.11 ± 3.73 10.5 ± 1.5

Supraspinatus 11.04 ± 1.81 10.15 ± 1.48 19.41 ± 3.98 9.86 ± 2.02 8.9 ± 1.8

Infraspinatus 10.68 ± 1.66 10.65 ± 1.60 20.07 ± 5.17 10.20 ± 2.62 7.0 ± 1.6

Teres major 10.70 ± 0.81 14.89 ± 0.87 13.11 ± 3.70 6.66 ± 1.88 8.7 ± 0.8

Triceps long head 10.15 ± 1.28 12.32 ± 1.83 55.33 ± 14.97 28.11 ± 7.60 12.8 ± 1.2

Note: Values represent mean ± standard deviation.

TABLE 2 Measured muscle fiber lengths (lF); calculated optimal fiber lengths (lo
F ), physiological cross‐sectional areas (PCSA), and maximum

isometric forces (Fo
M); and simulated tendon slack lengths (lST ) for muscles crossing the shoulder in affected forelimbs of the neurectomy groups

Muscle lF (mm) lo
F (mm) PCSA (mm2) Fo

M (N) lST (mm)

Preganglionic neurectomy

Pectoralis major 15.19 ± 3.24 16.13 ± 4.56 16.97 ± 3.69 8.62 ± 1.87 7.9 ± 3.1

Anterior deltoid 6.56 ± 1.65 6.15 ± 1.75 6.11 ± 3.19 3.10 ± 1.62 6.6 ± 1.6

Spinal deltoid 9.17 ± 1.73 10.23 ± 1.59 4.82 ± 3.60 2.45 ± 1.83 8.2 ± 1.7

Biceps long head 9.79 ± 2.54 9.18 ± 2.85 3.72 ± 2.53 1.89 ± 1.28 20.2 ± 2.5

Biceps short head 8.85 ± 1.89 9.26 ± 2.59 1.66 ± 0.71 0.84 ± 0.36 17.8 ± 1.8

Subscapularis 9.48 ± 1.58 10.53 ± 2.93 10.81 ± 8.01 5.49 ± 4.07 9.6 ± 1.5

Supraspinatus 9.97 ± 2.04 9.26 ± 2.88 7.59 ± 9.05 3.86 ± 4.60 9.9 ± 2.0

Infraspinatus 9.89 ± 1.53 9.86 ± 1.48 5.36 ± 4.76 2.72 ± 2.42 7.9 ± 1.6

Teres major 10.64 ± 3.11 12.15 ± 3.62 7.77 ± 6.12 3.95 ± 3.11 8.7 ± 3

Triceps long head 9.17 ± 1.81 10.94 ± 2.28 52.03 ± 11.07 26.43 ± 5.62 13.7 ± 1.7

Postganglionic neurectomy

Pectoralis major 14.11 ± 1.95 14.12 ± 1.67 11.78 ± 1.48 5.98 ± 0.75 8.9 ± 1.9

Anterior deltoid 6.15 ± 1.16 6.32 ± 1.04 11.24 ± 6.64 5.71 ± 3.38 7.0 ± 1.1

Spinal deltoid 7.96 ± 0.71 9.85 ± 1.24 5.60 ± 3.71 2.85 ± 1.88 9.2 ± 0.6

Biceps long head 8.44 ± 2.01 9.21 ± 2.11 3.74 ± 3.12 1.90 ± 1.58 21.6 ± 1.8

Biceps short head 9.60 ± 1.04 12.19 ± 2.5 2.16 ± 2.09 1.10 ± 1.06 17.0 ± 1.1

Subscapularis 7.24 ± 1.01 7.99 ± 1.07 19.32 ± 6.43 9.81 ± 3.27 11.7 ± 1.0

Supraspinatus 8.78 ± 1.28 9.09 ± 1.08 16.55 ± 5.48 8.41 ± 2.79 11.1 ± 1.2

Infraspinatus 10.16 ± 1.95 10.86 ± 1.61 13.87 ± 2.47 7.05 ± 1.26 7.5 ± 1.9

Teres major 9.88 ± 2.12 11.90 ± 2.43 7.93 ± 5.87 4.03 ± 2.98 9.5 ± 2.1

Triceps long head 8.47 ± 3.15 9.60 ± 3.17 28.94 ± 32.38 14.7 ± 16.45 14.4 ± 3.0

Note: Values represent mean ± standard deviation.
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Differences in limb posture patterns were further explored through

SPM, discussed below. Limb posture time series data were seg-

mented into swing and stance phases before SPM, because duty

factor differed significantly (p = 0.00166) across surgical intervention

groups (Figure 4). Specifically, duty factor was lower (p = .00116),

indicating reduced stance time on the limb, for the preganglionic

neurectomy group (0.431 ± 0.094) compared with control (0.631 ±

0.049). Duty factor did not differ significantly for the postganglionic

neurectomy group (0.533 ± 0.081) compared with control or preg-

anglionic neurectomy groups. Duty factor data were normally dis-

tributed, and effect sizes (with 95% confidence intervals) were

d = −2.46 [−4.02, −0.90] between control and preganglionic neur-

ectomy groups, d = −1.35 [−2.62, −0.07] between control and post-

ganglionic neurectomy groups, and d = 1.07 [−0.15, 2.30] between

preganglionic and postganglionic neurectomy groups.

SPM revealed that the preganglionic neurectomy group walked

with less shoulder protraction and elbow flexion during late stance

and early swing than did the control or postganglionic neurectomy

groups (Figure 5). The preganglionic neurectomy group exhibited

significantly less shoulder protraction than control (Figure 5A,B) in

late stance (p = 0.00890) and just after toe‐off in early swing phase

(p = 0.0488). Similarly, the preganglionic neurectomy group exhibited

significantly less elbow flexion than control (Figure 5C,D) in late

stance just before toe‐off (p=0.0498), with this trend becoming more

pronounced in early and mid‐swing (p < 0.001), and presenting again

at terminal swing (p=0.0399). Comparison between neurectomy

groups revealed that the preganglionic neurectomy group walked

with less elbow flexion than did the postganglionic neurectomy

group (Figure 5E,F). These differences, presenting in late stance

(p = 0.00220) and early swing (p = 0.00930), were centered equally

about toe‐off. SPM did not detect significant differences in shoulder

or elbow posture between the postganglionic neurectomy and con-

trol groups or in shoulder protraction between neurectomy groups.

ROM data were normally distributed. Linear regressions revealed

that functional shoulder protraction ROM was not significantly related

to passive external rotation ROM, either within surgical intervention

groups (control: r2 = 0.182, p = 0.399; preganglionic neurectomy:

r2= 0.399, p = 0.179; postganglionic neurectomy: r2 = 0.122, p = 0.497)

or across groups combined (r2 = 0.0614, p= 0.322) (Figure 6).

3.3 | Musculoskeletal model

The average passive shoulder external rotation predicted by mus-

culoskeletal models of the unimpaired rat forelimb was 70.0°. Com-

pared with the average experimental ROM18 for control animals

(79.4°), error was 11.9%.

3.4 | Simulation

SPM on normalized fiber length trajectories revealed differences

for only three of 14 modeled muscle actuators. The anterior

deltoid had significantly shorter normalized fiber length trajec-

tory throughout the gait cycle (p < 0.001) in the postganglionic

neurectomy group compared with control. The biceps long head

and triceps long head had significantly shorter normalized fiber

length trajectories during portions of movement (p = 0.0500

briefly during swing phase for biceps long head; p= 0.0427 briefly

F IGURE 3 Average joint angle trajectories normalized to gait
cycle for (A) control, (B) preganglionic neurectomy, and (C)
postganglionic neurectomy groups. Mean joint angles (solid black
lines) and standard deviations (dark gray bands) are shown for the
shoulder (θs) and elbow (θE ). Key gait events including heel strike and
toe‐off (dashed black lines), percent of time in stance (light gray
regions) and percent time in swing (white regions) are highlighted

F IGURE 4 Mean duty factor, the fraction of the gait cycle spent
in stance, by surgical intervention group. In able‐bodied gait, walking
should have a duty factor above 0.5 (dotted line). *p < 0.05
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during stance phase for triceps long head) in the preganglionic

neurectomy group compared with control. SPM did not reveal

differences in other muscles.

For most modeled muscle actuators, normalized muscle fiber

excursions did not differ significantly between surgical intervention

groups. Normalized muscle fiber excursion data were normally

distributed, and only the triceps long head normalized fiber

excursion differed significantly between surgical intervention groups

(p = 0.00543). Post hoc pairwise comparisons indicated that the

triceps long head had shorter normalized fiber excursion in pregan-

glionic (0.445 ± 0.123, p= 0.0163) and postganglionic neurectomy

groups (0.432 ± 0.186, p= 0.00990) compared with control

(0.632 ± 0.161), with medium effect sizes (Figure 7). Injury location

had a small mean effect on excursion with confidence intervals

containing zero for all other actuators (Figure 7).

Superimposition of muscle fiber excursions on a normalized

force–length curve revealed that all muscles chosen for this analysis

(except subscapularis) accessed regions of the curve that overlapped

among surgical intervention groups (Figure 8).

4 | DISCUSSION

The objective of this study was to develop an integrated experi-

mental and computational technique for measuring functional

movement, and to investigate the effect of brachial plexus injury

location on functional movement outcomes in a rat model of BPBI. To

this end, we developed a musculoskeletal model of the rat forelimb,

adapted the model to animal‐specific muscle architecture para-

meters, and simulated locomotion using animal‐specific limb posture

F IGURE 5 Sagittal plane joint angle
trajectories during functional movement (left),
with mean (lines) and standard deviation
(shaded bands) of limb postures shown for
stance and swing phases. T‐value trajectories
from SPM corresponding to joint angle
trajectory plots (right); shaded areas indicate
significant differences in limb posture, and
dotted lines represent the significance
threshold (α=0.05). Limb posture differences
are shown for control and preganglionic
neurectomy groups at the shoulder (A,B) and
elbow (C,D), and for preganglionic and
postganglionic neurectomy groups at the
elbow (E,F). SPM, statistical parametric
mapping
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from gait analysis. We analyzed the effect of injury location on

functional limb postures and functional use of muscles typically

affected by BPBI.

Gait analysis revealed a more pronounced impact on limb pos-

ture following preganglionic brachial plexus injury than post-

ganglionic injury. During both swing and stance, elbow flexion in rats

with preganglionic neurectomy was smaller than that observed in

control and postganglionic neurectomy groups. Reduced elbow

flexion following preganglionic neurectomy is consistent with passive

contractures observed in mouse models of BPBI.10 The effect of

BPBI on shoulder movement is less straightforward: for the same

rats, Dixit et al.12 reported passive shoulder contracture following

postganglionic neurectomy, whereas we only found significant

functional differences following preganglionic neurectomy. The

effect size of −1.35 [−2.62,−0.07] for comparison of duty factor

suggests that there may be a difference between control and post-

ganglionic neurectomy groups that this study was not powered to

detect. Further investigation revealed no significant linear relation-

ship between passive and functional shoulder ROM. We conclude

that the passive external rotation shoulder ROM is not an effective

predictor of functional shoulder protraction performance in rat

models of BPBI. Across limb postures, differences due to pregan-

glionic injury primarily presented during late‐stance and early‐swing

(i.e., centered around toe‐off). This coincides with the portion of gait

where loads on the limb are highest. Given that rats with pregan-

glionic neurectomy also spent significantly less time in stance, we

suspect that altered shoulder movement patterns and reduced elbow

flexion are compensatory mechanisms to manage limb loading fol-

lowing preganglionic injury. The existence of compensatory me-

chanisms might also explain the variability in kinematics seen in both

neurectomy groups; individual strategies to manage limb loading

would result in less consistent joint kinematics for the group, espe-

cially at the elbow.

The more pronounced impact on limb posture following preg-

anglionic neurectomy is consistent with the more severe alterations

to muscle architecture following this injury.12 A study reporting

qualitative changes to limb posture following preganglionic BPBI

consistent with those observed in this study attributed the observed

changes to weakness of the shoulder and forelimb, as motor co-

ordination was found to be unimpaired.8 For passive movement,

shoulder internal rotation and elbow flexion contractures have fre-

quently been attributed to impaired longitudinal muscle growth.10

However, we found that normalized muscle fiber excursions did not

differ significantly between surgical intervention groups, even in

muscles for which longitudinal muscle growth was significantly re-

stricted, as documented by reduced optimal muscle length in the

neurectomy‐impaired limb compared with the contralateral limb.12

Further investigation revealed that when superimposed on a

F IGURE 6 Linear regression between functional shoulder
protraction and passive shoulder external rotation range of motion
(ROM) across animals. r2 = 0.0614, slope p= 0.322

F IGURE 7 Effect sizes with 95%
confidence intervals for the effect of injury
location on normalized muscle fiber
excursions, estimated using Hedges's d
statistic. Negative effect sizes indicate that the
treatment (listed as the former of the
comparison) had a lower mean normalized
muscle fiber excursion. *p < 0.05
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normalized force–length curve, most neurectomy‐impaired muscle

fibers with these significant optimal muscle length differences ac-

cessed regions of the normalized force–length curve that overlapped

with the control group.12 Given that functional limb postures are

clearly different following BPBI, these differences likely reflect

compensatory mechanisms employed during locomotion to retain

consistent access to muscle excursion regions. Altered joint angle

patterns in impaired animals may be strategic to achieve stable gait or

comfort. We conclude that the observed differences in functional

limb posture are not dictated by altered muscle architecture alone,

but rather a result of the coupled effects of altered muscle archi-

tecture and altered motor control strategy. Our findings suggest the

likely presence of compensatory motor control strategies during lo-

comotion following BPBI.

Considering the effect of BPBI on the central nervous system is

important for contextualizing the notion of altered motor control.

Studies in human patients have demonstrated significant neuroplastic

changes following birth and traumatic brachial plexus injuries.43

In young BPBI patients, use of the affected hand was found to elicit

more sensorimotor cortex activity than use of the unaffected hand,

suggesting recruitment of contralateral pathways as compensation

for ipsilateral developmental disruption.44 Interestingly, cortical ac-

tivity in associative motor regions was weaker in adult BPBI patients

when observing able‐bodied subjects performing actions; this pro-

tocol eliminates compensatory muscle activation.45 Similarly, the

supplementary motor area of adult brachial plexus injury patients

displayed nearly no activation during motor imagery tasks involving

fingers of the affected limb.46 These patterns might suggest that

when the affected limb is in use, there is neural compensation that is

otherwise absent during observation or imagery tasks. These patterns

of cortical reorganization further support the notion that compen-

satory motor control may play a role in rat gait following BPBI. Da-

mage to the brachial plexus may also involve remodeling of the spinal

cord and peripheral sensory pathways; further investigation, in both

animal models and human patients, into the activation of muscles

crossing the shoulder during functional movement and the effect of

F IGURE 8 Functional movement
excursions averaged by group and
superimposed on normalized force–length
curves. Dotted black lines represent the
normalized force–length curve based on
sarcomere lengths in literature.36 Stacked,
solid gray lines represent the group‐averaged
range of normalized muscle fiber lengths
during a single gait cycle (bottom: control;
middle: preganglionic; top: postganglionic).
Solid black lines represent standard deviations.
Ten muscle‐tendon actuators represent seven
muscles for which the group‐averaged optimal
muscle length of the neurectomy‐impaired
limb was significantly shorter than that of the
contralateral limb
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injury on sensory pathways may elucidate the mechanisms dictating

motor control following BPBI.

An important exception to the observed trend of overlapping

excursions noted above is the subscapularis. The subscapularis

plays an important role in elevation and internal rotation of the

shoulder,47,48 and subscapularis impairment is considered a main

contributor to passive shoulder contracture.9,10 Our results indicate

that this muscle is affected both architecturally and functionally by

BPBI. Appearance of subscapularis excursions on the descending

region of the normalized force–length curve suggests a severity in

subscapularis atrophy that makes the muscle particularly amenable to

stretching.

The clinical implications of our findings support emphasis on

movement analysis during functional tasks in treating BPBI. Following

diagnosis, initial management of BPBI (at 2–3 weeks of age) typically

comprises passive exercises aimed at preventing contracture and

cortically reintegrating the affected limb.49,50 In follow‐up visits, in-

fants are assessed for spontaneous biceps recovery, internal rotation

contracture, and glenohumeral congruency.49 In typical cases of

spontaneous biceps recovery at 3 months of age, conservative

treatment methods (such as passive and active mobilization exercises,

sensory stimulation, and bimanual activities) are employed in place of

surgery.50 While further outcome assessment encompasses numer-

ous methods, documented consensus is that ROM should be mea-

sured for passive and active joint movement and the Mallet score

(which evaluates five functional movements) should be determined.51

It has been noted that as infants with BPBI gain intentional voluntary

control, they may experience “learned non‐use” of the affected side;

they rely on contralateral capabilities even when ipsilateral function

improves over time.44 Emphasis on complex functional tasks in

therapy may optimize cortical reintegration of the affected limb. Gi-

ven that passive functionality may not be an effective predictor of

functional performance, functional movement analysis may reveal

information that passive outcomes alone cannot. Furthermore, the

observed variability in individual kinematics coupled with the likely

presence of compensatory motor control strategies following BPBI

suggest that clinical evaluation of functional performance during

complex functional tasks can elucidate mechanisms contributing to

individual neuromotor and musculoskeletal deficits. Finally, given that

functional ROM determines joint loading and subsequent joint de-

velopment, our findings support existing therapeutic and assessment

strategies that focus on restoration of functional ROM in addition to

passive ROM.

Limitations of this study should be considered. Muscle pennation

angle, set to zero due to its minimal effect on PCSA,31 may affect

fiber excursion. For comparison of the same muscles between sur-

gical intervention groups, however, we considered this effect negli-

gible. Limb posture extraction and simulation was done in a single

plane; although limited movement of the unimpaired rat forelimb

has been documented in other planes during locomotion,29

three‐dimensional functional movement analysis may be advanta-

geous in future studies. Identification of the shoulder rotation center

during gait analysis can be challenging due to skin and other tissues,

which may introduce error in limb posture measurements. However,

movement of the limb in gait videos more clearly reveals the center

of rotation than is apparent from a static frame. Our analysis was

performed 8 weeks postnatally, at which point deformity is well‐

established.19 Musculoskeletal deformities associated with BPBI

progress with age,13 and injury location is known to have an effect on

recovery7; future studies will evaluate functional performance at

multiple postnatal time points. While individual muscle architecture

measurements are reflected in the musculoskeletal models developed

in this study, the same, unimpaired skeletal structure was used for all

models: models were neither scaled to represent individual limb

lengths nor adjusted to account for glenohumeral deformation in-

troduced by BPBI. Future studies should consider the coupled effects

of muscular and osseous deformities. Muscle fiber excursions were

calculated using joint kinematics and muscle length properties; force

production properties of muscles were not considered, and passive

forces reflected here may underestimate the true value. Force pro-

duction is important when considering joint loading during functional

movement. Finally, differences between rodent and human shoulder

anatomies must be considered when translating results to clinical

applications. While musculoskeletal response to BPBI is very similar

in rodent and human shoulders,9,13 this response is not identical. The

rat shoulder is permanently weight‐bearing whereas the human

shoulder is only weight‐bearing during the first year of life, when

infants crawl. However, our previous work has demonstrated that

computational rodent models simulated with experimental data re-

produce loading orientations and muscle behaviors observed in

computational human models of BPBI simulated with clinical data.

Furthermore, simulations in rodent BPBI models of glenohumeral

development using these joint loads to directly drive simulated bone

growth predict rat glenoid morphology that both replicates experi-

mental micro‐CT scans and results in deformities similar to those

observed in humans.35,52,53

The key contributions of this study are the development

of a musculoskeletal model of the rat forelimb and detailed insight into

the effects of preganglionic and postganglionic BPBI on functional limb

movement. This study offers new information regarding the effect of

injury location on limb posture during locomotion. Our findings suggest

that compensatory motor control strategies may account for significant

changes to functional outcomes following BPBI. Our noninvasive fra-

mework integrating musculoskeletal modeling with gait analysis to

identify temporal regions of significant differences can be extended to

assess the progression of injury and recovery, as well as the effective-

ness of treatments for BPBI, among other upper limb neuromuscu-

loskeletal injuries.
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