m bioengineering

Article

Experimental Biomechanics of Neonatal Brachial Plexus
Avulsion Injuries Using a Piglet Model

Anita Singh 1-*{, Kalyani Ghuge !, Yashvy Patni 2 and Sriram Balasubramanian

check for

updates
Academic Editors: Rui B. Ruben,
Marta Carvalho and Olfa Trabelsi

Received: 19 December 2024
Revised: 16 January 2025
Accepted: 17 January 2025
Published: 20 January 2025

Citation: Singh, A.; Ghuge, K.; Patni,
Y.; Balasubramanian, S. Experimental
Biomechanics of Neonatal Brachial
Plexus Avulsion Injuries Using a
Piglet Model. Bioengineering 2025, 12,
91. https://doi.org/10.3390/
bioengineering12010091

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

3

Bioengineering Department, Temple University, Philadelphia, PA 19122, USA;
kalyani.prabhakar.ghuge@temple.edu

2 North Creek High School, Bothell, WA 98012, USA; 1077559@apps.nsd.org

School of Biomedical Engineering, Science and Health Systems, Drexel University,
Philadelphia, PA 19104, USA; sb939@drexel.edu

*  Correspondence: anita.singh0001@temple.edu

Abstract: Background: A brachial plexus avulsion occurs when the nerve root separates
from the spinal cord during birthing trauma, such as shoulder dystocia or a difficult vaginal
delivery. A complete paralysis of the affected levels occurs post-brachial plexus avulsion.
Despite being reported in 10-20% of brachial plexus birthing injuries, it remains poorly
diagnosed during the acute stages of injury, leading to poor intervention approaches.
The poor diagnosis of brachial plexus avulsion injury can be attributed to the currently
unavailable biomechanics of brachial plexus avulsion. While the biomechanical properties
of neonatal brachial plexus are available, the forces required to avulse a neonatal brachial
plexus remain unknown. Methods: This study aims to provide detailed biomechanics
of the required forces and corresponding strains for neonatal brachial plexus avulsion.
Biomechanical tensile testing was performed on an isolated, clinically relevant piglet spinal
cord and brachial plexus complex, and the required avulsion forces and strains were
measured. Results: The reported failure forces and corresponding strains were 3.9 + 1.6 N
at a 27.9 + 6.5% strain, respectively. Conclusion: The obtained data are required to
understand the avulsion injury biomechanics and provide the necessary experimental data
for computational model development that serves as an ideal surrogate for understanding
complicated birthing injuries in newborns.

Keywords: avulsion; neonatal; brachial plexus; biomechanics; strain; load; stretch;
palsy; birthing

1. Introduction

Spinal nerve root avulsions are reported in 2% to 5% of brachial plexus injuries
(BPIs) [1]. The reported spinal nerve root avulsions can cause concomitant spinal cord
injury (SCI) that is often misdiagnosed in clinical settings [2-5]. The inaccurate or delayed
diagnosis of concomitant SCI can be attributed to the lack of understanding of the biome-
chanics of root avulsion injuries, thereby leading to limited options for acute treatment.

Brachial plexus (BP) originates from the ventral rami of C5 through T1 spinal nerves
and is a complex network of nerves transmitting motor and sensory signals to the upper
extremities, including the shoulder, arm, and hand [6-9]. Brachial plexus injuries, resulting
from accidents/trauma in adults to complicated birthing in newborns, qualify as one
of the most debilitating injuries affecting the upper extremities [10]. Types of reported
BPIs include overstretched BP, pre-ganglionic or post-ganglionic BP ruptures, BP root
avulsion injuries, or combined injuries. BP avulsion occurs when the roots of a BP nerve are
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completely separated from the spinal cord due to overstretching or traction forces applied
on the BP in response to overextension of the neck [11]. While the events leading to BP
injuries, such as the separation of the head and the shoulder of the subject during the upper
lesion (Erb’s palsy) and upper limb forcefully abducting above the head during the lower
lesion (Klumpe’s Palsy), are well described, the biomechanical responses of BP during these
injuries remains poorly understood [12]. Furthermore, there is limited literature available
on the failure responses during BP rupture and avulsion injuries; they are reported only
in adult human cadaveric and animal studies. The biomechanics of avulsion injuries in
neonates remain unknown [13]. Additional studies are needed to provide insight into
the biomechanics of neonatal BP root avulsion injuries since the forces responsible for BP
avulsion injuries might also be responsible for concomitant SCI and are critical not only for
developing injury prevention strategies but also for proper injury management in neonates.

The current literature on the tensile biomechanical response of the human BP tissue
is limited to adult human cadaveric tissues [14-19]. Furthermore, most animal studies
have also reported failure load data in small adult animal models, including rats and
rabbits [20-25]. Although the available studies provide a framework for understanding the
BP’s mechanical failure response when subjected to stretch, the reported values are primar-
ily reported in adult human and small animal models. No studies have been performed
in neonates. The available studies have reported that neonatal nerves are immature, with
thinner axons and less myelination [26,27]. These attributes might contribute to differences
in the biomechanical properties of peripheral nerves in neonates.

In neonates, brachial plexus avulsion occurs when the nerve root separates from
the spinal cord during birthing trauma, including an obstructed vaginal delivery such
as shoulder dystocia [28,29]. A complete paralysis of the affected levels occurs post-BP
avulsion. Despite being reported in 10-20% of brachial plexus birthing injuries, such
injuries remain poorly diagnosed during the acute stages, leading to poor intervention
approaches [30]. Furthermore, since concomitant SCI can also occur during BP avulsion
injuries, understanding the biomechanics of neonatal brachial plexus avulsion injuries is
critical for not only proper prognosis but also for optimal treatment strategy. The ethical
limitations associated with conducting experiments using human neonatal tissue warrant
studies in neonatal animal models, preferably a large animal model, to serve as promising
surrogates that can help understand the biomechanics of neonatal BP avulsion injuries.
This study aims to fill this critical research gap by providing detailed biomechanics of the
required forces and corresponding strains for neonatal brachial plexus avulsion injuries
using a large neonatal piglet animal model.

2. Materials and Methods

In this in vitro study, a total of six spinal cord segments (C3-T2) with intact bilateral
brachial plexus complexes were obtained from six normal neonatal piglets (3-5 days old)
immediately post-partum. A summary of the study flow is shown in Figure 1.

Spinal cord and bilateral BP complex harvested per the
approved IACUC protocol

4

Avulsion testing performed using the custom-built
mechanical set-up

9

Strain analysis performed on the markers using the
DLTdv technique

A 4

Avulsion strains and loads summarized for upper
middle and lower trunks of BP complex

Figure 1. Study flowchart detailing a summary of the steps involved in this study.
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2.1. Tissue Harvesting

The Institutional Animal Care and Use Committee (IACUC) approved all the surgical
procedures used in this study. All euthanasia procedures were conducted humanely and in
accordance with the AVMA Panel on Euthanasia guidelines and per the approved protocol
using an overdose of euthasol (0.4 mL/kg). Immediately post-euthanasia, the spinal cord
at C3-T3 levels was exposed using the posterior approach. Briefly, a midline incision was
made over the cervical and upper thoracic spine. The muscles and soft tissue were retracted
to expose the spinous processes at the C3-12 cervical and thoracic spinal levels. The lamina
was then removed, and the spinal cord was exposed after removing the ligamentum flavum
and the underlying epidural fat. The animal was then placed in a supine position to expose
the brachial plexus bilaterally. With the upper limbs in abduction, the axillary region was
exposed by making a midline incision through the skin and fascia overlying the trachea
down to the upper third of the sternum. The superior and inferior flaps were released
using blunt dissection, and the cervical and thoracic segments of the entire BP complex
were exposed. The intact BP complexes were then isolated from the surrounding muscles
and connective tissues and carefully examined to locate the bifurcations of the BP division
segment (M shape). BP segments were then identified relative to these bifurcations. The
segments closer to the spine were identified as the root/trunk, and those below these
bifurcations were identified as the cord /nerve segments. The spinal cord and the bilaterally
attached BP segments until the terminal nerve branches were carefully harvested and
preserved in phosphate-buffered saline until testing, which was performed within two
hours after tissue harvest.

2.2. Test Apparatus

Biomechanical avulsion testing was performed using a custom-built mechanical testing
setup that consisted of a linear actuator (to subject stretch on BP segment), a load cell (to
measure the mechanical load sustained during avulsion injury), a clamp (to secure the
BP tissue to the actuator), and a 3D imaging system (to measure in situ strain on the BP
segment during stretch), as shown in Figure 2 [31].

] Load Cell

Actuator

\ Clamp

Control Box

©ccoo Q | - 3D Camera
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Figure 2. Biomechanical testing setup details. The custom-built setup includes a control box, load

[

cell, actuator, and clamps. A 3D camera system placed above the testing sample acquired the images
for the strain analysis.

An 8 x 8-inch aluminum square anchored to a cart served as the base support for the
apparatus. A two-foot-tall pole was threaded into the aluminum base with a connecting unit
attached at the top. This connecting unit could swivel and was linked to the linear-moving
actuator, enabling both angular and linear measurements of the actuator’s movement. The
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apparatus was designed to allow free adjustment to accommodate varying sample sizes. A
load cell was integrated between the linear actuator and clamps to record force data [21].

The stereo imaging system employed a ZED Mini camera positioned above the me-
chanical setup. This passive stereo camera comprises two horizontally aligned lenses
separated by 63 mm. The 3D points of the sample displacement were obtained from both
the left and right lenses, and the direct linear transformation method was used to calculate
nerve displacement data [32].

2.3. Biomechanical Testing

Two custom-built clamps were used to secure the isolated spinal cord at both ends
while nerve root avulsion testing was performed. The three identified upper, middle, and
lower BP trunks (upper, middle, and lower) were then prepared for testing by isolation and
clamping. The clamped BP segment, including the roots and the trunk, and the adjacent
spinal cord tissue were then marked with Indian ink while utilizing a grid to ensure
consistency among the various tests, and the ZED Mini stereo camera was positioned above
them to capture images of these markers during the stretch (Figure 3). These images were
later analyzed to determine the in situ tissue strain during stretch.

N [5G |

.\‘ BTachlal Plexus
| ::E j f

OUeTll 556
@@ g %@‘
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Figure 3. Biomechanical testing of the spinal cord-BP complex. Ink markers placed on the spinal

amps,

duw

cord adjacent to the rootlets and root/trunk segment of the BP were tracked for strain analysis.

Data recording and triggering the mechanical setup and camera were managed using
customized MATLAB code. The actuator stretched the BP root/trunk segments at a rate
of 500 mm /min until complete failure occurred based on previously reported studies [31].
Load and displacement data were recorded at 1000 Hz, while images were captured at
100 frames per second (FPS). After the test, the clamps were loosened to inspect whether
the tissue had experienced avulsion or if any nerve slippage from the clamps had occurred.
Only data obtained from successfully avulsed samples were analyzed.

2.4. Data Analysis

Strain analysis was performed using the DLTdv Digitizing tool, and the displacements
of the markers in two dimensions were obtained from the left and right lenses of the ZED
Mini stereo camera. Using the DLT calibration coefficients, 3D points were calculated
from the image tracking of the 2D image points. Then, an open source MATLAB code,
DLTcal5.m [33], was used to calibrate the ZED Mini using the DLT calibration method [32].
Then, a MATLAB (Version 9.7) code was used to import the dataset and calculate the length
of the BP segment (I), defined as the section between the insertion and the clamp. The
distance (I;) between each adjacent marker at each time point (i) during the tensile testing
was calculated using Equation (1).

li= \/(xzi —x11)? + (Vai — y1:)* + (z2i — 211)° 1)
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In this equation, /; is the distance between two markers at any time point (i) during
the tensile testing. x1, y1, and z; are the 3D set of points marking distance at the previous
time point (Figure 3). x2, y2, and z; are the 3D set of points marking the distance at the time
point considered. The change in lengths between time points (Al;) can be calculated using
Equation (2).

Al; =1; -1y ()

Here, [; is the distance at the chosen time interval, and [ is the distance at the initial
time point. Using the result from this equation, the percent strain of the clamped nerve was
determined (Equation (3)). This characterized the percentage change in length at any two
of the time intervals chosen.

percent strain = Al—éi x 100 3)

The displacement, load, image, and time data were recorded synchronously and
used to plot the load vs. time and strain vs. time plots. The maximum load and the
corresponding strain were identified from these plots. The changes in structural integrity
and failure location (proximal, mid-length, distal) of the tested tissue were determined
using the images obtained from the camera. Non-avulsion testing was excluded from this
study.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS software (Version 29.0.2.0, Chicago, IL,
USA). Values for maximum load and corresponding strains for each of the three tested
BP trunk levels (upper, middle, and lower) were expressed as mean =+ standard deviation
(mean =+ Stdev). The normality of the data was assessed before applying the appropriate
statistical tests. Based on the observed normality, the data were compared using a one-way
ANOVA followed by pairwise comparisons conducted using independent t-tests. A p value
less than 0.05 was considered significant.

3. Results

Out of 36 tested samples, 2 samples slipped during tensile testing and were excluded
from the data analysis. In the remaining 34 samples, 80% reported avulsion injuries, and
others were ruptured at the clamp. A total of eight avulsion injuries were reported in the
upper trunk, ten in the middle trunk, and nine in the lower trunk BP segments.

The reported average and standard deviation values for the maximum load and
corresponding strain are summarized in Table 1.

Table 1. Avulsion strains and loads values (average + standard deviation (Stdev)) reported from
in vitro tensile testing of spinal cord—BP complex.

Avulsion Strain (%) Avulsion Load (N)
Total # of Samples
Average Stdev Average Stdev
27 27.9 6.5 3.9 1.6

The avulsion strain and loads reported from the biomechanical tensile testing of the
piglet spinal cord and BP trunk complex are shown in Figures 4 and 5. Strain analysis
reported avulsion strains of 31.1 & 5.73% for the upper trunk (n = 8), 25.2 £ 5.43% for
the middle trunk (n = 10), and 28.0 £ 8.54% for the lower trunk (n = 9) BP segments. No
significant differences in the avulsion strains were reported between the three tested levels.
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Avulsion Strains (%)
40.0
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Figure 4. Avulsion strains (%) reported in the tested upper, middle, and lower trunks of the
BP segments.

Avulsion Loads (N)
10.0 *

[ |

5.0 - i
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Figure 5. Avulsion loads (N) reported in the tested upper, middle, and lower trunks of the BP
segments. *: p < 0.05 indicates a significant difference between the groups.

The avulsion loads reported in the upper, middle, and lower trunks of the BP segments
were2.4+ 056 N (n=8),41 £ 1.1N (10),and 54 £ 1.9 N (n =9), respectively. Significantly
higher avulsion loads were reported in the lower trunk BP segments when compared to the
upper trunk BP segments. No other differences were found in the avulsion loads between
the other tested BP trunk segments. The observed higher avulsion loads in the BP upper
trunk segment can be attributed to the anatomical characteristics of the BP complex.

4. Discussion

The accurate diagnosis of traumatic BP avulsion injury is often delayed due to a
poor understanding of the biomechanics of such injuries. Although the available adult
human cadaveric and small animal studies provide a framework for understanding the BP’s
mechanical failure responses when subjected to stretch, the reported values for BP avulsion
injuries in neonates remain unknown. Such data are critical to developing preventative
and interventional strategies.

The available human and animal studies provide a wide range of average failure force
and average elongation in an intact BP complex when stretched. Human studies have
reported the failure load and strain of BP when stretched at 200 mm/min to be 630 N
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(range: 365-807 N) and 37% (range: 23-53.5%), respectively [16]. Since BP injuries can be
rupture, avulsion, or combination, studies have also reported factors that affect the injury
type (i.e., avulsion or rupture). One such reported factor was the loading direction that
affected the type of injury in an intact BP complex. When stretching intact BP complexes
perpendicular to the midline of the spine, the loading force resulted in a weakening of
the connections between the epineurium and transverse processes, making the intact BP
complex more vulnerable to avulsion-type injuries (88%) at the nerve root levels [16,34]. In
the current study, the trunk was clamped and stretched perpendicular to the midline of the
spine. Avulsion injuries were reported in 80% (27/34) of cases. While the percentages of the
observed injury type between the previously reported and current studies are similar, with
88% and 80% of avulsion-type injuries, respectively, the reported failure load in the current
study is several folds lower, with a reported avulsion load of 3.9 & 1.6 N at 27.9 &+ 6.9%
strain. The lower avulsion load and strain values can be attributed to species-specific and
age-specific differences. Previous studies have reported higher ultimate load and stress
in human cadaveric tissue when compared to adult animal models, with failure loads
being 16.9 & 2.7 N and strain 24.0 &+ 1.1% in an adult rabbit animal model [35]. Also,
age-dependent differences have been confirmed, such that the ultimate stress of an adult
(age range: 20-69 years) sciatic is 1.28 & 0.016 kg/mm? compared to adolescents (age
range: 0-19 years) at 1.14 £ 0.035 kg/mm? and in neonates (age range: one month) at
0.96 + 0.026 kg/mm? [36].

In an animal study, Takai et al. (2002) studied the lower BP trunk of an adult rabbit
animal model. The trunk was stretched to failure at a rate of 10 mm/min [35]. The reported
average values for maximum tensile force, ultimate tensile stress, ultimate strain, and
elastic modulus were 16.9 + 2.7 N, 6.9 + 0.39 MPa, 24.0 £+ 1.1%, and 28.5 + 1.8 MPa,
respectively [35]. The reported values for avulsion loads and strains of the lower trunk
in the current study are 5.4 & 1.9 N and 28.0 & 8.5%, respectively. While similar failure
strain values are reported, the failure load values are much lower in the neonatal animal
model when compared to the adult animal model. These findings align with the previously
reported age-specific differences.

The current study is the first to report avulsion injury forces and strains in a neonatal
animal model. Such information is critical for understanding the injury mechanisms that
contribute to the effective management of the incidence of neonatal avulsion injuries.
The ethical limitations associated with conducting experiments using human neonatal
tissue warrant the development of novel methodologies to investigate neonatal BP tensile
biomechanical properties. Studies using neonatal large animal models serve as promising
surrogates. Singh et al. (2018), using a neonatal piglet animal model (3-5 days old), reported
the biomechanical properties of various BP segments [21]. This study further utilizes the
approach to report avulsion forces and strain in the neonatal BP—spinal cord complex.
Data obtained from these studies not only provide a comprehensive understanding of
the neonatal BP and associated spinal cord responses to tensile stretch but are also very
critical to the development of existing computational models that serve as a promising
surrogate for understanding complicated birthing scenarios that lead to brachial plexus
injuries in neonates [37,38]. Future studies can focus on loading directions and underlying
molecular mechanisms of avulsion injuries. The findings from these studies can directly
impact clinical practice by guiding the development of prevention and treatment strategies
for neonatal delivery-related injuries.

Author Contributions: Conceptualization, A.S.; methodology, A.S.; software, Y.P,; validation, A.S., Y.P.
and S.B.; formal analysis, Y.P.; investigation, A.S. and Y.P,; resources, A.S.; data curation, Y.P; writing—
original draft preparation, K.G.; writing—review and editing, A.S., Y.P,, K.G. and S.B.; visualization,



Bioengineering 2025, 12, 91 80f9

K.G. and A.S; supervision, A.S. and S.B.; project administration, A.S.; funding acquisition, A.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research and the APC were funded by the Eunice Kennedy Shriver National Institute
of Child Health and Human Development of the National Institutes of Health under grant numbers
R15HD093024, RO1IHD104910A, and NSF CAREER grant number #1752513.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of Drexel University (protocol code LA-24-059 approved on
16 May 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: Due to privacy/ethical restrictions, the data can only be made available
upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Nordin, L; Sinisi, M. Brachial plexus-avulsion causing Brown-Sequard syndrome: A report of three cases. |. Bone Jt. Surg. Br.
2009, 91, 88-90. [CrossRef] [PubMed]

2. Akita, S.; Wada, E.; Kawai, H. Combined injuries of the brachial plexus and spinal cord. ]. Bone Jt. Surg. Br. 2006, 88, 637-641.
[CrossRef] [PubMed]

3.  Grundy, D] Silver, ].R. Combined brachial plexus and spinal cord trauma. Injury 1983, 15, 57-61. [CrossRef]

4. Roaf, R. Lateral flexion injuries of the cervical spine. |. Bone Jt. Surg. Br. 1963, 45, 36-38. [CrossRef]

5. Russell, N.A,; Mangan, M.A. Acute spinal cord compression by subarachnoid and subdural hematoma occurring in association
with brachial plexus avulsion. Case report. J. Neurosurg. 1980, 52, 410-413. [CrossRef] [PubMed]

6. Warade, A.C,; Jha, AK,; Pattankar, S.; Desai, K. Radiation-induced brachial plexus neuropathy: A review. Neurol. India 2019, 67,
547-552. [CrossRef]

7. Mahan, M.A. Nerve stretching: A history of tension. . Neurosurg. 2020, 132, 252-259. [CrossRef] [PubMed]

8.  Glover, N.M.; Black, A.C.; Murphy, P.B. Anatomy, Shoulder and Upper Limb, Radial Nerve. In StatPearls; StatPearls: Treasure
Island, FL, USA, 2024.

9.  Becker, R.E.; Manna, B. Anatomy, Shoulder and Upper Limb, Ulnar Nerve. In StatPearls; StatPearls: Treasure Island, FL, USA,
2024.

10. Brand, M.C. Part 1: Recognizing neonatal spinal cord injury. Adv. Neonatal. Care 2006, 6, 15-24. [CrossRef]

11.  Moran, S.L.; Steinmann, S.P,; Shin, A.Y. Adult brachial plexus injuries: Mechanism, patterns of injury, and physical diagnosis.
Hand Clin. 2005, 21, 13-24. [CrossRef] [PubMed]

12.  Li, H.; Chen, J.; Wang, ].; Zhang, T.; Chen, Z. Review of rehabilitation protocols for brachial plexus injury. Front. Neurol. 2023, 14,
1084223. [CrossRef]

13. Davis, D.; Roshan, A.; Varacallo, M. Shoulder Dystocia. In StatPearls; StatPearls: Treasure Island, FL, USA, 2024.

14. Destandau, J.; Micallef, ].P.; Rabischong, P. An experimental study of traction on the cervical spinal nerves. Surg. Radiol. Anat.
1986, 8, 197-204. [CrossRef] [PubMed]

15. Zapatowicz, K.; Radek, A. Mechanical properties of the human brachial plexus. Neurol. Neurochir. Pol. 2000, 34 (Suppl. 6), 89-93.
[PubMed]

16. Zapatowicz, K ; Radek, A. Experimental investigations of traction injury of the brachial plexus. Model and results. Ann. Acad.
Med. Stetin. 2005, 51, 11-14. [PubMed]

17. Ma, Z.; Hu, S;; Tan, ].S.; Myer, C.; Njus, N.M.; Xia, Z. In vitro and in vivo mechanical properties of human ulnar and median
nerves. . Biomed. Mater. Res. Part A 2013, 101, 2718-2725. [CrossRef]

18. Zapatowicz, K.; Radek, M. The distribution of brachial plexus lesions after experimental traction: A cadaveric study. |. Neurosurg.
Spine 2018, 29, 704-710. [CrossRef]

19. Stouthandel, M.E].; Vanhove, C.; Devriendt, W.; De Bock, S.; Debbaut, C.; Vangestel, C.; Van Hoof, T. Biomechanical comparison
of Thiel embalmed and fresh frozen nerve tissue. Anat. Sci. Int. 2020, 95, 399—407. [CrossRef] [PubMed]

20. Kawai, H.; Ohta, I.; Masatomi, T.; Kawabata, H.; Masada, K.; Ono, K. Stretching of the brachial plexus in rabbits. Acta Orthop.
Scand. 1989, 60, 635-638. [CrossRef] [PubMed]

21. Singh, A.; Shaji, S.; Delivoria-Papadopoulos, M.; Balasubramanian, S. Biomechanical Responses of Neonatal Brachial Plexus to

Mechanical Stretch. J. Brachial Plex. Peripher. Nerve Inj. 2018, 13, e8—el4. [CrossRef] [PubMed]


https://doi.org/10.1302/0301-620X.91B1.21668
https://www.ncbi.nlm.nih.gov/pubmed/19092010
https://doi.org/10.1302/0301-620X.88B5.17175
https://www.ncbi.nlm.nih.gov/pubmed/16645111
https://doi.org/10.1016/0020-1383(83)90164-X
https://doi.org/10.1302/0301-620X.45B1.36
https://doi.org/10.3171/jns.1980.52.3.0410
https://www.ncbi.nlm.nih.gov/pubmed/7359198
https://doi.org/10.4103/0028-3886.250704
https://doi.org/10.3171/2018.8.JNS173181
https://www.ncbi.nlm.nih.gov/pubmed/30641829
https://doi.org/10.1016/j.adnc.2005.11.001
https://doi.org/10.1016/j.hcl.2004.09.004
https://www.ncbi.nlm.nih.gov/pubmed/15668062
https://doi.org/10.3389/fneur.2023.1084223
https://doi.org/10.1007/BF02427849
https://www.ncbi.nlm.nih.gov/pubmed/3099411
https://www.ncbi.nlm.nih.gov/pubmed/11452861
https://www.ncbi.nlm.nih.gov/pubmed/16519090
https://doi.org/10.1002/jbm.a.34573
https://doi.org/10.3171/2018.5.SPINE171148
https://doi.org/10.1007/s12565-020-00535-1
https://www.ncbi.nlm.nih.gov/pubmed/32144646
https://doi.org/10.3109/17453678909149592
https://www.ncbi.nlm.nih.gov/pubmed/2624080
https://doi.org/10.1055/s-0038-1669405
https://www.ncbi.nlm.nih.gov/pubmed/30210576

Bioengineering 2025, 12, 91 90f9

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

Singh, A.; Lu, Y,; Chen, C.; Cavanaugh, ].M. Mechanical properties of spinal nerve roots subjected to tension at different strain
rates. J. Biomech. 2006, 39, 1669-1676. [CrossRef]

Majmudar, T.; Balasubramanian, S.; Magee, R.; Gonik, B.; Singh, A. In-vitro stress relaxation response of neonatal peripheral
nerves. J. Biomech. 2021, 128, 110702. [CrossRef]

Singh, A. Extent of impaired axoplasmic transport and neurofilament compaction in traumatically injured axon at various strains
and strain rates. Brain Inj. 2017, 31, 1387-1395. [CrossRef]

Singh, A.; Kallakuri, S.; Chen, C.; Cavanaugh, ].M. Structural and functional changes in nerve roots due to tension at various
strains and strain rates: An in-vivo study. J. Neurotrauma 2009, 26, 627-640. [CrossRef] [PubMed]

Pratt, H.; Amlie, R.N.; Starr, A. Short latency mechanically evoked peripheral nerve and somatosensory potentials in newborn
infants. Pediatr. Res. 1981, 15 Pt 1, 295-298. [CrossRef] [PubMed]

Malik, S.; Bhandekar, H.S.; Korday, C.S. Traumatic peripheral neuropraxias in neonates: A case series. J. Clin. Diagn. Res. 2014, 8,
PD10-PD12. [CrossRef] [PubMed]

Orozco, V.; Balasubramanian, S.; Singh, A. A Systematic Review of the Electrodiagnostic Assessment of Neonatal Brachial Plexus.
Neurol. Neurobiol. 2020, 3, 1-25. [CrossRef]

Orozco, V.; Magee, R.; Balasubramanian, S.; Singh, A. A Systematic Review of the Tensile Biomechanical Properties of the
Neonatal Brachial Plexus. J. Biomech. Eng. 2021, 143, 110802. [CrossRef] [PubMed]

Abid, A. Brachial plexus birth palsy: Management during the first year of life. Orthop. Traumatol. Surg. Res. 2016, 102 (Suppl. 1),
5125-5132. [CrossRef] [PubMed]

Singh, A.; Magee, R.; Balasubramanian, S. Methods for In Vivo Biomechanical Testing on Brachial Plexus in Neonatal Piglets.
J. Vis. Exp. 2019, 154, 1-15. [CrossRef]

Orozco, V.; Balasubramanian, S.; Singh, A. Direct Linear Transformation for the Measurement of In-Situ Peripheral Nerve Strain
During Stretching. J. Vis. Exp. 2024, 203. [CrossRef] [PubMed]

Hedrick, T.L. Software techniques for two- and three-dimensional kinematic measurements of biological and biomimetic systems.
Bioinspir. Biomim. 2008, 3, 034001. [CrossRef] [PubMed]

Sunderland, S.; Bradley, K.C. Stress-strain phenomena in human peripheral nerve trunks. Brain 1961, 84, 102-119. [CrossRef]
Takai, S.; Dohno, H.; Watanabe, Y.; Yoshino, N.; Ogura, T.; Hirasawa, Y. In situ strain and stress of nerve conduction blocking in
the brachial plexus. J. Orthop. Res. 2002, 20, 1311-1314. [CrossRef]

Yamada, H.; Evans, F.G. Strength of Biological Materials; Williams & Wilkins: Philadelphia, PA, USA, 1970.

Taconianni, J.A.; Balasubramanian, S.; Grimm, M.].; Gonik, B.; Singh, A. Studying the Effects of Shoulder Dystocia and Neonate-
Focused Delivery Maneuvers on Brachial Plexus Strain: A Computational Study. . Biomech. Eng. 2024, 146, 021009. [CrossRef]
Singh, A. Available Computational and Physical Models to Understand the Mechanisms of Neonatal Brachial Plexus Injury
During Shoulder Dystocia. Open Access J. Neurol. Neurosurg. 2019, 9, 1-3. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jbiomech.2005.04.023
https://doi.org/10.1016/j.jbiomech.2021.110702
https://doi.org/10.1080/02699052.2017.1321781
https://doi.org/10.1089/neu.2008.0621
https://www.ncbi.nlm.nih.gov/pubmed/19271962
https://doi.org/10.1203/00006450-198104000-00001
https://www.ncbi.nlm.nih.gov/pubmed/7220152
https://doi.org/10.7860/JCDR/2014/9205.5059
https://www.ncbi.nlm.nih.gov/pubmed/25478423
https://doi.org/10.31487/j.nnb.2020.02.12
https://doi.org/10.1115/1.4051399
https://www.ncbi.nlm.nih.gov/pubmed/34091659
https://doi.org/10.1016/j.otsr.2015.05.008
https://www.ncbi.nlm.nih.gov/pubmed/26774906
https://doi.org/10.3791/59860-v
https://doi.org/10.3791/65924
https://www.ncbi.nlm.nih.gov/pubmed/38284518
https://doi.org/10.1088/1748-3182/3/3/034001
https://www.ncbi.nlm.nih.gov/pubmed/18591738
https://doi.org/10.1093/brain/84.1.102
https://doi.org/10.1016/S0736-0266(02)00080-3
https://doi.org/10.1115/1.4064313
https://doi.org/10.19080/OAJNN.2019.09.555768

	Introduction 
	Materials and Methods 
	Tissue Harvesting 
	Test Apparatus 
	Biomechanical Testing 
	Data Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	References

