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Correlating Tissue Mechanics and Spinal Cord Injury:
Patient-Specific Finite Element Models of Unilateral Cervical
Contusion Spinal Cord Injury in Non-Human Primates

Shervin Jannesar, Ernesto A. Salegio,®> Michael S. Beattie?
Jacqueline C. Bresnahan® and Carolyn J. Sparrey'?

Abstract

Non-human primate (NHP) models are the closest approximation of human spinal cord injury (SCI) available for pre-
clinical trials. The NHP models, however, include broader morphological variability that can confound experimental
outcomes. We developed subject-specific finite element (FE) models to quantify the relationship between impact me-
chanics and SCI, including the correlations between FE outcomes and tissue damage. Subject-specific models of cervical
unilateral contusion SCI were generated from pre-injury MRIs of six NHPs. Stress and strain outcomes were compared
with lesion histology using logit analysis. A parallel generic model was constructed to compare the outcomes of subject-
specific and generic models. The FE outcomes were correlated more strongly with gray matter damage (0.29 < R* < 0.76)
than white matter (0.18 < R? < 0.58). Maximum/minimum principal strain, Von-Mises and Tresca stresses showed the
strongest correlations (0.31 < R? < 0.76) with tissue damage in the gray matter while minimum principal strain, Von-Mises
stress, and Tresca stress best predicted white matter damage (0.23 < R < 0.58). Tissue damage thresholds varied for each
subject. The generic FE model captured the impact biomechanics in two of the four models; however, the correlations
between FE outcomes and tissue damage were weaker than the subject-specific models (gray matter [0.25 < R* < 0.69] and
white matter [R? < 0.06] except for one subject [0.26 < R? < 0.48]). The FE mechanical outputs correlated with tissue
damage in spinal cord white and gray matters, and the subject-specific models accurately mimicked the biomechanics of
NHP cervical contusion impacts.

Keywords: finite element model; non-human primate; patient-specific injury modeling; spinal cord injury; unilateral
contusion injury

Introduction

SPINAL CORD INJURY (SCI) in non-human primates (NHPs) is
the closest approximation to human injury available for re-
search'? and provides a critical test platform for evaluating the
efficacy and safety of invasive therapies such as stem cell treat-
ments.>™ The large scale of these animals and the inherent vari-
ability in the study population, however, make it impossible to
have the same meticulous control of experimental parameters used
in small animal models of SCL.*®

Therefore, it is critical to understand and quantify potential
sources of subject-specific variations in injury outcomes to minimize
the variability in these experiments and provide statistical models
and correlations for projecting natural recovery outcomes in each
subject to maximize the sensitivity of these models to treatment
outcomes and minimize the number of animals required for these

experiments. Quantifying the effects of individual morphological
variability on injury outcomes will also inform our understanding of
human injury mechanics, the heterogeneity of human injuries,”™""
and aid in identifying individual risk factors for injury.

The significant correlation between impact biomechanics and
neurological tissue damage after SCI'*'*> motivates the use of
computational SCI models such as finite element (FE) models to
serve as a platform for understanding the SCI tissue level mecha-
nistic behavior. This provides the foundation for defining tissue
damage thresholds, directly linking FE models to injury outcomes.

Generic FE models of SCI, where the model geometry and the
material specifications are generated based on a single subject'*!°
or averaging several subjects,'®!” have shown tissue level stress
and strain distribution,'>'® von-Mises stress,'® and maximum prin-
cipal strain®® correlate with neurological/axonal damage. However,
given the sensitivity of FE model outcomes to variations in model

'"Mechatronic Systems Engineering, Simon Fraser University, Surrey, British Columbia, Canada.
’International Collaboration on Repair Discoveries (ICORD), Vancouver, British Columbia, Canada.
*Brain and Spinal Injury Center, University of California San Francisco, San Francisco, California, USA.
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geometry,”! pre-defined constitutive material models,'>'%?%?3 and

injury mechanisms,” it is unclear how the intersubject variability
in spinal cord/column morphometry®~'**%> and material charac-
teristics' 132326730 yffects the correlations between tissue damage
and injury mechanics.

To date, several studies have used generic FE models of spinal cord
and SCI to extract the mechanical properties of the spinal cord and its
constituent tissues,'®?® to analyze cerebral spinal fluid (CSF) inter-
actions in SCI initiation and propagation,®'° and to quantify tissue
level deformations, stresses, or strain pattems.]6’36’37 None of these
studies, however, included intersubject variations in the morphometric
characterizations of the spinal cord and column in their subjects, which
may lessen the biofidelity of their results.

Knowing that the intersubject morphological variability is
greater in large species (e.g., pigs, NHPs) and humans,’! and that
morphological variability correlates with outcome variability in
porcine SCI contusion experiments,?® motivated the need to in-
clude subject-specific morphology in this finite element study.
Generating subject-specific models, however, adds cost and com-
plexity to the modeling process. Therefore it is important to assess
the differences in FE outcomes and computational costs between
subject-specific and generic models.

The overall objective of the study was to assess the correlation
between FE predicted mechanical outcomes and tissue damage
(manifested by lesion spread) in subject-specific FE models of NHP
cervical contusion SCI and compare the outcomes with a generic FE
model. Our specific objectives were to: (1) generate individualized
subject-specific FE models of our recent NHP unilateral cervical
contusion SCI experiments using pre-injury MRIs, (2) validate the
FE models’ boundary conditions and material constitutive models by
simulating open dura in vivo experiments, (3) calibrate the individ-
ualized FE models by comparing the FE model’s overall biome-
chanical response with experimental outcomes and adjusting the
impactor mediolateral alignment, (4) assess the correlations between
FE predicted mechanical outcomes and tissue damage and investi-
gate the effects of subject specificity on those correlations, and (5)
compare the subject-specific correlations with a generic FE model of
NHP by generating an average NHP FE model.

Improving the definitions of the relationships between impact
biomechanics, tissue mechanics, and tissue damage is important for
better understanding potential sources of variation in both large
animal models and the human injury paradigm, and for defining a
quantitative criteria for injury prevention technologies.

Methods

Our recent in vivo cervical spinal cord contusion experiments on
NHPs' have provided a unique opportunity to re-evaluate FE pre-
dicted tissue damage measures while exploring subject-specific
variations in contusion biomechanics. Pre- and post-injury magnetic
resonance imaging (MRI) scans and post-injury histology data from
previous studies'~® were used to develop FE models of each NHP
test subject. These subject-specific models were then used to simu-
late our previous in vivo cervical unilateral contusion SCI experi-
ments.' The FE models were calibrated and validated against the
in vivo experiments based on their biomechanical outcomes. Finally,
chronic lesion histology results from the in vivo experiments were
used to statistically evaluate the correlation between FE predicted
tissue level mechanics and tissue damage for individual subjects.

In addition to the subject-specific models, a generic FE model
was developed by averaging the cord and column morphology of
four of the subjects. The generic model simulated the same impacts
as the subject-specific models to assess the differences in biome-
chanical outcomes and injury correlations between subject-specific
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and generic models. Mechanical outcomes investigated in this
study were: maximum/minimum principal logarithmic strain (max/
min LEP), axonal logarithmic strain (LEAXON), von-Mises stress
(MISES), Tresca stress (TRESCA), and strain energy density
(ESEDEN).

NHP unilateral contusions

Previously, we conducted a series of in vivo unilateral cervical
contusion tests on six NHPs (adult male Macaca mulatta).>%>°
Briefly, experiments were performed in two groups—an open dura
contusion group (n=2) where the dura mater was perforated sur-
gically after the laminectomy and contusion impact was applied
directly to the spinal cord (open dura),®® and an intact dura group
(n=4) where the dura mater was left intact and contusion impacts
were applied to the intact dura' (Table 1).

For all experiments, impacts were applied using a 4 mm diam-
eter Lucite tip rod with different mediolateral impactor alignments
for each test. All housing and procedures were conducted in ac-
cordance with the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals and were approved by
The Institutional Animal Care and Use Committee at the University
of California at Davis.

Open dura contusion experiments. Subjects #14 and #16
were imaged using a 3T MRI scanner approximately one week be-
fore the injury to confirm the spinal cord and CSF morphology. The
surgical approach included a partial laminectomy at the fifth cervical
vertebrae (C5), excising the dorsal dura mater, and visualization of
the spinal cord midline. The C4 and C6 spinous processes were fixed
using vertebral clamps before the impact. Before the contusion im-
pact, the impactor tip was positioned based on a pre-set mediolateral
alignment with respect to the spinal cord midline (Table 1). A pre-
load of 0.3 N was used to establish a consistent starting position for
impact. Blunt contusion impacts were delivered to the cord to pre-set
peak displacements (Table 1). The resulting impact biomechanics
(impactor displacement and force) were recorded for each subject.
The contusion lesions were observed at three weeks post-injury using
high-resolution 3T MRI T2-weighted isotropic scans oriented in the
sagittal plane with a slice thickness of 270 ym.

Intact dura contusion experiment. Subjects #8 and 9 were
scanned approximately one week before the injury with 1.5T and
3T MRI scanners, respectively (subjects #5 and 6 were not scanned
pre-injury). Surgical details and biomechanical parameters were as
reported previously.! Unilateral contusion impacts were applied
after a partial laminectomy at C5. The C4 and C6 spinous processes
were fixed using vertebral clamps before the impact. Before the
contusion impact, the impactor tip was positioned to a pre-set
mediolateral alignment with respect to the spinal cord midline
(Table 1). The impactor was lowered onto the dorsal dural surface
to a preload of 0.5 N.

The pre-load entrapped the spinal cord against the vertebral
canal, reduced the lateral motion of the spinal cord, and established
a consistent starting position for impact. Peak displacements varied
slightly for each test subject (-4.0 mm for subject #5 and -4.3 mm
for subjects #6, #8, and #9) with pre-set impact velocities (Table 1).

Subjects were sacrificed 14—17 weeks after injury. Spinal cords
were harvested, sectioned in the transverse plane at 40 um thick-
ness, and co-stained with eriochrome cyanine for myelin and neural
red for cell bodies.! For each subject, brightfield images were made
from selected histology slices (epicenter, £1.6 mm and +3.2 mm
rostral to the epicenter) and lesion borders were outlined."

FE model generation. Isotropic sagittal MRI scans of each
NHP subject were interpolated in Mimics (Mimics Research v19.0,
Materialize N.V., Belgium) resulting in images of pixel size
0.3125 mm (intact dura subjects #5, #6, #8, and #9) and 0.2734 mm
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TABLE 1. SUMMARY OF EXPERIMENTAL PARAMETERS AND BIOMECHANICAL OUTCOMES
FOR THE S1X SELECTED NON-HUMAN PRIMATES

Test type
Open dura Intact dura
Subject data
Subject number Subject #14 Subject #16 Subject #5  Subject #6 Subject #8 Subject #9
Age (y/mo) 9/4 72 7/0 6/7 72 9/6
Weight (kg) 13.6 11.1 14.7 10.8 11.9 15.2
Laminectomy size AP XML (mm) N/A N/A 12x9 11x9 12x12 11x9
MRI 3T — pre-and 3T — Pre- and 1.5T — post- 1.5T — post- 1.5T — pre- and 3T — pre- and
Post-operative  post-operative  operative operative post-operative  post-operative
in-vivo impactor mediolateral -0.5 -0.5 -1.0 -1.0 -0.5 0.0
position (mm)
Time of necropsy after impact (wk) N/A N/A 20 21 20 19
in-vivo pre-load data
Depth from dural surface (mm) N/A N/A 3.6 3.0 3.5 2.8
Pre-load force (N) -0.16 -0.23 -0.40 -0.56 -0.28 -0.18
Peak force (N) -9.94 -8.02 -12.50 -23.19 -18.73 -13.40
in-vivo impact data
Pre-set velocity (mm/sec) 1000 1000 500 1000 1000 1000
Pre-set displacement (mm) -3.8 -3.8 -4.0 -4.3 -4.3 -4.3
Actual displacement (mm) -3.54 -3.51 -3.64 -3.68 -3.46 -3.72
Subject-specific FE model specification
Impactor mediolateral position (mm) 0.0 -0.4 0.9 -1.4 -1.4 0.5
FE model peak force (N) -10.28 -8.75 -13.09 -22.83 -19.13 -14.16
Generic FE model specification
Impactor mediolateral position (mm) N/A N/A -1.2 -2 -2 -1.4
FE model peak force (N) N/A N/A -12.54 -19.41 -12.04 -13.24

MRI, magnetic resonance imaging; FE, finite element.
The subject numbers are consistent with our previous studies.'*

(open dura subjects #14 and #16). The three-dimensional (3D)
images included the full cervical spine for all subjects (Fig. 1).
Based on the post-injury MRI scans, the longitudinal location
of the lesion (impact epicenter) was identified for each subject.
A three-vertebrae segment was isolated using the identified epicenter
as the middle vertebrae to fully include the injury site while mini-
mizing the size of the model and the resulting computational cost.?
For open dura subjects #14 and #16, the white and gray matters and
vertebral column were segmented using customized image thresh-
olding. For intact dura subjects, the spinal cord, dura, and the ver-
tebral column geometries were obtained via segmentation in Mimics.
Subjects #5, #6 and #8 were imaged with a 1.5T scanner; there-
fore, the gray matter was not clearly distinguishable and was
manually added by extracting the gray matter profile from a rostral
histological slide (> 4.8 mm from the epicenter). The same method
was used to generate the gray matter in subject #9 for methodo-
logical consistency, even though the 3T MRI allowed for seg-
menting the gray matter in this subject. The spinal column, white
and gray matter 3D objects were then exported to Materialise 3-
Matic Research (Materialize N.V., Belgium) and meshed with
tetrahedral elements (prescribed edge of 0.4mm) after being
manually partitioned. For intact dura models (#5, #6, #8, and #9),
the CSF geometry was obtained by performing a Boolean operation
between the spinal cord and the dural sac 3D objects in 3-Matic.
Finally, the completed orphan meshes were imported into
ABAQUS (V6.14, Simulia Inc, Johnston, RI) to simulate the uni-
lateral contusion impact. Denticulate ligaments and nerve roots
were not included in the models because these components have
been found to have marginal effect on the bulk cord displacement.*
For both open and intact dura experiments, the impactor was
modeled as a 4mm analytically rigid cylinder because the bulk

modulus of the impactor was several orders of magnitude higher than
the soft tissues of the spinal cord. Similarly, the spinal column was
considered analytically rigid, because the stiffness of the vertebrae was
substantially greater than spinal cord constituent materials. Three-
dimensional rigid elements with quadrilateral (R3D4) and tetrahedral
(R3D3) shapes were used to mesh the impactor and the spinal column,
respectively. The imported orphan meshes of white and gray matters
were assigned continuum C3D4 elements (continuum 3D tetrahedral)
with second order accuracy. The pia mater was modeled as a skin
surrounding the white matter with a thickness of 0.13 mm.*'

The dura mater was modeled as a shell with a thickness of
0.35 mm.** For open dura impacts, the dura mater was excluded
from the model. For both pia and dura maters, three-node triangular
shell elements (S3R elements) with second order accuracy were
used. For the intact dura models, the CSF orphan mesh was im-
ported as a solid and was converted to mass particles for further
analysis using smoothed particle hydrodynamics (SPH).*>** The
posterior section of the epicenter vertebra (lamina and spinous
process) was removed to mimic the in vivo surgical laminectomy. "

Finalized models comprised approximately 24,000, 98,000,
5,000, and 7,500 elements for gray matter, white matter, pia mater,
and dura mater, respectively; the CSF contained ~ 13,500 particles
in the models (Fig. 1). To improve the computational efficiency,
element distortion control, second-order accuracy, and enhanced
hourglass control were applied to all the elements accordingly. The
simulations were run on supercomputing clusters (Intel E5-2683 v4
CPUs, running at 2.1 GHz processors) using ABAQUS/Explicit.
The open dura tests were used to validate model assumptions
(contact interactions, boundary conditions, and material constitu-
tive models), and were not further analyzed for tissue damage
correlations.
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Representative magnetic resonance imaging (MRI) scan, three-dimensional (3D) segmented mask and FE models. For the

subject shown here, the sagittal T2-weighted 3T MRI scans yielded 512 x 1024 pixel scans with a slice thickness of 270 um and field of
view of 140 mm. Axial view with gray and white matter masks (A), sagittal view showing target spinal cord segment (in between the red
lines) and the impact position (red arrow) (B), isometric view of generated 3D mask showing C2 to C7 vertebrae, white and gray matters
cut for illustration (C), a representation of FE model segment and laminectomy site (D), an isometric view of an open dura model (E), an
isometric view of an intact dura FE model (F), representative of dorsoventral and transverse diameters of spinal cord and column
measured for average generic model generation (G), and an isometric view of the generic model (H). CSF, cerebrospinal fluid.

Material constitutive models and properties

White matter. The rostral-caudal alignment of axonal fibers
in the spinal cord white matter provides a direction-specific
mechanical response.27‘45 For these simulations, a conditional
quasi-linear viscoelastic (QLV) transversely isotropic model'® was
refined by including our recent NHP white matter compressive
characterization results®® augmented with bovine tensile tests> and
derived using inverse FE optimization methods.?® The resulting
conditional QLV model is a time dependent strain energy function,
Uw (1), in the form of a Prony series expansion with N number of
terms (Equation 1):

Uwwm (t) = /Ot{(l_ Zivzlgi(l—e_(t_r)/r‘))%}df (1

where Yy, represents a conditional hyperelastic strain energy
(Equation 2):

lpmatrix }'ﬁbers S 1

wWM {lpmatrix+wﬁbers ;”ﬁberx > 1 ( )

where V,,.... represents the isotropic elastic strain energy of the
glial matrix, Yy, is the contribution of the fibers in the elas-
tic strain energy, and Agpers is the stretch in the fiber direction.
Whenever the fibers are not stretched (Agsipers < 1), the matrix
governs the strain energy. The matrix response is characterized by
a Mooney-Rivlin model with a four-term Prony series (/,,4ir)
(Table 2)*® and combined with a quadratic reinforcing function
(W fipers) to capture the white matter behavior in the direction of

fibers (Equation 3).1¢
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TABLE 2. MATERIAL SPECIFICATIONS AND PROPERTIES USED IN MODELING THE CONTUSION INJURY
Tissue Constitutive model Hyperelastic constants Viscoelastic constants Density [ ,’i—é’ ] Reference
White matter Mooney-Rivlin QLV with  Cy9p=3.27E-3 MPa £1=0.5256 1;,=0.01 Sec p=1041 This study
4-term Prony series Co; =0.91E-3 MPa g,=0.3163 1,=0.02 Sec
D =0.2393 MPa g3=0.1250 13=0.2 Sec
v=0.4995 g4=0.0071 14=2.0 Sec
y=6.172E-03 MPa
Gray matter  1st order Ogden with U =4.454E-2 MPa g1=04793 1,=0.64 Sec p=1045 This study
3-term Prony series oa=10.57 2,=0.2854 1, =6.40 Sec
D =0.045 MPa 83=0.0732 13=064.0 Sec
v=0.49
Pia mater Linear elastic E =39.3MPa - p=1075 Kimpara®'
v=0.3
Dura mater Ist order Ogden with o =12MPa g1=0329 1,=0.009 Sec p=1174 Maikos™
4-term Prony series =162 2,=0.128 17, =0.081 Sec
v=0.45 g3 =0.086 13 =0.564 Sec
84=0.086 14=4.69 Sec
CSF Mie-Gruneisen equation E=2.19 GPa - p=1007 Kleiven™®
of state co=1381.7 % and Panzer™
s=1.979
I'p=0.11

QLYV, quasi-linear viscoelastic.
Material density values are obtained from IT’IS website”.

Clo(il_3)+C01(i2—3)+%(1—1)2 : (3)
b
2

l#matrz’x =

3 2

l//f[bers = (15 - 1)

where I, I and I5 are the deviatoric invariants of the isochoric
Cauchy-Green tensor, J is the determinant of the deformation
gradient tensor, Cig, Co1, D, and y are material parameters.

In this study, values for Cjg, and Cy;, D were assigned from the
NHP white matter compressive characterization® (Table 2). y was
determined through an iterative inverse FE optimization meth-
0d'%?® where a series of bovine tensile tests'*?* were simulated in
ABAQUS/Explicit to determine an optimized y value. The condi-
tional QLV formulation (Equation 2) was implemented as a
material constitutive model using the user subroutine VUANISO-
HYPER_INV.'®*® The inverse FE optimization includes the off-
axis loading responses and provides a more accurate FE-adoptable
constitutive model for the material.

Gray matter. Unlike the white matter, axonal fibers are ori-
ented more randomly in spinal cord gray matter; therefore, the
material was considered to be isotropic. To date, only one study has
managed to test isolated spinal cord gray matter, where the strips
of bovine spinal cord gray matter were stretched until failure
in vitro.?® The results of these bovine tests were used to determine
a first order Ogden QLV model with three-term Prony series
(Equation 5) for the spinal cord gray matter. The model’s consti-
tutive parameters were identified by an inverse FE optimization
method,#*"° where the bovine gray matter tensile tests were
simulated in ABAQUS and the material parameters were iteratively
updated by an optimization algorithm?® to match the FE simulation
results to experiments (Table 2).

Ugu (1) = /{ (1 —y3 1g,-(1 - e*’?f‘)> dlZfM}dr @)

0

where Ug)y is the time dependent strain energy function for the
gray matter and ¥¢y is the hyperelastic strain energy defined as
(Equation 5),

2 Ao o 3o ]
WGM:OT‘;(;L1 R AR =) 40— )

with Z; s defined as the deviatoric principal stretches, o, g, and D
are material properties, and J is the determinant of the deformation
gradient tensor.

Pia and dura maters. Kimpara and associates*' performed a
series of tensile tests on porcine cervical posterior median septum
and observed a linear elastic behavior for the spinal cord pia mater
at low strain rates (<0.5 s~ !); based on their findings, a linear
elastic behavior for the pia mater was assumed (Table 2). For the
dura mater, isotropic behavior was assumed and used a first order
Ogden model with four-term Prony series*® (Table 2).

CSF. The mesh-free SPH method has been shown to be ef-
fective in simulating the large deformation fluid-structure interac-
tions and complex subject-specific geometries®' for brain®* and
spinal cord®® injuries. The CSF behavior was modeled as SPH
particles by assuming a linear Hugoniot form of the Mie-Gruneisen
equation of state*® (Equation 6).

2
PocoM 1“0’1)
= Pl (2N 4 poEn 6
p (1 Si’])z ( ) 0P0 ( )

where p is pressure, E,, is the internal energy of the fluid per unit
reference volume, ¢y and s are material linear Hugoniot constants,
=1 — 2is the nominal volumetric compressive strain with p, and
p as the reference and the current densities of the CSF, respectively,
and I’y is also a material constant.

The above equation of state, with assigned material properties of
water, has been used previously to model brain CSF in FE simu-
lations of blast brain injury.>>* In the current study, the CSF
density55 and bulk modulus (2.19 GPa)>® were used to determine ¢,
while the properties of water were assigned™ to s and 'y (Table 2).
Modeling CSF as SPH particles substantially decreased the stable
time increments (~ 1E-8 Sec) in the analysis and eliminated the
possibility of parallel domain processing because of convergence
difficulties. As a result, the required CPU hours for running intact
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dura simulations on the supercomputer cluster nodes were sub-
stantially higher than that of open dura simulations where no CSF
was included in the models (about 55 CPU hours for open dura
simulations versus more than 220 CPU hours for intact dura
impacts).

Loading and boundary conditions

To accurately mimic the in vivo experimental conditions for both
the intact and open dura impacts, the simulations were performed
in two stages of pre-loading and impact. At the first stage (pre-
loading), a sensor was defined on the FE impactor using the UAMP
subroutine in ABAQUS to monitor the reaction force of the im-
pactor. The impactor was lowered to touch the pia (open dura) or
dura (intact dura) and then continued to trap the spinal cord against
the floor of the vertebral canal. This pre-load step continued until
the force readout from the sensor corresponded to the in vivo pre-
load (Table 1). The CSF was not included in the models in the pre-
load step because the fluid provides negligible resistance at very
slow loading rates.

After the pre-load step, the impactor was held for 0.2 sec to let
the viscoelastic materials relax, similar to the experimental proto-
col. During the pre-load step, symmetrical boundary conditions
were applied to the rostral and caudal ends of the spinal cord to
restrict the axial movement while allowing unrestricted dor-
sal/ventral and medial/lateral motion (both open and intact dura
simulations). In the intact dura simulations, the rostral and caudal
ends of the dura mater were fixed for the pre-loading step to prevent
free rotation.

In the second stage, the actual in vivo displacement trajectory of
the impactor was prescribed to the FE model impactor.' The de-
formed geometries were imported from the pre-load stages. For the
intact dura models, CSF particles were added to the model. The
models best simulated the in vivo behavior when the symmetrical
boundary conditions of the pre-load stage were substituted with
fixed boundary conditions in the impact stage.

The two ends of the dura matter were prescribed axially sym-
metrical boundary conditions for the impact step. To confine CSF
particles from escaping the dural sac during the impact, an axi-
symmetrical boundary condition was imposed on the first four
superior/inferior rows of CSF particles at either open end of the FE
model (Fig. 1). Applying this condition to less than four rows of
particles did not hold the CSF particles in the dural tube during the
impact. The vertebral column was secured by fixing vertebral
clamps to the C4 and C6 spinous processes in the in vivo experi-
ments'%’; therefore, fixed boundary conditions were applied to the
spinal canal in the FE models. The impactor was restricted to move
only in the direction of impact.

Coefficients of friction were applied at the interacting surfaces.
Similar to rodent contusion SCI simulations,15 20 the coeffi-
cient of contact friction between the outer section of dura and spinal
canal was assumed to be 0.15. The friction between the impactor
and the dura mater (intact dura simulations) or pia mater (open dura
simulations) was assumed to be slip rate dependent with the coef-
ficient of friction equal to 0.09 and 0.18 at strain rates of 1/sec and
60/sec, respectively.®® A very low friction coefficient was assumed
for the contact between the pia-dura (0.01) to simulate CSF lubri-
cation effect. Although the CSF was removed by excising the dura
in the open dura tests, there was likely some remaining fluid on the
anterior side of the cord, and therefore a low contact friction co-
efficient (0.01) was assumed for pia-column interaction in the open
dura simulations.

FE model calibration and validation

The subject-specific FE models were validated by comparing
their impactor reaction force with the corresponding in vivo reac-
tion force (force trajectory and peak value).'° It is known a priori
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that the constituent spinal cord material properties (white and gray
matters and pia mater), boundary conditions, and the impactor
mediolateral alignment substantially affect the impact force out-
come.'>'%* Open dura impacts were used to study and validate
model assumptions without the additional complexity of the CSF.
The resolved model assumptions were then applied without further
alteration to the intact dura simulations.

Open dura subject #16 was used as the pilot model to system-
atically examine and verify modeling parameters (friction charac-
teristics, boundary conditions, model length and mesh). A C4-C6
length model with fixed boundary conditions at the rostral and
caudal free ends of spinal cord was created. Friction between the
impactor and pia mater was assumed as slip rate dependent in
the pilot simulation, and a constant friction coefficient of 0.01 was
prescribed to pia/column contact. Model length, boundary condi-
tions, and friction characteristics were then altered in separate
models to observe their effects on the model outcome biomechanics.

Four new models were generated using the pilot model param-
eters: (a) a longer section of spinal cord (C3 to C7 instead of C4-C6)
to examine the effects of model’s length, (b) symmetrical free end
boundary conditions instead of fixed, (c) frictionless contacts in-
stead of slip rate dependent, and (d) a 25% finer mesh to evaluate
mesh size effects (seed size was changed from 0.4 mm to 0.3 mm).

In these simulations, the mediolateral alignment was tuned in
increments of 0.1 mm until minimum root mean square error
(RMSE) between the FE predicted and experimental impactor force
was obtained. Verified model parameters, boundary conditions, and
friction coefficients were applied to the other open dura subject
(subject #14) to validate their performance. The modeling char-
acteristics were then used for all simulations of intact dura impacts
(subjects #5, #6, #8, and #9).

Identifying the exact mediolateral positioning of the impactor
during surgeries was difficult because the spinal cord was only
partially visible through the laminectomy. The problem persisted
for open dura experiments, with precise identification of the mid-
line being difficult because of the limited surgical exposure.
Therefore, the reported in vivo experimental alignments (Table 1)
may not be accurate precisely to the submillimeter level.

Although midline contusion SCI models have reported a mar-
ginal effect of off-centered impact on their models,'>° unilateral
experiments showed that submillimeter mediolateral positionin%
of the impactor substantially affects in vivo impact mechanics.'
This is mainly due to the spinal cord’s lateral shift during uni-
lateral impacts. Therefore, preliminary studies were conducted on
open dura models of this study to evaluate the reliability of
mediolateral impactor positioning. These preliminary studies
showed that tuning the impactor mediolateral position closely
simulated the experimental impactor force output. Based on these
results, because the actual reported alignments could not be
confirmed, it was assumed that the tuned impactor alignment was
the actual alignment.

Tissue damage correlation analysis

Transverse slices of one element thick (0.4 mm thick) corre-
sponding to the histology slide positions (epicenter, 1.6 and 3.2 mm
rostral and caudal) were outlined in the FE models (Fig. 2). The
injury epicenter was identified as the slice centered under the
impactor in the FE model and was used as a reference to locate
rostral/caudal FE slices and were color-coded based on the lesion
area and the spared gray and white matter regions (Fig. 2A)."

After the impact simulation, the post-impact zero load mesh
configuration of the selected slices at each level was superimposed
onto the corresponding color-coded histology slide using an image
processing toolbox and a custom code (MATLAB R2018a, The
MathWorks Inc Natick, MA). Ventral artery and dorsal median
sulcus served as the main reference landmarks. In the composite
images, gray and white matter elements overlaying the injured
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FIG. 2. (A) Color-coded histology slides of the four intact dura subjects (gray matter, brown; white matter, gray; lesion area, red).

Sections show the lesion epicenter, 3.2 mm and 1.6 mm rostral and caudal to the epicenter. (B) Isometric view of an intact dura finite
element (FE) model; one element thick slices corresponding to the selected histology slides are shown. Gray and white matters, dura and
pia maters, cerebrospinal fluid (CSF), and spinal column are visible in the figure. (C) Overlaying post-impact zero load FE slice onto
histology slide. Arbitrary points were selected on the outline of gray and white matters in the two figures (middle) and fed to an image
processing custom code to overlay the figures. Four representative points are shown in the middle figure. Injured elements are identified
by dark color for both gray and white matters in the slice (right bottom).

(lesion/red) and uninjured (spared tissue colored gray for white
matter and brown for gray matter) areas were identified accordingly
(Fig. 2). Elements that overlaid onto both injured and uninjured
tissue areas were identified as injured.>

Following previous studies of brain and spinal cord,'*'82%-23-59
several tissue level mechanical metrics were analyzed statistically
to assess their correlation with tissue damage and to determine their
corresponding threshold values. Because this was the first explo-
ration of NHP contusion injury mechanics, a comprehensive
assessment of several mechanical outcomes measures was per-
formed including: min/max LEP, LEAXON, MISES, TRESCA,
and ESEDEN.

For each subject, these outputs were recorded for all the ele-
ments in white and gray matters for the five selected slices during
the entire impact simulation. For each element, the corresponding
peak value experienced through the entire impact was listed to-
gether with the element injury status (““1” if detected as injured
and ““0” if uninjured). In addition to the mechanical metrics
stated above, maximum/minimum principal stress and maximum/

minimum pressure were investigated in our preliminary studies;
however, because of their poor correlation with tissue damage, they
were not included in further analysis.

Axons in the white matter were assumed to be predominantly
aligned in the rostral-caudal direction before the impact. Therefore,
alocal coordinate system was assigned to each element of the white
matter defining the axonal direction. ABAQUS traces the distor-
tions of each element’s coordinate system spatially during the
impact and reports the axon direction accordingly in time intervals.
Because of randomized direction distribution of axons in spinal
cord gray matter, the initial alignment of the axons was not iden-
tifiable; therefore, LEAXON was not analyzed for gray matter.

Statistical analysis

For each intact dura experiment, variables were analyzed using
Logit analysis in JMP (v13.2.1, SAS Institute Inc., Cary, NC) to
assess their potential capability in predicting spinal cord tissue
damage. In each subject, multiple random element sets (~ 30) were
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selected from white and gray matters separately with an identical
number of injured and uninjured elements. For each random set, a
logistic model (Equation 7) was fit to the data of the elements’
binary injury status (injured/uninjured) versus their corresponding
mechanical metric peak output value experienced through the
entire simulation.

1

H(X): ] +e*(“+ZﬁiX)

™

where II is the probability of the tissue being damaged, X repre-
sents a vector of the independent metrics (max/min LEP, LEAX-
ON, MISES, TRESCA, and ESEDEN), « is the model intercept and
B.’s are the model parameters associated with « and the indepen-
dent metrics.

JMP uses the maximum likelihood estimation method (log-
likelihood) to determine the best fit parameters for regression.
A specific likelihood ratio chi-square test was performed where the
observed p value of the test was judged for model goodness-of-fit
assessment (significance was assumed at p <0.05). To determine
which candidate output metric provided the best correlation with
the occurrence of spinal cord tissue damage, the Nagelkerke
R-squared statistic®® was calculated for each fit'>®! (limits were 0
for poor and 1 for perfect correlation). Moreover, the performance
of the binary classifier model at varied thresholds was evaluated by
plotting receiver operating characteristic (ROC) curves for differ-
ent output metrics and comparing the area under the ROC curve
(AUC). The output metric with AUC closest to 1 was considered
the best predictor of tissue damage.®*

In addition, breakdown values (thresholds) for 50% probability
of injury were determined for each output metric by inverse pre-
diction method using confidence interval of 0.9. Mean and standard
deviation of the Nagelkerke R-squares and the AUCs obtained for
the random element sets were determined for the metrics in white
and gray matters and was compared for each subject.

Finally, for each mechanical outcome metric, injury threshold
values were compared statistically among the four subjects to de-
termine between-subject variations. Threshold values of the ele-
ment sets within a subject were grouped, and the group means were
compared for individual mechanical metrics using one-way anal-
ysis of variance with significance level set at «=0.05. Mechanical
metrics with significant differences between subject thresholds
should be considered as subject-specific tissue damage thresholds.

Generic NHP FE model

To evaluate the significance of generating subject-specific FE
models, a generic averaged model of the four intact dura NHP
subjects was generated and the model outcomes and correlations
with tissue damage were compared. The generic model morphol-
ogy was based on the averaged dimensions of the four subjects. The
FE output and tissue damage correlations were compared with the
subject-specific outcomes.

Pre-injury MRIs were used to measure the dorsoventral and
transverse diameters of spinal cord and column corresponding to
the injury epicenter (Fig. 1G). Resulting averages were used to
generate elliptical cross-sections to represent the spinal cord. The
average values for spinal cord dorsoventral and transverse diame-
ters were 5.3mm and 8.6 mm, respectively, and 8.2mm and
10.9 mm for the column, respectively. The cross-sections were then
extruded for 30mm (representing the three-vertebrae cranial-
caudal length of subject-specific models) with a shell cylinder for
the spinal column and a solid cylinder representing the spinal cord
(Fig. 1H).

A gray matter profile was created by averaging the gray matter
profiles of the four intact dura subjects. Dura matter was generated
by scaling down the column cylinder by 1.5% to avoid element
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overlap. The CSF geometry was obtained via Boolean operation
using the same methods as the subject-specific methods. Impactor
dimensions, CSF properties, and mesh attributes were the same as
the subject-specific models.

Results
Model validation and biomechanics

The impactor output force behavior of the pilot subject (subject
#16) best matched the corresponding experimental output (RMSE =
0.93) when fixed end boundary conditions and slip rate dependent
friction coefficients were applied to the model (Fig. 3A) par-
ticularly when the mediolateral alignment of the impactor was
adjusted to -0.4mm (over midline or a more centered impact)
compared with the experimental alignment of -0.5 mm (Table 1).

Using frictionless contacts did not improve the model’s bio-
mechanical outputs (RMSE >2.61) (Fig. 3A). Applying symmet-
rical boundary conditions to the rostral and caudal ends of the spinal
cord degraded the biomechanical outcomes of the model (RMSE
>3.50). Extending the pilot model length by one vertebra rostrally
and caudally (i.e., extend from C4—C6 to C3—C7) did not affect the
impactor’s peak force; however, the force output trajectory match
deteriorated (RMSE =2.40).

Refining the model mesh by 25% (seed size =0.3 mm) did not
alter the impactor’s peak force; however, the overall in vivo force
trajectory was better captured when the mesh was finer (RMSE =
1.00) (Fig. 3A). Although the 25% finer mesh model better pre-
dicted the in vivo output, the simulation required nearly triple the
computational time. Combined, fixed boundary conditions and slip
rate dependent contact definitions with a mesh seed size of 0.4 mm
best mimicked the biomechanical outcomes of the pilot model.

The impactor force output was affected substantially by the
mediolateral alignment of the impactor in both open dura and intact
dura models (Fig. 3B). In all subjects, setting the FE impactor to
the reported in vivo mediolateral alignments (Table 1) overesti-
mated the impactor output force. However, models were able to
depict the in vivo force output with RMSE <0.5 and peak force
difference less than 6% when the impactor mediolateral alignments
were tuned (Fig. 4 and Table 1).

The generic models underestimated the impactor force when the
experimental (actual) mediolateral alignments (Table 1) were used
to simulate the impacts. In subjects #5 and #9, tuning the impactor
alignment to a more centered impact (-1.2 mm and -1.4 mm over
the midline, respectively) resulted in a reasonable impactor force
outcome (RMSE=1.24 and RMSE =2.84). However, the experi-
mental impactor force was not achieved for subjects #6 and #8,
even with a centered impact (RMSE=6.2 and RMSE=28.42, re-
spectively) (Fig. 4). The RMSE values for the generic models were
higher compared with subject-specific models.

Subject-specific qualitative analysis of injury outcomes

The longitudinal distribution patterns showed elevated levels of
the investigated metrics (min/max LEP, MISES, TRESCA, and
ESEDEN) centered under the impactor. These elevated areas did
not extend substantially beyond the impact zone (<2 mm) (Fig. 5).
Studying the distribution patterns at the epicenter and 1.6 mm and
+3.2mm rostral/caudal also confirmed the rapid dissipation of
stress, strain, and strain energy away from the injury epicenter. The
rostral/caudal distribution of output metrics about the epicenter was
not symmetrical in all the FE simulations. These observations
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FIG. 3. Effects of modeling parameters on finite element (FE) predicted impactor force output. Each parameter was assessed
independently. (A) Compared with the pilot model (blue dashed line), increasing the model length to C3—C7 (green dashed line) had
marginal effects on the peak force; however, the force trajectory deviated from the experiment. Changing the pilot model’s contacts to
frictionless underestimated the reaction force of the impactor (magenta solid line). Similarly, lower reaction force was observed when
using symmetrical boundary conditions (BCs) in the pilot model (black dashed line). Running the pilot model simulation with 25% finer
mesh better predicted the experiment, however, was intensively costly. (B) Effects of impactor mediolateral alignment on FE model
force response for subject #16 and subject #5 as representatives of open and intact dura models, respectively. Positive values show under

the midline alignment of the impactor (i.e., a more lateral impact).

matched the patterns of tissue damage in the corresponding ex-
periments' and other in vivo contusion experiments.'>%

Subject-specific review of the impact results showed that larger
portions of the contralateral spinal cord cross-section had elevated
levels of output variables in subjects #6 and #8 (Fig. 6) where the
impactor position was more centered (over the midline) compared
with other subjects (Fig. 4). For all of the subjects, the zone for peak
strain outputs (max/min LEP and LEAXON) was localized under
the tip of the impactor (Fig. 6).

Ipsilateral ventral gray matter horns showed the greatest stresses
and strains in all subjects. In the white matter, elevated mechanical
stresses and strains were located in the lateral funiculus for all
subjects. Zones of high stresses (MISES, TRESCA), or strains
(max/min LEP and LEAXON) were concentrated at the boundary
of gray/white matters. Generally, peak output magnitudes in the
white matter corresponded with the area of maximum compression.
Distributions of all output metrics showed a narrow peripheral rim
of ipsilateral white matter (adjacent to the pia mater) where the
magnitudes were lower compared with the surrounding tissue.

At maximum compression, min LEP, LEAXON, and MISES
output patterns showed the most conformity with histology results
at the epicenter. It is important to note that the spinal cord tissue
may not experience the same distribution patterns of mechanical
metrics during the impact. Extracting peak output values from all
the elements at the selected interval for the intact dura subjects
showed the general distribution of the output variables during the
entire contusion simulation (Fig. 7). Rank-size distributions dem-

onstrate the distribution of elements experiencing a given level of
stress or strain. For injured/uninjured tissue to be perfectly distin-
guishable, there should be no overlap in the diagram. Min/max LEP
in both gray and white matters showed the minimum discontinuity
among the mechanical metrics, suggesting that min/max LEP may
be better predictors of tissue damage than the other outcome
metrics.

In addition, on average, gray matter elements experienced
almost double the level of stress (i.e., MISES and TRESCA) ob-
served in white matter elements. This was opposite for strain levels
(i.e., max/min LEP), where the white matter elements experi-
enced 24.6% and 12.7% higher levels of maximum and minimum
LEP, respectively, compared with gray matter (Fig. 7). Similar
distributions as Figure 7 were observed in subject-specific distri-
butions of elements’ peak values in our preliminary studies.

FE outcome—tissue damage correlation analysis

Tests of goodness-of-fit resulted in statistically significant val-
ues on the chi-square term for logistic regression curves of all
mechanical metrics (p < 0.0001) (Fig. 8). Generally, all metrics
presented better potential in predicting gray matter tissue damage
compared with white matter (Table 3). All AUC values were be-
tween 0.75 and 0.95, showing the discriminative capability of all
selected metrics.

Subject-specific review of the results showed that in subjects #5
and #8, Min LEP, LEAXON, TRESCA and MISES were better
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FIG. 4.

Impactor force outputs of subject-specific finite element (

FE) models, generic FE models, and their corresponding in vivo

experiments (generic models were not developed for the open dura tests) (A), superimposed deformed and undeformed configurations of
intact dura subject-specific models (B), and generic models (C), showing the ultimate mediolateral positioning of the impactor in each
simulation. Spinal canal, gray and white matters, pia mater, and the impactor are visible. Deformed configuration is presented at the
maximum impactor stroke. Solid lines show the assumed midlines, impactor alignment over the midline (subjects #6, #8, and all generic

models) is defined as negative alignment (Table 1), and the scale bar is 4 mm. Open dura subjects are not shown.

predictors of tissue damage in white matter (higher Nagelkerke
R-square) compared with max LEP or ESEDEN with some varia-
tion in the order of best fit across the subjects. Stress metrics
(MISES and TRESCA) better predicted damage than strain or
strain energy metrics (Min/Max LEP, LEAXON, ESEDEN) for all
subjects. In subject #9, all metrics poorly depicted tissue damage
except min and max LEP. For the gray matter, max LEP, min LEP,
MISES, and TRESCA were the best predictors of tissue damage
with Nagelkerke R-squares between 0.58 and 0.76, except for
subject #9.

Using the fitted logistic curves, threshold values for each met-
ric parameter were determined at 50% probability of tissue dam-
age (Table 4). All the metrics had significantly different damage

threshold values across subjects, indicating that tissue damage
thresholds were subject-specific.

The AUC values for the generic models were lower than the
subject-specific values for all subjects and metrics. The AUC val-
ues for subjects #5, #8, and #9 were between 0.77 and 0.89; how-
ever, the values for subject #6 were all less than 0.7. The generic
models showed the same trends in the mechanical metrics in pre-
dicting tissue damage as subject-specific models, with all metrics
showing better predictions in gray matter, however, with lower
Nagelkerke R-squares (Table 3).

For all the subjects, the biomechanics of the impact (medio-
lateral impactor alignment and peak forces) better matched
the corresponding histology slides and impactor outcomes in



708

JANNESAR ET AL.

Subject #5 Subject #6 Subject #8 Subject #9
o+ > 4
Maxiep 04 0.35 0.3 0.25 0.1 0.05 0.0
> > 4
MinLEP 15 0.0
>
0.3 0.0 -0.05 -0.15

LEAXON

\

MISES [kPa] 400 100 75

50 25 10

\

TRESCA [MPa] 0.4 0.1 0.075

[}

0.025 0.01

\

3. 0.35 0.1

0.05

0.02 0.01

~
o
o’

0.005

ESEDEN [mJimm] .

FIG. 5. Contours representing the distribution of max/min LEP, LEAXON, MISES, TRESCA and ESEDEN at maximum impactor
penetration for subject-specific models. Values of all output variables dissipate at the rostral and caudal ends of the model, demon-
strating the minimum effects of end boundary conditions. max/min LEP, maximum/minimum principal logarithmic strain; LEAXON,
axonal logarithmic strain; MISES, von-Mises stress; TRESCA, Tresca stress; ESEDEN, strain energy density.

subject-specific models compared with generic models. The 50%
probability tissue damage thresholds predicted by generic models
were significantly different and varied from subject-specific model
thresholds substantially (Table 4). No trend was observed between
the threshold values obtained from the generic models and the
subject-specific models.

Discussion

NHP models closely reflect human central nervous system
anatomy and physiology'? and demonstrate a morphological het-
erogeneity more similar to clinical SCI. NHP contusion SCI models
provide a critical test bed for invasive treatment modalities such as
stem cell therapies ahead of human studies.>™ Therefore, under-
standing and quantifying the link between injury mechanics and
tissue damage in NHP models has important implications for de-

veloping standardized injury protocols. Establishment of a stan-
dardized SCI helps to minimize the experimental variability and
provide a reliable foundation to assess clinical treatment efficacy.

This study is the first to present NHP subject-specific FE models
of contusion SCI, compare these models with generic FE models of
the SCI, and investigate the correlations of FE predicted outcomes
with tissue damage. The primary contribution of this research was
the use of NHPs as a large-scale human-like animal model in a
subject-specific approach that matches the in vivo experiments.
This allowed for a thorough exploration of the injury biomechanics
and the potential correlations between FE mechanics and tissue
damage by including intersubject anatomical and morphological
variabilities in a human-like species.

Similar to previous studies, min/max LEP, MISES, and TRES-
CA showed stronger correlations with tissue damage than other
metrics.'>1%2%%* Min/max LEP are the minimum (compressive)
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epicenter). Deformed gray and white matters, spinal column, and the impactor are visible in the cross-section. Scale bar is 4 mm.
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and maximum (tensile) strains experienced in an element in any
direction. Max LEP is widely suggested as a tissue failure criteria
for spinal cord injury.'>**>® Min LEP can occur in the same element
as Max LEP but in orthogonal directions (e.g., increased vertical
stretch results in greater horizontal compression). MISES and
TRESCA are measures of the distortional and shear stress in tissue
elements, respectively, where shear is a specific form of distortion.

Mapping mechanical loading to tissue damage is a critical hurdle
in making FE models capable of directly predicting damage instead
of tissue mechanics. Defining this relationship has been the ob-
jective of many researchers in several animal models,'202!->*61
Quantifying the relationships between mechanical loading and
damage will expand the capabilities of FE models and provide the
opportunity to use FE models to assess the effectiveness of injury
prevention methods in reducing injury, to study the effect of im-

pact parameters on injury, and to eventually map subject-specific
impact parameters to reduce experimental variability in large
animal models.

To quantify the effect of subject-specific geometry, a generic
model was created by averaging the intact dura subjects similar
to previous studies.'>'"?*23>? The generic model was not able
to capture the impact biomechanics of two of the four intact dura
impacts despite tuning the impactor alignment. Previous studies
also reported the inability of generic models to capture the exper-
imental outcomes.'>?° Tn those studies, the model’s constitutive
material properties were adjusted to calibrate the model outcome.
In the model presented here, the material properties and constitu-
tive models were derived from experimental results. Altering the
material properties moves the definitions farther from the experi-
mentally observed characteristics.
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FIG. 8. Example logistic analysis (minimum principal logarithmic strain [min LEP] in subject #6 in this case) on a randomly selected
element set. (A) histology slides (white matter in gray, gray matter in brown, and injured tissue in red) stacked in isometric view
showing epicenter, 1.6 mm and £3.2 rostral with corresponding (B) FE slices at approximately the same anatomical position. Random
sets of elements were selected for white and gray matters from all the five slices (elements with light border) comprising approximately
the same number of injured and uninjured elements for each set. (C) The peak min LEP experienced by the elements in the element set
were plotted against binary status of the element, and a logit regression curve was fitted. In this case, the fit was statistically significant
with p<0.0001 for both gray and white matters, and the Nagelkerke R-square was 0.66+0.04 and 0.36+0.02 for gray and white
matters, respectively. (D) Receiver operating characteristic (ROC) curve is higher for the gray matter (is more distanced from the
diagonal line) therefore, min LEP has better predictive power for gray matter tissue damage compared with the white matter ROC curve.
This is confirmed with area under the curve values equal to 0.95 and 0.88 for gray and white matters, respectively.
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TABLE 3. RESULTS OF LOGISTIC REGRESSION ANALYSIS FOR SUBJECT-SPECIFIC AND GENERIC MODELS COMPARING THE POTENTIAL
CAPABILITY OF DIFFERENT MECHANICAL METRICS FOR PREDICTING SPINAL CORD TisSUE DAMAGE COMPUTED
FOR THE FOUR INTACT DURA SUBJECTS

Section Section Subject  Max LEP Min LEP LEAXON MISES TRESCA ESEDEN
Subject-specific models ~ White matter #5 0.27(0.04)  0.46(0.04) 0.55(0.04) 0.57(0.04) 0.58(0.04) 0.34(0.08)
#6 0.36(0.02)  0.34(0.03) 0.43(0.03) 0.43(0.03) 0.25(0.03)
#8 0.24(0.03) 0.41(0.03) 0.58(0.03) 0.49(0.03) 0.49(0.03) 0.2(0.04)
#9 0.45(0.04) 0.2(0.03) 0.23(0.03) 0.24(0.03)  0.35(0.06)
Gray matter #5 - 0.53(0.08)
#6 - 0.59(0.05)
#3 0.59(0.03) - 0.58(0.04)  0.58(0.04)  0.39(0.06)
#9 0.31(0.09) - 0.35(0.09) 0.35(0.09) 0.29(0.14)
Generic models White matter #5 0.52(0.05) 0.34(0.04) 0.33(0.09) 0.34(0.09) 0.35(0.09)
#6 0.23(0.02)  0.21(0.03)
#3 0.21(0.03)  0.46(0.02)
#9 0.33(0.04)
Gray matter #5 0.5(0.04) - 0.49(0.05) 0.5(0.05) 0.42(0.06)
#6 L ! 0.29(0.05) - 0.37(0.04)  0.37(0.04) 0.28(0.05)
#3 0.41(0.04) 0.38(0.03) - 0.39(0.05)  0.39(0.04)  0.23(0.05)
#9 0.36(0.07)  0.29(0.06) - 0.27(0.08)  0.27(0.08)  0.23(0.09)

Nagelkerke R-square

max/min LEP, maximum/minimum principal logarithmic strain; LEAXON, axonal logarithmic strain; MISES, von-Mises stress; TRESCA, Tresca

stress; ESEDEN, strain energy density.

The heat map shows mean Nagelkerke R-square values that represent the capability of different mechanical metrics to predict tissue injury. The values

in the parentheses show the standard deviation of the mean.

For the two subjects where the biomechanics of the impact were
captured, the mediolateral alignment of the impactor necessary to
correlate with the external impact resulted in predicted patterns of tissue
loading that did not align with the observed tissue damage (Fig. 2).

Besides the overall biomechanics of the impact, the FE outcome
and tissue damage correlations obtained from logistic regression
analysis using these generic models were generally weaker than
when subject-specific models were used (Table 3). Comparing the
results of the generic model with the subject-specific outcomes
revealed the significance of including the natural variations in the
morphometry of spinal cord and column in FE models.

The developed FE models expand the state of the art for com-
putational models of SCI. Working with a larger scale animal
model provided the opportunity to measure tissue mechanics and
derive NHP-specific white matter constitutive models?® to use in
the current study. The constitutive model also captured the trans-
verse isotropy of white matter by utilizing an experimentally de-
rived strain energy function.'® These anisotropic characteristics of
the spinal cord have not been included in previous FE models of
SCIL.'>!'7-2065 1 addition, the FE models distinctly modeled the
white and gray matters and the pia mater.

Discrete modeling of the pia mater has been shown to affect the
SCI FE model outcome patterns.'® In contrast to previous models,
which do not include the pia matter explicitly,'>?° the distributions
of peak stresses and strains showed a rim of spared tissue in the
white matter directly under the impactor—similar to the observed
histology. This reinforces the importance of distinguishing the
constituent materials to accurately capture patterns of injury. Fur-
ther, treating white and gray matters as identical materials neglects
the complexity of the spinal cord tissue, interactions between the
two materials, and affects the intraparenchymal mechanics of the
model. By integrating these material constitutive models, discrete
modeling of spinal cord constituent components and tuning the

impactor mediolateral alignment, the open dura simulations closely
replicated their in vivo counterparts.

In a study by Maikos and colleagues,'® max LEP resulting from
midline contusion FE simulations on rats was found to have sig-
nificant correlation with patterns of blood—spinal cord barrier
breakdown (quantified by albumin extravasation) with average
Nagelkerke R-squares of 0.84 £ 0.05 for gray matter and 0.56 £ 0.12
for white matter. The R-square values determined in our study
for max LEP were lower (between 0.37+0.09 and 0.76+0.05
for gray matter and 0.18£0.03 and 0.4%0.04 for white matter)
(Table 3). That study did not evaluate other FE metrics.

A potential source for discrepancy may be using a chronic lesion
instead of the acute injury used by Maikos and coworkers'> for
correlating tissue responses to computational predictions. The
primary damage to the blood—spinal cord barrier that occurs in the
acute injury contributes significantly to the overall pathology, in-
cluding the introduction of reactive species that induce cytotoxicity
as well as secondary insults on the blood—spinal cord barrier itself.
The chronic lesions that were used to establish correlations with
tissue mechanics in this study were mediated by the evolution of
secondary injury. These chronic lesions, however, are arguably
more clinically relevant in representing the long-term implications
of the mechanical impact.

Further, a stronger correlation was observed between contusion
injury impact parameters (impact velocity, cord compression depth,
and cord compression rate) and albumin extravasation compared
with hemorrhage in rats,”® which suggests albumin extravasation
should better correlate with FE predicted tissue mechanics.

The insignificant correlation between tissue damage and FE
predictions in subject #9 (Table 3) may also be attributed to the
milder injury generated in this subject and the limited involvement
of gray matter. In subject #9, the impact was excessively lateral,
resulting in a noticeably smaller lesion compared with other
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subjects (Fig. 2). The lateral impact was attributed experimentally
to undiagnosed scoliosis,' which may have resulted in impinge-
ment on the laminectomy opening and provided the unusual force
history. Specifically, in the gray matter, the R-square val-
ues were substantially lower compared with other subjects (0.29—
0.37 compared with 0.39-0.76); this is likely because of the limited
involvement of the gray matter in this lesion.

The greater involvement of the gray matter in the lesion in this
NHP study may account for the higher correlations between me-
chanical loading and damage observed in the gray matter compared
with white matter (Table 3). Histological sections, processed with
eriochrome cyanine and neutral red to capture the spread of damage
in both the gray and white matter, showed gray matter involvement
up to 100% in the lesion while white matter had a maximum of
50% involvement." Several studies have highlighted the particular
susceptibility of the gray matter to contusion injury.'>®® This has
been attributed to greater blood vessel density in spinal cord gray
matter and the capillaries being finer and more susceptible to im-
pact.®”~* Mechanical perturbation of the blood—spinal cord barrier
and/or microvasculature causes hemorrhage and leads to the spread
of lesion in the spinal cord.

The inclusion of a distinct pia mater membrane in our model
provided a protective effect for the adjacent white matter resulting
in peripheral white matter sparing in the FE model, which corre-
sponded to histological outcomes. In addition, small adjustments to
mediolateral alignment predominately affect the degree of white
matter involvement in the lesion while having less effect on gray
matter involvement. Consequently, the distribution patterns of all
types of mechanical perturbations (stress, strain, or energy density)
in the tissue more significantly matched the lesion spread for the
gray matter compared with the white matter. The higher correla-
tions observed in this study in the gray matter are in agreement with
previous published evaluations in SCI studies. >

Strain in the axon direction (LEAXON) has been proposed by
others in the fields of spinal cord'®"° and brain®"'~"? injury as a
strong correlate with injury. The LEAXON was found to correlate
moderately with tissue damage in two of our subjects (subjects #5
and #8 with R-square values of 0.55+0.04 and 0.58+0.03, re-
spectively); however, the correlation was poor in the two other
subjects (<0.37, Table 3). The LEAXON threshold values deter-
mined for white matter in our study (between 0.1 and 0.16) agreed
with numerical tolerance limits reported for brain diffuse axon
injury (0.1465 by Sahoo and associates®' and 0.13 by Giordano and
colleagues’?). These threshold results are similar to experimentally
derived strain limits of isolated spinal cord and brain axons (0.18 by
Bain and coworkers,”! 0.2 by Morrison and associates,72 and 0.16
by Singh and colleagues’®). Strains in the axon direction will be
affected by the anisotropy model used to represent white matter
properties in this study.

The complexity of NHP in vivo unilateral contusion injury ex-
periments and FE modeling introduced several challenges to this
study and resulted in some limitations. First, because of the limited
visibility during surgery, precisely determining the mediolateral
alignment of the impactor relative to the spinal cord was not pos-
sible in the experiments. Therefore, the mediolateral alignments of
the impactors in the FE models were approximated and the align-
ment was tuned to match the experimental impactor force output.
The accuracy of the tuned FE impactor positions was confirmed by
comparing the FE models with their corresponding histology at the
epicenter (Fig. 2A epicenter and Fig. 4B).

The ipsilateral magnitude and the contralateral extent of the
tissue damage reflect the mediolateral alignment of the impactor in
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the corresponding simulation (except for subject #9 where scoliosis
was observed). In subjects #5, #6 and #8 as the impactor alignment
moved over the spinal cord midline, the mechanical tissue loading
better reflected the histologically observed tissue damage, dem-
onstrating the suitability of the calibration method.

Second, the spinal cord constituent material properties were
characterized by direct in vitro mechanical tests'®>>%%3% and via
FE adaptable methods. The material constitutive models were not
adjusted further, and the same constitutive material models were
used for all of the simulations. A considerable amount of variability
has been reported in the spinal cord constituent material mechan-
ical behavior specifically in larger animals such as porcine®’ and
NHPs.?® Using generic, fixed material constitutive models in the
current study may limit the subject-specificity of the output results.
Obtaining individualized accurate material properties for SCI
simulation, however, is not trivial and requires advanced, non-
invasive methods to obtain large deformation tissue characteristics.
This is currently not possible.

Total Lagrangian formulation FE analysis methods (instead of
the updated Lagrangian formulation used in our study) showed the
ability to predict the resulting deformation field with a minimal
dependency on the pre-defined constitutive material properties in
studies of brain injury’>~’® and the potential to circumvent the need
for including material characteristic variations in subject-specific
SCI models.” However, the method is unreliable for flow-like
behavior (e.g., CSF in this case) or topology changes. In addition,
description of strains (and stresses) in large strain regimes (inherent
to contusion impact) are complicated because of the initial dis-
placement effects.”

The histology in this study represents the chronic phase of injury
(~20 weeks post-injury), which includes the effects of both the
mechanical impact and secondary injury cascade. Although this can
make the statistical analysis more variable and noisys, it is also more
relevant for understanding the link between mechanical impact and
long-term outcomes (which are most important to the patient). This
study did not include a sham group; however, considering the lo-
calized nature of contusive SCI,'>2° preliminary analyses were
performed using tissue sections remote from the injury epicenter
(4.8 mm rostral) and the significance of the study statistical results
were not changed.

Finally, the small number of intact dura subjects (n=4) in this
study limited the statistical power of the presented injury thresh-
olds. Although we tried to reduce the uncertainty of our results by
choosing random sets of elements for our statistical analysis, in-
cluding more subjects with consistent injuries into the analysis will
reduce the risk of false-negative finding (type II error) and is
beneficial. Ongoing work will expand the number of subjects to
increase the fidelity of FE outcomes.

The FE modeling approach also included some limitations.
Generating gray matter geometry based on histology rather than
MRIs in the intact dura models was a limitation of this study
because it neglects the morphometric variations of gray matter
geometry along the spinal cord length. The gray matter geometry
was modified along the path based on the histology slides in the
corresponding cross-section. None of the models included nerve
roots, denticulate ligaments, or blood vessels. Adding these exterior
structures could restrict the lateral movement of the spinal cord.
This is of particular importance in the simulations of this study
because the impact was unilateral, and, unlike previous models of
midline impact in rodents,'® the stability of the spinal cord in re-
sistance to bulk lateral shift plays an important role. The conformity
of the current FE models’ biomechanical behavior with in vivo
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results, however, suggests that the roles of these additional struc-
tures was minimal, or adequately captured by the assigned bound-
ary conditions.

Second, the material models used in this study have limitations
because of the few available experimental results. The gray matter
material model and the viscoelastic material parameters used in the
FE models were based on low strain rate experiments (<0.5/sec)??
and the material behavior at higher rates is undefined. Further work
is needed to characterize these properties directly, although these
experiments are exceedingly complex.

The moderate to significant correlation of min LEP (compres-
sive strain) and tissue damage observed here in white and gray
matters, respectively, suggests that besides the accepted mecha-
nisms of neurological tissue damage such as membrane perme-
ability®*®! or axon/myelin disruption,”’%%? that disruption to the
spinal cord blood supply needs to be measured in absence not only
via hemorrhage. In theory, compressive strain may contribute to
blocking circulation. It has been hypothesized that disrupted cir-
culation leads to insufficient blood supply and results in tissue
damage.®*®*

High accuracy computational models, such as the ones devel-
oped in the current study, could be used reliably in animal model
development and testing injury prevention strategies. Translating
these models to human injuries has the potential to contribute to
clinical decision making and surgical planning where the effects of
different surgical interventions may be assessed on the computer
first. As an example, these individualized FE models may help in
overcoming the challenges in the development of standardized
in vivo models of traumatic SCI in large animals such as pigs and
NHPs, 112539

Inducing a consistent injury in animal models is critically im-
portant to establish an injury baseline and to differentiate the effi-
cacy of treatment strategies from normal recovery. Carefully
controlled study populations and removing ‘‘mis-hit” animals from
analysis have led to tightly correlated impact biomechanical pa-
rameters and injury in rats®>®’ and mice®**°; however, these same
correlations are not as clear in larger animal models such as pigs or
NHPs primarily. The variation in outcomes has been attributed to
more variable cord and column morphologies in large animals.'*

Given the extensive housing and experimental costs for large
animals (specifically NHPs) and the desire to minimize the use of
animals, establishing methods for reducing experimental variabil-
ity is critical. The sensitivity of the contusion model outcomes to
different parameters observed in the current study suggests that in
large animal models of SCI, getting consistent, standardized injury
outcomes may require subject-specific impact parameters.

The FE predicted injury patterns may also be valuable in further
refining our understanding of clinical injuries. Currently, post-
injury MRI scanning provides a range of valuable data on the
overall extent of the SCI and the involved tissue structures. These
subject-specific images are critical in planning strategic treatments
based on the individual patient and the injury severity. Currently,
however, there are some important discrepancies between MRI
scans and observed lesion histology—specifically, the MRI scans
underestimate the extent of lesion because of the nature of MRI
hyperintense signals.' Combining MRI scans with subject-specific
FE model outcomes may increase the reliability of SCI clinical
evaluation because the FE models can provide high-resolution
predictions of the lesion location and extent and, perhaps, its ulti-
mate clinical consequences.

Currently, computation times are too large to be clinically
feasible (~100 CPU hours for intact dura simulations). This
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highlights an inherent difficulty in subject-specific modeling of
neurological soft tissues (e.g., brain and spinal cord) where the low
stiffness of the material substantially reduces the minimum stable
time increment required for FE analysis thus extending the run
times. In addition, the analysis techniques used here cannot be
parallelized and therefore accessing more computing nodes (e.g., a
larger super computer) would have limited effect on decreasing
simulation run times. Subject-specific models aiming for neuro-
surgical applications (e.g., image-guided surgeries) require real-
time results, therefore, long computation times are a serious
obstacle.””78:90-91

Total Lagrangian FE analysis methods’” and emerging meshless
techniques®>°* have the potential to reduce the required FE anal-
ysis timing. In addition, meshless methods have the advantage of
reducing the challenges associated with individualized mesh gen-
eration in subject-specific approaches. These methods, however,
require further development and validation; specifically, the ca-
pability of these methods to predict parenchymal level stresses and
strains has not been explored. Importantly, these techniques have
been limited to simulating low to moderate strain rate phenome-
non’""*! and the feasibility of applying them to models simulat-
ing high strain rates typical of SCI is unclear. Nevertheless, the
results of our computational study highly increased the value of
subject-specific SCI results and provide an important first step in
justifying further exploration of these emerging methods.

Conclusion

Computational modeling of NHP contusion SCI experiments has
provided important insight into the subject-specific correlations
between FE predicted tissue level mechanics and spinal cord tissue
damage. The results have also highlighted the effects of inter-
subject morphological variabilities on SCI outcomes. The findings
are of particular importance to planning large animal SCI model
studies where subject-specific approaches may reduce the vari-
ability of the results considerably and, consequently, minimize the
costs and the use of animals. These findings also reinforce our
understanding of SCI biomechanics, enhance the development of
effective injury prevention and therapeutic strategies, and highlight
key areas for further investigation.
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