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ABSTRACT

Background Context: Finite element modeling (FEM) is an established tool to analyze the biomechanics of complex
systems. Advances in computational techniques have led to the increasing use of spinal cord FEMs to study cervical
spinal cord pathology. There is considerable variability in the creation of cervical spinal cord FEMs and to date
there has been no systematic review of the technique. The aim of this study was to review the uses, techniques,
limitations, and applications of FEMs of the human cervical spinal cord.

Methods: A literature search was performed through PubMed and Scopus using the words finite element analysis,
spinal cord, and biomechanics. Studies were selected based on the following inclusion criteria: (1) use of human
spinal cord modeling at the cervical level; (2) model the cervical spinal cord with or without the osteoligamentous
spine; and (3) the study should describe an application of the spinal cord FEM.

Results: Our search resulted in 369 total publications, 49 underwent reviews of the abstract and full text, and
23 were included in the study. Spinal cord FEMs are used to study spinal cord injury and trauma, pathologic
processes, and spine surgery. Considerable variation exists in the derivation of spinal cord geometries, mathe-
matical models, and material properties. Less than 50% of the FEMs incorporate the dura mater, cerebrospinal
fluid, nerve roots, and denticulate ligaments. Von Mises stress, and strain of the spinal cord are the most common
outputs studied. FEM offers the opportunity for dynamic simulation, but this has been used in only four studies.
Conclusions: Spinal cord FEM provides unique insight into the stress and strain of the cervical spinal cord in
various pathological conditions and allows for the simulation of surgical procedures. Standardization of modeling
parameters, anatomical structures and inclusion of patient-specific data are necessary to improve the clinical
translation.

Introduction

without the paraspinal muscles. Specifically, the spinal cord cannot be
tested in cadaver models since spinal cord tissue properties are not main-

Finite element modeling (FEM) is an established technique to un-
derstand the biomechanics of complex systems including human neu-
roanatomy. Finite element modeling breaks down complex anatomical
geometries into small elements with specific material properties, which
allows computational analyses to be conducted with simulated loads.
Biomechanical testing using FEM overcomes the limitations of cadaver
models and can be used to measure intrinsic tissue forces where clin-
ical testing is not feasible [1-4]. Traditional biomechanical testing of
the spine requires testing of cadaver preparations of the spine often
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tained during cadaver preparation and intrinsic stress cannot be mea-
sured. Limitations of cadaver models that are overcome by FEM include
biological variability, difficulty with procurement, sophisticated testing
capabilities, and costs. While a single cadaver can only simulate a single
surgical intervention, FEMs can simulate and compare multiple surgical
interventions in a single model because of its absolute repeatability and
ability to explore the responses for the specific anatomical-geometrical
characteristics of each patient using patient imaging such as computed
tomography (CT) or magnetic resonance imaging (MRI).
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Finite element modeling’s of the vertebral column is used extensively
to study biomechanical responses of the human spine to loading, injury,
and surgical intervention. Advancement in computational modeling as
well as knowledge of the material properties of neural tissues has led
to the development of FEMs of the spinal cord. The development of a
spinal cord FEM requires several inputs, which contribute to the accu-
racy and validity of the model. To begin with, accurate MRI-derived
spinal cord geometries need to be obtained. Cervical spine and spinal
cord geometries need to be recorded from medical imaging data such as
MRI or CT scans. The segmented components must be discretized with
optimal element formulation and an appropriate number of elements.
In addition, the material properties of the bone, ligament, and soft tis-
sues are modeled with different constituents of materials, which are ob-
tained from experimental studies. Furthermore, boundary conditions,
constraints, and contacts are established between components to reflect
realistic physiological conditions and interactions. Finally, the external
forces and moments applied to the FE model must be determined to
simulate the physiological conditions being studied. This technique is
now used to study spinal cord stress and strain states due to spinal cord
pathology and traumatic injuries. Finite element modeling’s of the hu-
man spinal cord enable quantification of spinal cord forces in dynamic
environments as well as after simulated surgical interventions.

The application of FEM to spinal cord biomechanics research started
around the 1980s. At first, these models were predominantly 2D due
to computational limitations. During this time, FEMs provided valuable
insights into the behavior of the spinal cord under various physiolog-
ical conditions. Coburn et al. [5] used a 2D model to understand the
effect of epidural electrode-induced electrical stimulation on the spinal
cord. In the early 2000s, advancements in computational capacities al-
lowed for a shift toward 3D FEMs. These 3D models provided a more
accurate representation of the anatomical and biomechanical complex-
ities of the spinal cord [6]. Over the past decade, FEMs have been em-
ployed to study more complex and diverse clinical scenarios. This in-
cludes analyzing the stress in the spinal cord due to degenerative cer-
vical myelopathy [7], understanding the impact of cerebrospinal fluid
representation during transverse impacts [8], and investigating the ef-
fects of contusion load on the cervical spinal cord [9]. Some studies also
explored the biomechanics of surgical interventions [10] and surgical
treatment for cervical myelopathy [11]. Recently, more sophisticated
modeling techniques have been developed, such as hyper-viscoelastic
multiphysics finite element models [12], and patient-specific finite ele-
ment models [13] for the cervical spinal cord. These advancements have
expanded our understanding of cervical spinal cord biomechanics and
hold promise for guiding surgical strategies, understanding spinal cord
pathobiology and driving innovations in the field. There is considerable
variability in methodology as well as applications of cervical spinal cord
FEMs and to date there has been no review summarizing the current sta-
tus, capabilities and limitations of human cervical spinal cord FEMs.

In this review of human cervical spinal cord FEMs, we address model
development, material properties, testing environment, and clinical ap-
plications. We aim to define the current state, areas of need, and future
directions of human spinal cord FEM for clinical applications.

Methods

A systematic review was performed through PubMed and Scopus
according to the PRISMA 2020 guidelines. The following terms were
searched: (1) Finite element analysis, and (2) spinal cord, and (3) biome-
chanics. The results were initially screened by their titles. The abstracts
were then reviewed followed by a review of the full article. Studies were
evaluated for the following inclusion criteria: (1) Human spinal cord
modeling at the cervical level; (2) the study should model the spinal cord
with or without the osteoligamentous spine; and (3) the study should
describe an application of the spinal cord FEM. Review articles, articles
not in English, studies that only modeled the osteoligamentous spine,
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studies that focused on thoracic and lumbar regions of the spinal cord,
and studies on animal spinal cord FEMs were excluded from this study.

Selected studies were evaluated for the disease process that was stud-
ied, model development, material properties used, outputs, and limita-
tions of the models.

Results

The search yielded 369 total results. After screening titles and re-
moving duplicates, 49 results remained. Twenty-six more studies that
did not satisfy the inclusion criteria were removed after reading through
abstracts or full texts (Fig. 1). Seven studies were removed because these
did not model the spinal cord [14-20], 5 studies were removed since
they modeled nonhuman spinal cords [21-25], 3 studies did not use fi-
nite element analysis [26-28], and 2 studies were not in English [29,30].
Seven studies were removed because they focused on the thoracic or
lumbar spinal cord [31-37]. One study was removed because it mod-
eled the head-neck complex without a focus on the spinal cord [38].
One study was removed because it described the creation of a validated
model but did not evaluate spinal pathology [39].

Disease process

Nine studies (39%) looked at spinal cord injury and trauma [9,
40-47]. Ten studies (43%) looked at the effect of pathologic processes
(degenerative disease or trauma) on spinal cord biomechanics [7,48-
56]. Four studies (17%) looked at stress and strain on the spinal cord
after spine surgery [10,57-59].

Derivation of spinal cord geometries

Studies had considerable variation in the methodology of FEM de-
velopment for the osteoligamentous spine and spinal cord. Geometric
measurements to model the neuroanatomy were obtained from neu-
roimaging in most studies. Eleven models (48%) were created using
imaging of the human spinal cord [7,9,41,47-49,52-54,57,58]. Seven
(30%) of these were CT scans [7,41,48,52-54,57] and 3 (13%) were MR
imaging [9,49,56]. One study (4%) used both CT and MR imaging [47].
Six models (26%) used morphologic cross-sections from cadaveric hu-
man spinal cords [10,40,42,45,55,59]. Three models (13%) were based
on institutional or published anatomical data [7,44,46]. Three models
(13%) did not specify where the spinal cord geometries were derived
from [43,50,51].

Nineteen studies (83%) modeled the grey and white matter of
the spinal cord as separate elements with distinct material properties
[7,9,40,41,43,45-51,53-59]. Four studies (17%) modeled the spinal
cord as a single structure, without segmenting white and gray matter
[10,42,44,52].

Tissue material properties

The material properties of the spinal cord were obtained from animal
or human cadaver tissue testing. Eighteen studies (78%) used bovine
spinal cord tissue material properties [10,40-43,45,47-51,53-59]. One
study (4%) used material properties from cat spinal cords [52]. One
study (4%) used dog and cat spinal cord tissues [44]. One study (4%)
used material properties from human cadaveric spinal cords [46]. Two
studies (9%) did not specify how the material properties were derived
[7,9].

The spinal cord was modeled according to different mathemat-
ical models. Nine studies (39%) used a nonlinear hyperplastic ma-
terial model [9,10,41,52,53,56-59]. Ten studies (43%) modeled the
spinal cord using linear elastic material properties [7,42,44,45,47—
49,54,55]. Four studies (17%) incorporated viscoelastic material prop-
erties [40,43,50,51].
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Fig. 1. Flow chart illustrating the literature review and selection process.

Anatomical structures modeled

Eleven studies (48%) incorporated dura mater [10,40,41,44,46—
48,52,53,57-59] and twelve (52%) incorporated pia mater into their
models of the spinal cord [9,10,40,43,47-51,54,55,57]. Denticulate lig-
aments were modeled around the spinal cord in ten studies (43%)
[10,40,44,46-48,53,57-59]. Nerve roots were incorporated in eight
models (35%) [41,46,48,52,53,57-59] Eight studies (35%) included
cerebrospinal fluid [10,41,46,52,53,57-59]. CSF was modeled as a fluid
element in all studies. The osteoligamentous spine also been modeled
in addition to the spinal cord. These included intervertebral discs in
13 studies (57%) [7,40,43,44,46,48,50-52,55-58]. Eight studies (35%)
included one or more vertebral ligaments including the ligamentum
flavum or posterior longitudinal ligaments [7,40,44,46,48,49,52,53].
Bony vertebrae were included in 13 models (57%) [7,40,41,44,46—
48,52,54,56-59].

Use of patient-specific anatomy or generic anatomy of the spinal cord

Fourteen studies (61%) developed FEM based on generic spine and
spinal cord anatomy (Fig. 2) [10,40,42-46,48-51,54-56]. Nine models
(39%) [7,9,41,52-54,57-59] used CT-derived patient-specific anatomy
of the osteoligamentous spine, but generic geometries were used to de-
velop the spinal cord FEM. Two studies (9%) used MRI-derived geome-
tries from a healthy subject to construct gray and white matter elements,
however, the authors stated that symmetry of the gray and white mat-
ter was assumed; so subject-specific geometries of the gray and white
matter were not incorporated in the model [9,47]. No study used MRI-
derived patient-specific geometries of the spinal cord (Table 1, Fig. 3).

Vertebral segments modeled

Twenty studies (87%) modeled the cervical spinal cord. Five of these
studies (22%) modeled the entire cervical spinal cord [42,45,47,54,57].



Table 1

Summary of cervical spinal cord FEM studies.

Study Disease process Spinal cord geometries Tissue material Type of model Anatomical structures Subject-specific Anatomical Outputs
properties or generic spinal region
cord anatomy
Yang et al. [7] Cervical spondylotic CT imaging Not specified linear elastic Cortical bone, cancellous bone, boney  Generic Cervical von Mises stress
myelopathy endplate, pedicle, small joints, gray
matter of the spinal cord, ALL, PLL,
LF, soft backbone, nucleus proposes,
fiber ring, white matter of spinal cord
Xue et al. [57] Effect of cervical CT imaging Bovine nonlinear C1-C7 vertebral bodies, intervertebral  Generic Cervical CSA, sagital diameter,
rotatory manipulation on hyperelastic disc, zygapophysial cartilage, nerve von Mises stress
the biomechanics of a root complex, and vertebral contents
healthy spinal cord included grey matter, white matter,
pia matter, dura matter, denticulate
ligaments, nerve roots, and CSF
Levy et al. [48] Degenerative cervical CT imaging Bovine linear elastic Grey matter, white matter, pia mater,  Generic Cervical Shear stress, stress, von
myelopathy dura, spinal roots, dentates, IVD, Mises stress
vertebrae, ligaments (ALL PLL nuchal
ligament LF, joint capsule,
interspinous)
Zhu et al. [9] Contusion loading MR Imaging Not specified nonlinear grey matter white matter and pia Subject-specific Three segment von Mises stress
hyperelastic
Stoner et al. [10] Cervical myelopathy Cadaveric histologic Bovine nonlinear grey and white matter of the spinal Generic Cervical Strain, von Mises stress
cross sections hyperelastic cord grouped together, dura, pia
dentate ligaments, CSF
Bailly et al. [40] Central cord syndrome Cadaveric histologic Bovine viscoelastic vertebrae, IVD, 6 spinal ligaments Generic Cervical Strain, stress
cross sections (ALL PLL zygapophyseal joint
ligaments, LF, interspinous ligaments
and nuchal ligaments), white matter,
grey matter, denticulate ligaments,
pia, and dura
Khuyagbaatar et al. [41] Contusion, dislocation, CT imaging Bovine nonlinear Vertebrae, white matter, grey matter, Subject-specific Cervical CSA, strain, stress, von
and distraction SCI hyperelastic dura mate with nerve roots, and CSF* Mises stress
mechanisms
Khuyagbaatar et al. [52] Ossification of the CT imaging Cat nonlinear Vertebrae, IVD, PLL, LF, nerve roots, Generic Cervical CSA, stress, volume, von
posterior longitudinal hyperelastic grey and white matter, dura, nerve Mises stress
ligament root CSF
Nishida et al. [49] Cervical spondylotic MR Imaging Bovine linear elastic grey matter, white matter, pia, and LF  Generic Cervical Stress
myelopathy

(continued on next page)
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Table 1 (continued)

Study Disease process Spinal cord geometries Tissue material Type of model Anatomical structures Subject-specific Anatomical Outputs
properties or generic spinal region
cord anatomy
Li et al. [42] Acute central cord Cadaveric Histologic Bovine linear elastic spinal cord Generic Cervical von Mises stress
syndrome cross sections
Kato et al. [50] Myelopathy due to OPLL Not specified Bovine viscoelastic grey matter white matter pia matter Generic Two segment Stress
and IVD
Kato et al. [43] SCI in OPLL Not specified Bovine viscoelastic grey matter white matter pia matter Generic Two segment Stress
and IVD
Li et al. [45] Hyperextension injury Cadaver, Histologic cross ~ Bovine linear elastic grey matter and white matter Generic Cervical Stress, von Mises stress
sections
Greaves et al. [44] Spinal cord injury anatomic descriptions Dog and cat linear elastic Vertebrae, spinal cord, dura, ALL PLL,  Generic Cervical Shear strain, strain, von
joint capsule, LF, interspinous Mises strain
ligament, IVD, denticulate ligaments,
and dural attachments
Kato et al. [50] Cervical flexion Not specified Bovine viscoelastic grey matter, white matter, pia mater, Generic Cervical Stress
myelopathy and IVD
Khuyagbaatar et al. [53] Ossification of the CT Imaging Bovine Nonlinear Dura, denticulate ligaments, CSF, Generic Cervical Von mises stress, stress,
posterior longitudinal hyperelastic nerve roots, ligaments CSA
ligament
Nishida et al. [54] Brown-Séquard CT imaging Bovine Linear elastic Pia, vertebrae Generic Cervical Stress
Syndrome
Scifert et al. [46] Spinal cord injury Anatomic descriptions Human Linear elastic Vertebrae, ligaments, IVD, nerve Generic Cervical von Mises stress, strain
roots, CSF, denticulate ligaments
Czyz et al. [47] Spinal cord injury from MRI imaging Bovine Linear elastic Pia, dura, denticulate ligaments, Subject-specific Cervical Deformation, stress,
burst fracture vertebrae shear stress, strain
Liang et al. [55] Herniated cervical IVD Histologic cross sections Bovine linear elastic Pia, IVD Generic Cervical Stress
Khuyagbaatar et al. [59] OPLL Histologic cross sections Bovine nonlinear Vertebrae, nerve roots, denticulate Generic Cervical Displacement, stress, von
hyperelastic ligaments, CSF dura Mises stress
Khuyagbaatar et al. [58] OPLL CT Imaging Bovine nonlinear Vertebrae, nerve roots, denticulate Generic Cervical von Mises stress, strain,
hyperelastic ligaments, CSF, dura, IVD displacement
Taso et al. [56] Cervical myelopathy MR imaging Bovine nonlinear Vertebrae, IVD, CSF Generic Cervical von Mises stress, shear
hyperelastic stress

ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligamentum flavum; CSF, cerebrospinal fluid; IVD, intervertebral disc; SCI, spinal cord injury; OPLL, ossification of the posterior longitudinal

ligament.
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Fig. 2. (A) FEMs created by Yang et al [7] showing patient-specific bony anatomy but generic spinal cord anatomy and compressive pathology, (B) FEM by Zhu
et al. [9] showing generic spinal cord morphology without osteoligamentous anatomy, (C) FEM by Khuyagbaatar et al. [52] showing patient-specific CT-derived

bony anatomy with generic spinal cord and nerve root morphology.

Four studies (17%) included the cord from C2 to C7 [41,52,53,58].
Three studies (9%) modeled the cord from C2 to T1 [10,40,59]. One
study (4%) modeled three segments of the cervical spinal cord [9].
Four studies (17%) modeled 2 segments of the cervical spinal cord
[44,49,50,56]. Four studies (17%) used single-segment cervical mod-
els [7,46,48,55]. One study (4%) described a 2-segment model in an
unspecified region [43].

Outputs

The most common FEM outputs include von Mises stress in
14 studies (61%) [7,9,10,41,42,45,46,48,52,53,56-59], stress in 14
studies (61%) [40,41,43,45,47-55,59], strain in 7 studies (30%)
[10,40,41,44,46,47,58], and cross-sectional area in 4 studies (17%)
[41,52,53,57]. Shear stress was measured in 3 studies (13%) [47,48,56].
Shear strain [44] and von Mises strain [44] were measured in 1 study
each (4%). Displacement of the spinal cord was measured in 2 stud-
ies (9%) [58,59]. Volume [52], sagittal diameter [57], and deformation
[47] were measured in one study each (4%).

Dynamic simulation

Two studies (9%) looked at dynamic simulation. One study (4%)
modeled the stress distribution of the spinal cord with flexion speeds
that varied from 0.5 degrees per second to 50 degrees per second [43].
One study (4%) modeled loading by applying an imposed velocity to the
IVD at 0.05 mm/ms for 25 microseconds [56].

Discussion

There is considerable variability in how FEMs are constructed to
study the cervical spinal cord [60-62]. Some models have been sim-
plified to conserve computational power by modeling the spinal cord as
a homogenous element while others separated grey and white matter.
Ichihara et al. [61]. showed that there is increased rigidity in the grey
matter, however, other authors have suggested that there is no signifi-
cant difference in biomechanical properties between the gray and white
matter [63]. Overall, less than 50% of the studies in this review included
dura mater, pia mater, and cerebrospinal fluid, which are essential to ac-
curately simulate the biomechanical responses of the spinal cord [64].
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Fig. 3. Example of a patient-specific FEM developed from sagittal and axial T2-weighted MRI with individual spinal cord components, and patient-specific spinal
cord morphology. Modified generic FEMs include pathology (disk herniation) without incorporating global spinal alignment or geometries. Sagittal and axial (C5-C6
level) generic, modified generic and patient-specific FEMs are compared with show substantial differences in spinal cord morphology.

This highlights the challenge in comparing results between studies and
the need for standardization of modeling parameters for human cervical
spinal cord FEMs.

In vitro mechanical testing of the human cervical spinal cord shows
that the spinal cord exhibits a nonlinear J-shaped elastic response to
tensile loading [65], and therefore a quasilinear viscoelastic or hypere-
lastic model can capture nonlinear material behavior of the spinal cord.
Although the majority of studies used a hyperelastic [9,10,41,52,53,56—
59] or viscoelastic model [40,43,50,51], 10 studies (44%) measured
spinal cord responses using a linear elastic model [7,42,44-49,54,55].
Linear elastic models assume that the material properties of the spinal
cord remain constant and the relationship between stress and strain is
linear. They are computationally efficient and relatively simple to im-
plement. However, they may not accurately capture the nonlinear be-
havior of the spinal cord under large deformations or complex loading
conditions. Hyperelastic models account for the nonlinear stress-strain
relationship exhibited by the spinal cord. These models can provide a
more accurate representation of the mechanical response of the spinal
cord under various loading conditions. However, they can be compu-
tationally demanding and require accurate material parameters, which
may not always be available. Viscoelastic models incorporate both elas-
tic and viscous properties, capturing the time-dependent behavior of
the spinal cord. These models can simulate the response of the spinal
cord to dynamic loading conditions, such as impacts or cyclic loads.
The main limitation of viscoelastic models is their increased complexity
and the need for additional material parameters, which can be diffi-
cult to obtain experimentally. The optimal model for the spinal cord
would be one that balances accuracy, computational efficiency, ease of
implementation and would depend on the specific research question or
clinical application being addressed. The complexity of the spinal cord,
which includes white matter, gray matter, and blood vessels, makes it
difficult to create an accurate model. The consequences of assuming
a homogeneous model may reduce accuracy, loss of material-specific
behavior, and inadequate representation of load distribution. Homoge-
neous models assume uniform material properties, oversimplifying the
complex and varied nature of biological tissues, leading to inaccurate
prediction of biomechanical response. However, creating a heteroge-

neous model demands more detailed input data, heightened computa-
tional power, and validation through experimental evidence. When de-
ciding between homogeneous and heterogeneous models, it is important
to consider the trade-offs between simplicity and accuracy, depending
on the study’s specific goals and requirements.

At present, there is no consensus on the type of metric (eg, peak
von Mises stress) that best explains the response of the cord to physi-
ological loading. Different metrics have been employed depending on
the specific application and desired outcomes. Common biomechani-
cal outputs include stress, strain, displacement, pressure, spinal cord
diameter, and cross-sectional area. Clinicians often use spinal cord di-
ameter and cross-sectional area to quantify spinal cord compression, as
these can be measured using MRI. Experimental studies investigating the
spinal cord’s mechanical responses under mechanical loading are lim-
ited; however, they often focus on changes in length and the resulting
strain. Computational research typically uses stress and strain outputs
to examine the spinal cord’s mechanical response under various load-
ing conditions. These outputs help understand intrinsic responses and
identify regions susceptible to injury. The choice of output is driven by
the need to validate the model against experimental data or compare
results with previous studies. Ultimately, the choice of output hinges on
the specific application, availability of experimental data for validation,
desired outcomes, and limitations of the FEM design. Enhancing our
understanding of the relationships between various metrics and their
applicability in different contexts will support the development of more
accurate and effective spinal cord models.

Finite element modeling can simulate surgical interventions and pre-
dict the effect of surgery on spinal cord biomechanics. This can be useful
in determining whether a surgical intervention improves the dynamic
stress and strain within the spinal cord. Stoner et al. [10] compared
spinal cord stress and strain outputs for anterior cervical diskectomy
and fusion, anterior cervical diskectomy and fusion with laminectomy,
and double-door laminoplasty. The authors found that all surgical tech-
niques reduced spinal cord stress/strain at the surgical site, but only
the anterior cervical diskectomy and fusion model was associated with
increased adjacent segment spinal cord stress. A recent study by Vedan-
tam et al. [13] also confirmed increased adjacent segment spinal cord
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stress after anterior cervical diskectomy and fusion, which was greater
in multilevel compared with single level fusion. Together, these stud-
ies highlight the utility of FEM in simulating treatment paradigms and
associated cervical spinal cord responses.

The use of patient-specific data in FEM development is essential to
accurately define intrinsic spinal cord forces for the individual patient
and this approach is needed to enhance clinical translation. Computed
tomography imaging provides excellent contrast for bony anatomys;
however, spinal cord anatomy and contents of the vertebral canal are
best visualized on MRI. Magnetic resonance imaging-derived spinal cord
geometries, therefore, are necessary to create accurate patient-specific
spinal cord FEMs (Fig. 3). Additionally, the inclusion of all structures in
the spinal canal (dura mater, pia mater, cerebrospinal fluid, ligamentum
flavum, and posterior longitudinal ligament) is necessary to accurately
estimate spinal cord responses. Automated segmentation and meshing
from presurgical magnetic resonance imaging will be integral to opti-
mizing and accelerating spinal cord FEM development for clinical use.
In addition to incorporating patient-specific geometries, future models
will need to use individualized cervical spine range of motion (measured
using dynamic x-rays or goniometers) to determine simulated dynamic
forces.

Although FEMs of the human spinal cord incorporate diverse
anatomical structures, they are several limitations to this approach. Lim-
itations of the FEM approach to study spinal cord biomechanics include
software accessibility, cost, and expertise required to develop and run
the models. While the dimensions and tissue properties can be adapted
from prior studies, commonly used FE software packages are not open
source and software license costs remain a barrier to widespread use
of this technique. Generation of accurate spinal cord FE models require
knowledge of anatomy, mechanics, and material science. Optimal com-
putational processing power is necessary to generate FEMs. Importantly,
input from physicians is necessary to ensure clinical relevance and util-
ity. In vivo validation of all stress and strain outputs is not feasible in
humans. Stoner et al. [10] described MRI-derived measurement of cer-
vical spinal cord strain, yet other outputs including stress could not be
measured. Magnetic resonance imaging-derived measurements cannot
be applied to traumatic spinal cord injury with spinal instability, severe
spinal cord compression, or patients with limited neck range of motion.
Currently, tissue material properties of the white and gray matter of
the human spinal cord are not available. Chronic spinal cord compres-
sion is known to cause myelomalacia and a change in tissue properties
of the spinal cord parenchyma. Accurately quantifying the change in
tissue properties due to pathology may impact how accurately FEM out-
puts reflect true stress and strain in the spinal cord. Most importantly,
it is necessary to determine how spinal cord FEM outputs correlate with
the patient’s clinical status as well as clinical outcomes after surgery or
trauma. This further emphasizes the need for patient-specific FEMs over
generic and simulated pathological models.

Conclusion

This review describes the current role of human cervical spinal cord
FEM in studying spinal cord stress and strain states in the presence
of cervical spinal cord pathology. There is considerable variation in
anatomical structures and tissue material properties included in spinal
cord model development. Current cervical spinal cord FEMs, however,
do not include patient-specific spinal cord geometries. This review is
an important addition to the literature and focuses on an innovative
advancement of the finite element technique that is not routinely stud-
ied. Our review also provides guidance on areas of improvement as well
as limitations that will need to be overcome in the future. Spinal cord
FEMs provide a unique insight into biomechanical spinal cord responses
in pathological states, and can supplement conventional clinical imag-
ing. Improvements in automated model development and the inclusion
of patient-specific data are expected to improve the generalizability and
clinical translation of this technique.

North American Spine Society Journal (NASSJ) 15 (2023) 100246

Funding

This study was supported by AO Spine North America, North Amer-
ican Spine Society.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper

References

[1

—

Vafaeian B, Zonoobi D, Mabee M, et al. Finite element analysis of mechanical be-
havior of human dysplastic hip joints: a systematic review. Osteoarthritis Cartilage
2017;25:438-47. doi:10.1016/J.JOCA.2016.10.023.

[2] LiuX, ChenZ, GaoY, Zhang J, Jin Z. High tibial osteotomy: review of techniques and

biomechanics. J Healthc Eng 2019;2019:8363128. doi:10.1155/2019/8363128.

Lewis GS, Mischler D, Wee H, Reid JS, Varga P. Finite element analysis of fracture fix-

ation. Curr Osteoporos Rep 2021;19(4):403-16. doi:10.1007/5s11914-021-00690-y.

[4] YeY, YouW, Zhu W, Cui J, Chen K, Wang D. The applications of finite element anal-

ysis in proximal humeral fractures 2017. https://doi.org/10.1155/2017/4879836.

[5] Coburn B. Electrical stimulation of the spinal cord: two-dimensional finite element

analysis with particular reference to epidural electrodes. Med Biol Eng Comput

1980;18:573-84. doi:10.1007/BF02443129.

Maikos JT, Qian Z, Metaxas D, Shreiber DI. Finite element analysis of spinal cord

injury in the rat. J Neurotrauma 2008;25:795-816. doi:10.1089/NEU.2007.0423.

[7] Yang S, QuL, Yuan L, Niu J, Song D, Yang H, et al. Finite element analysis of spinal

cord stress in a single segment cervical spondylotic myelopathy. Front Surg 2022;9.
doi:10.3389/fsurg.2022.849096.

[8] Rycman A, McLachlin S, Cronin DS. Comparison of numerical methods for cere-

brospinal fluid representation and fluid-structure interaction during transverse im-

pact of a finite element spinal cord model. Int J Numer Method Biomed Eng 2022;38.

doi:10.1002/CNM.3570.

Zhu R, Chen Y, Yu Q, Liu S, Wang J, Zeng Z, et al. Effects of contusion load on

cervical spinal cord: a finite element study. Math Biosci Eng 2020;17:2272-83.

doi:10.3934/mbe.2020120.

[10] Stoner KE, KO Abode-Iyamah, Fredericks DC, Viljoen S, Howard MA, Grosland NM.
A comprehensive finite element model of surgical treatment for cervical myelopathy.
Clin Biomech 2020;74:79-86. doi:10.1016/j.clinbiomech.2020.02.009.

[11] Vedantam A, Harinathan B, Warraich A, Budde MD, Yoganandan N. Differences in
spinal cord biomechanics after laminectomy, laminoplasty, and laminectomy with
fusion for degenerative cervical myelopathy. J Neurosurg Spine 2023;39:28-39.
doi:10.3171/2023.3.SPINE2340.

[12] Rycman A, McLachlin S, Cronin DS. A hyper-viscoelastic continuum-level finite ele-
ment model of the spinal cord assessed for transverse indentation and impact load-
ing. Front Bioeng Biotechnol 2021;9. doi:10.3389/FBIOE.2021.693120.

[13] Vedantam A, Purushothaman Y, Harinathan B, Scripp S, Budde MD, Yoganan-
dan N. Spinal cord stress after anterior cervical diskectomy and fusion: re-
sults from a patient-specific finite element model. Ann Biomed Eng 2023;51.
doi:10.1007/510439-022-03118-5.

[14] Su Q, Li C, Li Y, Zhou Z, Zhang S, Guo S, et al. Analysis and improvement
of the three-column spinal theory. BMC Musculoskelet Disord 2020;21:537.
doi:10.1186/512891-020-03550-5.

[15] Jones CF, Clarke EC. Engineering approaches to understanding mechanisms of
spinal column injury leading to spinal cord injury. Clin Biomech (Bristol, Avon)
2019;64:69-81. doi:10.1016/j.clinbiomech.2018.03.019.

[16] Xie T, Qian J, Lu Y, Chen B, Jiang Y, Luo C. Biomechanical comparison of laminec-
tomy, hemilaminectomy and a new minimally invasive approach in the surgical
treatment of multilevel cervical intradural tumour: a finite element analysis. Eur
Spine J 2013;22:2719-30. doi:10.1007/s00586-013-2992-1.

[17] Persson C, Summers J, Hall RM. The importance of fluid-structure in-
teraction in spinal trauma models. J Neurotrauma 2011;28:113-25.
doi:10.1089/neu.2010.1332.

[18] Liu J, Ding Y, Lu Z, et al. Finite element biomechanical study of full endoscopic
fenestration decompression for cervical spondylotic myelopathy. Chinese J Tissue
Eng Res 2021;25:3850-4. doi:10.12307/2021.091.

[19] Huang H, Nightingale RW, Dang ABC. Biomechanics of coupled motion in the
cervical spine during simulated whiplash in patients with pre-existing cervical
or lumbar spinal fusion: a finite element study. Bone Joint Res 2018;7:28-35.
doi:10.1302/2046-3758.71.BJR-2017-0100.R1.

[20] Imajo Y, Hiiragi I, Kato Y, Taguchi T. Use of the finite element method to study the
mechanism of spinal cord injury without radiological abnormality in the cervical
spine. Spine (Phila Pa 1976) 2009;34:83-7. doi:10.1097/BRS.0B013E31818A2C30.

[21] Khuyagbaatar B, Kim K, Hyuk Kim Y. Effect of bone fragment impact velocity on
biomechanical parameters related to spinal cord injury: a finite element study. J
Biomech 2014;47:2820-5. doi:10.1016/j.jbiomech.2014.04.042.

[22] Rycman A, McLachlin S, Cronin DS. Comparison of numerical methods for cere-
brospinal fluid representation and fluid-structure interaction during transverse im-
pact of a finite element spinal cord model. Int J Numer Method Biomed Eng
2022;38:€3570. doi:10.1002/cnm.3570.

[23] Fournely M, Petit Y, Wagnac E, Evin M, Arnoux P-J. Effect of experimental, mor-

phological and mechanical factors on the murine spinal cord subjected to transverse

[3

=

[6

=

[9

—


https://doi.org/10.13039/100003202
https://doi.org/10.1016/J.JOCA.2016.10.023
https://doi.org/10.1155/2019/8363128
https://doi.org/10.1007/s11914-021-00690-y
https://doi.org/10.1155/2017/4879836
https://doi.org/10.1007/BF02443129
https://doi.org/10.1089/NEU.2007.0423
https://doi.org/10.3389/fsurg.2022.849096
https://doi.org/10.1002/CNM.3570
https://doi.org/10.3934/mbe.2020120
https://doi.org/10.1016/j.clinbiomech.2020.02.009
https://doi.org/10.3171/2023.3.SPINE2340
https://doi.org/10.3389/FBIOE.2021.693120
https://doi.org/10.1007/S10439-022-03118-5
https://doi.org/10.1186/s12891-020-03550-5
https://doi.org/10.1016/j.clinbiomech.2018.03.019
https://doi.org/10.1007/s00586-013-2992-1
https://doi.org/10.1089/neu.2010.1332
https://doi.org/10.12307/2021.091
https://doi.org/10.1302/2046-3758.71.BJR-2017-0100.R1
https://doi.org/10.1097/BRS.0B013E31818A2C30
https://doi.org/10.1016/j.jbiomech.2014.04.042
https://doi.org/10.1002/cnm.3570

1. Singhal, B. Harinathan, A. Warraich et al.

[24]

[25]

[26]

[27]

[28]

[29]

[301]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

contusion: a finite element study. PLoS One 2020;15:e0232975. doi:10.1371/jour-
nal.pone.0232975.

Ramo NL, Troyer KL, Puttlitz CM. Viscoelasticity of spinal cord and meningeal tis-
sues. Acta Biomater 2018;75:253-62. doi:10.1016/j.actbio.2018.05.045.

Okazaki T, Kanchiku T, Nishida N, et al. Age-related changes of the spinal cord:
a biomechanical study. Exp Ther Med 2018;15:2824-9. doi:10.3892/etm.2018.
5796.

Jérusalem A, Garcia-Grajales JA, Merchan-Pérez A, Pena JM. A computational model
coupling mechanics and electrophysiology in spinal cord injury. Biomech Model
Mechanobiol 2014;13:883-96. doi:10.1007/510237-013-0543-7.

Bertram CD. Evaluation by fluid/structure-interaction spinal-cord simulation of
the effects of subarachnoid-space stenosis on an adjacent syrinx. J Biomech Eng
2010;132:061009. doi:10.1115/1.4001165.

Wilcox RK, Boerger TO, Allen DJ, et al. A dynamic study of tho-
racolumbar burst fractures. J Bone Joint Surg Am 2003;85:2184-9.
doi:10.2106,/00004623-200311000-00020.

Duan S, Zhu ZQ, Wang KF, et al. Biomechanical behaviors of cervi-
cal spinal cord injury related to various bone fragment impact veloci-
ties: a finite element study. Zhonghua Yi Xue Za Zhi 2018;98:837-41.
doi:10.3760/cma.j.issn.0376-2491.2018.11.009.

Tan B, Li N, Feng Z, Yan H, Rong P, Wang W. Construction of three-dimensional
finite element model and biomechanical study on patient with with cervi-
cal spondylotic myelopathy. J Central South Univ (Med Sci) 2019;44:507-14.
doi:10.11817/J.1SSN.1672-7347.2019.05.006C.

Yan YB, Qi W, Wu ZX, Qiu TX, Teo EC, Lei W. Finite element study of the me-
chanical response in spinal cord during the thoracolumbar burst fracture. PLoS One
2012;7:€41397. doi:10.1371/journal.pone.0041397.

Diotalevi L, Bailly N, Wagnac E, Mac-Thiong JM, Goulet J, Petit Y. Dynamics
of spinal cord compression with different patterns of thoracolumbar burst frac-
tures: Numerical simulations using finite element modelling. Clinical Biomechanics
2020;72:186-94. doi:10.1016/j.clinbiomech.2019.12.023.

Sparrey CJ, Manley GT, Keaveny TM. Effects of white, grey, and pia mater properties
on tissue level stresses and strains in the compressed spinal cord. J Neurotrauma
2009;26:585-95.

Kim YH, Khuyagbaatar B, Kim K. Biomechanical effects of spinal cord com-
pression due to ossification of posterior longitudinal ligament and ligamen-
tum flavum: A finite element analysis. Med Eng Phys 2013;35:1266-71.
doi:10.1016/j.medengphy.2013.01.006.

Nishida N, Kato Y, Imajo Y, Kawano S, Taguchi T. Biomechanical study of the spinal
cord in thoracic ossification of the posterior longitudinal ligament. J Spinal Cord
Med 2011;34:518-22. doi:10.1179/2045772311Y.0000000029.

Henao J, Aubin CE, Labelle H, Arnoux PJ. Patient-specific finite element model
of the spine and spinal cord to assess the neurological impact of scoliosis correc-
tion: preliminary application on two cases with and without intraoperative neuro-
logical complications. Comput Methods Biomech Biomed Engin 2016;19:901-10.
doi:10.1080,/10255842.2015.1075010.

Henao J, Labelle H, Arnoux PJ, Aubin CE. Biomechanical simulation of stresses and
strains exerted on the spinal cord and nerves during scoliosis correction maneuvers.
Spine Deform 2018;6:12-19. doi:10.1016/].jspd.2017.04.008.

Kimpara H, Nakahira Y, Iwamoto M, et al. Investigation of anteroposterior head-
neck responses during severe frontal impacts using a brain-spinal cord complex FE
model. Stapp Car Crash J 2006;50:509-44. doi:10.4271/2006-22-0019.

Czyz M, Scigata K, Jarmundowicz W, Bedzinski R. Numerical model of the hu-
man cervical spinal cord-the development and validation. Acta Bioeng Biomech
2011;13:51-8.

Bailly N, Diotalevi L, Beauséjour MH, Wagnac E, Mac-Thiong JM, Petit Y. Numerical
investigation of the relative effect of disc bulging and ligamentum flavum hypertro-
phy on the mechanism of central cord syndrome. Clin Biomech 2020;74:58-65.
doi:10.1016/j.clinbiomech.2020.02.008.

Khuyagbaatar B, Kim K, Park WM, Kim YH. Biomechanical behaviors in
three types of spinal cord injury mechanisms. J Biomech Eng 2016;138.
doi:10.1115/1.4033794.

Li XF, Dai LY. Acute central cord syndrome: injury mechanisms and stress features.
Spine (Phila Pa 1976) 2010;35:955-64. doi:10.1097/BRS.0b013e3181c94cb8.
Kato Y, Kanchiku T, Imajo Y, et al. Flexion model simulating spinal cord injury
without radiographic abnormality in patients with ossification of the longitudinal
ligament: the influence of flexion speed on the cervical spine. J Spinal Cord Med
2009;32:555-9. doi:10.1080,/10790268.2009.11754557.

Greaves CY, Gadala MS, Oxland TR. A three-dimensional finite element model of
the cervical spine with spinal cord: an investigation of three injury mechanisms.
Ann Biomed Eng 2008;36:396-405. doi:10.1007/s10439-008-9440-0.

[45]

[46]

[471

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

North American Spine Society Journal (NASSJ) 15 (2023) 100246

Li X-F, Dai L-Y. Three-dimensional finite element model of the cervical spinal cord
preliminary results of injury mechanism analysis. Spine (Phila Pa 1976;34:1140-7.
Scifert J, Totoribe K, Goel V, Huntzinger J. Spinal cord mechanics during flexion
and extension of the cervical spine: a finite element study. Spinal Cord Mechanics
Pain Phys 2002;5:394-400.

Czyz M, Scigala K, Jarmundowicz W, Beidzinski R. The biomechanical analysis of
the traumatic cervical spinal cord injury using finite element approach. Acta Bioeng
Biomech 2008;10:43-54.

Lévy S, Baucher G, Roche PH, Evin M, Callot V, Arnoux PJ. Biomechan-
ical comparison of spinal cord compression types occurring in degenerative
cervical myelopathy. Clinical Biomechanics (Bristol, Avon) 2021;81:105174.
doi:10.1016/j.clinbiomech.2020.105174.

Nishida N, Kato Y, Imajo Y, Kawano S, Taguchi T. Biomechanical anal-
ysis of cervical spondylotic myelopathy: the influence of dynamic factors
and morphometry of the spinal cord. J Spinal Cord Med 2012;35:256-61.
doi:10.1179/2045772312Y.0000000024.

Kato Y, Kataoka H, Ichihara K, et al. Biomechanical study of cervical flexion
myelopathy using a three-dimensional finite element method: laboratory investi-
gation. J Neurosurg Spine 2008;8:436-41. doi:10.3171/SP1/2008/8/5/436.

Kato Y, Kanchiku T, Imajo Y, et al. Biomechanical study of the effect of de-
gree of static compression of the spinal cord in ossification of the posterior lon-
gitudinal ligament: laboratory investigation. J Neurosurg Spine 2010;12:301-5.
doi:10.3171/2009.9.SPINE09314.

Khuyagbaatar B, Kim K, Park WM, Kim YH. Influence of sagittal and axial
types of ossification of posterior longitudinal ligament on mechanical stress in
cervical spinal cord: a finite element analysis. Clin Biomech 2015;30:1133-9.
doi:10.1016/j.clinbiomech.2015.08.013.

Khuyagbaatar B, Kim K, Park WM, Lee S, Kim YH. Increased stress and strain on the
spinal cord due to ossification of the posterior longitudinal ligament in the cervical
spine under flexion after laminectomy. Proc Inst Mech Eng H 2017;231:898-906.
doi:10.1177/0954411917718222.

Nishida N, Kanchiku T, Kato Y, Imajo Y, Kawano S, Taguchi T. Biomechanical anal-
ysis of the spinal cord in brown-séquard syndrome. Exp Ther Med 2013;6:1184-8.
doi:10.3892/ETM.2013.1286/HTML.

Liang D, Tu GJ, Han YX, Guo DW. Accurate simulation of the herniated cervical inter-
vertebral disc using controllable expansion: a finite element study. Comput Methods
Biomech Biomed Engin 2021;24:897-904. doi:10.1080/10255842.2020.1857745.
Taso M, Fradet L, Callot V, Arnoux PJ. Anteroposterior compression of the spinal
cord leading to cervical myelopathy: a finite element analysis. Comput Methods
Biomech Biomed Engin 2015;18:2070-1. doi:10.1080,/10255842.2015.1069625.
Xue F, Chen Z, Yang H, Chen T, Li Y. Effects of cervical rotatory manipulation on
the cervical spinal cord: a finite element study. J Orthop Surg Res 2021;16:737.
doi:10.1186/513018-021-02885-6.

Khuyagbaatar B, Kim K, Park WM, Kim YH. Effect of posterior decompression ex-
tent on biomechanical parameters of the spinal cord in cervical ossification of
the posterior longitudinal ligament. Proc Inst Mech Eng H 2016;230:545-52.
doi:10.1177/0954411916637383.

Khuyagbaatar B, Kim K, Purevsuren T, Lee SH, Kim YH. Biomechanical effects on
cervical spinal cord and nerve root following laminoplasty for ossification of the
posterior longitudinal ligament in the cervical spine: a comparison between open-
door and double-door laminoplasty using finite element analysis. J Biomech Eng
2018;140. doi:10.1115/1.4039826.

Ichihara K, Taguchi T, Sakuramoto I, Kawano S, Kawai S. Mechanism of the spinal
cord injury and the cervical spondylotic myelopathy: new approach based on the
mechanical features of the spinal cord white and gray matter. J Neurosurg Spine
2003;99:278-85. doi:10.3171/SP1.2003.99.3.0278.

Ichihara K, Taguchi T, Shimada Y, Sakuramoto I, Kawano S, Kawai S. Short
communication: Gray matter of the bovine cervical spinal cord is mechanically
more rigid and fragile than the white matter. J Neurotrauma 2001;18:361-7.
doi:10.1089/08977150151071053.

Ogden RW. Large deformation isotropic elasticity - on the correlation of the-
ory and experiment for incompressible rubberlike solids. Rubber Chem Technol
1973;46:398-416. doi:10.5254/1.3542910.

Ozawa H, Matsumoto T, Ohashi T, Sato M, Kokubun S. Comparison of spinal cord
gray matter and white matter softness: measurement by pipette aspiration method.
J Neurosurg Spine 2001;95:221-4. doi:10.3171/SP1.2001.95.2.0221.

Persson C, Summers J, Hall RM. The importance of fluid-structure in-
teraction in spinal trauma models. J Neurotrauma 2011;28:113-25.
doi:10.1089/NEU.2010.1332.

Bilston LE, Thibault LE. The mechanical properties of the human cervical spinal cord
in vitro. Ann Biomed Eng 1996;24:67-74. doi:10.1007/BF02770996.


https://doi.org/10.1371/journal.pone.0232975
https://doi.org/10.1016/j.actbio.2018.05.045
https://doi.org/10.3892/etm.2018.\penalty -\@M 5796
https://doi.org/10.1007/s10237-013-0543-7
https://doi.org/10.1115/1.4001165
https://doi.org/10.2106/00004623-200311000-00020
https://doi.org/10.3760/cma.j.issn.0376-2491.2018.11.009
https://doi.org/10.11817/J.ISSN.1672-7347.2019.05.006C
https://doi.org/10.1371/journal.pone.0041397
https://doi.org/10.1016/j.clinbiomech.2019.12.023
http://refhub.elsevier.com/S2666-5484(23)00048-3/sbref0033
https://doi.org/10.1016/j.medengphy.2013.01.006
https://doi.org/10.1179/2045772311Y.0000000029
https://doi.org/10.1080/10255842.2015.1075010
https://doi.org/10.1016/j.jspd.2017.04.008
https://doi.org/10.4271/2006-22-0019
http://refhub.elsevier.com/S2666-5484(23)00048-3/sbref0039
https://doi.org/10.1016/j.clinbiomech.2020.02.008
https://doi.org/10.1115/1.4033794
https://doi.org/10.1097/BRS.0b013e3181c94cb8
https://doi.org/10.1080/10790268.2009.11754557
https://doi.org/10.1007/s10439-008-9440-0
http://refhub.elsevier.com/S2666-5484(23)00048-3/sbref0045
http://refhub.elsevier.com/S2666-5484(23)00048-3/sbref0046
http://refhub.elsevier.com/S2666-5484(23)00048-3/sbref0047
https://doi.org/10.1016/j.clinbiomech.2020.105174
https://doi.org/10.1179/2045772312Y.0000000024
https://doi.org/10.3171/SPI/2008/8/5/436
https://doi.org/10.3171/2009.9.SPINE09314
https://doi.org/10.1016/j.clinbiomech.2015.08.013
https://doi.org/10.1177/0954411917718222
https://doi.org/10.3892/ETM.2013.1286/HTML
https://doi.org/10.1080/10255842.2020.1857745
https://doi.org/10.1080/10255842.2015.1069625
https://doi.org/10.1186/s13018-021-02885-6
https://doi.org/10.1177/0954411916637383
https://doi.org/10.1115/1.4039826
https://doi.org/10.3171/SPI.2003.99.3.0278
https://doi.org/10.1089/08977150151071053
https://doi.org/10.5254/1.3542910
https://doi.org/10.3171/SPI.2001.95.2.0221
https://doi.org/10.1089/NEU.2010.1332
https://doi.org/10.1007/BF02770996

	Finite element modeling of the human cervical spinal cord and its applications: A systematic review
	Introduction
	Methods
	Results
	Disease process
	Derivation of spinal cord geometries
	Tissue material properties
	Anatomical structures modeled
	Use of patient-specific anatomy or generic anatomy of the spinal cord
	Vertebral segments modeled
	Outputs
	Dynamic simulation

	Discussion
	Conclusion
	Funding
	Declaration of Competing Interest
	References


