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ARTICLE INFO ABSTRACT

Keywords: Epidemiological and clinical studies show that the magnitude and scope of cervical disease are on the rise, along
Cervical spine with the world's rising aging population. From a biomechanical perspective, the cervical spine presents a wide
Biomechanics

inter-individual variability, where its motion patterns and load sharing strongly depend on the anatomy. This
study aimed to first develop and validate a geometrically patient-specific model of the lower cervical spine for
clinical applications, and secondly to use the model to investigate the spinal biomechanics associated with
typical cervical disorders. Based on measurements of 30 parameters from X-ray radiographs, the 3D geometry of
the vertebrae and intervertebral discs (IVDs) were developed, and detailed finite element models (FEMs) of the
lower ligamentous cervical spine for 6 subjects were constructed and simulated. The models were then used for
the investigation of different grades of IVD alteration. The multi directional range of motion (ROM) results were
in alignment with the in-vitro and in-Silico studies confirming the validity of the model. Severe disc alteration
(Grade 3) presented a significant decrease in the ROM and intradiscal pressure (flexion, extension, and axial
rotation) on the C5-C6 and slightly increase on the adjacent levels. Maximum stress in Annulus Fibrosus (AF) and
facet joint forces increased for Grade 3 for both altered and adjacent levels. The novel validated geometrically-
personalized FEM presented in this study potentially offers the clinical community a valuable quantitative tool
for the noninvasive analyses of the biomechanical alterations associated with cervical spine disease towards
improved surgical planning and enhanced clinical outcomes.

Personalized modeling
Finite element analysis
Disc alteration

1. Introduction with cervical trauma, they impose serious health and socioeconomic

challenges on modern societies, globally [2].

The sophisticated design of the cervical spine greatly contributes to
its critical structural and functional roles in the human body. This in-
cludes acting as a shock absorber for the skull and brain, housing and
protecting the brainstem, spinal cord, nerves and vessels, enabling
forward-facing line of sight, and its biomechanical role in allowing for
load transfer and providing wide complex physiological range of mo-
tion (ROM) [1]. This structural and functional complexity especially as
it relates to multiplanar ROM, also makes the cervical spine particularly
susceptible to injury. The magnitude and scope of cervical diseases,
including disc degeneration, stenosis, and spondylolisthesis are on the
rise, along with the world's growing aging population, and together

In the past three decades, numerous theoretical, experimental (both
in-vivo [3-5] and in-vitro [6-9]), as well as computational biomecha-
nical studies [10-12] have been conducted in the hope of under-
standing the underlying mechanisms involved in cervical trauma and
injuries. While some studies have been geared towards prevention of
injuries, others deal with more effective diagnostic and treatment
modalities [13]. Experimental clinical studies, using both in-vitro and
in-vivo platforms, have the ability to provide relevant information re-
garding the biomechanical behavior and response of the cervical spine
[14]. These studies are mostly limited by their inability to estimate the
distributed stresses and strains within the structural components of the
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Table 1
Number of parameters to build the geometry of each vertebra. The characters in
parentheses show the related parameters in Fig. 1.

Region Number of Parameters
Vertebral Body 6 (A1-A6)
Articular Process 6 (B1-B6)
Spinous Process 6 (C1-C6)
Transverse Process and Foramen 5 (D1-D5)
Lateral mass and Lamina 3 (E1-E3)
Vertebral Foramen 2 (F1-F2)

spine. Finite element modeling (FEM) has hence emerged as a viable
alternative due to its ability to more simply represent systems with
complex loading and geometries and incorporate material non-
linearities [15,16]. FEM also provide time- and cost-effective means to
address various what if scenarios, thereby limiting the need for costly
experimental animal and cadaveric studies [17].

On the other hand, despite the numerous published spinal FEMs in
the last three decades, and the significant contribution of these models
to the field of spinal biomechanics, their clinical applicability remains
elusive. Issues ranging from anatomical/structural complexity of the
spine and material properties’ uncertainties [18,19], to loading para-
meter variability [20] and boundary conditions continue to plague the
accuracy and reliability of FEM predictions, hence limiting the clinical
applicability [17]. In addition to the inherent inter-individual varia-
bility limitation, the interface and ease with which the clinicians can
update and implement the models also remain a challenge [21].

Current FEMs available in the literature are typically either exact
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models based on magnetic resonance (MRI) [22] and computed tomo-
graphy (CT) [23-26], or idealized models based on simplified geome-
tries and averaged approximated dimensions (so called parametric
models) [27-33]. While exact models may be capable of representing
subject-specific geometry, and are reliable for biomechanical studies,
their clinical application is limited, as they constrained to input geo-
metry, typically based on one or few subjects and typically time-con-
suming [21]. Parametric or idealized models, despite their simplifica-
tions, on the other hand may provide a viable alternative, as they are
modular in design and can include patient-specific easily updated data
using clinical images to account for the variability between specific
individual subjects [29,31].

Few studies have investigated the influence of anatomical para-
meters on the biomechanical response of the cervical and lumbar spines
[34]. Examples include studying the influence of cervical [31,35] and
lumbar lordosis curvature [36], and scoliosis deformity [13] using FEM
simulations. Most available models in the literature are obtained from
CT or MRI. Despite the added accuracy provided by such models, they
are plagued by several challenges as mentioned above, including the
insensitivity to inter-subject variability, limited availability cost of MRI
and CT scan images, as well as the added risk of radiation exposure in
the case of CT scans.

The aim of this study was to develop and validate a robust, patient-
specific FEM of the lower cervical spine viable for clinical applications.
Our model uses a clinically driven user-friendly interface to auto-
matically update the geometry for different patients using plain X-ray
images. This work explores application of the model for the investiga-
tion of degenerative cervical spine disease as an example.

Isometric view

Lateral view
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Fig. 1. Defined parameters for construction of the typical cervical vertebra.
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Fig. 2. Procedure of the parametric finite element modeling of the lower cervical spine.

2. Materials and methods
2.1. Parametric modeling of the geometry

2.1.1. Extraction of the anatomical parameters

The geometrical measures of the lower cervical vertebrae (C3-C7)
of 6 subjects were selected from the data bank of our previous study (62
patients) [37]. The inclusion criteria for that study involved partici-
pants free of: (1) disc degeneration, spondylolisthesis, or any kind of
cervical spine deformity (2) any history of surgery over the cervical,
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thoracic and/or lumbar spine. A signed informed consent had been
obtained from all participants prior to their enrolment in the study, and
the protocol was implemented in agreement with the Declaration of
Helsinki (Oct 2013) and approved by the institutional ethics review
committee at National Taiwan University Hospital and National Taiwan
University College of Medicine. Lateral and AP radiographs of the
cervical spine in neutral, flexion and extension perspectives in the
standing position were captured under the supervision of a specialized
radiologist. The images were imported to MATLAB image processing
toolbox (Mathworks, Inc., Natick, MA, USA) for the measurement of the
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Table 2
Material properties of the parametric finite element model.
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Component Mechanical Properties Reference

Cortical Bone Exx = 11300 MPa, Gy, = 3800 MPa, vy, = 0.484 [40,41]
Eyy = 11300 MPa, Gy, = 5400 MPa, v,, = 0.203
E,, = 22000 MPa, Gy, = 5400 MPa, vy, = 0.203

Cancellous Bone Exx = 140 MPa, G,, = 48.3 MPa, v,, = 0.45 [40,41]
E,y, = 140 MPa, Gy, = 48.3 MPa, vy, = 0.315
E,, = 200 MPa, Gy, = 48.3 MPa, vy, = 0.315

Annulus Fibrosus ground Mooney-Rivlin Hyperelastic [40,41]
C1 = 0.56, C2 = 0.14, v = 0.45

Nucleus Pulposus Mooney-Rivlin Hyperelastic [40,41]
C1 =0.12, C2 = 0.09, v = 0.4999

Disc Fibers Rebar elements, E = 500 MPa, v = 0.3 [10]

Ligaments Nonlinear Tension-only Truss (Fig. 3A and B) [10,35,36]

Cross-section Area of the Ligaments (mm?)

Level ALL PLL LF CL ISL SSL

C3-C5 11.1 11.3 46.0 42.2 13.0 9.0

C5-C7 12.1 14.7 48.9 49.5 13.4 9.0

*ALL: Anterior Longitudinal Ligament, PLL: Posterior Longitudinal Ligament, LF: Ligamentum Flavum, CL: Capsular Ligament, ISL: Interspinous Ligament, SSL:

Supraspinous Ligament.
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Fig. 3. Force-Deformation properties of the ligaments for (A) C3-C5 and (B) C5-C7 levels.

defined dimensions and angles. To ensure the reliability of the mea-

surements, the process was repeated three times, and
lues were used in developing the model.

2.1.2. Construction of the parametric geometry
The geometry of the lower cervical spine (C3-C7) was developed
based on the shape of a typical lower cervical vertebra and assembly

the average va-
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Fig. 4. Motion curves of C5-C6 for the average results of the 6 intact lower
cervical models in (A) Flexion, (B) Extension, (C) Lateral Bending, and (D) Axial
Rotation compared to the in-vitro experimental data [9] and FE results [48] in
literature.

parameters. The typical vertebrae were constructed using simple geo-
metries such as circles, ellipses, and cutting planes. A total of 28
parameters were marked on each vertebra on the lateral and AP images
in neutral position to extract the vertebral geometric parameters
(Table 1 and Fig. 1). Two extra parameters (i.e. the anterior height of
the intervertebral disc (IVD) and the lordosis angle) were used to as-
semble five vertebrae and develop the final geometry (Fig. 2). Geometry
of the IVD was built to fill the gap between the inferior surface of the
upper vertebra and the superior surface of the lower vertebra (Fig. 2).
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Fig. 5. Range of motions for the simulations of the 6 intact lower cervical
models in (A) Flexion, (B) Extension, (C) Lateral Bending, and (D) Axial
Rotation compared to the experimental results by Panjabi et al. [9].

Based on the defined geometrical constraints and relations, the geo-
metrical model was designed to update automatically by entering new
values of the independent parameters. As an example, Fig. 2E shows
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Fig. 6. The averaged geometry deviation for the main
components of the C3-C7 cervical spine. C7 vertebra for (A)
exact and the equivalent (B) parametric models is shown for
comparison. Positive (+) and negative (—) values refer to
the increase and decrease in the measured values of the
parametric model as compared to the exact one. The
aforementioned abbreviations are: H=Height, A = Area,
V=Volume, 6 = Angle, T = Thickness, and L. = Length.
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Table 3

Comparison of the calculated results for C5-C6 between the current parametric
FE model and a previously developed exact FE model. The results are provided
as the percentage of the difference.

Flexion Extension Lateral Bending Axial Rotation
ROM +8.6% —5.8% -13.1% +18.7%
IDP +5.3% —2.5% —3.8% +6.0%
Fiber Strain +3.9% —-1.7% —2.6% +5.2%
Maximum Stress in AF +11.4% —-8.1% -7.7% +15.8%
FJF - +29.5% +24.3% +32.2%

*ROM: Range of Motion, IDP: Intradiscal Pressure, FJF: Facet Joint Force.
**Positive (+ ) and negative (—) values refer to the increase and decrease in the
calculated results of the parametric model as compared to the exact one.

two different updated models for subject No. 1 and No. 2, respectively,
illustrating the capability of the model to easily incorporate and capture
geometric differences.

2.2. FE modeling of healthy lower cervical spine

Based on measurements of 30 parameters extracted from the lateral
and AP radiographs of each subject, the 3D geometry of the lower
cervical spine was developed. Consequently, FE models of the lower
cervical spine were developed for all 6 subjects including the typical
vertebrae (C3-C7), IVDs, facet joints, and ligaments using Hypermesh
(Hyperworks 12.0, Altair, USA) and ABAQUS (SIMULIA, Providence,
RI, USA). In general, each lower cervical FE model consisted of 5 ver-
tebrae, 4 IVDs (i.e., C3-C4, C4-C5, C5-C6, and C6-C7), 6 ligaments
(i.e., anterior longitudinal ligament (ALL), posterior longitudinal
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ligament (PLL), ligamentum flavum (LF), capsular ligament (CL), in-
terspinous ligament (ISL) and Supraspinous ligament (SSL)), as well as
4 pairs of facet joints. The IVDs were modeled as a composite material
containing the nucleus pulposus (NP), annulus fibrosus (AF), ground
substance, and collagen fibers. The fluid-like behavior of the NP and AF
was simulated based on Mooney-Rivlin hyperelastic materials
(Table 2). To consider the effect of the collagen fibers, rebar elements
were embedded in the ground substance matrix in 6 layers, and were
arranged in an alternating crisscross manner with 25-degree orientation
[10]. The ligaments were modeled using nonlinear truss elements,
which can be activated only in tension. They were then attached to
bony structures at fixed points based on standard human anatomy. As
the geometrical parameters were updated, the length of ligaments was
automatically updated as well. Ligament material properties were de-
fined using force-displacement curves [10,38,39] (Fig. 3), as well as the
cross-sectional areas, from literature (Table 2). Mechanical properties
of other components were assumed as linear elastic based on available
data in literature (Table 2) [10,40-42]. The facet joints were modeled
as an ellipse, in which the extruded cylinders were cut obliquely with a
3D oriented plane. A gap distance of 0.3 mm was chosen to simulate the
articulation of facet joints [41], and surface to surface contact in both
tangential and normal directions was considered in model. An ex-
ponential pressure over closure [40,43] was used to simulate normal
contact rule, in addition to a tangential frictionless property. The geo-
metry was meshed using the Hypermesh software (Hyperworks 12.0,
Altair, USA) using 4-node tetrahedral solid elements. A quasi-static
analysis was implemented for the computational algorithms, where the
selected number of the elements and nodes were 52, 723, and 129, 908,
respectively, based on meshing sensitivity analyses. To ensure
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convergence, the maximum moment was divided into five sub-steps,
whereas each sub-step was iteratively determined using Newton's
method.

To evaluate the validity of the intact model, a pure moment of 1 Nm
was applied at the superior surface of C3 in three different orientations:
(1) flexion and extension, (2) right and left lateral bending, and (3) left
and right axial rotation. The lowest vertebral surface was set to zero for
all degrees of freedom representing a fixed surface reference for the
model. The simulations were performed for all 6 subject-specific models
with the same boundary conditions. The results of the intersegmental
ROM were compared to experimental studies from literature [9]. To
evaluate the level of confidence on the results obtained using simplified
geometry, another model was developed based on measurements from
our previous cervical FE model with exact geometry [23]. The ROM,
intradiscal pressure (IDP), fiber strain, maximum stress in AF ground,
and facet joint forces (FJF) were compared using the same geometry.

2.3. FE modeling of lower cervical spine with altered disc disease

Disc degeneration was selected as an example of a potential clinical
application of our validated model. Three different grades of disc de-
generation/alteration were simulated at the C5-C6 level. The disc
heights were reduced by 25%, 50%, and 75%, respectively, to mimic
the different clinical grades of disc alteration [44,45]. The NP com-
pressibility was increased in the altered discs based on available data
from literature [46]. The three cervical spine models with altered discs
(n = 6 X 3) were then simulated under a pure moment of 1 Nm in
different directions (i.e., Flexion, Extension, Lateral Bending, and Axial
Rotation), under the boundary conditions previously presented, and
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i

following a 50 N preload to mimic the head weight [47]. The results
were compared with those of the intact models (n = 6).

2.4. Statistical analyses

The simulation results of the ROMs, as well as the IDP, maximum
stress in AF, and FJF in the altered IVDs and adjacent level IVDs were
compared among intact and altered discs using one-way ANOVA tests.
The differences were considered to be significant at a P value < 0.05.

3. Results

Automatic 3D geometry reconstruction was successfully performed
directly upon inputting the measured parameters from the Lateral and
AP radiographs. Mesh generation was updated based on the new geo-
metry in less than 1 min. For all 6-updated FE models, the mesh sen-
sitivity analyses were verified and the accuracy of the numerical cal-
culations was confirmed. Nonlinear trends of motion were observed for
all of the 6 subject-specific FEMs by increasing the moment. The cal-
culated averaged intersegmental ROM curves for C5-C6 were compared
with available in-vitro experimental data [9], as well as, FE results [48]
from literature (Fig. 4). Furthermore, the calculated inter-segmental
ROMs for all 6 intact subject-specific FE models and their averaged
results were compared with in-vitro experimental data available in
literature [9] in flexion and extension (Fig. 5A and B), lateral bending
(Fig. 5C), and axial rotation (Fig. 5D). Anatomical differences of in-
dividual vertebrae for different subjects demonstrated variation of
inter-segmental ROMs (Fig. 5). The analysis of the geometrical devia-
tion between the exact and parametric models showed that the average
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percentage of difference was less than 15% (Fig. 6). Table 3 depicts the
comparison between the exact and parametric models for the same
geometry. Similar trends can be observed for the ROM, IDP, and fiber
strain, while the FJF and maximum stress in the AF ground were
slightly increased in parametric modeling (Table 3).

To evaluate the model's clinical application in patients with disc
degenerative disease (DDD), the inter-segmental ROM at the C5-C6
level and adjacent levels (i.e., C3-C4 and C6-C7) in the DDD cervical
spine models (Grades 1 to 3) were compared with the ROM in the
model with intact discs (Fig. 7). The results indicate that the ROM
demonstrated no changes upon simulation of grade 1 and grade 2 disc
degeneration (Fig. 7). On the other hand, Grade 3 showed a significant
decrease in the ROM in flexion, extension, as well as axial rotation
(Fig. 7). The ROM slightly increased for the adjacent levels in flexion,
extension, and axial rotation, but it was not statistically significant. The
same trend was observed for the IDP in C5-C6 and adjacent levels
(Fig. 8). Maximum Von-Mises stress in the AF significantly increased for
models with Grade 3 in flexion, extension, as well as axial rotation
(Fig. 9). The FJF increased for both C5-C6 and adjacent levels in ex-
tension and axial rotation (Fig. 10).

4. Discussion

The main contribution of this study was the development and va-
lidation of a simplified, geometrically-personalized lower cervical spine
model with automatic update features and clinically driven, user-
friendly interface. The logistic feasibility and applicability of the model
in clinical settings were demonstrated by simulating 3 grades of cervical
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spine degeneration/alteration using 6 individual FE models in order to
quantitatively evaluate the effects of the various degrees of disc al-
teration on the motion patterns, IDP, and maximum stress in the AF and
FJF.

The results of the current parametric model were overall in good
agreement with our previous FE exact geometry model [23]. However,
higher FJF values in the parametric model suggest that simplification of
the geometry of the facet joints, in particular, may alter the predicted
force (approximately by less than 33%) in different directions. How-
ever, simplification of the facet joint geometry was common in some
previous cervical and lumbar FE models [31,49]. Furthermore, using
the same geometry, both parametric and exact models were in good
agreement with in-vitro experimental data found in literature [9]. On
the other hand, it is important to emphasize that the calculation time
decreased from 18 h using the exact model to 17 min using the current
parametric model. The exact modeling effort involved the extraction of
complex geometry from CT scanned images using image processing
software (i.e., MIMCS) and exporting them to FE software, a quite te-
dious and time-consuming procedure, rendering the logistics quite
challenging in clinical settings. Alternatively, the parameters defined in
the current parametric model can be extracted by users from AP and
Lateral X-ray images in less than 5min and easily input to the FE
software, as shown by our clinical collaborators.

The calculated motion patterns for 6 individual subjects (Fig. 5)
reveal wide variability, confirming the influence of geometry on the
biomechanical response of the lower cervical spine. This is typically
neglected in current exact FE models, which continue to use one or few
averaged anatomical parameters. From a clinical perspective, a robust,
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time-effective parametric model, which incorporates patient-specific
geometry, would be invaluable for devising appropriate treatment/
surgical planning strategies. The clinical simulation revealed that se-
vere disc alteration (i.e., grade 3) significantly affects the ROM of the
altered disc in flexion, extension and axial rotation, while slightly af-
fecting adjacent levels. The same trend was observed for the IDP on the
C5-C6 intervertebral disc and adjacent levels (i.e., C4-C5 and C6-C7).
This is in alignment with literature where decreased ROMs in altered
and adjacent discs were reported in the elderly [50], as well as in
previous exact FE studies [51]. In addition, disc alteration increased the
maximum stress in both in the AF and the FJF for C5-C6 and adjacent
level, also in alignment with previous reports in literature [51].

The simplicity inherent to parametric models allows for fast auto-
matic mesh generation, and yet one needs to keep in mind that the
geometry of the current parametric model was built based on simple
shapes, such as circles, rectangles, and ellipses and that the model is
symmetric. Furthermore, although comparison of the current model
with previous exact models, including ours, demonstrates similar trends
in terms of the ROM, IDP, FJF, and stress distribution, certain para-
meters, such as the stress distribution contours, can be evaluated more
precisely in exact modeling, which may or may not be of interest in
certain clinical evaluations. The material properties of the current FE
model remain constant for different individuals, which is a clear lim-
itation, in terms of clinically-driven patient-specific model. However,
there are no current guidelines in literature on how to differentiate the
exact material properties for different spinal components.
Determination of the material properties of various cervical spine
components in both healthy and pathological conditions, based on

30

individualized experimental data, is important towards developing
more clinically-applicable patient-specific models [52]. As the objective
of this work was to develop and validate a methodology for more ef-
fective use of FE modeling in clinical settings, the variation in me-
chanical properties was neglected as it is difficult to be measured in
clinics, but it remains a framework for future sensitivity analyses to
enhance the model. In this study, we also neglected the effects of active
muscle forces. The current osseo-ligamentous FE model is designed for
static clinical settings, and as such can compensate for the global re-
sponse of the lower cervical spine model for patients. To add patient-
specific muscle forces, an additional inverse dynamics algorithm should
be coupled with the current FE model. Future investigations may ben-
efit by entertaining this.

In summary, this study presents a novel validated subject-specific
FEM as a potential valuable tool for noninvasive, time and cost effective
analyses of cervical spine biomechanical (kinematic and kinetic)
changes associated with various injury/disease, which can be used for
informed clinical decision-making. Our preliminary results demonstrate
that the current model could provide surgeons with quantitative data
that may be valuable for better treatment and surgical planning towards
enhanced clinical outcomes.
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