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Abstract Very few finite element models on the
lumbosacral spine have been reported because of its
unique biomechanical characteristics. In addition, most
of these lumbosacral spine models have been only
validated with rotation at single moment values,
ignoring the inherent nonlinear nature of the moment—
rotation response of the spine. Because a majority of
lumbar spine surgeries are performed between L4 and
S1 levels, and the confidence in the stress analysis
output depends on the model validation, the objective
of the present study was to develop a unique finite
element model of the lumbosacral junction. The clini-
cally applicable model was validated throughout the
entire nonlinear range. It was developed using com-
puted tomography scans, subjected to flexion and
extension, and left and right lateral bending loads, and
quantitatively validated with cumulative variance
analyses. Validation results for each loading mode and
for each motion segment (L4-L5, L5-S1) and biseg-
ment (L4-S1) are presented in the paper.
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1 Introduction

It is well known that the human spine responds non-
linearly to external loads. Computational methods have
been used to better understand mechanisms of load
transfer in the spine. In particular, finite element
models have been developed to investigate the
mechanical behavior of the lumbar spine under physi-
ologic and traumatic loads. Many models are focused
on the middle or superior lumbar segments [3, 12-14,
19, 27, 28, 30, 33, 34, 37-41, 50, 51]. In contrast, few
finite element models have been reported on the lum-
bosacral spine ([2] for L5-S1; [20] for L4-S1; [31, 32] for
L1-S1), a region of greater interest to clinicians. As
described below, majority of these lumbosacral models
have not used experimentally derived data encom-
passing the entire nonlinear responses to compare and
validate finite element outputs. Validation is a critical
step in finite element analysis because confidence in the
stress analysis output depends on validation.
Shirazi-Adl and Parnianpour [32] reported results
from an L1-S1 finite element model of the lumbar
spine under axial compressive loading. In a later study
[31], Shirazi-Adl described its biomechanics under
flexion—extension and lateral bending at moments up
to 15 Nm. Predicted rotation results from the finite
element model were compared with experimental data
obtained at specific moment magnitudes: 3 Nm
moment [11], and 10 Nm moment [23, 44]. More
recently, a finite element model of the L4-S1 segment
[20] was developed and validated by comparing
rotation at single moment value, i.e., 10 Nm under
flexion—extension, lateral bending, and torsion, with
experimental results [24]. Charriere et al. [2] developed
a finite element model of the L5-S1 motion segment
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and validated with experimental data from thoracic
specimens.

These literature analyses indicate that, while some
finite element models include the lower lumbosacral
spine, they are not consistent in spinal levels, compo-
nents, loading, and validation procedures. In addition,
validation has been primarily limited to comparing
motions at specific moment values, often at the highest
magnitude reported by the experiment [22, 29, 36].
Validation at a specific moment value ignores the
inherent nonlinear nature of the moment-rotation re-
sponse of the spine. In order to better validate the
model, it is necessary to compare finite element model
responses with experimentally obtained results in the
whole range, i.e., moving from single point validation
to entire curve validation. This is the purpose of the
present study.

From a clinical perspective, the vast majority of
surgical procedures for physiologic-related spinal dis-
orders are done between L4-5 and L5-S1 levels [4, 16,
35]. This includes intervertebral disc herniation,
spondylolisthesis, and facet disease. As indicated
above, very few finite element models focusing on
these specific segments have been developed, vali-
dated, and exercised to study the intrinsic biome-
chanics of the low back. Consequently, the objective of
the present study was to develop and validate
(throughout the entire nonlinear range) a clinically
applicable nonlinear finite element model of the L4-S1
region of the human vertebral column.

2 Methods
2.1 Geometry

Geometrical details of the human Iumbosacral spine
(L4-S1) were obtained from high-resolution computed
tomography (CT) images of a 37-year old human
cadaver in the axial, sagittal, and coronal planes. Dig-
ital CT data were imported to a software (Mimics,
Materialise Inc., Leuven, Belgium), and three-dimen-
sional geometrical surface of the lumbosacral spine was
generated. The exported IGES files from the Mimics
software were inputted to TrueGrid pre-processor
software (XYZ Scientific Applications, Inc., Liver-
more, CA, USA) to create hexahedral finite element
mesh. Because the geometry of the model was
obtained from a spine specimen, geometrical parame-
ters of the vertebrae were evaluated. Specifically, the
anteroposterior depth, lateral width, transverse process
length, and posterior component dimensions were
compared with literature.
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The model (Fig. 1) consisted of 4,436 (finite
elements. Three-dimensional isotropic eight-node solid
elements were used for modeling the cancellous core,
posterior bony parts of the vertebrae, annulus fibrosis,
and nucleus of intervertebral discs. Cortical shell and
endplates of the vertebrae were modeled as thin shell
elements. Anterior longitudinal ligament, posterior
longitudinal ligament, intertransverse ligament, liga-
mentum flavum, capsular ligament, interspinous liga-
ment, and supraspinous ligament were modeled using
tension-only spring elements. Three-dimensional sur-
face-to-surface contact was used to simulate the inter-
action between the articulating surfaces of facet joints.
The initial gap between the articulating surfaces was
based on CT images.

2.2 Material properties

The annulus fibrosis of the intervertebral disc was
assumed to follow an isotropic hyperelastic law. The
polynomial form of the strain energy potential was
chosen from the ABAQUS material library. Experi-
mental data from Wagner and Lotz [42] were used.
The nucleus was modeled as nearly incompressible,
and its material properties were obtained from litera-
ture [33]. Material properties of ligaments were ob-
tained from the Pintar et al. [25] study. Vertebral body,

Fig. 1 Mesh of the L4-S1 finite element model
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endplate, and posterior elements were assigned linear
elastic material properties according to the literature
[12, 33]. Element types and material properties used in
the present model are listed in Table 1.

2.3 Boundary conditions and loads

All nodes on the inferior surface of S1 were con-
strained in all degrees-of-freedom. Nodes on top of the
L4 vertebra were defined as coupling nodes. A refer-
ence node was created and connected to all coupling
nodes. A coupling element was thus created to dis-
tribute moments on the reference node. Use of the
coupling element eliminated the need to create addi-
tional rigid or other types of elements used in literature
to apply moment loading [2, 18]. A pure moment of
4.0 Nm was applied to the coupling element so that the
moment was distributed equally to all nodes. Flexion
and extension and left and right lateral bending loading
conditions were used. Numerical analyses were per-
formed using ABAQUS version 6.4 (ABAQUS Inc.,
Providence, RI, USA). The nonlinearity control of the
analyses allowed large deformations and simulation of
contact behavior in the facet joints. Kinematic mo-
ment-rotation response of L4 with respect to L5
(monosegment), L5 with respect to S1 (monosegment),
and L4 with respect to S1 (bisegment) were retrieved
from the finite element simulation and compared with
the entire range of experimental moment-rotation
responses for validation.

2.4 Definition of response validation

The following definition was used for validating finite
element model responses. All experimental data and

numerical results were fitted into polynomial functions.
Under each loading condition, the abscissa, i.e., mo-
ment, was evenly divided into 20 intervals, and corre-
sponding rotation angles were obtained. The
cumulative variance between the finite element model
predicted response and experimental response was
used to quantify the degree of validation. If the pre-
dicted response fell within the experimental corridor
(mean + 1 standard deviation), cumulative variance
was set to zero, and the model was considered fully
validated under the specific loading mode (Fig. 2). If
the response did not fall completely within the corri-
dor, the model was considered partially validated, and
the cumulative variance was reported.

3 Results

A comparison of vertebral geometry, i.e., lateral width,
anterior—posterior depth, transverse process width,
spinous process length, and pedicle width and height
with human cadaver data from literature is shown in
Fig. 3. These data indicated that vertebral dimensions
and height data from the model are representative of
the adult population. Figure 4 shows moment-rotation
responses under flexion and extension, and lateral
bending modes for the bisegment L4-S1. Predicted
flexion and extension responses were inside the
experimental corridor (cumulative variance = 0). Left
lateral bending results were very close to the lower
bound of experimental data (cumulative vari-
ance = 2.6). Right lateral bending moment-rotation
response fell within the experimental corridor beyond
a moment level of 2.5 Nm, although at low load levels
the response was outside the corridor. The cumulative

Table 1 Material properties and element types of the finite element model

Young’s modulus E (Mpa) Poisson ratio v

Component Element type No. of elements
Cortical bone 4-Node shell 243
Endplate 4-Node shell 180
Cancellous bone 8-Node solid 495
Posterior elements 8-Node solid 2,606
Nucleus pulposus 8-Node solid 144
Annulus 8-Node solid 216
Ligaments Spring 330
Anterior longitudinal 76
Posterior longitudinal 114
Ligamentum flavum 40
Capsular 40
Interspinous 16
Supraspinous 20
Intertransverse 24
Facet joint 3D contact 560

12,000 0.3
25 0.3
100 0.2
3,500 0.25
1.0 0.499

Hyperelastic material
Stiffness (N/mm)-L4-5 level

Hyperelastic material
Stiffness (N/mm)-L5-S1 level

40.5 + 143 132 +£10.2
25.8 +15.8 21.8 +16.0
272 +122 202 + 84
30.6 +1.5 29.9 +22.0
87+65 16.3 + 15.0
18.0 +6.9 17.8 + 3.8
87+6.5 16.3 + 15.0
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Fig. 2 Representative rotation-moment plot used for definition
of curve validation
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variance was 0.1. Figure 5 shows moment-rotation re-
sponses under flexion and extension and lateral bend-
ing modes for the monosegment L5-S1. Predicted
extension response matched mean experimental data
very well (cumulative variance = 0). Flexion response
was inside the experimental corridor. Right lateral
bending response also fell within the experimental
corridor. Cumulative variances for these loadings were
zero. A majority of left bending responses was inside
the corridor except at low load levels. The cumulative
variance was 0.1. Moment-rotation responses under
flexion and extension and lateral bending modes for
the monosegment L4-L5 is shown in Fig. 6. Predicted
responses for both flexion and right lateral bending fell
within the experimental corridor (cumulative vari-
ance = 0). However, predicted extension and left lat-
eral bending results were outside the lower bound limit
of the experimental corridor. Cumulative variance for
extension and left lateral bending were 7.3 and 1.7.
All cumulative variance values are listed in Table 2.
According to the definition of validation, the model
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Fig. 3 Comparison of vertebral geometry from the present model (shadow) with human cadaver studies (Panjabi et al. 1992). Standard

deviations are shown for experimental data

Fig. 4 Rotation-moment

Flexion / Extension

Lateral Bending

plots of flexion/extension and (L4-31) (L4-51)
lateral bending for L4-S1 15 H 10 ;
— L i
10 _J el il TR R « [l
e 5 )
J/ //J’ 11
= =
5 E u R papeeeeey ST, | A =
] ®
g ° 2
o LK
oy ol O RSN | R | S L ] ?}4
-10 -10 : . .
-4 -2 0 2 4 -4 -2 0 2 4
Moment (Nm) Moment (Nm)

@ Springer



Med Bio Eng Comput (2006) 44:633-641

637

Fig. 5 Rotation-moment Flexion / Extension Lateral Bending
plots of flexion/extension and (L5-51) (L5-S1)
lateral bending for L5-S1 : i
gbr—— E s
m— NP H
4 ]
& 4 1 1 ) =1
@ : o 2 i i ’ ;
e e i
g 5 4 z
5 0 s 5
° ] i
2 © i
2 I i SR .
=
-8 -B ; i
-4 -2 0 2 4 -4 -2 0 2 4
Fig. 6 Rotation-moment Flexion / Extension Lateral Bending
plots of flexion/extension and (L4-5) (L4-5)
lateral bending for L4-5 . ' i :
[ e g . n ol
—Er
4
B —
£ 2 d
S of 41 &0
© =
° [=]
(4
e sl 4 2k =
-4
i “ :
6 i i i i
-4 -2 0 2 4 -4 -2 0 2 4
Moment (Nm) Moment (Nm)

was considered fully validated for both L4-S1 and
L5-S1 segments under flexion and extension loading
modes and right lateral bending for the L.5-S1 segment.
At the L4-LS5 level, the model was fully validated for
flexion and right lateral bending and partially validated
for other modes. Figure 4 shows the response of two
intervertebral 14-S1 segments, while Figs.5 and 6
show responses from single intervertebral L4-L5 and
L5-S1 segments. Deviations are likely due to the
choice of level-specific material properties that were
chosen from previous studies.

Table 2 Cumulative variance under different loading modes for
different segment levels

Cumulative variance L4-S1 L5-S1 L4-15
Flexion 0.0 0.0 0.0
Extension 0.0 0.0 7.3
Right lateral bending 0.1 0.0 0.0
Left lateral bending 2.6 0.1 1.7

4 Discussion

Geometry, material properties, loading, and boundary
conditions, followed by validation are the critical issues
in finite element modeling of the spine [46, 48].
Advances in software and improvements in processing
power have made it possible to use CT or magnetic
resonance imaging technology to reconstruct three-
dimensional models to capture the irregular bony
structure of the spine [47, 49]. Using these techniques,
high-quality finite element mesh can be developed for
analysis. The present study used CT images to con-
struct the geometry of lumbosacral spine.

4.1 Annulus fibrosus properties

The annulus fibrosus is nonlinear, heterogeneous, and
anisotropic [9, 10]. Due to its important role in physi-
ological loading, material modeling of this component
has been widely studied using the finite element
method. In [1], Belytschko et al. developed a finite
element model of the lumbar intervertebral disc
assuming axial symmetry with linear orthotropic
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material properties. Kulak et al. [17] extended this
model and assumed the annulus fibrosus to be non-
linear and orthotropic. Since 1980s, two major methods
have been used for disc modeling. In the structural
model, fiber-induced anisotropy is represented by using
tension-only cable or truss element embedded in an
isotropic ground substance [12-14, 31, 33, 34]. In the
hyperelastic fiber-reinforced composite model, the
constitutive law is derived by combining structural
tensors and invariant terms of the strain tensor into a
strain energy function [5, 7, 8, 15, 42, 43]. The structural
model requires fiber and matrix modulus, fiber and
matrix Poisson’s ratio, and fiber volume fraction. These
properties are difficult to measure directly. Shirazi-Adl
et al. [33] extracted matrix modulus from the initial
portion of the stress—strain curves of the annulus and
determined the collagen fiber modulus from its ulti-
mate tensile strength. In the hyperelastic fiber-rein-
forced model, independent invariant terms (up to 11)
are incorporated into a large number of permissible
energy functions, polynomial or exponential. While
these functions are appealing, the physical significance
of the mathematical expression is not straightforward
[45]. In addition, material parameters become non-
unique when these constants are determined by fitting
experimental outcomes [21].

In the present study, a simple and efficient approach
was implemented to model the lumbosacral spine. The
annulus fibrosis was modeled by an isotropic hyper-
elastic law without differentiating between the ground
substance and fibers. Coefficients of the polynomial
strain energy function were determined from experi-
mental data [42]. As shown in Figs. 3 through 5 and
cumulative variance values, this approach resulted in
high-quality validation over the entire range in mo-
ment-rotation responses under four modes and for the
different segments of the lumbosacral spine.

4.2 Loads

As one of the important features of finite element
analysis, loading conditions must match between the
model and experiment from which data are derived. In
Shirazi-Adl et al. [34] and Goel et al. [12] studies,
sagittal plane flexion and extension bending was rep-
resented by linearly varying axial loads acting at the
top of the upper vertebra. In Natarajan et al. [20] and
Chosa et al. [3] studies, flexion and extension moments
were generated by applying a pair of equal and oppo-
site axial forces at the anterior and posterior ends on
the top surface of the L4 vertebral body. Posterior
elements were not included in the loading process. This
approach may induce stress concentration and not
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replicate the actual condition wherein the entire upper
vertebra was reported to be embedded in Polymethyl-
methacrylate in experimental studies to compare finite
element model rotation at a single at single moment
value of 10 Nm [20]. Charriere et al. [2] improved the
loading technique in their finite element model by
using rigid beam elements attached to the endplate of
the superior surface of the L5 vertebrae. These beam
elements were concentrated to a single node, where a
pure torque was applied to follow the motion of L5. In
the present study, a distributing coupling element was
used to couple all nodes on the rostral surface of L4
through a reference node. The moment was distributed
such that the force resultants on the coupling nodes
(rostral surface of L4) were equal to the forces and
moments on the coupling element node. This method
accurately mimicked the mechanical loading used in
experiments.

4.3 Experimental data for validation

The quality of the validation process of finite element
models depends on the type of selected experimental
data. Most finite element models have been validated
by comparing predicted data with experimental studies
[22, 29, 36]. In the Schultz et al. [29] study, mechanical
behavior of 42 cadaver lumbar motion segments were
obtained under flexion, extension, lateral bending, and
torsion. Average motion results were reported from 11
L1-L2 segments, 8 L2-1L.3 segments, 13 L3-L4 seg-
ments, and 10 L4-L5 segments. In the Panjabi et al.
[22] study, motion data were averaged from eight
functional spinal units consisting of one T12-L1, one
L2-13, three L3-L4, and three L4-L5 segments.
Tencer et al. [36] reported average mechanical prop-
erties of disc from eight L.2-1L.3 and eight L4-L5 seg-
ments. Average range of motion data retrieved from
the above experimental studies were grouped, albeit
from different lumbar spine levels. This approach ig-
nores response variations between spinal levels. The
finite element model of the L2-L.3 segment in the
Shirazi-Adl et al. [34] study was validated with data
obtained from the Schultz et al. [29] and Tencer et al.
[36] experiments. Goel et al. [12] validated 14-L5
model with data from the Schultz et al. [29] study. The
finite element model of the L2-L3 segment in the Teo
et al. [38] study was validated with data from Panjabi
et al. [22] experiments. It should be noted that
researchers have published entire moment-rotation
curves under different loading modes. While full
experimental response curves are available, finite ele-
ment models appear to be selective in choosing specific
test data for establishing validity of the stress analysis
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output. This selection process may dampen the confi-
dence in model predictions, particularly with regard to
intrinsic variables such as strain/stress in spinal com-
ponents and clinical applicability.

4.4 Validation process

As indicated, most lumbar spine finite element models
have been validated under single specific moment
amplitude. Although finite element models were non-
linear, the predicted rotation was matched at one mo-
ment value in Shirazi-Adl and Parnianpour [32],
Shirazi-Adl [31], and Natarajan et al. [20] studies. This
approach ignores the nonlinear behavior identified in
the experimental moment-rotation responses. From
this perspective, these earlier attempts to understand
the biomechanics of the lumbosacral spine can be
considered as a primary step. Some models [34, 39]
have compared numerical results with entire experi-
mental curves. However, because the range of numer-
ical prediction was beyond experimental data, the
fidelity of the validation may be sacrificed. Model pre-
dictions have more confidence if responses are vali-
dated over the entire range. In the Eberlein et al. [6]
study, numerical results of the L2-S1 model under
extension and axial torsion loads showed good agree-
ment with experimental data in the entire range but not
under flexion and lateral bending modes. This study did
not quantify the level or degree of validation, a process
used in the present study. Furthermore, unlike cervical
spine experiments wherein strain data on vertebral
body and facet joint have been measured under dif-
ferent loading conditions [26], in the lumbosacral spine,
moment-rotation curves appear to be the only response
finite element modelers have used for validation.
Therefore, it is critical to match these curves as closely
as possible during the validation process.

In the present study, moment-rotation responses
were computed using the finite element model under
flexion and extension and left and right lateral bending
and were validated with experiments. The same range
of loading applied in the experiment was used for
validating the finite element model outputs. Nonlin-
earities in the mechanical behavior were quantitatively
evaluated using the cumulative variance parameter.
All moment-rotation curves were considered to be
fully validated except in three cases, left lateral bend-
ing for the L4-S1 and L4-L5 segments and extension
for the L4-L5 segment (Table 2). The exact reason for
this relatively discrepancy may be due to factors such
as anisotropy, inhomogeneity, simplification of the
complex behavior of spinal components, etc. However,
to our best knowledge, this is the first study that has

attempted and provided quantified validation infor-
mation for finite element modeling under different
modes and to both segments of the lower lumbar and
sacral spine. With this qualification and level of vali-
dation over the entire range moment-rotation re-
sponses, stress analysis output simulating clinical
situations (e.g., cage instrumentation) can be obtained
and interpreted with increased level of confidence. The
present model performs better than previous models
because it has been validated in the entire nonlinear
range of the moment-rotation response instead of
validating at a specific data point, a method often used
in previous finite element models. In addition, the
model used level-specific material properties and
anatomically accurate geometry by including various
components of the lumbosacral spinal structure.
However, since the model is only validated using quasi-
static loads, in order to delineate dynamic responses,
data from dynamic tests including rate-dependent
material properties are needed before the output of
stress analysis can be applied to clinical situations.

The practical impetus for the present modeling
effort lies in the lack of standardized and quantitatively
validated models of the lumbosacral spine. In clinical
situations, disorders of the lumbar spine overwhelm-
ingly favor locations modeled in the present study.
Unfortunately, clinical literature is replete with Class
III data advocating the employment of procedures in
this region that are eventually shown to be ineffective
and subsequently abandoned. Clinical intuition, cada-
ver studies, and animal studies, while invaluable, often
fail to predict the ultimate success or failure of a given
intervention in a patient. The approach demonstrated
in this model has the unique potential to assist health
care providers by providing information on normal and
degenerated spines. Data regarding mechanisms of
internal load transfer and stresses and strains in the
intervertebral components might assist in making pre-
dictions about spinal stability.
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