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Animal models have played a vital role in numerous medical 
advances in spinal research. Although important considerations 
concerning quadrupedal models have arisen, particularly regard-
ing the fact that the loads applied to the ambulating porcine spine 
are quite different from those applied on the ambulating human 
spine, porcine specimens have been used successfully as models 
for biomechanical testing of human spine instrumentation tech-
niques, spinal instability, and spinal fusion.3 Indeed, several ex 
vivo animal models, including canine,19 ovine,24 cetaceous,16 and 
bovine2,5 have traditionally been used to evaluate the passive 
components of spinal stability. In addition, the geometric param-
eters of the intervertebral disc (IVD) from several animal species 
have been measured for comparisons with human lumbar disc 
geometry.18 That study concluded that the mouse and rat lumbar 
and mouse tail discs offer the closest representations of the hu-
man lumbar IVD geometry.

However, despite differences in facet orientation and contour, 
the relative similarities in size and geometry of the vertebral anat-
omy were sufficient to warrant widespread use of porcine lumbar 
spinal models. In fact, the anatomic features of the L4 lumbar 
vertebra of the commonly available species used for large animal 

spine research have been characterized;17 these data indicate that 
vertebrae from healthy farm-bred pigs most closely modeled hu-
man specimens in terms of transverse process length, interfacet 
distance, pedicle angle, vertebral body depth, and pedicle diam-
eter and shape. However, facet contour is important in choosing 
the model best suited for studies of instabilities.17

Several ex vivo experiments have been conducted to determine 
the dependence of the mechanical properties of each of the pas-
sive components on the porcine lumbar spine. The mechanical 
behavior of the IVD and its dependence on the vertebral level 
was evaluated through compressive and shear tests on 3 adja-
cent minipig lumbar discs,6 whereas stress distribution in porcine 
IVD was tested by using adult porcine cadaver lumbar functional 
spine units.22 Experiments on standard farm pigs have addressed 
the biomechanical role of the lumbar spinal ligaments in flexion 
and extension:11 the contribution of each ligament was determined 
by using a parallel-linkage robot. In other studies, these same in-
vestigators characterized the flexion–extension moment-angle 
properties of porcine lumbar segments by using sixth-order poly-
nomials7 and recommended the use of multisegmental specimens 
when performing flexion studies to appropriately represent the 
anatomic boundary conditions.8 Porcine models also have been 
used to illustrate the structural and mechanical properties of the 
longitudinal ligaments and ligamentum flavum of the spine.14

Ex vivo experiments provide the most direct and obvious way 
to obtain information on spinal biomechanics and performance, 
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and posterior longitudinal ligaments, were included into the IVD 
behavior during the calibration procedure.

The contact between articular facets of the posterior processes 
was simulated by surface-to-surface contact elements without 
friction.

Calibration procedure. To perform the FE-model calibration 
process, in vitro range of motion (RoM) data were achieved from 
a previously reported study11 in which a pure moment load was 
applied to 11 spinal specimens from farm-bred crossbred pigs 
weighing 55 to 65 kg by using a parallel-linkage robot. Each spec-
imen was tested 6 times, with sequential resections in the fol-
lowing sequence: intact; removal of the interaction between the 
SSL and the ISL; removal of the SSL; removal of the ISL; removal 
of the LF; and finally removal of the facet joint complexes (FJ) 
through complete facetectomy. The anterior and the posterior 
longitudinal ligaments were left intact throughout the experi-
ment. The kinematic pathway was repeated for each of these tests 
and, accordingly, the changes in loads between trials reflected the 
mechanics of the removed structures.

To complement the experimental study just described, the cau-
dal endplate of the L5 vertebral body was rigidly fixed, anchoring 
the relative elements, while a pure sagittal moment was applied 
to the cranial end of L4 vertebral body in order to simulate pure 

but they can be expensive and unwieldy and suffer from inter-
specimen variability and issues of repeatability, although that 
variability itself will be an important parameter in the spine’s 
characteristics. A finite element (FE) model of the porcine lum-
bar spine has not yet been reported in the literature. Computa-
tional modeling has the advantage that numerous and diverse 
specimens can be generated and examined. In addition, the same 
computational model can be used for any number of loading con-
ditions and configurations, and the model itself can be modified 
to reproduce any physiologic condition. Further, computational 
modeling can provide a wealth of information that ex vivo experi-
mentation cannot, such as stress distribution through the discs 
and vertebral bodies.

The purpose of the present study was to create and calibrate 
A FE model of porcine lumbar spine motion segment (L4-L5), 
identifying the appropriate material properties for its passive 
components. The importance of such a model is that it is an ef-
fective alternative to cadaver specimens, thereby increasing the 
cost-effectiveness of the associated research. In addition, because 
of the dependence of the ex vivo model on the facet contour17 and 
in light of the lack of published data regarding porcine FE mod-
els, we also analyzed various configurations of the FE model to 
identify the one that most closely represents the human spine.

Materials and Methods
FE model set-up. A 3-dimensional reconstruction of the solid 

volume based on planar computer tomography images was set 
up by using appropriate commercial segmentation and visualiza-
tion software (Amira, TGS, San Diego, CA). These images were 
taken from the lumbar spine of a healthy farm-bred (Landrace  
Large White) pig weighing 60 kg and processed in a local abattoir 
for the food industry.11 The segment chosen included 2 vertebrae 
(L4 to L5) from the 6 units present in the intact porcine lumbar 
spine. The solid model then was exported into a readable input 
file for FE preprocessor software (Gambit, Ansys Inc., Canons-
burg, PA, USA), where the intervertebral disc was shaped. The 
bony components and IVD then were meshed (Figure 1) by using 
linear tetrahedral elements.

Because of the lack of reliable published data regarding the 
mechanical properties of both the porcine annulus fibrosus and 
nucleus pulposus, a nonlinear stress–strain curve for the entire 
IVD of the spinal segment6 was implemented into the mathemati-
cal model through an appropriate calibration method. The IVD 
was modeled as an almost-incompressible unique material hav-
ing a Poisson ratio of 0.49.

The vertebral bodies were modeled as cancellous continuum 
core surrounded by cortical shell. The shell thickness was as-
sumed to be 0.45 mm1,13 for both the lateral areas and endplates. 
Data regarding mechanical parameters of cancellous and cortical 
bone of the porcine vertebral body were achieved from already 
existing studies.15,21 Because of the lack published data, the poste-
rior bone was modeled as for human models4,10 as a linear elastic 
orthotropic material, thus providing greater stiffness in the axial 
direction.

Bundles of nonlinear springs were used to represent the liga-
menta flava (LF) and the capsular (CL), interspinous (ISL), and 
supraspinous (SSL) ligaments. Each of these ligaments was de-
fined as 1 or more springs connecting the appropriate insertion 
points, and nonlinear load-displacement behaviors were adopted. 
The resistance to flexion and extension, offered by the anterior 

Figure 1. Exploded drawing of the L4–L5 FE-model of the porcine lum-
bar segment. IVD, intervertebral disc; SSL, supraspinous ligament; ISL, 
interspinous ligament; LF, ligamentum flavum; CL, capsular ligament.
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and the porcine LF behaved like the human ISL. The porcine ISL 
and LF both were stiffer than were the human ligaments.

The completely assembled FE model (intact configuration) was 
compared with bilateral hemifacetectomy, complete facetectomy, 
and human lumbar segment (L4–L5)20 configurations. The total 
RoM in flexion and extension under a 10-Nm moment of bend-
ing is shown in Figure 5, during which the RoM in extension of 
the facetectomy configuration was increased (+48.4%) markedly 
compared with that of the intact configuration. The hemifacet-
ectomy configuration showed intermediate RoM values during 
both flexion and extension. Qualitative individuation of the area 
relative to the position of the IAR is shown in Figure 6 for all the 
configurations relative to the porcine FE model. In the hemifac-
etectomy configuration, the putative IAR attachment site was 
situated at the posterior part of the caudal endplate, whereas the 
possible position of the IAR was concentrated more caudally for 

flexion and extension motion. The present FE model then was 
calibrated stepwise, starting with the complete facetectomy con-
dition (No-FJ condition) and followed respectively by insertion of 
each of the anatomical components removed in the earlier study, 
including the FJ (No-LF condition), LF (No-ISL condition), ISL 
(No-SSL condition), and SSL (intact condition). Each addition of 
an anatomic component required a new calibration, so that the 
material properties of the added anatomic structures were modi-
fied to match the corresponding in vitro data set-point.

Although the in vitro experiments were controlled to obtain 
similar motion between tests and to obtain the decrease in peak 
moment as the dependent variable,11 the computational simula-
tions in this study were conducted under a load-control approach, 
in which the peak flexion–extension moments were assumed to 
be similar to those achieved from the moment–angle curves of the 
experimental study. Accordingly, the No-FJ condition was tested 
under a 7-Nm peak extension moment, whereas a 14-Nm pure 
extension moment was applied to the remaining 4 conditions. In 
contrast, a different peak flexion moment was applied to each of 
the 5 conditions. The different conditions and the relative peak 
flexion–extension moments applied are summarized in Table 1.

For each bending moment, the corresponding IVD stress-strain 
curve or ligament stiffness was calibrated adequately. A start-
ing curve was assumed initially by using a set of data points that 
were optimized to match the in vitro data; these subsequently 
were interconnected by using a spline function describing a con-
tinuous curve.

Comparison of FE models. Once the mechanical behavior of 
the intact condition had been determined, 4 configurations were 
compared under a pure 10-Nm flexion–extension moment (Table 
1). An intact porcine lumbar segment was tested, and resulting 
RoM values were compared with those of hemifacetectomy and 
complete facetectomy configurations of the porcine model and a 
human computational lumbar model (L4–L5) retrieved from the 
literature.20 The hemifacetectomy configuration was obtained by 
splitting of the posterior closing part of the FJ contour through an 
adequate hemifacetectomy cut plane as shown in Figure 2 and 
reducing the relative contribution of the capsular ligament. The 
hemifacetectomy cut-plane was oriented in order to subdivide the 
surface area of the FJ into 2 equal parts.

In addition to the RoM results, we qualitatively compared the 
locations of the instantaneous axes of rotation (IAR). The com-
parison assessed the areas containing the positions of individual 
IARs for each 1º of extension motion for the intact, hemifacetec-
tomy, and complete facetectomy porcine configurations.

Results
FE analysis was used TO evaluate the passive spinal element 

properties of a porcine lumbar segment. Figure 3 shows the non-
linear stress–strain calibrated curve of the L4–L5 IVD. For each 
step of calibration, the FE model was in excellent agreement with 
in vitro RoM data (Table 2).

Force–displacement nonlinear curves for the CL, SSL, ISL, and 
LF of the calibrated FE model in comparison with the relative 
ligaments of a human FE model20 are shown in Figure 4. The 
force-displacement curves of the CL and SSL were similar to those 
of their relative human ligaments, with both porcine ligaments 
showing increased stiffness. In contrast, the porcine ISL and LF 
demonstrated an inverse contribution with respect to their hu-
man counterparts: the porcine ISL behaved like the human LF, 

Table 1. Schematic step-by-step representation of the conditions ap-
plied during the calibration procedure, with the relative peak flexion–
extension moment assumed for the numeric simulations conducted on 
the present FE model (upper). Schematic representation of the different 
configurations of the porcine segment compared in this study, under 
a 10 Nm flexion-extension moment (lower). Data for the intact human 
configuration were retrieved from the literature.20

STEP_BY STEP  
CALIBRATION

Peak flexion  
Moment (Nm)

Peak extension  
Moment (Nm)

No-FJ condition 4 7
No-LF condition 6 14
No-ISL condition 10 14
No-SSL condition 12 14
Intact condition 16 14
FE CONFIGURATIONS
Intact porcine 10 10
Hemi-facetectomy 10 10
Facetectomy 10 10
Intact Human (21) 10 10

SSL, supraspinous ligament; ISL, interspinous ligament; LF, ligamentum 
flavum; CL, capsular ligament.

Figure 2. Cranial to caudal drawing view of a porcine vertebra. Both the 
facetectomy and hemifacetectomy cut planes are shown, and the poste-
rior closing contribution of the facet joint complex is illustrated.
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curves achieved in this study to allow direct comparison. At the 
same time, published data concerning force–displacement curves 
for individual porcine spinal ligaments are unavailable. The 
force–displacement outcomes relative to the SSL, ISL, LF, and CL 
obtained in the present study appear reasonable in view of the 
validation process.

Previous FE studies concerning the human spine incorporated 
the IVD through various approaches: as an almost- incompress-
ible solid 12 or fluid elements for the nucleus pulposus26 and as 
a anisotropic solid, fiber-reinforced composite or a more com-
plex continuum of elements for the annulus fibrosus.25 Due to 
the paucity of experimental investigations concerning the me-
chanical properties of the different components of the porcine 
IVD, we modeled both the nucleus and annulus as an almost-
incompressible unique material. The first approximated curve 
relied on published experimental stress–strain curves.6 These ex-
perimental data regarded the stress–strain curves of the lumbar 
IVDs of minipigs as homogeneous materials, which seemed to be 
characterized by increased stiffness as compared with the final 
calibrated curve obtained in the present study. This incongru-
ity may reflect the marked differences between the specimens 
used in the studies,6,11 in that 1 study6 reports stress–strain mate-
rial properties for porcine lumbar IVD loaded in compression, 
whereas the other11 addressed IVD properties during flexion–
extension bending. Regardless, we consider that the stress-strain 
curve achieved in the present study can be considered practical 
for the specimen we used, in the absence of more detailed experi-
ments that might provide insight into the specific characteristics 
of the IVD components.

Data regarding the mechanical properties of the cancellous and 
cortical bone of the porcine vertebral body were obtained from 
published studies;15,21 in contrast, we assumed that the Young 
modulus and Poisson ratio of posterior bone were similar to those 
of human lumbar spine.4,10 However, we believe that the biome-
chanical behavior of the model was not altered markedly because 
the applied moments were unlikely to deform the bone due to its 
high stiffness values with respect to the ligaments and IVD.

The calibrated mathematical model of the porcine lumbar seg-
ment can simulate the behavior of the spine in situations in which 
other means of investigation are not feasible: the equivalent in 
vivo investigations on animals are difficult to manage logisti-
cally. In vitro experiments using animal cadavers are free from 
these restrictions, but they provide limited information and can-
not simulate the muscle structures or neuromuscular controls 
present in vivo. Conversely, mathematical modeling yields infor-
mation that laboratory experiments cannot provide, such as the 
effects of stresses in the disc and vertebrae. Such modeling also 
allows exploration of an essentially limitless range of physiologic 
conditions and combinations of conditions. Similarly, FE analysis 
permits exploration of a vast range of different treatment options 
and surgical interventions and allows ‘testing’ and optimization 
of prostheses even before their manufacture.9 Mathematical mod-
els can become powerful tools to advance understanding, pre-
vention, and treatment of spinal disorders. However, the results 
of mathematical models must be interpreted carefully from an 
appropriate biologic and clinical perspective before the results 
are applied to patients. In addition, more computed tomography 
images from more animals are needed to validate available data 
and to reveal any breed-specific differences in sizes and length of 
the lumbar segment.

the intact configuration than for hemifacetectomy. The IAR of the 
facetectomy configuration was near the center of the IVD.

Discussion
This study aimed to create and calibrate a detailed 3-dimen-

sional FE model of the L4–L5 intact porcine segment by using 
an incremental calibration approach, based on data from in vitro 
testing of spinal specimens. We also investigated the influence 
of complete facetectomy and bilateral hemifacetectomy on the 
biomechanics of the L4–L5 intact porcine segment to reveal the 
configuration that most closely modeled human lumbar segment 
behavior. Accordingly, we developed the FE model and assessed 
the mechanical properties of its components. We then tested the 
model in flexion and extension and in various configurations in-
cluding intact, hemifacetectomy, and complete facetectomy. We 
then compared the results with published data from a human 
intact lumbar segment (L4–L5).20

To perform the FE model calibration process, we incorporated 
in vitro RoM data obtained from a previously reported study.11 
To achieve high morphometric conformity, we acquired scanned 
computed tomography images pertaining to a single L4–L5 seg-
ment from a pig conforming to the characteristics assumed in the 
experimental study. Subsequently, identical boundary conditions 
were assumed for the FE constructed model. The mechanical 
properties of the involved structures were then adapted in order 
to generate totally matching RoM outcomes.

The passive porcine spinal element contributions to in vitro 
flexion–extension have been defined by using a polynomial model:7 
the resistance offered by each of the spinal elements to the ap-
plied moment for a typical L4–L5 motion segment was estimated.  
Consequently, the results were represented as moment–angle 
curves, which were not transformable to the force–displacement 

Figure 3. Calibrated stress–strain curve of the IVD defined in this 
study.

Table 2. Peak flexion–extension rotations predicted during the present 
porcine FE study for the various conditions of the calibration procedure

Condition Peak flexion rotation 
(degrees)

Peak extension rotation 
(degrees)

No-FJ 7.7 9.1
No-LF 7.6 6.9
No-ISL 7.4 6.9
No-SSL 7.1 6.9
Intact 7.1 6.9

Predictions were based on data presented in reference 11.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-26



Vol 58, No 2
Comparative Medicine
April 2008

178178

hemifacetectomy configurations were highly comparable to that 
for the human segment.

Several experiments regarding the human IAR position in ex-
tension23 estimated the possible location of the IAR to the poste-
rior part of the lower endplate. The current study showed that 
in the porcine lumbar spine, this position could be gained only 
through bilateral hemifacetectomy. In addition, the bilateral hemi-
facetectomy configuration of the porcine segment was qualita-
tively equivalent to human morphometry because of dissection of 
the posterior closing of the porcine FJ. In fact, even if the RoM of 
the porcine intact configuration equivalent to that of the human 
segment, caudal displacement of the IAR might indicate posterior 
translation of the IVD. This aspect could be important to consider 
when choosing the appropriate animal model of spinal condi-
tions, especially when evaluating models for spinal stabilization 
through interspinous posterior instrumentation.

The numeric results obtained in the current study for the 3 por-
cine lumbar configurations (intact, hemifacetectomy, and com-
plete facetectomy), especially regarding RoM, were low in terms 
of the angle achieved at the peak flexion moment compared with 
the peak extension moment. This unexpected difference may be 
associated with the actual neutral position of the segment. In fact, 
the exact location of the neutral position during the transition 
between flexion and extension in the in vitro tests11 was not spe-
cifically defined by the authors. When assuming the neutral posi-
tion in the middle of the experimental laxity zone, the RoM of the 
extension increase and the RoM of flexion decrease.

Our results reveal marked increases in extension RoM with 
respect to the complete facetectomy configuration. This increase 
was reasonable given that the FJ complex was the only structure 
contributing in extension during both the in vitro and computa-
tional tests. Importantly, in our results, the RoMs of the intact and 

Figure 4. Force–displacement curves for the ligaments of the calibrated porcine FE model defined in this study compared with those from a study on 
the human spinal ligaments.20(A) CL and SSL human ligaments compared to the respective porcine ligaments. (B) ISL and LF human ligaments com-
pared to the respective porcine ligaments.

Figure 5. RoM during flexion and extension of the intact porcine FE 
model in comparison with those of the hemifacetectomy configuration, 
complete facetectomy configuration, and corresponding human lumbar 
FE model.20

Figure 6. Qualitative representation of the area to which the IAR shifts 
during extension of the intact (I), the hemifacetectomy (H), and the com-
plete facetectomy (F) configurations.
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Experimental validation of the bilateral hemifacetectomy con-
figuration of the porcine lumbar segment is needed. The hemi-
facetectomy computational cut plane was oriented in order to 
disconnect the posterior closing contribution of the FJ contour, 
which is easily replicated experimentally. Therefore, our findings 
may provide the foundation for experimental studies aiming to 
identify an animal model that effectively describes the biome-
chanics of passive elements of the human lumbar spine.
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