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Kinematic analysis of L4–L5 spinal segment with spondylolysis
and different types of grade 1 spondylolisthesis:

a nonlinear finite element study
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Purpose: This work aimed to evaluate and characterize the motion of the fourth and fifth lumbar vertebrae functional spinal unit with
spondylolysis and different types of grade 1 spondylolisthesis using the finite element method. Methods: Nine nonlinear three-dimensional
finite element models were reconstructed from computed tomography scans to five educational fourth and fifth lumbar vertebrae
models. The intervertebral disc was simulated in two conditions: four models with healthy discs and five models with degenerated
discs. Each model consisted of two vertebrae divided into three bony parts, two endplates, an intervertebral disc and five ligaments.
The flexion, extension, lateral bending and rotation loading conditions were simulated, and the ranges of motion were measured and
plotted. Results: In flexion, compared to the baseline intact model, the most significant increase in the range of motion was experienced
by the isthmic spondylolisthesis model, while in extension, a reduction in the range of motion was measured in both prolonged pars and
unilateral pars defect and healthy disc models. In degenerated disc results, the unilateral pars defect and degenerative spondylolisthesis
models had the lowest range of motion. No large differences were noticed in lateral bending results. Lastly, in axial rotation, the most
significant increase in the range of motion was measured in the isthmic spondylolisthesis model, followed by the spondylolysis model
and similarly, in the degenerated disc models. Conclusions: The isthmic spondylolisthesis displayed hypermobility in flexion and rota-
tion. Moreover, the model with unilateral pars defect showed hypermobility in axial rotation only. Finally, hypomobility in all move-
ments was noticed with the degenerative spondylolisthesis model.
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1. Introduction

Lumbar spondylolisthesis is defined as a spinal de-
fect that causes the affected vertebra to be displaced
anteriorly relative to the caudal vertebra [6], [17],
[23]. This “slip” typically arises as a result of a failed
locking mechanism and may remain static or progress
over time [14]. Severity of spondylolisthesis can be
graded 1 through 5. Grade 1 displacement of 0%
to 25%, while grade 5 displacement is more than
100% [9]. Because of the mechanical instability, lum-
bar spondylolisthesis can be accompanied with low

back pain, radicular lower limb pain and neurogenic
claudication and is usually associated with disc de-
generation [17], [23].

Spondylolisthesis is considered to have two main
etiologies, spondylolytic and degenerative, both of
which may share the same spinal disorder, but different
pathogenesis [6]. Spondylolytic (isthmic) spondylolis-
thesis occurs due to osseous fracture (spondylolytic can
be unilateral or bilateral) or elongation of the vertebral
arch at the pars interarticularis [34]. In contrast, degen-
erative spondylolisthesis occurs due to degenerative
changes in the spinal facet joints rather than a fracture
[21]. Facet joints play an essential role in stabilizing
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the segmental spine unit and slippage occurs when the
locking mechanism fails [40]. The spinal level L4–L5
is the most commonly affected in degenerative spon-
dylolisthesis and the second most commonly affected
in isthmic spondylolisthesis [17], [40]. Understanding
its biomechanics is critical for clinical prediction and
therapy improvement.

Formerly, finite element (FE) models have been
employed to investigate the biomechanics of spon-
dylolysis and spondylolisthesis in the lumbar spine
[7], [11], [16], [41]. Wang et al. [37] analyzed the
biomechanics of the L5–S1 spine with high-grade
spondylolisthesis after spinal fusion in a balanced
and unbalanced pelvis [37]. Ramakrishna et al. [28]
and Chen et al. [4] investigated the significance of
sacral slope in the advancement of an L5 bilateral
spondylolytic defect to spondylolisthesis and on the
loading of pedicle screws in post-operative isthmic
spondylolisthesis [4], [27]. Ramakrishna et al. [27]
examined the impact of different grades of disc de-
generation in the development of a bilateral L5-lytic
defect to spondylolisthesis. Sterba et al. [35] per-
formed a biomechanical analysis of spondylolysis
with different intrinsic (spinopelvic postural) and
extrinsic (loading conditions related to sports activi-
ties) parameters. To our knowledge, no biomechani-
cal FE studies have been conducted to evaluate the
effect of spondylolysis and spondylolisthesis on the
kinematics of the L4–L5 lumbar spine.

In this research, nonlinear FE models were pre-
pared from computed tomography (CT) images of
a detailed educational L4–L5 spinal model to create
a 3-dimensional model of the L4–L5 functional spinal
unit (FSU) in an attempt to study the influence of
spondylolysis and different form of grade 1 spondylo-
listhesis on the range of motion of the FSU from
a biomechanical standpoint. In addition, the same
models were modified to simulate the degenerative
disc disease (DDD) for comparison. The clinical im-
plication for this study was to determine the mechani-
cal changes results from the above mentioned medical
conditions and which movement might cause the pro-
gression to higher grade of spondylolisthesis in its
different forms.

2. Materials and methods

Five nonlinear three-dimensional FE models were
developed based on five realistic educational L4–L5
spine models obtained from Dynamic Disc Designs
Corp. as listed:

 intact L4–L5 FSU dynamic disc model (INT);
 bilateral (isthmic) spondylolytic spondylolisthesis

dynamic disc model (SPONDY);
 unilateral (right) pars defect spondylolytic spon-

dylolisthesis dynamic disc Model (UNI);
 elongated pars spondylolisthesis dynamic disc model

(LONG);
 degenerative spondylolisthesis dynamic disc model

(DEGEN).
CT scans were used with 0.8 mm thickness (in-

crement: 0.4 mm) for the above-mentioned models to
get the geometric information.

The detailed steps for building and validating the
FE model were obtained from previous research and
briefly summarized here [1]. To reconstruct vertebral
models, the software 3D Slicer (version: 4.13.0) was
used to build surface models from DICOM (digital
imaging and communications in medicine) images. The
surface models were imported to SpaceClaim software
(SpaceClaim 2020 R1, ANSYS, Inc) and reverse engi-
neered to form a solid model and transferred to FE
analysis software where the simulation took place. The
validation process was done by replicating the testing
setup and comparing the RoMs results of the intact
model in the 3 orthogonal directions with published in
vitro and in silico studies [2], [12], [13], [29], [30],
[32], [38], [39].

All the models consisted of the following parts: ver-
tebrae, intervertebral discs, endplates and ligaments, as
shown in Fig. 1. The vertebrae consisted of the verte-
bral body (cortical and cancellous bones) and the poste-
rior vertebral arch. The thickness of the cortical bone
was assumed to be 0.6 mm [25]. The intervertebral disc
(IVD) was divided into annulus fibrosus (AF) and nu-
cleus pulposus (NP). The NP volume was set to 44%
of the total disc volume and located 1.5 mm posterior
to the center of the disc [19], [20], [24]. In addition,
superior and inferior endplates were modeled between
the IVD and both vertebral bodies. A total of 5 liga-
ments, including the anterior longitudinal ligament
(ALL), posterior longitudinal ligament (PLL), liga-
mentum flavum (LF), interspinous ligament (ISL) and
supraspinal ligament (SSL), were modeled as 3D ele-
ments and only used when subjected to tension load
(PLL, LF, ISL, and SSL in flexion, ALL and SSL in
extension, SSL in lateral bending, and no ligament in
axial rotation) [12].

The material and geometric parameters for differ-
ent parts of the model were obtained from the litera-
ture and summarized in Table 1 [10], [15], [18], [33],
[39]. Both the anterior and posterior vertebral parts
were modeled as a linear elastic material [10], [15],
[18]. The AF and NP of the IVD were modeled using



Kinematic analysis of L4–L5 spinal segment with spondylolysis and different types of grade 1 spondylolisthesis... 179

a nonlinear hyperelastic material called the Mooney–
Rivlin model and the nucleus was assumed to be
nearly incompressible [10], [15], [18], [33], [39].
The ligaments were modeled as multi-linear me-
chanical properties [18]. The multi-linear material
properties utilize more than two lines to describe the

stress–strain relation. Based on the ligament strain
value, different modulus of elasticity was imple-
mented as displayed in Table 1. The contacts be-
tween all model elements were set as a binding con-
nection. Facet joints were modeled with a frictionless
contact interface.

Table 1. Material properties and geometrical parameters used in FE analysis

Element
type

Young’s modules
[MPa]

Poisson
ratio

Element size
[mm]

Area
[mm2] References

Cortical bone 12000 0.3 1.0
Cancellous bone 100 0.2 2.0

[10], [15], [18]

Posterior bone 3500 0.25 1.5 [10], [15]
Endplate

Isotropic,
elastic

24 0.4 1.0 [10], [39]
Flexion-extension C10 0.18; C01 0.045; D 1 [15], [18], [33]

AF Bending
and rotation

Mooney–
Rivlin C10 0.56; C01 0.14;   D 1

0.5
[10], [39]

NP
Flexion-extension,
bending, and
rotation

Mooney–
Rivlin C10 0.12; C01 0.03;  D 1 1.0

–

[15], [18], [33]

ALL
347 (ε < 12.2)

787 (12.2 < ε < 20.3)
1864 (20.3 < ε)

63.7

PLL
29.5 (ε < 11.1)

61.7 (11.1 < ε < 23)
236 (23 < ε)

20

LF
7.7 (ε < 5.9)

9.6 (5.9 < ε < 49)
58.2 (49 < ε)

40

ISL
1.4 (ε < 13.9)

1.5 (13.9 < ε < 20)
14.7(20 < ε)

40

SSL

Multi
linear

2.5 (ε < 20)
5.3 (20 < ε < 25)

34 (25 < ε)

0.3 1.5

30

[15], [18]

Table 2. The changes in geometric information and material properties of IVD as a result of DDD

Healthy Disc
IVDH [mm] DDD IVDH [mm] DDD Material Properties [31]

INT
(A) 11.5
(C) 10.13
(P) 9.66

(A) 7.75
(C) 5.07
(P) 4.83

SPONDY
(A) 11.25
(C) 9.66
(P) 9.21

(A) 5.63
(C) 4.83
(P) 4.61

LONG
(A) 10

(C) 7.614
(P) 7.136

(A) 5
(C) 3.81
(P) 3.57

UNI
(A) 10.92
(C) 8.851
(P) 7.23

(A) 5.46
(C) 4.43
(P) 3.62

DEGEN NA
(A) 3.59
(C) 5.23
(P) 3.2

AF: Mooney–Rivlin
C10 (MPa): 0.9;

C01 (MPa): 0.23;
D (1/MPa): 1

NP: Isotropic, elastic
Young’s modules (MPa): 1.66;

Poisson ratio: 0.4

IVDH: intervertebral disc height, (A) anterior, (C) central, (P) posterior.
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Degenerative disc disease simulation

The models with healthy IVD were modified to
simulate a moderate DDD at the L4-L5 lumbar
level. DDD was simulated by decreasing the disc
height and nucleus area and by modifying the mate-
rial properties of the AF and NP (Table 2). Disc
height collapse was modeled as a 50% reduction in
disc height measured in the mid-sagittal plane by
moving the L4 inferiorly while maintaining the L4–
L5 facet articulation [28]. A 40% expansion of the
annulus volume was achieved by decreasing the NP
volume to maintain the same disc volume [5]. Fur-
thermore, both the AF and NP strength were in-
creased due to dehydration and the material proper-
ties for the degenerated disc were taken from the
literature [31].

Loads and boundary constraints

In all the models, the inferior surface of L5 was
kinematically constrained at six degrees of freedom.
Moreover, a pure moment of 1, 2.5, 5, 7.5 and 10 Nm
in three different orientations (flexion-extension, right
lateral bending and right axial rotation) were applied
to the superior surface of the L4 vertebral body.

All the model components were meshed with first-
-order tetrahedral elements. The element size for each
part of the models were listed in Table 1. For each
model used, the number of nodes and elements for all
the movements were average and the final numbers
were as follows: INT models (nodes: 183,740, ele-
ments: 830,752) for healthy disc and (nodes: 154,152,
elements: 669,639) for DDD, SPONDY models (nodes:
175,450, elements: 777,064) for healthy disc and (nodes:
141,070, elements: 592,233) for DDD, UNI models
(nodes: 163,731, elements: 714,779) for healthy disc and
(nodes: 135,090, elements: 559,577) for DDD, LONG
models (nodes: 164,775, elements: 720,761) for healthy
disc and (nodes: 141,944, elements: 598,244) for DDD
and DEGEN model (nodes: 152,663, elements: 638,548)
for DDD. All the mesh manipulation and simula-
tion work were conducted using FE analysis software
(ANSYS 2020 R1, ANSYS, Inc.) and implemented into
a laptop computer with an Intel Core i7-9750H CPU
and 24Gb RAM.

3. Results

The present study obtained the RoMs under four
loading conditions (including the flexion, extension,
right lateral bending and right axial rotation) of five

different FSUs with healthy and DDD IVD (9 FE
models in total). INT model data were used as base-
line values for describing the change in RoM in these
FE models.

Fig. 1. A lateral view of the L4–L5 FSU 3D models
used in this study. Red arrow indicates the site of the defect

The total RoMs of all FE models for applied mo-
ments of 10 Nm were presented in Fig. 2. In healthy
IVD, in flexion-extension, the total rotation of 10.6°,
16.3°, 10.4°, and 9.5° was reached at 10 Nm applied
moment for the INT, SPONDY, LONG and UNI,
respectively. In the case of lateral bending loading and
axial rotation, the angular rotations were (7.4°, 7.7°,
7.2°, and 7.2°) and (3°, 14.5°, 3.1°, and 5°) for INT,
SPONDY, LONG, and UNI FE models, respectively.
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The SPODNY produced an increase of RoM by 42.4%,
whereas the LONG and UNI models had a decrease of
1.9% and 10%, respectively, compared to the INT
model in flexion-extension. Under the lateral bending,
an increase of 4% for the SPODNY model and a de-
crease of 1.67% for both LONG and UNI models
were observed, whereas increases of 125.4%, 3.3%,
and 48.1% were shown for SPONDY, LONG, and UNI
models, respectively, during axial rotation.

The models with the DDD IVD exhibited a stiffer
response than the healthy disc ones. In flexion-extension,
a total rotation of 6, 6.4, 5.6, 4.6, and 4.6° was reached
at 10 Nm applied moment for the INT, SPONDY,
LONG, UNI, and DEGEN, respectively. In the case of
lateral bending and axial rotation, the angular rota-

tions were (3.4, 3.3, 3.1, 2.7, and 2.4°) and (1.4, 4.7,
1.5, 2.5, and 0.9°) for INT, SPONDY, LONG, UNI, and
DEGEN FE models, respectively.

Fig. 3. RoM-moment curves of FE models in (A) flexion,
(B) extension, (C) right lateral bending, (D) right axial rotation

Fig. 2. Comparison of the RoMs between the FE models
utilized in this study: (A) flexion-extension,

(B) right lateral bending, (C) right axial rotation
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In Figure 3, the angular displacement of all devel-
oped FE models in response to the applied moments
(up to 10 Nm) and in 3 orthogonal planes are shown.
Generally, a nonlinear behavior was noticed in the
healthy disc models while with the DDD models, the
response became stiffer and the motion patterns be-
came more linear under the exact applied moment.

The rotation curves of the flexion movement be-
tween L4 and L5 vertebrae are shown in terms of the
applied moment (Fig. 3A). Under flexion loading, the
healthy disc SPONDY model displayed an enormous
flexible response with 11.32° at 10 Nm whereas the
LONG and UNI models with a healthy disc showed
a comparable response of 6.17° and 5.66° at 10 Nm,
respectively, to the healthy disc INT model (5.69° at
10 Nm). The models with the DDD IVD exhibited
a stiffer response than the healthy ones. The DEGEN

model displayed the stiffest response with a rotation
of 2.66° at a 10 Nm applied moment. Moreover, rota-
tions of 3.52°, 4.24°, 3.36°, and 2.88° were reached at
the maximum applied moment for the INT, SPONDY,
LONG, UNI models.

In the case of extension loading (Fig. 3B), the
SPONDY model with a healthy disc has shown a mo-
ment-rotation relationship much more similar to that
exhibited by the INT one (–4.9° vs. –4.87° at –10 Nm).
However, stiffer responses (–4.27° and –3.85°) were
noticed by the LONG and UNI models compared to
the INT model at the exact applied moment. For the
DDD models, the UNI model displayed the stiffest
response with a rotation of –1.70° at –10 Nm applied
moment and a rotation of –2.49°, –2.20°, –2.21°, and
–1.94° were reached at the maximum applied moment
for the INT, SPONDY, LONG, DEGEN models.

Fig. 4. Von Mises stress distribution [MPa] at the L4−L5 IVDs (healthy and DDD)
for the INT, SPONDY, UNI, LONG, and DEGEN FE models in flexion, extension, lateral bending, and axial rotation
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In Figure 3 C, the applied lateral bending moment
versus the relative rotation between the two vertebrae
L4 and L5 curves for all the considered cases are il-
lustrated. In contrast to flexion, spondylosis and spon-
dylolisthesis in the healthy disc models did not sig-
nificantly affect the moment-rotation relationships and
all cases exhibited a similar response. On the other
hand, the same patterns (comparable results) but with
stiffer responses were noticed in DDD models except
for the DEGEN model, where the lowest angular ro-
tation of 2.37° reached at 10 Nm lateral bending mo-
ment.

In the axial rotation case, the moment-rotation
curves were presented in Fig. 3 D. The healthy disc
SPONDY model displayed an enormous flexible re-
sponse with 13.3° at 10 Nm. Also, the UNI model
showed a flexible curve with a rotation of 4.98° at 10
Nm. In contrast, the healthy disc LONG model
showed a comparable response of 2.91° at 10 Nm to
the healthy disc INT model (3.05° at 10 Nm). In the

DDD IVD case, both the SPONDY and UNI models
exhibited a more flexible response than the INT one,
with a rotation of 4.68° and 2.45° at 10 Nm, respec-
tively. The DEGEN model displayed the stiffest re-
sponse with a rotation of 0.88° at a 10 Nm applied
moment. Moreover, a rotations of 1.41° and 1.39°
were reached at the maximum applied moment for the
INT and LONG DDD models.

A total of 72 (36 stress and 36 strain) colour coded
Von Mises stresses and Von Mises strains distribution
in the IVD of all the L4–L5 FSUs with healthy and
DDD discs during all 4 movements were presented in
Figs. 4 and 5. All the results were analysed at peak of
applied moment (10 Nm) in all the FE models. Both
healthy and DDD models shared the same pattern in
the stresses and strains distributions. However, the
stress distributions in DDD models were higher in
values compared to the healthy disc models while the
opposite applies to strain maps. During flexion and
axial rotation, the greatest increase in the stress and

Fig. 5. Von Mises strain distribution at the L4−L5 IVDs (healthy and DDD)
for the INT, SPONDY, UNI, LONG and DEGEN FE models in flexion, extension, lateral bending and axial rotation
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strain from the baseline INT state was observed in
both SPONDY models while in extension and lateral
bending, comparable results were noted in all the
models.

4. Discussion

A better understanding of how spondylolysis and
different types of grade 1 spondylolisthesis affects the
kinematics of the L4–L5 lumbar spine segment with
healthy and DDD IVD may result in more informed
decisions about its treatment and postsurgical compli-
cations. The focus of this study was to evaluate and
characterize lumbar segmental motion using the FE
method. In general, the results showed that the models
could give detailed quantitative information on the
mechanical behavior of the spine with the above-
mentioned medical conditions.

The results indicate that the isthmic spondylolis-
thesis appears to alter the normal movement of the
affected level the most in both flexion and axial rota-
tion. Increases of 66.2% and 125.4% in the RoMs in
both flexion and axial rotation, respectively, were
measured from the isthmic spondylolisthesis with the
healthy IVD model compared to the INT model.
Similarly, the same pattern was noticed (18.6% in
flexion and 107.4% in axial rotation) with the DDD
models. This motion instability is due to the loss of
the SSL, ISL and LF effect due to the separation of
the anterior part of the L4 vertebra from the posterior
part and the anterior displacement. These observations
support the published experimental and FE findings
showing a bilateral lytic defect in the lumbar spine
greatly enhances segmental mobility [3], [8], [11],
[27], [36].

However, the results of spondylolysis with unilat-
eral pars defect reveal a significant increase in axial
rotation in both healthy and DDD disc models (48.1%
and 53.9%, respectively). This increase in motion in-
creases the stress in the contralateral pars interarticu-
laris, which eventually leads to bilateral pars defect.
A comparison between the INT, LONG and UNI re-
vealed that both LONG and UNI exhibit a slightly stiffer
behavior in extension. Differences of 13.1% and 23.4%
for the LONG and UNI models, respectively, were
measured compared to the INT model. Likewise, the
LONG and UNI DDD models have a difference of
11.9% and 37.7%, respectively, compared to the INT
model.

The results presented in Fig. 3 show a grade 1 slip
at the L4–L5 segment resulting from degenerative

spondylolisthesis displaying the largest decrease in
angular motion of the lumbar spine. This motion re-
duction is due to the changes in the facet joints and
the considerable reduction in disc height. These find-
ings support prior studies that demonstrated lumbar
spine hypomobility in the presence of degenerative
spondylolisthesis [22], [26].

Comparing the results obtained from the DDD
models with the healthy disc models, it can be noted
that the RoMs curves in flexion, extension, lateral
bending and axial rotation of the DDD FE models were
showing the same pattern but with lower values com-
pared to the healthy disc ones. As shown in Fig. 2, the
largest variation in flexion-extension between the
healthy and DDD models can be noted in the SPONDY
models (87.2%) while in lateral bending, all models
share comparable results of the RoM variation be-
tween the healthy and DDD discs with the UNI models
having the highest variation (89.9%). In axial rotation,
similar to the flexion-extension, the SPONDY models
had the largest RoM variation of (95.9%). These results
are comparable to the published studies [27].

This study has several limitations that should be
mentioned. First, the geometric variation of the verte-
bra, such as the vertebral shape and size, disc height and
lordosis angle, were not considered in the study, and
only the geometries of educational models were used.
Next, the loading conditions used in this study were
simple and did not replicate the actual loading condition
acting on the lumbar spine inside the body (such as body
weight and muscle forces). Additionally, we evaluated
the FE models of a single vertebral segment. However,
a multiple-segment provides a more accurate picture of
the clinical situation. Last, only a 50% collapse in disc
height was modeled.

Nevertheless, the developed models described the
kinematics of the medical condition studied in this
research and can be used as a starting point for more
complex scenarios and loading conditions to further
exam the cause of progression of the grade 1 spondy-
lolisthesis to a higher grade of spondylolisthesis in its
different forms.

5. Conclusions

In conclusion, the biomechanical behavior of spon-
dylotic and different types of grade 1 spondylolisthesis
of the L4–L5 FSU has been demonstrated in this study
and compared with the intact model. The results show
that in isthmic spondylolisthesis, hypermobility was
noticed in both flexion and axial rotation. In compari-
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son, degenerative spondylolisthesis with severe disc
degeneration displays a high hypomobility of the L4–L5
spinal segment. Lastly, the unilateral spondylolysis L4
defect displays hypermobility in axial rotation and the
prolonged pars spondylolisthesis does not significantly
impact the spinal segment range of motion.
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