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Effect of sacral slope on the biomechanical
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Abstract. The present study investigated the influence of
sacral slope (SS) on the biomechanical responses of the lumbar
spine under specific physiological conditions. Firstly, based on
computed tomography scan images of a 30-year-old healthy
male volunteer (SS, 55°), a three-dimensional finite element
(FE) model including the L4-S1 segment was established.
Flexion, extension, lateral bending and torsion motions were
simulated and compared with cadaveric test data in the
literature to validate the lumbar spine FE model. The model
was then modified with different SS values (40 and 25°) for
the same simulations to describe the process of structural
compensation. Numerical results showed that with the
reduction of SS, the range of motions (ROMs) reduced for
flexion and lateral bending, but increased for extension and
torsion. For displacement, the maximum magnitudes of
L4/5 annulus fibrosus (AF) reduced by 10-25% in flexion,
lateral bending and torsion, but less effect was observed for
extension with only a 4% drop. Nearly the same displacement
distribution appeared on the L5/S1 AF with small changes in
the four motions. For the stress field of L4/5 AF, in contrast
to flexion, the magnitudes for extension and lateral bending
varied markedly, and under torsion the value increased by
~10%. For L5/S1 AF, the stresses changed little under flexion,
extension and lateral bending, but strongly declined for torsion
by ~71.8%. In conclusion, the present study indicates that
the change in SS due to structural compensation affects the
biomechanical behavior of the spine structure, and attention
should be paid to SS when conducting surgical procedures or
selecting intervertebral fusion implants.
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Introduction

The human low lumbar spine and pelvis compromise a
complex system that is required for the maintenance of
balance. For sagittal balance, several parameters, including
pelvic incidence (PI), pelvic tilt (PT) and sacral slope
(SS) (1-3) have been defined to evaluate the alignment of the
spino-pelvic complex. These parameters cooperate to regulate
sagittal balance between the spine and pelvis in order to keep
an individual standing in an erect position (4). PI is the angle
created by the intersection of a line drawn from the center of
the femoral heads to the middle of the sacral plate and a line
running perpendicular to the middle of the sacral plate, and
PT is the angle between the vertical and a line drawn from the
center of the femoral heads to the center of the upper sacral
endplate. PI is a morphological constant for an individual in
adulthood (4). However, the SS, which is defined as the angle
between the superior plate of S1 and a horizontal line as shown
in Fig. 1, is a parameter changing with age (4). The geometric
relation between PI, PT and SS is as follows: PI=PT + SS. When
the lumbar spine endures intervertebral disc degeneration or
certain other spinal diseases, it may lose lordosis; however,
the spine-pelvis complex has the capability to compensate
for sagittal imbalance of the spine through pelvic retroversion
with changing SS (4). The change of SS secondary to reduc-
tion of lumbar lordosis affects the biomechanics of the lumbar
spine and results in a deterioration of sagittal balance.

The biomechanical response of the human lumbar spine
has been investigated via experimental or computational
approaches for decades. However, SS may be an ignored or
rejected factor in these two approaches for various reasons.
Above all, it is difficult to determine the SS parameter from
experimentation using cadaver samples. Therefore, the data
obtained from in vitro experiments is not able to clearly
indicate the variation in biomechanical behavior that results
from a changing SS (5-10). In computational analysis using a
finite element method (FEM), magnitudes and distributions
of displacements, stresses and range of motion (ROM) under
different daily physical motions can be provided. However,
few studies (11-15) have considered the effect of a changing
SS caused by structural compensation. Furthermore, if the
influence of SS on ROMs, stress and strain distribution of the
spine is known, this may be beneficial in the preparation of
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personalized fusion implant designs and therapeutic sched-
ules. Hence, for focusing on investigating the biomechanical
behaviors of the low lumbar spine segment with a changing
SS caused by structural compensation, a computational model
with the capability for parametric study is required so that
complex in vivo and in vitro experiments are not necessary.
In the present study, a three-dimensional finite element (FE)
model including the L4-S1 segment was developed, then
modified with different SS. Following model validation, four
daily physical motions including flexion, extension, lateral
bending and torsion were simulated to predict the alteration of
biomechanical responses under a changing SS.

Materials and methods

Lumbar finite element model (L4-S1). In an FEM, a geomet-
rical complex spine segment can be divided into different
regions according to its anatomical structure, and then meshed
with various types of elements. Each region can be assigned
an appropriate material model to reflect its biomechanical
characteristics. In the present study, a surface model (Fig. 2A)
including the L4-S1 segment was first constructed based on
computed tomography (CT) scan images of a 30-year-old
healthy male volunteer with an SS of 55°. A corresponding
solid model was then constructed in HyperMesh (Altair
Engineering, Inc., Troy, MI, USA). Meshing was also imple-
mented in HyperMesh (Fig. 2B). Finally, biomechanical finite
element analysis of the L4-S1 segment was carried out in
ABAQUS/Standard (Dassault Systemes, Vélizy-Villacoublay,
France). The model included the vertebrae, intervertebral
discs, endplates and ligaments.

As shown in Fig. 3, the vertebrae were divided into cortical
and cancellous bones represented by an outer layer of hexahe-
dral solid elements and enclosed tetrahedral solid elements,
respectively. The thickness of the cortical bones was assumed
to be 1 mm (16). Notably, the nodes were shared at the inter-
face between cortical and cancellous bones to avoid complex
interaction problems. Bones usually exhibit a highly non-linear
biomechanical response under high loading conditions such as
impact and bone fracture (17). In current study, as the focus
was on the biomechanical behavior of the lumbar spine under
daily physiological motions, the cortical and cancellous bones
were assumed to be homogeneous and isotropic materials with
different elastic constants, as listed in Table I (18). Contact
surfaces with a distance of 0.5 mm were defined to simulate
the facet joints (19).

The intervertebral discs were divided into superior and
inferior endplates, annulus fibrosus and nucleus pulposus. The
endplates had a thickness of 0.5 mm (20) and were connected
with their adjacent vertebrae by sharing common nodes on
the interfaces. They were meshed by 3D solid elements and
assigned a linear isotropic elastic model with material param-
eters listed in Table 1. For the disc, 30-50% of the cross-section
area was defined as nucleus, and the rest was processed as the
annulus fibrosus (21). The nucleus was assumed to be a nearly
incompressible material by assignment of a Poisson's ratio of
0.499 and a low Young's modulus of 1 MPa. The ROM of the
human spine is mainly affected by intervertebral discs. The
constitutive model for large deformation segments such as
the annulus fibrosus is considered to provide accurate results.
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Figure 1. Illustration of SS, PI and PT. SS, sacral slope; PI, pelvic incidence;
PT, pelvic tilt.

The annulus fibrosus is often characterized as fiber-reinforced
materials in which several matrix layers are embedded with
rebar elements representing collagen fibers (11,12,14,15,22).
The effect of interaction between fibers and matrix is ignored
when using the one-dimensional rebar elements method.
Also, this method increases meshing difficulty. To overcome
these shortcomings, Peng er al (23) developed a continuum
mechanics-based fiber reinforced hyperelastic model to char-
acterize the anisotropic nonlinear biomechanical behavior of
annulus fibrosus. The strain energy function to determine the
constitutive relationship is given as follows:

W=W"+WF+w

where WM, WF and W™ are the energy contribution from
ground matrix, fiber elongation and the interaction between
matrix and fibers, respectively. The specific forms of strain
energy functions for the annulus fibrosis are given as follows:

. 1 ;
W = Cyo(h — 3)+D—U -1)?
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where U9 = Tenlsia) ¢ i@ ) are principal

invariants, and C,,=0.034 MPa, D,=0.197 MPa,
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Table I. Properties of materials.
Material Young's modulus E (MPa) Poisson's ratio v Element type (Refs.)
Vertebrae
Cortical bone 12,000 03 C3Ds8 (18,25-30)
Cancellous bone 100 02 C3D4 (18,27-30)
Endplate 12,000 03 C3Ds8 (26,28,31)
Disc
Nucleus 1 0.499 C3Ds8 (29,32-34)
Annulus fibrosus User defined material User defined material C3Ds8 (23)
Ligaments
ALL 7.8 0.3 S4 (35.,36)
PLL 10 03 S4 (35.,36)
LF 15 03 S4 (35.,36)
CL 7.5 03 S4 (35,36)
ISL 8 03 S4 (35.,36)
SSL 8 03 S4 (35,36)

ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligamentum flavum; CL, capsular ligament; ISL, interspinous

ligament; SSL, supraspinal ligament.

-z
W

Figure 2. (A) Surface and (B) finite element models for the L4-S1 lumbar
spine segment.

C,=0.45 MPa, C;=82.6 MPa, y=12.0 MPa =125 and 1";=1.02
are material parameters. More detail has been provided in a
previous study (23). This constitutive model was implemented
by designing a user defined material subroutine
(UANISOHYPER) in ABAQUS/Standard (Dassault
Systemes). The orientation of fibers was defined as +30° to the
horizontal plane (13,23).

Ligaments play a major role in spinal stability and
function (24). A total of 6 ligaments including the anterior
longitudinal ligament (ALL), posterior longitudinal ligament
(PLL), ligamentum flavum (LF), capsular ligament (CL), inter-
spinous ligament (ISL) and supraspinal ligament (SSL) were
modeled as isotropic linear elastic membranes that are able to
bear tensile loads only.

Material parameters for different parts of the model are
summarized in Table I.

Figure 3. Sketch map of cortical and cancellous bones (L4). The cortical
and cancellous bones are represented by an outer layer of hexahedral solid
elements and enclosed tetrahedral solid elements, respectively.

L4-S1 models with different SS. In order to investigate the
influence of SS on the biomechanical behavior of the lumbar
spine, the L4-S1 spine model was modified with different SS.
In accordance with a previous study (4), the SS angles were
divided into three groups: SS>45°, 35°<SS<45° and SS<35°. As
shown in Fig. 4, three SS angles of 55, 40 and 25° were chosen
as the typical angle for each group. Noting that the change
of lumbar lordosis causes pelvis retroversion, then influ-
ences the SS angle, the shape of the intervertebral discs was
slightly changed as shown in Fig. 4. For convenience, models
I, IT and III are used for distinction. Convergence testing was
performed to filter the influence of mesh size. The model had
260,729 nodes and 854,845 elements with an average element
size of ~0.75 mm.

Boundary and loading conditions. Considering the daily
physiological actions of the human spine, four basic motions
including flexion, extension, lateral bending and torsion
were selected in numerical simulations. S5 were completely
constrained. According to the study by Yamamoto er al (9),
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Figure 4. L4-S1 models with different SS angles. The models have SS values of (A) 55°, (B) 40° and (C) 25°. The blue line is a reference line across the center of
the upper sacral endplate. The red line links the center of the femoral heads and the center of the upper sacral endplate. The black line is a tangent line across

the center of the upper sacral endplate. SS, sacral slope.
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Figure 5. ROMs of flexion and extension with different loading magnitudes.
(A) Flexion and (B) extension. ROM, range of motion.

a 150-N vertical axial pre-load was imposed on the superior
surface of L4; at the same time, a 10-N-m moment was applied
on the L4 superior surface along the radial direction to simu-
late the four basic physiological motions.

Simulation results of the L4-S1 model with an SS of 55°
under various pathological loading conditions were compared
with cadaveric test data in the literature for model validation.
Then, numerical simulations were extended to other L4-S1
models with different SS values to investigate the effect on the
biomechanical responses of the lumbar spine.

Model validation. For model validation, ROMs under different
human physiological motions were employed as a verification
criterion. Table II lists the predicted ROMs of the L4-S1 FE

model under flexion, extension, lateral bending and torsion,
respectively with a 150-N pre-load and a 10-N-m moment.
For comparison, in vitro ROMs reported by different research
groups (6-9,36) are also presented in Table II.

As shown in Table II, the in vitro ROMs reported by
different groups vary in a range of 4.9-6.2° for flexion, and
2.8-4.2° for extension. In the present study, the ROM was
6.13 and 3.24° for flexion and extension, respectively. The
simulation results fall into the in vitro experimental ranges of
ROMs for the two motions, respectively. For lateral bending
and torsion, the predicted ROMs were 3.47 and 1.79°, respec-
tively, a little bit below the in vitro experimental ranges of
ROMs, which are 3.5-4.2° for lateral bending and 2-2.8° for
torsion (9).

Fig. 5 shows the in vitro experimental ROMs of the
L4-S1 lumbar spine segment under flexion and extension
with different loading magnitudes from O to 15 N-m, respec-
tively (5-8,36). Numerical results of the present model are also
shown in Fig. 5A for flexion and Fig. 5B for extension by solid
lines with filled circles. As presented in Fig. 5, the simulation
results are in concordance with the experimental data, bearing
in mind the deviations of in vitro testing data from different
studies. The ROMs are nonlinear to the applied moment and
render a decreasing tendency with the increase of applied
moment for both motions.

Results and Discussion

With the lumbar spine FE model being validated, FE analyses
on L4-S1 models with an SS of 40° (model II) and 25°
(model IIT) were carried out for the four basic physiological
motions to investigate the effects of SS.

As shown in Table II, under flexion with a 10-N-m
moment, the predicted ROMs for the two models were 5.70
and 5.34°, respectively. Compared with model I which had an
SS angle of 55°, the ROMs of model IT and I1I were decreased
by 7.01 and 12.8%, respectively. By contrast, the predicted
ROMs increased with the reduction of SS angle for exten-
sion, lateral bending and torsion, as indicated in Table II.
However, almost all numerical ROMs for the four motions
from the three models fell into the in vitro experimental
ranges of ROMs.
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Table II. Range of motion (°) for different motions.
Study Flexion Extension Lateral bending Torsion (Ref.)
Shirazi-Adl et al 4.96 2.94 - - (6)
Tencer et al 6.23 4.19 - - @)
Schultz et al 5.79 2.79 - - (8)
Chen et al 541 3.13 - - (36)
Yamamoto et al - - 3.5-4.2 2-2.8 O]
Present study
SS=55° 6.13 324 4.07 1.79
SS=40° 5.70 3.50 3.72 2.09
SS=25° 5.34 3.89 3.79 2.20
SS, sacral slope.
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Figure 6. ROMs of the four motions with different loading moments. (A) Flexion, (B) extension, (C) lateral bending and (D) torsion. ROM, range of motion;

SS, sacral slope.

The ROMs of the three models under the four motions
with different loading moment magnitudes are presented in
Fig. 6. Generally, the spine segment showed an increased
stiffness with respect to ROM with the increase of loading
moment for all four motions. Under the same moment, the
ROM increased with the increase of SS for flexion and lateral
bending; under extension and torsion, the opposite trend
occurred.

As shown in Table IT and Fig. 6, the variation of ROMs under
the same loading condition with different SS was distinct. The
maximum difference of ROM was >10% for the four motions.
Therefore, the SS can influence the biomechanical behavior of
the spine markedly.

The SS affected not only the ROMs, but also the displace-
ment distribution of annulus fibrosus in the spine segment.
Fig. 7 shows the displacement distribution in the L4/5-disc
annulus under a 150-N pre-load and 10-N-m moment for the
four motions with an SS of 55°. For flexion, the maximum
displacement was found at the border close to the upper
vertebrae segment with a magnitude of ~2.0 mm as shown
in Fig. 7A. At nearly the same position, the displacement
increased to 2.4 mm for extension (Fig. 7B). The value gradu-
ally increased and reached 3.4 mm at the compression region
under lateral bending detailed in Fig. 7C, while the peak
magnitude in all four motions occurred in torsion ~5.0 mm as
presented in Fig. 7D.
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Figure 7. Displacement field distribution of four motions (L4/5 disc with a sacral slope of 55°). (A) Flexion, (B) extension, (C) lateral bending and (D) torsion.
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Figure 8. Predicted maximum displacement in different SS models (L4/5 annulus fibrosus). SS, sacral slope.

The changes of the maximum displacements in the L4/5
annulus fibrosus for the four motions with the change of
SS are shown in Fig. 8. When SS decreased, the maximum
displacement decreased for all four motions. The maximum
reduction rate was ~10, 14.3 and 25% for flexion, lateral
bending and torsion, respectively, but only 4% for extension.
When intervertebral discs degenerate with loss of lumbar
lordosis, adjacent lumbar segments are likely to compensate
with the increase of lordosis, followed by retroversion of
the pelvis with the reduction of SS, with reduction of the
displacement of the annulus fibrosus. Additionally, although
it was not shown, nearly the same displacement distribu-
tion appeared for the L5/S1 disc with maximum values of
only ~0.8, 0.5, 1.3 and 2.2 mm for flexion, extension, lateral
bending and torsion, respectively.

The von Mises stress distribution on the L4/5 annulus
fibrosus under a 150-N pre-load and 10-N-m moment is shown
in Fig. 9. The largest stress region appeared in the posterior
side of the annulus fibrosus, particularly in flexion, extension
and lateral bending (Fig. 9A-C). For torsion, the annulus
fibrosus was twisted, so the stress mainly distributed along the

orientation of fibers with a maximum magnitude of ~4.9 MPa
as detailed in Fig. 9D.

The changes of the maximum von Mises stress in the L4/5
annulus fibrosus for the four motions with the change of SS are
shown in Fig. 10. With the reduction of SS from 55 to 25°, the
maximum von Mises stresses for extension markedly increased
from 1.3 to 2.4 MPa, an increase of ~84%. For lateral bending,
the maximum von Mises stress decreased from 3.2 to 2.2 MPa,
a reduction of ~30%. For flexion, the effect of SS was insignifi-
cant. The maximum von Mises stress fluctuated by ~3.0 MPa.
For torsion, the maximum stress initially increased then
decreased with the reduction of SS ~5.3 MPa. For the L5/S1
disc, the stresses had little change under flexion, extension
and lateral bending with magnitudes of ~1.3, 0.1 and 1.6 MPa,
respectively. However, for torsion, the stresses declined notably,
and were 3.2, 1.7 and 0.9 MPa in the three models.

Briefly, when an intervertebral disc degenerates, the spine
structure compensates to keep sagittal balance by retroversion
of the pelvis with reduction of the SS. The predictions based
on FEM show that as SS decreased, the ROMs of flexion
and lateral bending reduced, and the ROMs of extension
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Figure 9. Von Mises stress distribution at L4/5 annulus fibrosus. (A) Flexion, (B) extension, (C) lateral bending and (D) torsion.
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Figure 10. Predicted maximum von Mises stress in different SS models (L4/5 annulus fibrosus). SS, sacral slope.

and torsion increased. The maximum displacements reduced
10-25% in flexion, lateral bending and torsion, but in extension
the maximum displacement only dropped 4%. Considering
stress, in contrast to flexion, the magnitudes for extension
and lateral bending varied markedly, and for torsion the value
increased by ~10% initially, then decreased with the reduction
of SS. Although only the L4 to S1 segment was considered in
the present model, the mechanical responses including ROMs,
displacement and stress had different degrees of variation,
according to this study, when compensation occurred; thus, the
SS did have a great influence on the biomechanical behavior of
the spine structure.

The present study has several limitations. Firstly, the
material models for ligaments and vertebrae were simplified
and idealized. Secondly, spine structural compensation often
occurs following disc degeneration (4). However, the present
study ignored the effect of disc degeneration and only focused
on the influence of SS. Thirdly, structural compensation also
influences regions other than the L4-S segment, particularly
for intervertebral discs (4). Therefore, the current spinal
model should be extended by including more spinal segments.
Lastly, in the human body, vertebrae are connected by not

only ligaments, but also by muscles, which was ignored in
the current model. Our future studies will concentrate on
developing a more accurate model to comprehend the biome-
chanical essentials of human spine segment.

In conclusion, in the present study a three-dimensional
finite element model of L4-S spine was established to inves-
tigate the effect of SS on biomechanical behavior under
various daily actions, including flexion, extension, lateral
bending and torsion motions. The model was validated by
comparing simulation results with in vitro cadaveric test data.
The numerical predictions indicated that as SS decreased, the
ROMs of flexion and lateral bending reduced, and the ROMs
of extension and torsion increased. The maximum displace-
ments of L4/5 AF reduced 10-25% in flexion, lateral bending
and torsion, whereas the displacement of extension dropped
only 4%. The effect of SS on von Mises stress of L4/5 AF was
minimal in flexion, but marked in lateral bending with a 31%
drop. By contrast, the stress increased ~84% in extension. In
torsion, the maximum stress initially increased then decreased
with the reduction of SS. The present study indicated that the
change of SS caused by structural compensation affected the
biomechanical behavior of the spine structure, and attention
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should be paid to SS when conducting surgical procedures or
selecting intervertebral fusion implants.
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