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Abstract

Background

Few studies have analyzed the different biomechanical properties of the lumbar with various
morphological parameters, which play an important role in injury and degeneration. This
study aims to preliminarily investigate biomechanical characteristics of the spine with differ-
ent sagittal alignment morphotypes by using finite element (FE) simulation and in-vitro
testing.

Methods

According to the lumbar-pelvic radiographic parameters of the Chinese population, the
parametric FE models (L1-S1-pelvis) of Roussouly’s type (1-4) were validated and devel-
oped based on the in-vitro biomechanical testing. A pure moment of 7.5 Nm was applied in
the three anatomical planes to simulate the physiological activities of flexion, extension, left-
right lateral bending and left-right axial rotation.

Results

The sagittal configuration of four Roussouly’s type models had a strong effect on the bio-
mechanical responses in flexion and extension. The apex of the lumbar lordosis is a critical
position where the segment has the lowest range of motion among all the models. In flexion-
extension, type 3 and 4 models with a good lordosis shape had a more uniform rotation dis-
tribution at each motor function segment, however, type 1 and 2 models with a straighter
spine had a larger proportion of rotation at the L5-S1 level. In addition, type 1 and 2 models
had higher intradiscal pressures (IDPs) at the L4-5 segment in flexion, while type 4 model
had larger matrix and fiber stresses at the L5-S1 segment in extension.

Conclusion

The well-marched lordotic type 3 lumbar had greater stability, however, a straighter spine
(type 1 and 2) had poor balance and load-bearing capacity. The hypolordotic type 4 model
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showed larger annulus fiber stress. Therefore, the sagittal alignment of Roussouly’s type
models had different kinetic and biomechanical responses under various loading conditions,
leading to different clinical manifestations of the lumbar disease.

Introduction

The acquisition of an erect position makes humans the only vertebrates to maintain fully
upright bipedalism. A series of morphological changes in the spinal anatomy includes the per-
pendicularization of the pelvis and the development of the sagittal curve of the spine, known
as lumbar lordosis and thoracic kyphosis, which are unique to humans. Lumbar lordosis is not
found in other species. Although great apes can achieve an upright posture, their entire spine
is a large "C", a long kyphosis, unable to sustain a stable upright posture and walk. The S-curve
shape of the human spine in the sagittal plane plays a key role in maintaining balance and sta-
bility while minimizing the energy consumption of the back musculature [1, 2].

The sagittal alignment of the spine is a recently-developed concept to understand the
mechanical equilibrium mechanism and the geometric characteristics of pathological defor-
mity of the spine. It was proposed by Duval-Beaupere et al. [3], who defined pelvic parameters,
namely pelvic incidence (PI), sacral inclination (SS), and pelvic tilt (PT). The classification of
sagittal alignments has been widely investigated by researchers based on a radiological assess-
ment [4-7]. Four types of sagittal spine alignment were firstly proposed by Roussouly et al. [6]
based on the SS and the shape of the spine in 2005 (Fig 1). It is noted that each type of spine
has a different pattern of mechanical conduction and balance, which is associated with patho-
logical evolution and postoperative mechanical complications.

Over the past 15 years, epidemiological and clinical studies have demonstrated the impor-
tance of sagittal balance in preventing spinal dysfunction and evaluating the outcome of spinal
surgery [3, 6, 8, 9]. Clinical studies have hypothesized that the stress distribution of the spine is
determined by its structural morphology [2, 10, 11]. For example, a flat or less lordosis spine is
subjected to ensure high intervertebral disc pressure, thus having higher occurrences of spe-
cific spinal disorders, such as lumbar disc herniation [6, 12, 13]. However, our literature search
results showed that the existing studies mainly focus on imaging parameter analysis. There are
still little data on the biomechanics of sagittal plane balance. It is probably due to the inherent
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Fig 1. Schematic diagram of Roussouly’s 1-4 morphotypes.
https://doi.org/10.1371/journal.pone.0266954.g001
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complexity of mechanical structures of the spine with interacting nonlinear components [14,
15], which makes it impossible to replicate the combined simultaneous effects of body weight
and muscle in in-vitro studies. Clinical studies believe that the stress distribution of the spine
is determined by its structural morphology. Therefore, a thorough understanding of the
mechanical properties of different types of the lumbar-pelvic complex is the key to under-
standing lumbar degenerative disease and the accelerated degeneration of adjacent segments
after fusion.

Therefore, this study aims to preliminarily investigate whether different Roussouly sagittal
alignment morphotypes have various kinetic and mechanical characteristics. Based on in vitro
biomechanical tests, parametric FE models of Roussouly’s type (1-4) were validated and devel-
oped to analyze the biomechanical responses under different loading scenarios, including an
intersegment range of motion (ROM), IDP, and maximum stress of the matrix and fibers.
These results partially addressed this lack of basic knowledge of the biomechanical characteris-
tics of the spine with various sagittal alignments.

Methods
Specimen preparation

Our study have been approved by the biological and medical ethics committee of Beihang Uni-
versity (No:BM20190009). The experimental scheme in this paper meets the ethical require-
ments and is approved to be implemented. A lumbar (L1-S1, 47.5 years old) was employed
from the fresh-frozen human donor spine. To ensure healthy conditions of spine specimen,
bony defects, disc degeneration, tumors and scoliosis were excluded from this study. The spiral
computed tomography (CT) images with a slice thickness of 0.6 mm (Light Speed Pro16, GE,
Waukesha, WI, USA) were obtained to reconstruct the FE model in the next step. The speci-
men was gradually thawed and carefully dissected to remove the soft tissues, while preserving
ligaments, facet joints and the (intervertebral disc) IVDs [16]. The specimen was kept moist
with 0.9% saline throughout the testing procedure. The cranial end of vertebra L1 and the cau-
dal end of S1 were embedded in polymethylmethacrylate (PMMA) using custom-made con-
tainers for mounting in the testing device.

Testing protocol

A robotic testing device was performed in this study, as shown in Fig 2, which has been used
to measure the force-displacement behavior of lumbar segments in previous literature [17].
The upper vertebra L1 was connected to the six degrees of freedom robot (NX100MHS,
Kabushiki-gaisha Yasukawa Denki, Kitakyushu, Japan), while the caudal vertebra S1 was
embedded and fixed to the base frame. A force-moment sensor (Gamma, ATI Industrial Auto-
mation, Ontario, Canada) attached to the robotic system was used to record the applied forces
and moments, and then provide feedback. The ROM was captured by recording the position
of a set of markers based on a 3D optelectric camera system (Optotrak Certus, Northern Digi-
tal Inc, Waterloo, Canada). The center of the S1 and principal directions were determined by
using the 3D spacial coordinate system of the camera system. In this study, five markers were
fixed on the L1, L3, L4, L5 and the base.

A pure load control protocol was applied at a constant loading rate of 1.0°/s [16, 18]. In the
testing, the specimen was tested under six pure moment cases: 7.5 Nm flexion, extension,
right/left lateral bending and 5 Nm left/ right axial rotation. The robotic system determined
the optimal loading path for each loading case from 0% to 100% of the magnitude of the target
loading (7.5/5 Nm) in 10% increments. The specimen was subjected to 4.5 loading cycles. The
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Fig 2. Image of the robotic testing device with a specimen embedded.

https://doi.org/10.1371/journal.pone.0266954.g002

first 1.5 was performed as pre-cycles to minimize the effect of viscoelastic response [16], and
the data of the last 3 cycles were used for the following analysis.

Construction of a based model

A based lumbar-pelvis model (L1-S1-pelvis) was reconstructed based on the CT images of the
human donor (Fig 3a-3c). The geometric structure was built by using Mimics software (Mate-
rialise, Belgium) and Geomagic Studio (Geomagic, America). Solidworks software (Dassault
Systemes, France) was further refined the geometric modeling of the IVD. The IVD consisted

Fig 3. (a) Front and (b) lateral views of the FE model of the lumbar-pelvis; (b) Schematic of (c) the annulus
fibrosis and (d) vertebra components.

https://doi.org/10.1371/journal.pone.0266954.9003
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of the nucleus pulposus (NP), the annulus fibrous (AF) and endplates (Fig 3d). The annulus
fibrous was divided into seven layers, including the matrix and fibrous layers. A single fibrous

layer was constructed with two-family fibers in the crossing-patterned directions (Fig 3c¢).

These absolute values of the fiber angles increased from the ventral section (24°) to the dorsal
section (46°) [19, 20]. The bony components and the IVDs were meshed using first-order hex-
ahedral hybrid solid elements (C3D8). The annulus collagen fibers and the ligaments, includ-
ing anterior (ALL) and posterior longitudinal ligament (PLL), flava (FL), supraspinous (SSL),

interspinous (ISL), capsular ligaments (FC), were represented by tension truss elements

(T2D2). The facet joint surfaces were modeled using surface to surface contact element with-

out friction. The FE model approximately included 132,804 elements, 151,603 nodes and

451,200 degrees of freedom.
The material properties of the model are shown in Table 1 [20-22]. The fluid-like behavior

of the NP and annulus matrix were assumed as nearly incompressible hyperelastic materials

described by Mooney-Rivilin constitutive law. The tensile stress-strain of the collagen fibers

Table 1. Material properties of the model.

Structure
Vertebrae

Cortical bone
Cancellous bone

Posterior elements
Pelvis-Femur
Cortical bone
Cancellous bone
Disc

Nucleus pulposus
Annulus matrix
Fiber

Endplate
Ligaments

ALL

PLL

SSL

ISL

LF

TL

CL

ASL

IPSL

OPSL

IL

SPL

STL

Young’s modulus (MPa)

Ey =11,300; E, = 11,30; E, = 22,000;
Gy =3,800; Gy = 5,400G, = 5,400

Ey = 140; E, = 140; E, = 200;
G,=48.3;G,=483;G,=483

3500

15000
100

Hyperelastic, Mooney-Rivlin: C'° = 0.18, C°! = 0.045
Hyperelastic, Mooney-Rivlin: C'° = 0.12, C*' = 0.03

Shirazi-adl’s stress-strain curve
3000

7.8(< 12.0%), 20.0(> 12.0%)

10.0(< 11.0%), 20.0(> 11.0%)

8.0(< 20.0%), 15.0(> 20.0%)

10.0(< 14.0%), 11.6(>14.0%)

15.8(< 6.2%), 19.5(> 6.2%)

10.0(< 18.0%), 58.4(> 18.0%)

7.5(< 25.0%), 32.9(> 25.0%)

125(<2.5%), 175(>5%),325(>10%),316(>15%)
43(<2.5%), 61(>5%),113(>10%),110(>15%)
150(<2.5%),211(>5%),391(>10%),381(>15%)
40(<2.5%), 57(>5%),105(>10%),102(>15%)
304(<2.5%),428(>5%),792(>10%),771(>15%)
326(<2.5%),458(>5%),848(>10%),826(>15%)

Poisson’s ratio

Vyy = 0.484; v,., = 0.203;

Viy = 0.45; vy, = 0.315;

0.250

0.30
0.20

0.25

0.40
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

ALL: anterior longitudinal ligament; PLL: posterior longitudinal ligament; SSL: supraspinal ligament; ISL:

interspinous ligament; LF: ligamentum flavum; TL: transverse ligaments; CL: capsular ligament; ASL:anterior

sacroiliac ligament; IPSL: inner posterior sacroiliac ligament; OPSL: outer posterior sacroiliac ligament; IL:

Intrerosseous ligament; SPL: Sacrospinous ligament; STL: Sacrotuberous ligament.

https://doi.org/10.1371/journal.pone.0266954.t001
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was described by a non-linear function [23]. The facet joint surfaces were assumed as hard
contact with a friction coefficient of 0.15. The facet cartilage layers with an initial clearance of
0.5 mm were described to be elastic isotropy (Young modulus of 35 MPa) [24].

Mesh convergence study

In the present study, linear hexahedron mesh and eight nodes quadratic tetra hedral (C3D8)
elements type was considered for cortical bone, cancellous bone and posterior element. The
annulus collagen fibers and the ligaments were represented by tension truss elements(T2D2)
[25, 26]. The FE model approximately included 132,804 elements, 151,603 nodes and 451,200
degrees of freedom. A mesh convergence test was conducted to find the suitable mesh resolu-
tion for the FE model to confirm the accurateness of the simulation. The mesh density was
found to produce well-converged results with element edge lengths of approximately 1-1.5
mm based on our previously published model [24, 27, 28]. Mesh convergence results showed
less than a 5% difference in ROMs and disc loads when the number of solid elements was dou-
bled in the model.

Construction of four type sagittal models

To classify the four normal Roussouly’s sagittal spinopelvic morphotypes of the Chinese pop-
ulation, anteroposterior and lateral radiographs of 162 adults in a standardized standing pos-
ture were taken according to the previous retrospective observational study scheme [4, 6].
Subjects were divided into four Roussouly’s types based on the lumbar-pelvic radiographic
parameters, including pelvic parameters (PI, PT and SS), lumbar parameters (lumbar lordo-
sis (LL), Apex, upper arg, title angle) and the number of vertebrae in the lordosis (NVL), as
shown in Table 2.

The parametric FE models of Roussouly’s types were developed according to the based lum-
bar-pelvis model (L1-S1-pelvis) by using Solidworks software (Dassault Systemes, France) (Fig
4). Since the geometric parameters of the based model belonged to type 2, it served as type 2
model. Type 1, 3 and 4 models were reconstructed by adjusting the position of vertebral bodies
in the based model to achieve targeted parameters of each type (Table 3). The geometric struc-
tures of the IVD and facet joints were modified based on the literature [18, 29, 30]. The lum-
bar-pelvic parameters of the four Roussouly’s type models were shown in Table 3.

Table 2. Spino-pelvic parameters of Roussouly’s sagittal spino-pelvic morphotypes from a group of 160 subjects.

Type 1 Type 2 Type 3 Type 4
Size 27 47 63 23
Sex 1.27 1.44 1.08 1.56
Age 48.71+17.11 51.83%15.30 46.06+18.13 52.17+23.00
PI 38.40+8.64 43.29+7.60 54.14+6.48 62.88+10.30
PT 10.09+8.77 10.94+8.65 11.74+6.78 12.53+9.14
SS 28.3146.27 32.35%£3.98 42.40+3.10 50.35%3.33
LL 42.96+8.07 47.77+8.22 56.97+7.42 67.95%3.03
Apex Upper L5 Base L4 Middle L4 Base L3
Upper arc 14.65+4.15 15.42+3.73 14.57+9.81 17.60+5.32
Title angle -7.91£2.21 -4.76%1.75 -6.33+4.73 -3.0+£5.07
NVL 4.20 +0.86 5.13+0.48 4.76x0.70 5.28+0.42

PI: pelvic incidence; PT: pelvic tilt; SS: sacral slope; LL: lumbar lordosis; NVL: number of vertebra in the lordosis.

https://doi.org/10.1371/journal.pone.0266954.t002
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Fig 4. Schematic of finite element models of four Roussouly’s type. (a) Type 1, (b) Type 2, (c) Type 3, and (d) Type
4. P pelvic incidence; PT: pelvic tilt; SS: sacral slope; LL: lumbar lordosis.

https://doi.org/10.1371/journal.pone.0266954.9004

Boundary and loading conditions

In the FE models, the two femurs were rigidly fixed in all degrees of freedom. In the processing
of modeling, we introduced a pilot node 50 mm above the disc center, and then rigidly coupled
all nodes of the upper surface of the L1 IVD to the pilot node. A pure moment of 7.5 Nm was
applied to the defined pilot node. The pure moment in the three main anatomical planes was
assumed to simulate the physiological activities of flexion, extension, left-right lateral bending,
and left-right axial rotation. The finite element program ABAQUS (SIMULIA Inc., Provi-
dence, Rhode Island, USA) was used for calculation.

Data analysis

In the in vitro experiment, the moment-rotation curves under different loading conditions
were calculated and compared with the measured curves simulated by the FE model to verify

Table 3. Spino-pelvic parameters of Roussouly’s type finite element models.

Type 1 Type 2 Type 3 Type 4
PI 384 44.2 54.1 62.8
PT 10.1 11.4 11.7 12.5
SS 28.3 32.8 42.4 50.3
LL 42.9 48.2 56.9 67.9
Apex Upper L5 Base L4 Middle L4 Base L3
Upper arc 14.6 154 14.5 17.6
Title angle -7.9 -4.2 -6.3 -3.07
NVL 4.2 4.9 4.7 5.2

PI: pelvic incidence; PT: pelvic tilt; SS: sacral slope; LL: lumbar lordosis; NVL: number of vertebra in the lordosis.

https://doi.org/10.1371/journal.pone.0266954.t003
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the validity of the model. Furthermore, the output data of four type models were measured
and analyzed, including the intersegmental ROM, IDP and the maximal fiber of the disc in dif-
ferent loading scenarios. Cronbach’s o value was used to measure the reliability and validity of
all the outcomes.

Results
Validation of the models

The moment-rotation behaviors of different segments calculated by the based lumbar-pelvis
model had good agreement with those recorded hysteresis curves in the in-vitro experiments
under different loading cases, as shown in Fig 5. The overall average errors were ~6%—~18%
between FE modeling and in-vitro experiment results. Therefore, the based lumbar-pelvis
model in this study was valid for further simulation of four Roussouly’s type models.

Intervertebral rotations

The distribution of the intervertebral rotation for L1-L2, L2-L3, L3-L4, L4-L5, and L5-S1 seg-
ments was ranged in the four type models under different loading conditions (Fig 6). Under
the flexion-extension moment (Fig 6a), the maximum ROM in all four type models occurred
at the L5-S1 segments. The values were 6.62° in Type 1 model, 6.71° in type 2 model, 5.08" in
type 3 model and 4.42° in type 4 model in flexion, respectively. The minimum ROM in type 1
(2.29° in extension) and type 3 models (1.75° in extension) appeared at L4-L5 segments. For
type 2 and type 4 models, the minimum ROM at L3-L4 segments was 2.32°and 2.95° in exten-
sion, respectively. Under the lateral bending moment (Fig 6b), the maximum ROM was also at
the L5-S1 segment, and the values were 5.17° in type 1 model, 4.83° in type 2 model, 5.80° in
type 3 model, and 5.33° in type 4 model, respectively. The minimum was at L5-S1 segments in
type 1 model of 1.68° and type 3 model of 2.24°, and at L3-L4 segments in type 2 model of
1.91° and type 4 model of 2.16°, respectively. Under the axial rotation moment (Fig 6¢), the
distribution of ROM varied between the different segments (Fig 6d). The Cronbach’s o of
maximum ROM ranged from 0.87 to 0.98.

Intradiscal pressures

In flexion, the IDPs (0.281-0.322MPa) at the L1-4 level of typel model were larger than those
(0.191-0.212MPa) of the other three models (Fig 7a). At the L4-5 level, the values of 0.227 Mpa
in typel model and 0.265 Mpa in type 2 model were higher than those of 0.159 Mpa in type 3
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Fig 5. Comparison of the moment-rotation behaviors of the based lumbar-pelvis model with the in vitro
experiments under different loads cases.
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Fig 7. Scatter plots of intradiscal pressure (IDP) of the lumbar-sacral segments in the four sagittal type models for
all six load cases.

https://doi.org/10.1371/journal.pone.0266954.g007
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Fig 8. Maximum Von Mises stress of the annulus fibrous matrix of the lumbar-sacral segments in the four sagittal
type models under all six loading conditions.
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model and 0.156 Mpa in type 4 model. At the L5-S1 level, there was no significant difference in
IDPs among the models. In extension, the IDPs of type 2 and type 4 models were generally
higher than those of type 1 and type 3 models, especially at the L5-S1 level (Fig 7b). In lateral
bending, the IDPs of the upper L1-4 discs were higher than those of the lower L4-S1 discs in all
the models (Fig 7c and 7d). The values (0.131-0.27 MPa) of different L1-S1 segments showed
little variation among the four type modes. In axial rotation, the distribution of IDPs along the
L1-S1 segments in the four type models was the same, with a range of 0.035 ~ 0.110MPa (Fig
7e and 7f). The Cronbach’s o of the IDPs ranged from 0.85 to 0.96.

Maximal matrix and fiber stress

For flexion, the maximal matrix (0.648 MPa) and fiber stress (3.176 MPa) of type 1 model was
larger than those of the other three models at the L1-2 level (Figs 8 and 9). At the L4-5 level,
type 1 model (3.097 MPa) and type 2 model (3.623 MPa) had higher maximal fiber stress com-
pared to type 3 model (2.321 MPa) and type 4 model (2.461 MPa), while the maximal matrix
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Fig 9. Maximum Von Mises stress of the annulus fibers of the lumbar-sacral segments in the four sagittal type
models under all six loading conditions.

https://doi.org/10.1371/journal.pone.0266954.9009
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stress in type 1 model and type 2 model were smaller. At the L5-S1 level, the values of fiber
stress in type 1 and type 2 models were slightly higher compared to type 2 and type 3 models,
however, the difference of maximal matrix stress between the models was small. In extension,
the maximal matrix and fiber stresses in type 2 and type 4 models were generally slightly larger
than those in type 1 and type 3 models along with the L1-5 levels (Figs 8 and 9). Meanwhile, at
the L5-S1 level, type 1 and type 4 models had higher matrix and fiber stresses compared to
type 3 and type 4 models. For lateral bending, the largest maximal matrix and fiber stress was
observed at the L5-S1 level in all the models (Figs 8 and 9). For axial rotation, the maximal
matrix and fiber stresses along the L1-S1 levels had a similar tendency in all the models, while
the values of maximal fiber stress in type 1 and type 2 models were generally slightly larger
than those in type 3 and type 4 models (Figs 8 and 9). The Cronbach’s a of the maximal matrix
and fiber stress ranged from 0.89 to 0.97.

Discussion

In the past decades, sagittal alignment is a primordial factor in implementing and predicting
spinal disorders and accurate surgical strategies. The classical Roussouly’s types (1-4) include
the most common spinal types that have given reliable and clinical value to initially describe
the sagittal spine alignment of a large asymptomatic cohort of the adult. The present study
attempted to investigate the kinetic and mechanical characteristics of the four classical types of
the spine according to the sagittal spinopelvic parameters of the Chinese population. The
parametric FE models of Roussouly’s type (1-4) were developed with the based lumbar-pelvis
model (L1-S1-pelvis) by adjusting the position of the vertebral structure to achieve all the aver-
age parameters for each Roussouly’s type (Table 3). The data showed that the sagittal align-
ment of Roussouly’s type models was associated with different kinetic and biomechanical
responses, such as ROMs, IDPs, matrix and fiber stress, under the various loading conditions.

Numerous studies have proved the effect of the sagittal alignment on the biomechanical
adaptation and compensation of the spine to obtain an economic physiological position. The
sagittal configuration of four Roussouly’s type models had a strong effect on the biomechanical
responses under sagittal loading conditions (in flexion and extension), a moderate effect under
the lateral bending, but a weak effect under the axial rotation.

The effect of the sagittal configuration of four Roussouly’s type models on the biomechanical
responses was strong, moderate and weak under sagittal loading conditions (in flexion and
extension), the lateral bending and the axial rotation, respectively. The apex of the lumbar lor-
dosis is a critical position where the segment has the lowest ROM in all the models under the
sagittal and lateral bending loading conditions. That explained that the specific anatomic turn-
ing point was likely to determine the center of stability of the lumbar spine in relative move-
ment. Sebaaly et.al indicated that restoring the sagittal apex of the lumbar lordosis had a
positive effect in decreasing the incidence of proximal junctional kyphosis from 13.5% to 41.4%
in cases [31]. In flexion-extension, type 3 and 4 models with a good lordosis shape had a more
uniform rotation distribution at each motor function segment, while type 1 and 2 models with
a straighter spine had a larger proportion of rotation at the L5-S1 level. Ferrero et al. [13] found
that patients with low PT had a higher degree of disability before and after surgical treatment of
adult spinal deformity [32]. Therefore, the well-marched lordotic type 3 lumbar had greater sta-
bility than those with less or more lordosis (e.g., types 1 and 4), while the more vertical type 2
lumbar had poor ability to control the balance under the sagittal bending loading conditions.

In summary, mechanical degeneration and disorders of the spine are not fully understood
yet, but morphological sagittal plane parameters play an important role. We suggested that the
L5-S1 segment in type 1 and 2 models accounted for a larger proportion of rotation, while the
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L4-5 segment had higher IDPs and matrix and fiber stresses in flexion. Coherently with previ-
ous investigations, Roussouly et al. and Adams et al. proposed that the high disc stress in type
1 and 2 patients tended to lead to early disc degeneration and herniation [4, 33]. Barrey et al.
showed that young subjects with a flat back had a higher occurrence of disc herniation com-
pared to those with marked lumbar lordosis [34]. Many authors have commented that vertical
sacrum and less lumbar lordosis statistically have a higher risk to cause chronic low back pain
[4, 35, 36]. When lumbar lordosis is relatively hypolordotic (type 4), this anatomical structure
allowed for a larger range of motion of the spine, and had larger IDPs and matrix and fiber
stresses at the L5-S1 segment in extension. The hypothesis was proposed that increasing lordo-
sis of type 4 lumbar was prone to a higher risk of spinal spondylolisthesis and facet arthritis
[14, 36]. The weakness of the posterior arch can lead to rupture (pedicle spondylolysis) or loos-
ening (degenerative spondylolisthesis).

This study has several limitations. First, our model was reconstructed using the geometry of
a single IVD extracted from CT images. Due to the complexity of Rousouly’s classification, the
geometric parameters of the spine were not parameterized in this study. Future studies should
further incorporate the statistical shape modeling of the spine into Roussouly’s classification.
Second, the model was rebuilt based on the data of only Asian subjects, while morphological
differences with Caucasian or African populations were not considered in this study. Third,
the structural and material properties of our model were assumed as the average of the healthy
human spine. The actual structure and materials of the spine (including degenerative discs,
degenerative disc stents) were not optimized/simulated for comparison. Future studies should
analyze the development of biomechanical responses of the four models at different degenera-
tive stages. Finally, most muscles modeled as pure forces should be included and studied in the
follow-up research. Despite these limitations, computer simulations can provide insights into
the intrinsic biomechanics of normal spine-pelvis balance and a better understanding of how
morphologic arrangements influence the evolution and degeneration of spinal diseases.

Conclusion

This study showed that different Roussouly sagittal alignment morphotypes have various kinetic
and mechanical characteristics under simulated physiological loading conditions. The apex of
the lumbar lordosis is a critical position in the range of motion of the lumbar. Type 3 model had
great stability in both motion and load. A straighter spine (type 1 and 2) had poor balance due
to a larger proportion of rotation at the L5-S1 level. What’s more, type 1 and 2 models had
higher intradiscal pressures. Type 4 model showed larger intradiscal pressures and matrix and
fiber stresses at the L5-S1 segment. The findings could help improve our understanding of
intrinsic biomechanics of the lumbar spine with different Roussouly’s type sagittal alignments.
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