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Abstract

Introduction Sagittal morphotypes graded by Roussouly are characterized by specific biomechanics
of the spinopelvic alignment (SPA) that can be investigated using the finite element (FE) modeling.

The objective was to design three-dimensional realistic models simulating anatomical and constitutional
types LPA and evaluate deformity and strength of the models under compression.

Materal and methods Lateral standing spondylograms of the skull, pelvis and upper third of the femur
were produced for volunteers (n = 169) who agreed to participate in the study. Radiographs were interpreted
with Surgimap 2.3.2.1.) and computed tomography (CT) of the SPA was performed for individuals (n = 5)
with average sagittal parameters for each of the five Roussouly morphotypes (I, I1, III, ITIA, IV). The CT findings
were used to simulate (SolidWorks) five parametric finite element models of normal morphotypes of SPA
and examine the deformity and strength.

Results The highest von Mises stresses under compression were measured in the bodies and intervertebral
discs (IVD) ThX-LI (2.961 MPa), posterior supporting structures LIV-SI (2.515 Mpa) with type I model,;
vertebral bodies and IVD of the thoracic and lumbar spine, mainly at the ThXII-LI (3.082 MPa) and LIV-
LV (3.120 Mpa) levels with type II model; anterior aspects of the bodies and IVD ThXI-LII, posterior thirds
of the bodies, pedicles and facet joints LI-SI (1.720 Mpa) with type III model; the bodies and intervertebral
discs of the ThIX-LII vertebrae (1.811 MPa), posterior supporting structures of the LI-SI vertebrae (1.650 Mpa)
with type IIIA model; in the spinous processes and articular portion of the arches of the LI-SI vertebrae
(3.232 MPa) with type IV model.

Discussion The lateral configuration of the SPA has a key effect on the segmental distribution of gravitational
force and determines the specificity of the sagittal biomechanics of the spine, its resistance to dynamic loads
and tendency to various degenerative pathologies.

Conclusion Types III and IITA were the most biomechanically balanced types, hypolordotic form (types I
and IT) was associated with overloaded anterior vertebral structures including intervertebral disc protrusion
(IDP) and overloaded posterior supporting structures in case of hyperlordosis (type IV).
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INTRODUCTION

The human vertebral column became S-shaped during evolution which is optimal for maintaining an
economical orthostatic position [1, 2]. The geometric combination of the physiological curvatures
and the pelvis provides a balance chain with the coordination proportionally distributing the trunk
weight around the gravitational line minimizing energy expenditures and the need for conscious
postural control [3].

In 1992, Duval-Beaupere et al. introduced the concept of sagittal balance and described a number
of radiometric parameters of the pelvis, emphasizing the role of morphology in the regulation
of postural balance [4]. Studies of the profile geometry of the spinopelvic complex (SPC) revealed
significant anatomical variability of the spine in healthy individuals and the impossibility
of systematizing the sagittal shape based on average radiometric parameters [5]. In 2005, Roussouly
offered to distinguish four morphological types of the SPC in the normal population considering
the sacral slope and the sagittal shape of the spine [6]. A hypothesis was proposed about the type-
specificity of the distribution of gravitational load on various vertebral structures, which implies
the presence of sagittal biomechanics and degeneration of the SPC, being characteristic of each
of its morphotypes [7].

The conclusions are mostly based on the analysis of radiometric parameters and are of an inferential
nature [8]. Fundamental research is aimed at objectifying the causes of various spinal conditions [9].
Finite element (FE) analysis is one of the most popular methods to simulate a real physical system
(geometry and loading conditions) using mathematical approximation [10]. Simple and interacting
elements (units) are used with a finite number to be employed for approximation of a real system
with an infinite number of unknowns [11]. The FE modeling is widely used in clinical studies due
to the reproducibility of its results and low cost of the experiment [12]. FE analysis can be practical
for the study of the etiology of degenerative diseases of the spine and for identification of various
factors affecting lumbar biomechanics, including the geometric variability of morphotypes
of the SPC [13].

Understanding of the sagittal biomechanics of the morphological types of SPC is important
for the study of the pathogenesis of degenerative spine diseases to predict outcomes of surgical
interventions.

The objective was to design three-dimensional realistic models simulating anatomical
and constitutional types of SPA and evaluate deformity and strength of the models under
compression.

MATERIAL AND METHODS

The FE model of the spine was constructed based on the model proposed by Kolmakova
and Rikun [14]. Lordosis and kyphosis are associated with different intervertebral heights anteriorly
and posteriorly where the intervertebral disc (IVD) is located. The IVD consists of cartilaginous
tissue and is anatomically divided into three parts. The inner part (nucleus pulposus) is a gel-like
mass rich in water. The outer portion (fibrous ring) has a hard and fibrous structure. The third
part of the disc is a thin layer of hyaline cartilage, which separates the disc from the vertebral
body. The geometric model includes the CIII (1) and CIV (2) vertebrae, the intervertebral disc (3),
facet joints (4), the interspinous ligament (5), the posterior vertebral arches (6), the spinous (7),
transverse (8), and articular (9) processes (Fig. 1 a). Cancellous (10) and compact bone tissue are
present in the vertebrae (Fig. 1 b).
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Fllz%] 1 Geometric model of the CIII-CIV segment of the cervical spine: (a) isometric view; (b) sectioned lateral view
A thin cortical layer covers vertebral bodies. It is assumed that simulated vertebral arches
and vertebral processes consist of compact bone tissue. The Z-axis of the coordinate system is
directed along the segment axis. The X-axis is directed in the anteroposterior direction of the spinal
segment. The presence of lordosis is considered due to a greater anterior IVD height, or kyphosis
with a lower anterior height of the disc.

The geometric model of segments with different geometric parameters was used for FE modeling
and determination of the stress-strain in the thoracic (ThI-ThXII) and lumbar (LI-LV) spine.

The bone components and intervertebral discs were integrated using first-order hexahedral hybrid
solid FEs. The collagen fibers of the annulus and ligaments were represented by flat truss FEs (T2D2).
The facet joint surfaces were modeled using frictionless surface-to-surface contact. The nucleus
pulposus (NP) and the annular matrix were considered as a virtually incompressible hyperelastic
material as described by the Mooney-Rivlin law.

Young's modulus for NP was measured in the range of 0.0045-1.5 MPa (v=0.45) and 20 MPa
(v=0.4) for hyaline plates. The deformed collagen fibers were described by a nonlinear stress-
strain function. The contact between the surfaces of the facet joints was assumed to be rigid with a
friction coefficient of 0.15. The layers of facet cartilage with an initial gap of 0.5 mm were described
as elastically isotropic (Young's modulus 35 MPa).

Cortical and cancellous bone tissues of the vertebral bodies, IVD, facet joints, interspinous
ligaments, vertebral arches and processes were considered to be isotropic linearly elastic materials.
The mechanical characteristics of the structural components of the segments were set in accordance
with the literature data [15, 16] (Table 1).

Table 1
Mechanical properties of the structural components of the vertebral segment
Structural component Young's modulus of elasticity, MPa Poisson's ratio
Cortical bone 10000 0.3
Cancellous bone 100 0.2
Facet joints 1,5 0.3
Intervertebral disc 2,5-98 0.45
Interspinous ligament 3,5 0.3

Young's modulus of elasticity and Poisson's ratio for the structural components of the spine were
presented in different ranges [6]. The calculations were produced using the ABAQUS software
package using the finite element method; the problem was solved using the linear theory of elasticity.
Geometric models were constructed in accordance with the actual dimensions of the cervical [17],
thoracic, lumbar [18] spine and intervertebral disc [19].
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Based on the conducted research, the following sequence of steps was proposed for implementing
the algorithm for modeling the stress-strain of the spinal elements:

1) determination of the initial reference body geometry for calculations of the spine (the body
relative to which the position of a given body is determined);

2) determination of the displacement of segments for each type of spinal column relative
to the position of the segments in the reference body according to the projection of the spine
onto the vertical plane;

3) division of the spinal column segment system into sections to be used in the ABAQUS program
to form finite superelements used to reduce the amount of calculations in the FE method,;

4) Numerical solution for determining the stress-strain of the spinal column in the displacements
defined in paragraph 2;

5) determination of additional equivalent stresses in the spinal segments caused by displacements
relative to the reference body.

Mesh Convergence Study

A linear hexahedral mesh and eight-node quadratic tetrahedral elements (C3D8) were considered
for the cortical bone, cancellous bone, and posterior supporting structures. Collagen fibers
of the annulus and ligaments were represented by plane truss elements (T2D2). A mesh convergence
test was performed to determine the appropriate mesh resolution of the FE model to confirm
the accuracy of the simulation. The mesh density was found to provide good convergence of results
with an element side length of approximately 1-1.5 mm. The mesh convergence results showed
a difference of less than 5 % in the IVD loads when the number of elements was doubled.

Screening of the healthy population was produced to select individuals with different sagittal
morphology of the spine in accordance with the classification revised by Roussouly (2017) [20].
Lateral standing spondylograms of the skull, pelvis and upper third of the femur were produced
for volunteers who agreed to participate in the study. Sagittal parameters of the SPC (Surgimap
2.3.2.1.) were interpreted and the subject was assigned to one of the five Roussouly types. Finally,
169 volunteers were rated as type I (n = 20; 11.9 %), type II (n = 42; 24.9 %), type III (n = 50; 29.6 %);
type ITIA (n=25; 14.7 %), type IV (n = 32; 18.9 %). The number of patients in each group was averaged
to 20 to improve the proportionality of the data.

The resulting database of 100 individuals allowed us to determine the normal ranges of sagittal
parameters (Sacral Slope, SS; Pelvic Incidence, PI; Pelvic Tilt, PT; Global Lumbar Lordosis,
GLL; Lordosis Tilt Angle, LTA; Lumbar Lordosis Apex, LLA; Number (verteb) Lumbar Lordosis,
NLL) for each of the five morphotypes. The radiographic parameters were subjected to standard
statistical analysis, which showed a normal distribution of the variables in the study population.
Parametric statistics methods were used for calculations, and quantitative parameters were
presented as the arithmetic mean and standard deviation (Table 2). The arithmetic mean values
of all radiometric sagittal parameters were measured in each of the five groups characterizing
the “reference” lateral shape of the SPC for a specific group, and the standard deviation allowed
geometric variations of morphotypes within the designated boundaries. The selected volunteers
underwent computed tomography (CT) of the SPC for modeling of parametric FE models.

Genij ortopedii. 2025;31(3) 300



Clinical studies

Table 2
Mean values of sagittal parameters for different Roussouly morphotypes (n = 100), descriptive statistics
Roussouly| nvalid Statistical Parameters

type | (bylist) |3 . ior | age PI SS PT GLL LTA LLA | NLL
I 20 X 40.70 | 38.845 | 29.450 | 10.110 |-50.295| -7.930 | 5.375 | 2.650
c 6.697 | 3.6176 | 2.7907 | 2.9693 | 4.2201 | 2.3595 | 0.2221 | 0.4894

I 20 X 39.40 | 40.765 | 30.830 | 10.270 | -48.080| —-5.910 | 4.225 4.075
o 6.916 | 4.3347 | 2.9631 | 2.7741 | 4.3819 | 1.5697 | 0.2552 | 0.5200

- 20 X 40.30 | 52.955 | 39.855 | 13.080 |-59.395| —3.950 | 4.250 | 4.100
c 7.420 | 3.5798 | 2.0028 | 3.2638 | 3.6360 | 2.6106 | 0.3804 | 0.5282

[IA 20 X 38.85 | 48.140 | 45.140 | 4.140 |-64.525| -5.495 | 4.100 | 4.775
o 8.768 | 3.0285 | 4.5217 | 1.9228 | 4.3052 | 2.1852 | 0.5982 | 0.2552

v 20 X 39.90 | 62.270 | 49.850 | 12.045 |-70.555| -1.530 | 3.175 | 5.650
c 7.752 | 3.8674 | 2.8057 | 4.1461 | 4.0028 | 2.1436 | 0.2447 | 0.5155

Note: X — arithmetic mean; c — standard deviation.
RESULTS

Parametric FE models were developed in the SolidWorks environment to explore deformation and
strength properties of five normal morphotypes of the SPCinaccordance with the revised classification
of Roussouly. Computer tomograms of five "reference" volunteers selected at the previous stages
of the study were used as input data for modeling the spine. The models were constructed
in accordance with the determinants of sagittal morphology of the STC, determined by Roussouly
for each of the five morphotypes [20], and the radiometric parameters of the “reference” participants.

The simulated three-dimensional model type I (Fig. 2 a) was characterized by low-grade SS (29.4°)
and PI (39.4°), had a short (NLL, 3 vertebrae) lumbar hyperlordosis (GLL, (-49.5°)) with a low
location of the apex (LLA, IVD LIV-LV) and a negative LTA value (-8.9°). The thoracolumbar spine
was characterized by an extended kyphosis, and the PT value (10.3°) corresponded to the average
values of the normal range (0-20°).

Type II (Fig. 2 b) was characterized by low-grade values of SS (31.3°) and PI (41.2°). The model
was constructed taking into account the hypolordoticity (GLL, (-47.9°)) and hypokyphoticity
of the spinal column and in accordance with a higher (than in type I) location of the LLA (the center
of the LIV vertebra), a more positive LTA (-6.7°), a larger number of vertebrae in the lordotic arch
(NLL, 4 vertebrae) and average PT values (9.8°).

Alignment

PT 10.1°
PI 39.4°

s 204 ; o Fig. 2 Sagittal parameters
PL-LL -10.1° PI 41.2° (Surgimap 2.3.2.1.)
S§S 31.3° .
‘ Lida 16,00 measured in (a) a volunteer
s 23 with type I SPC;
(b) participants with type II
SPC and a 3D model
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Three-dimensional modeling of morphotype III (Fig. 3 a) involved the radiometric parameters
of the corresponding “reference” participant as SS (39.6°), PI (52.2°), and GLL (-58.8°). This variant
of the geometric shape was characterized by a relatively long arc of the lumbar lordosis (NLL,

4.5 vertebrae), high position of the LLA (LPD LIII-LIV), lower LTA values (-4.5°), and average PT
values (12.6°).

Some of the parameters used to model type IIIA (Fig. 3b) were comparable with those used
for morphological type III (LTA, -6.1°; LLA, IVD LIII-LIV; NLL, 5 vertebrae), but a number of criteria
had differences characteristic of this morphotype. The pelvic anteversion PT (3.9°) specific to type IIIA
determined a combination of high SS (45.0°) and GLL (-65.0°) values with low PI parameters (48.9°).

Alighment =
PT 12.6°
PI 61.8°
Alignment S5 49.2°
° L1-L4 -36.1°
:; 51%260 PI-LL -1.9°

SS 39.6°
L1-L4 -31.6°
PI-LL -11.1°

Fig. 3 Sagittal parameters (Surgimap 2.3.2.1.) measured in (a) a volunteer with SPC type III; (b) a volunteer
with SPC type IIIA and a 3D model

The three-dimensional model of type IV (Fig. 4) was represented by a harmonious hypercurved SPC
with segmental hyperextension of the lumbar spine. The large PI value (61.8°), characteristic of this
sagittal morphotype, served as a determinant of a large sacral slope SS (49.2°) and a high-grade GLL
(-69.8°), extended LLA (MPD L2-L3; NLL, 5.5 vertebrae) of lumbar lordosis.

Alignment

g o 390

PI 48.9°
'S5 45.0°

Fig. 4 Sagittal parameters
(Surgimap 2.3.2.1.)
measured in a volunteer
with SPC type IV

and a 3D model

WOBMOB SN ¢/ |50 0 Q

LTA (-1.8°) was characterized by values close to 0, and PT (12.6°) was within the average values
of the normal range (0-20°).
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The FE models of Roussouly five sagittal types of SPC allowed us to explore and characterize the stress-
strain state under axial load. All nodes of the lower surface of the FE model of the LV vertebra were
fixed as boundary conditions.

Color maps of the stress-strain of five vertebral morphotypes were determined with the FE method.
Various zones of the stress-strain of the vertebrae were determined using the results of the method
offered to 3D models of the spinal column: the red color corresponded to the zone of the maximum
stress; the blue color characterized the minimum vertebral stress; the color transition indicated
the stress effect on the adjacent vertebrae.

The type I model showed the highest von Mises equivalent stresses in the thoracolumbar region
under axial load (Fig. 2 a). The bodies and IVDs of the ThX-LI vertebrae were the most heavily loaded
parts (2.961 MPa). The highest stresses occurred on the posterior supporting structures (spinous
processes, articular processes, pedicles) of the lumbar spine and on the dorsal part of the bodies
of the lower lumbar vertebrae (LIV-SI) (2.515 Mpa).

The type II model demonstrated the highest equivalent stresses in the anterior supporting
structures (vertebral bodies and IVD) of the thoracic and lumbar spine under compression load
(Fig. 2 b). The stress field was uneven throughout the specified region, with the highest values noted
at the ThXII-LI (3.082 MPa) and LIV-LV (3.120 MPa) levels. The posterior supporting structures
of the second type of the spine experienced insignificant loads (0.650 MPa).

The third type, due to its geometric balance, was characterized by biomechanical stability (Fig. 3 a).
The most loaded zone was noted in the anterior thoracolumbar vertebrae and IVD (ThXI-LII)
and along the lumbar spine (LI-SI): mainly the posterior third of the vertebral bodies, the pedicles
and facet joints (1.720 MPa). Nevertheless, the stress level was characterized by significantly lower
values compared to Roussouly morphotypes I and II (1.431 Mpa).

Theincreased stresslevel intype IIIAhad alocalization characteristic of type III,but was characterized
by a greater extent of boundaries (Fig. 3 b). It covered the area from ThIX to LII vertebrae, and
extended to the posterior sections of the bodies of LIII-LV vertebrae. The stresses exceeded those in
type III, both in the thoracic (1.811 MPa) and lumbar spine (1.650 Mpa).

The type IV model demonstrated the biomechanics of a hypercurved vertebral column (Fig. 4).
In the thoracic region, zones with a moderate level of equivalent stresses (2.743 MPa) were
identified along the anterior surface of the bodies (anterior half of the bodies and IVD) of the ThIII-
ThXI vertebrae under axial loads. The posterior supporting structures of the LI-SI vertebrae was
found to be the most heavily loaded, while the stress values on the spinous processes and articular
sections of the arches had values similar to those of type I (3.232 MPa).

DISCUSSION

In recent decades, significant progress has been noted in the study of sagittal morphology
and biomechanics of the SPC with assessments becoming a routine procedure in the diagnosis
and treatment of various spinal conditions [21]. The variability of the profile geometry of the SPC
in healthy individuals was reported by several researchers with the presence of four types
(with a fifth subtype in the revised classification) of the normal profile configuration substantiated
and the type-specificity of diseases proven. Reproducible and accessible methods for modeling
the spinal column are used to objectify the causes of the degenerative pathology [22]. FE modeling
is the most common method for studying the spine biomechanics in silico [23]. The results of various
tests conducted on mathematical models of the spinal column are published to confirm the
conclusions of analytical studies [24, 25].
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In the present experiment, an attempt was made to explore the mechanical characteristics
of parametric FE models of four classical types of SPC and the retroverted variant of morphotype III,
constructed on the basis of CT scans of the spine of healthy subjects with average values of sagittal
parameters. The findings demonstrated a significant influence of the profile configuration
of five SPC models on their sagittal biomechanics, which was manifested by different reactivity
of the FE stiffness matrix under axial compression load. The data on the stress-strain of the models
confirmed the theoretical patterns formulated earlier in the majority of cases [7]. The hypolordotic
lumbar spine was considered as the main predictor of IVD degeneration considering the concept
of "contact force" presented by Roussouly. Subsequent clinical studies have repeatedly confirmed
the fact that individuals with discogenic pathology are characterized by low PI values corresponding
to hypolordosis [26, 27]. The deformation and strength properties of FE models with low PI
(types I and II) indicated zones of the greatest equivalent stresses in the vertebral bodies and IVD,
mainly in the thoracolumbar (type I, ThX-LI; type II ThXII-LI) and lumbar (type I, LIV-SI; type II
LIV-LV) spine. With the vertebral endplates oriented in a plane being closer to the horizontal plane
the gravitational load vector has perpendicular impact on them increasing the overload of the IVD.
There are significant stresses on the posterior supporting structures (spinous processes, articular
processes, pedicles) in the FE model of type 1. These features are caused by a short hypercurved
lordosis, when the vector of biomechanical axial action is shifted to the posterior supporting
column. There are data in the literature that are consistent with our findings. Miiller et al. reported
complex loads on 28 FE models of the lumbar spine and indicated the compression force had impact
primarily on the IVD with a hypolordotic lumbar spine, and on the contrary, the facet joints were
more susceptible to its influence with high LL values [28]. The significant impact of gravitational
load on the posterior supporting structures of the lumbar spine under hyperlordosis conditions
was confirmed by out findings in the study of the stress-strain condition of the FE model
of morphotype IV. In addition to that, the region of increased equivalent stresses of this model
was determined in the bodies and IVD at the level of thoracic hyperkyphosis (ThIII-ThXI).
Roussouly et al. interpreted the biomechanics of local stresses of the hypercurved lumbar spine
and noted that the distribution of the KS depended on the PI value [7]. The higher the PI values,
the more inclined are the vertebrae that make up the lower arc of the lumbar lordosis, that contributes
to the distribution of the gravitational load parallel to the endplates. Under these conditions,
the pressure on the IVD decreases, and the facet joints are subject to a combined effect of axial (due
to hyperextension) and shear (due to sliding force). The study of FE models of types III and IIIA
showed no zones of mechanical overloads equivalent to types I, IT and IV, which characterizes their
geometric balance and biomechanical harmony. Moderate stress zones in type III and type IIIA
were localized in the bodies and IVDs of the thoracolumbar spine, on the posterior supporting
structures of the lumbar spine of the FE models. There are similar studies assessing stresses
and resulting deformations along the spinal column using geometrically personalized FE models.
The authors came to the conclusion that the PI value was closely related to the distribution
of load forces: the stress is distributed evenly along the entire spine with the hypolordotic form;
the load concentration is observed mainly around the lower part of the spinal column (LIII-LV)
with the normal and hyperlordotic configuration [29, 30].

The profile configuration of the SPC has a substantial influence on the segmental distribution
of gravitational force and determines the specificity of the sagittal biomechanics of the spine,
the resistance to dynamic loads and susceptibility to various degenerative conditions. Type III
and type IIIA appeared to be the most balanced types, the anterior vertebral structures including
the IVD were overloaded with the hypolordotic form (types I and II), and the posterior supporting
structures were overloaded in the case of hyperlordosis (type IV) or local hyperextension (type I).
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CONCLUSION

The FE modeling algorithm offered allows in silico estimation of the stress-strain condition
of various spinal structures with high reproducibility of results. The FE analysis of three-dimensional
realistic models of the spinal column, constructed using the geometric parameters of Roussouly
five morphological types demonstrated the ambiguity of the sagittal biomechanics. Morphotypes III
and IITA demonstrated the most harmonious distribution of equivalent stresses, whereas hypo-
(types I and II) and hyperlordotic (type IV) forms of SPC contributed to type-specific overload
of various parts of the spine. Therefore, the anatomical and constitutional features of the spinal
column can be considered one of the main factors determining the resistance to dynamic loads
and its tendency to different degenerative conditions.
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