
applied  
sciences

Article

Biomechanical Analysis of the Spine in Diffuse Idiopathic
Skeletal Hyperostosis: Finite Element Analysis

Norihiro Nishida 1,* , Fei Jiang 2 , Junji Ohgi 2 , Masahiro Fuchida 2, Rei Kitazumi 2, Yuto Yamamura 2,
Rui Tome 2, Yasuaki Imajo 1, Hidenori Suzuki 1 , Masahiro Funaba 1, Xian Chen 2 and Takashi Sakai 1

����������
�������

Citation: Nishida, N.; Jiang, F.; Ohgi,

J.; Fuchida, M.; Kitazumi, R.;

Yamamura, Y.; Tome, R.; Imajo, Y.;

Suzuki, H.; Funaba, M.; et al.

Biomechanical Analysis of the Spine

in Diffuse Idiopathic Skeletal

Hyperostosis: Finite Element

Analysis. Appl. Sci. 2021, 11, 8944.

https://doi.org/10.3390/app11198944

Academic Editor: José Antonio Sanz

Received: 12 August 2021

Accepted: 22 September 2021

Published: 25 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Orthopedic Surgery, Yamaguchi University Graduate School of Medicine,
1-1-1 Minami-Kogushi, Ube City 755-8505, Japan; i-yasuak@yamaguchi-u.ac.jp (Y.I.);
hsuzuki@yamaguchi-u.ac.jp (H.S.); mfunaba@yamaguchi-u.ac.jp (M.F.); cozy@yamaguchi-u.ac.jp (T.S.)

2 Faculty of Engineering, Yamaguchi University, 2-16-1 Tokiwadai, Ube City 755-8611, Japan;
fjiang@yamaguchi-u.ac.jp (F.J.); ohgi@yamaguchi-u.ac.jp (J.O.); ataraxia1211ymf@gmail.com (M.F.);
i019vdrky@gmail.com (R.K.); yuto.choco@gmail.com (Y.Y.); a011vdu@yamaguchi-u.ac.jp (R.T.);
xchen@yamaguchi-u.ac.jp (X.C.)

* Correspondence: nishida3@yamaguchi-u.ac.jp; Tel.: +81-836-22-2268; Fax: +81-836-22-2267

Abstract: Patients with diffuse idiopathic skeletal hyperostosis (DISH) develop fractures of the
vertebral bodies, even in minor trauma, because of the loss of flexibility, which causes difficulties
in fusing vertebrae; therefore, the diagnosis of spine injuries may be delayed. We used the three-
dimensional finite element method to add data on ossification to the healthy vertebral model in
order to investigate how stress in intervertebral discs changes with bone shape and whether these
changes present any risk factors. A healthy spine model and a DISH flat model (T8–sacrum) were
generated from medical images. As an ossified hypertrophic model, T11–T12 was cross-linked with
hypertrophic ossification, and hypertrophy was found to be 5 and 10 mm. An ossifying hypertrophic
groove model (5 and 10 mm) was created at T11–T12 and T11–L1. A groove was created at the center
of T12, and the radius of curvature of the groove was set to 1 and 2.5 mm. An extension force and
flexion force were applied to the upper part of T8, assuming that external forces in the direction of
flexion and extension were applied to the spine. Stresses were greater in the DISH flat model than in
the healthy model. In the hypertrophic ossification model, the stress on the vertebral body was similar
to greater ossification in extension and flexion. In the ossified hypertrophic groove model, the stress
at the center of the groove increased. In DISH, vertebrae are more susceptible to stress. Furthermore,
depending on the morphology of ossification, stresses on the vertebrae and intervertebral discs
differed even with similar loads. An examination of ossification geometry may help surgeons decide
the thoracolumbar spine’s stress elevated position in patients with DISH, thereby contributing to the
understanding of the pathogenesis of pain.

Keywords: diffuse idiopathic skeletal hyperostosis; finite element method; fracture

1. Introduction

Diffuse idiopathic skeletal hyperostosis (DISH) was defined by Resnick et al. in
1975 [1]. The most commonly used diagnostic criteria are the involvement of at least
four contiguous vertebrae of the thoracic spine, the preservation of intervertebral disc
spaces, and the absence of gross degeneration or fusion of the apophyseal and sacroiliac
joints. DISH most commonly affects the spine and often presents as back pain and stiffness.
Furthermore, it is associated with fractures of the vertebral body, even with minor trauma,
because of the loss of flexibility, which is problematic [2–4]. Computed tomography (CT)
has made it possible to easily diagnose the morphology of ossification [5,6]. Previous
studies added the thickness of the bony ridge as a diagnostic criterion [7]. However, the
morphology of ossification in practice may be a combination of ventral overhang and
flatness (Figure 1). There is currently no classification for the various forms of ossification;
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however, we hypothesized that under similar loads and traumatic maneuvers, the mor-
phology of ossification and the depth of the ossification groove may vary and also that
the stresses applied to the vertebrae may differ. A stress analysis using the ossification
geometry of DISH has not yet been conducted. Therefore, we used the three-dimensional
finite element method (3D-FEM) to add ossification to the same vertebral model in order to
investigate how the stress on intervertebral discs changes with bone shape and whether
these changes present any risk factors.
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Figure 1. Actual ossified morphology of diffuse idiopathic skeletal hyperostosis. Images from a
patient showing (a) flat ossification and (b) large and discontinuous ossification.

2. Material and Methods
2.1. Patient Images

CT images (slice thickness of 0.6 mm) of the spine, from the thoracic spine to the
pelvis, of an adult man were obtained with the Brilliance 64 CT scanner (Philips Healthcare,
Amsterdam, the Netherlands). The present study was approved by the Ethics Committee
at the Center for Clinical Research, Yamaguchi University Hospital (Ube, Japan; approval
No. H28-054). Written informed consent for this study and its publication was obtained
from all subjects.

2.2. FEM Model Construction

Model construction was performed using finite element analysis software (Simpleware
ScanIP, version M-2017.06; Synopsys Inc., Mountain View, CA, USA). After the spine was
extracted, vertebrae were mapped as cancellous and cortical bones, and the sizes of the
intervertebral discs were adjusted to match the sizes of the endplates of each vertebra.
When cortical and cancellous bones were being separated, cortical bone was delineated
using the CT values (>1000 Hounsfield units) of cortical bone. Cancellous bone was color-
coded on the assumption that it was contained within cortical bone. Due to the small size
of the facet joints, the computer was unable to automatically separate them. Therefore,
manual distinctions were performed when checking CT scans. A 3D whole-spine model
was constructed by individually mapping all vertebrae and intervertebral discs from the
thoracic to sacral regions. The gap between each vertebra and intervertebral disc was
considered to be completely restricted in movement. Facet-joint spaces were created at all
levels to allow each vertebra to move independently. The anterior longitudinal ligament,
posterior longitudinal ligament, and ligamentum flavum were also added to the model
(Figure 2).
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Figure 2. (a) T8 to the sacrum, distinguishing each vertebral body, intervertebral disc, anterior
longitudinal ligament, posterior longitudinal ligament, and ligamentum flavum. (b) A spine model
was created.

The contact of the intervertebral disc, vertebral body, ligament, and vertebral body/
intervertebral disc were used to make translational and rotational motion as well as all
other active degrees of freedom equal for a pair of surfaces. Moreover, all facet joints were
independently constructed. Each facet joint was separated from the other facet, and the
surface was set to have a coefficient of friction of 0 in order to account for joint fluid in case
of contact. This model was used as the healthy spine model. In this analysis, the cranial
end was T8 and the caudal side was the sacrum. All elements were considered to be linear
elastic materials. Young’s modulus was used as a reference, as previously described [8–13]
(Table 1).

Table 1. Young’s modulus and Poisson’s ratio.

Part Young’s Modulus E [MPa] Poisson Ratio

Cortical bone 12,000 0.3
Cancellous bone 1500 0.3
Annulus fibrosus 25 0.3
Nucleus pulposus 1 0.45
Anterior longitudinal ligament 68 0.3
Posterior longitudinal ligament 96 0.3
Ligamentum flavum 28.6 0.3

Data from Galbusera et al. [8], Lu et al. [9], Cowin [10], Pitzen et al. [9], and Ottardi et al. [13].

2.3. Model for DISH

In the DISH flat model, the physical properties of the whole anterior longitudinal
ligament were changed to Young’s modulus of cortical bone (Figure 3A).
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Figure 3. (a) In the diffuse idiopathic skeletal hyperostosis model, the anterior longitudinal ligament
had the property of cortical bone. In addition, the thickness of ossification of T11–T12 was created at
(b) 5 mm and (c) 10 mm.

As an ossified hypertrophic model, T11–T12 was cross-linked with hypertrophic
ossification, and hypertrophy was modeled with a thickness of 5 mm (T-5) (Figure 3b)
and 10 mm (T-10) (Figure 3c). In addition, an ossifying hypertrophic groove model (5 and
10 mm) was created at T11–T12 and T12–L1. A groove was created at the center of T12,
and the radius of curvature of this groove was set to 1 and 2.5 mm (D-5/R-2.5, D-10/R-2.5,
D-5/R-1, D-10/R-1, respectively) (Figure 4a,b).
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Figure 4. Ossifying hypertrophic grooves at 5 (a) and 10 mm (b) were created at T11–T12 and
T12–L1. In these diffuse idiopathic skeletal hyperostosis models, the sacrum was fixed and the cranial
endplate of T8 was displaced in the direction of flexion and extension.

In the healthy spine model, the total numbers of elements and nodes were 903,621 and
203,312 using tetrahedral elements, respectively. The mesh in the groove area was small to
allow the analysis to converge (Table 2).
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Table 2. Elements of the nodes of each model are shown.

Healthy DISH Flat
Thickness

5 mm
(T-5)

Thickness
10 mm
(T-10)

Depth of
Discontinuity

5.0 mm
The Radius of
Curvature of
the Central

Groove
2.5 mm

(D-5/R-2.5)

Depth of
Discontinuity

10.0 mm
The Radius of
Curvature of
the Central

Groove
2.5 mm

(D-10/R-2.5)

Depth of
Discontinuity

5.0 mm
The Radius of
Curvature of
the Central

Groove
1.0 mm

(D-5/R-1)

Depth of
Discontinuity

10.0 mm
The Radius of
Curvature of
the Central

Groove
1.0 mm

(D-5/R-1)

elements 903,621 903,621 916,543 920,383 928,076 941,138 933,367 939,741
nodes 203,312 203,312 206,149 206,992 208,975 211,550 209,951 211,200

2.4. Load Application

With the sacrum completely restrained in all directions, a forced displacement of
30 mm to ventral and dorsal direction was applied to the cranial endplate of T8, assuming
extension and flexion (Figure 4b).

An analysis was performed using Patran and MARC (MSC Software, Newport Beach,
CA, USA). Sixteen different compression combinations were evaluated, a mechanical
analysis of vertebral bodies and discs was performed based on the visual findings, and the
highest value for maximum von Mises stress was recorded for each combination. The unit
is the megapascal (MPa).

3. Results
3.1. Extension

Maximum stress values at the center of the vertebral body and intervertebral disc
from T10 to L2 vertebrae are shown in extension (Table 3 and Figure 5).
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Comparisons between the healthy model and DISH flat model showed that stresses
were greater on the vertebral body and intervertebral disc from T10 to L2 in extension
(Figure 6) than in the healthy model.
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Table 3. The highest value for maximum von Mises stress on the vertebral body and intervertebral disc (MPa).

Extension

Healthy DISH Flat T-5 T-10 D-5/R-2.5 D-10/R-2.5 D-5/R-1 D-10/R-1

T10 1.17 7.99 8.25 8.4 7.79 8.35 7.93 8.11
T10/11 1.22 17.03 17.04 17.32 17.49 16.38 17.61 17.53

T11 4.27 12.05 11.94 13.37 11.23 10.81 10.85 11.26
T11/12 1.7 26.94 7.88 2.85 3.64 3.08 3.26 2.92

T12 6.37 16.64 16.67 16.81 52.89 61.04 58.2 57.62
T12/L1 2.27 37.55 39.11 39.43 3.69 2.44 3.53 2.12

L1 8.2 24.36 23.88 23.49 24.79 24.81 24.7 24.89
L1/2 2.38 42.33 39.81 40.03 43.02 42.33 41.36 43.36

L2 3.47 25.47 27.42 26.87 25.15 26.45 26.19 25.44
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In the T-5 model and T-10 model, the stress on the vertebral body was similar with
greater ossification in extension (Figure 7). As the thickness of ossification increased, stress
on the intervertebral disc decreased.
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In the ossified hypertrophic groove 2.5 mm model (D-5/R-2.5 and D-10/R-2.5) K
(Figure 8), the stress at the center of T12 increased as the groove at the discontinuity
became deeper. The maximum stress at the center of each T12 vertebral body is shown in
Figures 5 and 8. In extension, the stress on the T11/12 and T12/L1 discs was less than that
in the DISH model.
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Figure 8. In D-5/R-2.5 (a) and D-10/R-2.5 (b), the stress at the center of T12 increased at the
discontinuity in extension.

In D-5/R-1 and D-10/R-1 (Figure 9), the stress at the center of T12 increased. Maximum
stress at the center of each T12 vertebral body is shown in Figures 5 and 10. In the analysis
of D-5/R-1, stress on the T12 vertebral body was greater than that of D-5/R-2.5, even with
the same depth of ossification. However, with D-10/R-1, the stress on the T12 vertebral
body was less than that at D-5/R-1 and at D-10/R-1 in extension.
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Figure 9. In D-5/R-1 (a) and D-10/R-1 (b), the stress at the center of T12 increased at the discontinuity
in extension.

3.2. Flexion

Maximum stress values at the center of the vertebral body and intervertebral disc
from T10 to L2 vertebrae are shown in flexion (Table 4 and Figure 10).

Comparisons between the healthy model and DISH flat model showed that stresses
were greater on the vertebral body and intervertebral disc from T10 to L2 in flexion
(Figure 11) than in the healthy model.
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Figure 10. The highest value for maximum von Mises stress on the vertebral body and intervertebral disc (MPa) in flexion.
The vertical axis is stress (MPa), and the horizontal axis is each vertebral body and intervertebral level.

Table 4. The highest value for maximum von Mises stress on the vertebral body and intervertebral disc (MPa).

Flexions

Healthy DISH Flat T-5 T-10 D-5/R-2.5 D-10/R-2.5 D-5/R-1 D-10/R-1

T10 0.96 5.44 5.47 5.5 8.79 8.89 8.95 8.65
T10/11 1.39 10.55 11.28 11.384 11.52 11.03 11.66 11.69

T11 2.4 9.15 10.23 9.99 9.01 8.97 9.23 9.23
T11/12 1.77 16.99 11.18 11.01 20.31 19.88 19.5 21.43

T12 3.02 11.09 11.51 11.33 29.27 32.91 32.05 31.74
T12/L1 1.67 21.49 22.97 22.79 13.28 18.01 16.28 19.61

L1 4.2 14.6 15.38 15.13 15.09 15.18 14.84 15.24
L1/2 2.89 25.63 23.28 23.32 24.52 26.19 24.04 25.68

L2 2.23 18.62 19.1 19.12 18.51 18.96 18.73 18.96
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In the T-5 model and T-10 model, the stress on the vertebral body was similar with
greater ossification in flexion; no significant differences were observed in stress, except for
a decrease in intervertebral disc stress at T11–T12 (Figure 12).
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Figure 12. In flexion analyses of T-5 (a) and T-10 (b), the stress on the intervertebral disc at T11–T12
was reduced, whereas that on the vertebral body was unchanged.

In D-5/R-2.5 and D-10/R-2.5 (Figure 13), the stress at the center of T12 increased as
the groove at the discontinuity became deeper. The maximum stress at the center of each
T12 vertebral body is shown in Figure 13. The results of the flexion analysis were similar to
those obtained for the T12 vertebral body. The stress on the T11/12 disc was greater, while
that on T12/L1 disc was less than that in the DISH model and the hypertrophic ossification
model in flexion.
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Figure 13. In D-5/R-2.5 (a) and D-10/R-2.5 (b), the stress at the center of T12 increased at the
discontinuity in flexion.

In D-5/R-1 and D-10/R-1 (Figure 14), the stress at the center of T12 increased. Maxi-
mum stress at the center of each T12 vertebral body is shown in Figure 14.

In the analysis of D-5/R-1, stress on the T12 vertebral body was greater than that in
D-5/R-2.5, even with the same depth of ossification. However, with D-10/R-1, the stress
on the T12 vertebral body was less than that with D-10/R-2.5 and D-5/R-1 in flexion. On
the other hand, with D-5/R-1 and D-10/R-1, the stress on the T11/12 and T12/L1 discs
increased. The stresses on other vertebral bodies and discs were similar.
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4. Discussion

DISH is diagnosed based on the continuous calcification of four or more vertebrae, a
maintained intervertebral disc height, or no intervertebral joint rigidity [1]. DISH restrains
spinal range of motion and causes low back pain [14]. DISH may easily cause fracture in
an inflexible spine and spinal damage [15]. This trauma must not be overlooked because
the rate of bone union is low and the attenuation of neurological symptoms is difficult
to achieve with conservative treatment [2]. However, in contrast to other spine injuries,
the diagnosis of DISH is delayed [3,4,16]. One of the factors that make diagnosis difficult
is that pre-existent abnormalities on spine radiographs may mask or obscure minimally
displaced fractures [3]. Although previous studies reported good outcomes and minimally
invasive surgery [17–19], the misdiagnosis of fractures and diagnostic delays need to be
avoided. Because more than 50% of the patients were neurologically intact immediately
after the injury, later neurological deterioration occurred in approximately 30% of the total
patients [15]. Some previous studies have reported on the risks of trauma of DISH [3,4,16].
However, no report has evaluated the impact of ossification thickness and shape on the
spine. Therefore, we considered it important to understand the biomechanics of DISH by
analyzing the type of force applied to the vertebral body with different ossification shapes
and thicknesses. Although cervical vertebrae are the most frequently injured, we analyzed
the thoracolumbar spine transition area because the majority of spinal fractures occur in
the thoracolumbar spine [17,20,21].

Recent studies conducted a fracture analysis via 3D-FEM of the vertebral region. Sairyo
et al. performed an analysis of lumbar spondylolysis [22]. In addition, Zhao et al. [23]
reported the findings of an analysis of compression fractures, while Liang et al. [24]
conducted a 3D-FEM analysis of the effects of balloon kyphoplasty; however, only a few
intervertebral analyses have been performed to date. Okamoto et al. [25] assessed pressure
fractures at different angles of the spine. Nishida et al. [26] and Nakashima et al. [27]
conducted a compression fracture analysis of a whole-spine model generated from medical
images. However, an analysis and visualization of the stress applied to the vertebral body
by changing the ossification pattern around the vertebral body, such as that which occurs
in DISH, has not yet been performed. A more detailed understanding of the shapes and
discontinuities that are most likely to cause damage may contribute to the prevention of
misdiagnoses.

The present study is the first to demonstrate that the stress on the vertebral body
was greater with ossification of the anterior longitudinal ligament than with a healthy
ligament. The results obtained herein showed the effects of reduced flexibility. Calcification
or ossification of the ligament was identified as a contributing factor to increased stress,
which may induce vertebral fractures. Okada et al. reported that all of the subjects had
anterior and middle column fractures [15]. In this analysis, the greatest increase in stress



Appl. Sci. 2021, 11, 8944 11 of 13

was from the anterior in both flexion and extension. We found that the partial hypertrophy
of ossification did not affect vertebral stress in the ossified area during extension and
flexion, where it had an impact on intervertebral discs. The thickness of local ossification
did not appear to affect the vertebral body. Furthermore, stresses were more likely to
increase at the center of vertebrae with greater ossification and discontinuity such as
cases with D-5/R-2.5, D-5/R-1, and D-10/R-2.5. Therefore, if external forces are applied
to a case with large ossification and discontinuities, the vertebral groove may fracture.
However, this hypothesis was not applied to cases with D-10/R-1. This may be due to the
thickness of ossification and the small gap in the curvature, which may have stabilized the
vertebral body. On the other hand, the stresses on the cranial and caudal intervertebral
discs of discontinuity may have increased during flexion. Okada et al. reported that later
neurological deterioration can occur due to a marked instability between the rostral and
caudal fused segments [15]. Because some predictions are possible in this analysis, the
vertebral body and intervertebral disc around the ossification need to be fully evaluated
based on the shape and depth of the bone and the injury mechanism.

The present study had some limitations: Only one type of ossification level, one type
of load, one type of bone strength, and one type of spinal alignment were considered.
The load was not assumed to be in various alignments, the load of body weight was not
analyzed, and the external force was assumed to be a rapid shearing force, not a vertical
trauma, such as a buttock injury. Ossification sites are often located to the anterior right of
the vertebral body, but not in the middle [28]. Therefore, stresses may change depending
on the ossification site. It is not limited to this analysis, but it is a level where increased
stress does not necessarily mean fracture. The anterior longitudinal ligament on the caudal
side of the vertebral head is ossified and continuous, and posterior elements, such as the
vertebral arch, are not turgid. This analysis takes several months to create and analyze a
model, which is not at a level that allows for tailor-made diagnosis and treatment. This
resolution will require future development of analysis.

However, our analysis showed that the spine is less flexible and more prone to the
increased stress of the vertebral body and disc in patients with DISH. Furthermore, the size
of ossification and the shape of the groove make it easier to predict levels of increased stress,
and an awareness of the possible level of pain and fractures may be useful for clinicians.

5. Conclusions

The vertebrae of patients with DISH are more susceptible to stress. Furthermore, de-
pending on the morphology of ossification, the stresses on the vertebrae and intervertebral
discs differ even with similar loads. Though there is no confirmation concerning effec-
tive treatment and diagnosis, an examination of ossification geometry may help surgeons
decide the thoracolumbar spine’s stress elevated position in patients with DISH, thereby
contributing to the understanding of the pathogenesis of pain.
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