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Abstract

Purpose Postero-anterior (PA) mobilization is widely used to manage low back pain by physiotherapists. The PA load is
applied through the spinous process of a vertebra. Low bone density is a counter-indication of PA mobilization, whether PA
mobilization may cause fractures in fragile vertebrae is unclear. Therefore, the aim of this study was to quantify the role of
bone density on a fracture risk in the first lumbar vertebra subjected to PA load.

Methods A finite element model of the first lumbar (L1) vertebra of an elderly female was created to predict the fracture risk
of the PA mobilization. The von Mises stress and minimum principal strain were used as the assessment indicators. Three
different bone density cases were evaluated to reflect healthy, osteoporotic, and severe osteoporotic conditions by assuming
heterogeneous moduli based on local bone density converted from computed tomographic images.

Results In the severe osteoporotic condition under PA load, the maximum von Mises stress and largest compressive strain
occurred in the pedicles and spinous process. These stress and strain exceeded the yield stress and yield strain indicating a
high risk for failure. The resulted stress and strain were also excessive in the pedicles for healthy and moderate osteoporotic
conditions.

Conclusions PA mobilization can increase the risk of vertebra fracture in elderly with osteoporosis. The pedicles and spinous
process of osteoporotic L1 vertebra are the critical regions prone to fracture. We recommend that it is crucial to be reduce
force when applying the PA mobilization to elderly with osteoporosis.
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1 Introduction

Postero-anterior (PA) mobilization is a manual physical ther-
apy technique which is a passive movement with low speed.
It can be divided into a passive oscillatory movement and
a sustained stretching [1]. PA mobilization can be applied
to assess and treat the impairments of the human spine by
applying a force on a spinous process. The effects of PA
mobilization are pain relief, reducing spinal stiffness and
increasing range of motion of the spine [2—4]. It is shown
Faculty of Engineering Science, Department of Mechanical that the PA moplllzatlon can pr(?duce a physiological move-
Engineering, KU Leuven, Biomechanics section, Leuven, ment in the sagittal plane. Specifically, PA loads generate a
Belgium three-point bending or passive physiological back extension
[5-7]. Furthermore, PA loads demonstrated the anterior dis-
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placement of a spinous process [5]. The application of PA
mobilization induces stresses inside the bone tissue, which
could potentially lead to failure when the bone is weak, such
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as in patients with osteoporosis, a bone disease occurring in
elderly and which is characterized low bone density, leading
to bone fragility and susceptibility to fracture. Consequently,
osteoporosis is a contraindication for spinal mobilization [1].
In East Asia, osteoporosis seems to be under-diagnosed and
under-treated [8].

Up to now, there is no empirical evidence that reports
a relationship between the PA mobilization and the inci-
dence of spine fracture. Several in vitro studies investigated
the fracture risk produced by PA load [9-11]. These stud-
ies found that the failure load of cadaveric thoracic verte-
brae was higher than the load that was applied in vivo by a
physiotherapist [11]. These studies also demonstrated that
the fracture site caused by PA load was the spinous process
of the thoracic spine. These could be at risk, especially when
in case of low bone quality, which warrants further investi-
gation into the safety using of PA mobilization on lumbar
spine. In addition, low back pain is the most common back
pain, and therefore, PA mobilization would preferentially be
applied to the lumbar spine. Accordingly, the fracture risk
investigation of lumbar vertebra under the PA load is cru-
cial. However, there was no study to investigate the safety of
using PA mobilization on lumbar osteoporotic bone yet both
in vivo and in vitro studies. Therefore, in silico study using
the finite element analysis (FEA), which is an engineering
analysis technique, has been introduced to clinical decision
making, especially in orthopedics [12-14], can also provide
the accuracy prediction. FEA has been used in osteoporosis
study due to the complex structure of bones in several objec-
tives such as predicting the bone stiffness, fracture site [15,
16]. Moreover, FEA provided the information of the effect
of mechanical stimuli in osteoporotic bone [17].

The FEA study revealed that 100 N of PA mobiliza-
tion possibly produces a crack initiation at lumbar vertebra
with osteoporotic condition at laminae and pedicles [18].
However, that study investigated the effect of PA mobiliza-
tion on male elderly L1 vertebra using homogeneous bone
mechanical properties. Several studies have shown that
heterogeneity of bone plays an important role in fracture
analysis [12, 13, 16, 19, 20]. Furthermore, the prevalence of
fracture related to osteoporosis in menopausal female was
higher than elderly male [21]. Additionally, the shape of
the female and male lumbar vertebral bone was different
significantly in size [22]. Hence, the fracture risk prediction
in case of PA mobilization will be more accurate if the bone
properties are closer to reality by assigning heterogeneous
bone properties and the prediction is performed on elderly
female lumbar vertebra. As to our knowledge, there are no
studies using heterogeneity of bone properties for female
osteoporotic bone from HU value of computer tomography
(CT) images in the FEA study. Therefore, this study aimed
to quantify the role of bone density on a fracture risk in the
L1 vertebra subjected to PA mobilization.
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2 Materials and Methods
2.1 Finite Element Modelling

The L1 vertebra geometry was segmented and recon-
structed from CT images (Fig. 1), obtained by means of
Toshiba Aquilion Prime, of a non-osteoporotic 60-year-
old female. The slice thickness of CT images was 1 mm.
Image segmentation and three dimensional geometry
reconstruction were performed using Mimics v20 (Mate-
rialise Inc., Leuven, Belgium). Upper and lower polymeth-
ylmethacrylate (PMMA) plates were designed and assem-
bled with L1 vertebra in order to reflect intervertebral disc
spaces using the Materialise 3-matic v12 module in the
Mimics software. A volume mesh was also performed
using the Materialise 3-matic v12 module. Then the model
was exported to the commercial finite element software
ABAQUS 2019 (Dassault Systemes, Vélizy-Villacoublay,
France) to perform a finite element analysis. A mesh sen-
sitivity study was employed to confirm the appropriateness
of this finite element mesh. Specifically, a mesh refine-
ment study was performed, evaluating meshes with 7,373
to 58,728 elements. The mesh convergence check was also
performed with the difference in von Mises stress at center
of mid-transverse section of L1 vertebra less than 1.5%.
The L1 vertebra with PMMA plates was thus represented
by a finite element model consisting of 29,364 tetrahedral
elements. The geometry of the L1 vertebra model was
validated with published human cadaveric studies using
quantitative anatomy of lumbar [23, 24]. This project was
approved by the ethical committee, faculty of medicine,
Prince of Songkla University (REC.61-364-25-2).

Material properties are shown in Table 1. The heteroge-
neous modulus distribution was based on a density-elas-
ticity relationship obtained from CT images [25]. Morgan
et al. showed that the bone’s apparent density p (g/cm?)
calculated from the Hounsfield Units (HU) can be used to
estimate Young’s modulus (E; MPa) as follows:

p = 0.0556 + 0.001244HU (1)

E = 4730p'¢ )

The Young’s modulus was assigned on element by ele-
ment basis and it depended on the local bone density. For
the healthy case, the Young’s modulus varied between
0.56 MPa and 10.71 GPa. The distribution of Young’s
modulus in mid-transverse and mid-sagittal sections of L1
vertebra is shown in Fig. 2. We then mimicked the osteo-
porotic bone conditions by decreasing Young’s modulus in
each region by 25% for an osteoporotic bone and 50% for a
severe osteoporotic bone (as shown in Table 1).
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Patient-specific Lumbar Level 1 (L1) Segmentation and
Reconstruction

Boundary and Loading Conditions

PA load 100 N
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Investigation the effect of PA load

Reconstructed L1 geometry
assembled with PMMA

0

Top and Bottom PMMA

Mesh

29,364 tetrahedral elements

Fig.1 Steps of building a L1 vertebra with PMMA plates models and the boundary conditions for the corroboration test and the PA load investi-

gation

Table 1 Material properties assigned to the L1 vertebra model

Model Young’s modulus Poisson’s ratio
(E, MPa) o)
L1 vertebra
Healthy 0.56 — 10,706.5 0.2 =, if E < 1,000
Osteoporotic 0.42 — 8,029.9 0.3 %, if E > 1,000
Severe osteoporotic 0.23 —5,353.3
PMMA plate 2,500 0.3

*refer to Poisson’s ratio obtained from Goel’s study[39]

2.2 Boundary and Loading Conditions

The condition in this study mimicked the loading con-
dition during PA mobilization. The bottom surface of
the lower PMMA plate and the top surface of the upper
PMMA plate were fixed in all directions. The posterior
surface of the spinous process was coupled with a refer-
ence point behind the spinous process. A 100 N force was
applied on the reference point along the Y-axis to simu-
late the postero-anterior force from the physiotherapist as
shown in Fig. 1. Four positions in the mid-transverse sec-
tion of L1 vertebra were compared i.e. center, pedicles,
laminae, and spinous process.

2.3 Post-Processing Analysis

Numerical results obtained via FEA were post-processed
for fracture risk assessment. In general, the von Mises stress
measure is widely used in the FE studies for analyzing load-
ing transfer mechanisms and failure material behavior. In
some cases, von Mises stress does not provide effective
indications in term of fracture risk in materials such bone.
Therefore, other indications were introduced to evaluate the
fracture risk level such as minimum principal strain. In our
study, fracture risk level was evaluated by comparing the von
Mises stress and the minimum principal strain to the yield
stress and the yield strain, respectively (Table 2). The mean
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Fig.2 Young’s moduli in a a mid-transverse section and b a mid-sag-
ittal section of L1 vertebra (healthy model)

Table 2 Yield stress and yield strain of lumbar vertebral bone

L1 Structures Yield stress (MPa) Yield strain

(micro-

strain)
Vertebral body 2.66* —10,000¢
Pedicles 13.13° —10,000¢
Laminae 13.13 —10,000°
Spinous process 2.11° —10,000¢

2 and  refer to the yield stress obtained from Li’s study and Kurutz’s
study, respectively. [29, 30] and © refers to the yield strain of trabecu-
lar bone modified from Rghl’s study.[32]

von Mises stress and the maximum magnitude of minimum
principal strain of four structures of the L1 vertebra (ver-
tebral body, pedicles, laminae, and spinous process) were
reported.

3 Results

As the quantitative anatomy of lumbar, the L1 vertebra
model in various linear dimensions; vertebral body lateral
width, vertebral body anterior—posterior (AP) depth, ver-
tebral body height, transverse process width, spinal canal
width and depth, pedicle width and height both sides, and
spinous process length, were compared to the published
experimental data [23, 24]. The reasonable agreement was
found as shown in Fig. 3b.

Under the 100 N postero-anterior load, while the stresses
were rather similar for the healthy, osteoporotic, and severe
osteoporotic cases, the strains were much higher for the lat-
ter case (Figs. 4, 5). The posterior structures of L1 vertebra,
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which consisted of pedicles, laminae, and spinous process,
demonstrated higher von Mises stresses and larger magni-
tude of minimum principal strains than the vertebral body.

While the Young’s modulus differed substantially
between the three bone models, the von Mises stress distri-
bution did not differ markedly (< 10 percent). The distribu-
tion of the magnitude of minimum principal strains tended
to increase when the Young’s modulus was reduced, and it
was more predominant to the minimum principal strain than
the von Mises stress.

Mean, standard deviation and maximum magnitude of
von Mises stress and minimum principal strain are shown
in Tables 3 and 4, respectively. For all bone conditions, the
maxima occurred at the nearly mid-transverse position of
right pedicle. When the yield stress criterion was taken into
account (as shown in Table 2), the structures where the
maximum von Mises stress exceeded the yield stress crite-
rion were spinous process, vertebral body and pedicles (all
models). According to the yield strain criterion (as shown
in Table 2), the structures where the maximum magnitude
of the minimum principal strain exceeded the yield strain
criterion were pedicles (osteoporotic and severe osteoporo-
tic model) and spinous process (only severe osteoporotic
model).

4 Discussion

This study showed that postero-anterior mobilization in
elderly female osteoporotic lumbar vertebral bone can
cause fracture of the pedicles and spinous process of lum-
bar vertebra. Furthermore, the comparison of contour plot
between Young’s modulus and both stresses and strains (as
shown in Figs. 4, 5) emphasized that the minimum princi-
pal strain reflected the dominant difference among different
bone densities better than the von Mises stress when the
lumbar vertebra is under postero-anterior mobilization. The
comparison also showed that the lower moduli area induced
the higher strains especially on the spinous process (Fig. 5).
Meanwhile, the stress was not altered by the variation of
Young’s moduli (Fig. 4).

We validated our FE model by comparing linear dimen-
sions of L1 vertebra geometry with the experimental studies
[23, 24] as shown in Fig. 3. Several FEA studies suggested to
validate the geometry parameters prior perform simulation
because the resolution of CT scan affected the accuracy of
the geometry [26, 27]. We did not use the high resolution of
CT scan, therefore the accuracy of L1 vertebra dimensions
can be altered during the reconstruction process. However,
after the geometry validation study, we found the reasonable
agreement of L1 vertebra geometry parameters between the
present FE model with experimental studies.
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Fig.3 a The illustration of the various dimensions of L1 vertebra and b a comparison between the L1 vertebra geometry dimensions of the pre-

sent FE model and human cadaveric studies

Upon application of 100 N of postero-anterior force, the
distribution of von Mises stress and minimum principal
strain demonstrated that the posterior side of L1 vertebra
was loaded more than the body of L1 vertebra, especially on
the pedicle. This can be explained by the application of the
force to the spinous process which is connected to the verte-
bral body via the pedicles. As the geometry of the pedicles
resembles a thin bridge structure, the bending consequently
occurs at the pedicles and the spinous process which are
moved downward and anteriorly. Physiotherapists can feel
the displacement of the spinous process when they perform
the PA mobilization. This phenomenon is confirmed by
an in vivo study [5]. They found that the spinous process
displaced anteriorly due to the PA mobilization. When the
spinous process was moved anteriorly, the pedicles were
experiencing more bending. Therefore, pedicles are a critical
structure due to the PA load. The previous work we showed
that the laminae and pedicles of elderly male lumbar vertebra
were susceptibility to fracture under the PA load [18]. Fur-
thermore, our prediction also showed that, in a severe osteo-
porosis case, not only the pedicles but also spinous process
of the L1 vertebra was a high-risk fracture site. According
to the contour plot of Young’s modulus of L1 in the current
study (Fig. 2), the spinous process demonstrated low elastic
moduli. Therefore, the heterogeneous properties assignment
in FEA can lead to different outcomes. For the spinous pro-
cess failure prediction, a previous study of the failure char-
acteristic of the thoracic spine under the PA load revealed

that the failure site occurred at the spinous process in healthy
bone conditions [11], but our prediction demonstrated that
the spinous process can be a failure site in a severe osteopo-
rosis case only. The possible reason for different findings is
based on the different width of the spinous process between
thoracic and lumbar spines. The width of thoracic spinous
processes is less than the width of lumbar spinous processes.
Consequently, the thoracic spinous process is subjected to
higher stress than the lumbar spinous process for the same
loading. However, the PA load which can cause a fracture in
the healthy bone conditions in the experimental study was
higher than the one applied in the current study. Therefore,
it is relevant to assigned bone mechanical properties close
to reality to achieve higher accuracy.

For the fracture risk, the von Mises stress and minimum
principal strain have been widely used as the indicators
[12—14, 19, 28]. In this study, the yield stress of each part
of the lumbar vertebra was adopted from previous study
[29]. However, the yield stress for the pedicle was lack.
There was only one biomechanical study of the ultimate
stress of the posterior part of the adult cadaveric lumbar
vertebra [29]. It reported the ultimate stress of the laminae
and spinous process. Therefore, we extrapolated the ulti-
mate stress of the pedicle same as the ultimate stress of the
laminae based on the similar range of elastic moduli to be
a yield stress of pedicle in our study. According to the pre-
vious computational studies, the yield criterion of strain
was set at -10,000 microstrain [30, 31]. Furthermore, the
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Fig.4 a Contour plot of Young’s moduli in a mid-transverse section and a mid-sagittal section of L1 vertebra. b Contour plot of von Mises
stresses in mid-transverse section and mid-sagittal section of deformed L1 vertebra under 100 N postero-anterior load

previous experimental study demonstrated the ultimate  occurred at the pedicles of moderate and severe osteo-
strain for trabecular bone under the compression ranged  porotic L1 vertebra and in the spinous process of severe
from — 3,000 to — 27,900 microstrain (with an average of  osteoporotic L1 vertebra where lower elastic modulus
— 11,000 microstrain) [32]. In our study, the fracture risk  presented.
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Fig.5 a Contour plot of Young’s moduli in a mid-transverse section and a mid-sagittal section of L1 vertebra. b Contour plot of minimum prin-
cipal strain in mid-transverse section and mid-sagittal section of deformed L1 vertebra under 100 N postero-anterior load

Our osteoporotic bone FE models demonstrated higher  that osteoporotic bone is more susceptible to fracture. The
magnitude of minimum principal strain distribution in the  spine is one of the most common osteoporotic fracture sites
L1 vertebra compared to the healthy bone. It emphasizes [33], particularly in the mid- thoracic and thoracolumbar
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Table 3 Mean and maximum
(Max.) of von Mises stresses

of L1 vertebra under 100 N
postero-anterior load

Structures Healthy Osteoporotic Severe Osteoporotic
Vertebral Body Mean (SD) 0.16(0.24) 0.16(0.24) 0.15(0.24)
Max. magnitude 4.07 4.07 4.07

Max. point Right conjunction between body and pedicle
Pedicles Mean (SD) 1.60(1.85) 1.60(1.85) 1.60(1.85)
Max. magnitude 19.25 19.22 19.18
Max. point Nearly mid-transverse position of right pedicle
Laminae Mean (SD) 2.10(1.72) 2.10(1.72) 2.10(1.72)
Max. magnitude 12.18 12.17 12.16
Max. Point Right lamina
Spinous process Mean (SD) 1.44(1.33) 1.44(1.33) 1.44(1.33)
Max. magnitude 12.36 12.36 12.36
Max. point Right lower edge
von Mises stress’s unit is in MPa
Table 4 Meap and max‘in.lum Structures Healthy Osteoporotic Severe Osteoporotic
(Max.) magnitude of minimum
principal strains of L1vertebra Vertebral Body Mean (SD) —280(269) —370(357) —540(532)
;‘é‘a‘iler 100 N postero-anterior Max. magnitude  —1,520 ~2,023 ~3,031
Max. point Right conjunction between body and pedicle
Pedicles Mean (SD) —669(836) —890(1,113) —1,330(1,666)
Max. magnitude -17,733 —10,282 —15,374
Max. point Nearly mid-transverse position of right pedicle
Laminae Mean (SD) —433(329) —577(438) —865(656)
Max. magnitude —-4,196 —5,578 —-8,361
Max. point Right lamina
Spinous process Mean (SD) —992(1,020) —1,323(1,359) —1,984(2,039)
Max. magnitude —6,657 - 8,876 —-13,313
Max. point Right lower edge

minimum principal strain’s unit is in microstrain

regions [34, 35], which is T10-L2 vertebrae. Since the pat-
tern of osteoporotic fractures in the vertebra rather reflect a
non-traumatic fracture, activities of daily living might cause
fractures. A previous FEA study [36] demonstrated that
activities producing flexion moment to the thoracolumbar
region such as trunk forward bending might cause osteo-
porotic fractures. However, the PA mobilization produces an
extension moment to the spine [5—7], which is an antagonist
action with the trunk flexion. In addition, the non-traumatic
fracture in posterior bony column of lumbar spine is rarely
found [37, 38]. Therefore, 100 N of PA mobilization in our
study may not cause a severe fracture in the posterior bony
column, but it can cause mild fracture especially at the pedi-
cles and spinous process. In an experimental study of the
effect of PA mobilization on the thoracic vertebrae [11], the
authors also revealed the spinous process as the fracture site.

Our analysis of the variation of the bone properties dem-
onstrated that only the minimum principal strain reflected
the difference among bone properties obviously. Based on
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the simple equation of stress, stress depends on the geom-
etry and the load application. However, stress would be
altered when the material reaches the plastic phase because
the material is deformed. The heterogeneity of the material
also affects the stress distribution. Furthermore, when the
heterogeneous property was considered, notable changes in
results are observed. Therefore, the conversion of CT image
information (Hounsfield number) of bone to the correspond-
ing bone property (Young’s modulus) is important as the
reliability of the simulation results depends on bone prop-
erty, especially in the case of osteoporotic bones.

Our L1 vertebra finite element model had several limi-
tations. Firstly, we did not validate our FEM with in vitro
mechanical testing, but we corroborated it with the published
literature results [20] (see the supplement). Secondly, we did
not include muscle force in our model, because we focused
only on static PA load which is a passive load. In clinical
practice, the PA mobilization can be used as a static force to
investigate the tension of the spine structure. Furthermore,
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the repetitive load of PA mobilization, which is the dynamic
force, can be used for a treatment session. Therefore, the
effect of PA dynamic load on osteoporotic heterogeneous
vertebrae should be further investigated. In addition, the
effects on the adjacent vertebrae subjected to the PA load
indirectly should be further studied.

5 Conclusion

This study performed the CT images based finite element
analysis to investigate the effect of PA mobilization on
the heterogeneous L1 vertebra model of elderly female. It
revealed that PA mobilization can increase the risk of verte-
bra fracture in elderly female with osteoporosis. The critical
points were the pedicles and the spinous process of osteo-
porotic L1 vertebra. We would like to emphasize that when
PA mobilization is applied on elderly with osteoporosis, it
should be performed carefully since it may cause a lumbar
spine fracture.
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