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Abstract:

Introduction: Adult spinal fusion surgery improves lumbar alignment and patient satisfaction. Adult spinal deformity sur-
gery improves saggital balance not only lumbar lesion, but also at hip joint coverage. It was expected that hip joint cover-
age rate was improved and joint stress decreased. However, it was reported that adjacent joint disease at hip joint was in-
duced by adult spinal fusion surgery including sacroiliac joint fixation on an X-ray study. The mechanism is still unclear.
We aimed to investigate the association between lumbosacral fusion including sacroiliac joint fixation and contact stress of
the hip joint.

Methods: A 40-year-old woman with intact lumbar vertebrae underwent computed tomography. A three-dimensional non-
linear finite element model was constructed from the L4 vertebra to the femoral bone with triangular shell elements (thick-
ness, 2 mm; size, 3 mm) for the cortical bone’s outer surface and 2-mm (lumbar spine) or 3-mm (femoral bone) tetrahedral
solid elements for the remaining bone. We constructed the following four models: a non-fusion model (NF), a L4-5 fusion
model (L5F), a L4-S1 fusion model (S1F), and a L4-S2 alar iliac screw fixation model (S2F). A compressive load of 400 N
was applied vertically to the L4 vertebra and a 10-Nm bending moment was additionally applied to the L4 vertebra to
stimulate flexion, extension, left lateral bending, and axial rotation. Each model’s hip joint’s von Mises stress and angular
motion were analyzed.

Results: The hip joint’s angular motion in NF, L5SF, SI1F, and S2F gradually increased; the S2F model presented the
greatest angular motion.

Conclusions: The average and maximum contact stress of the hip joint was the highest in the S2F model. Thus, lum-
bosacral fusion surgery with sacroiliac joint fixation placed added stress on the hip joint. We propose that this was a conse-
quence of adjacent joint spinopelvic fixation. Lumbar-to-pelvic fixation increases the angular motion and stress at the hip
joint.
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Introduction

The prevalence of adult spinal deformity surgery has re-
cently increased, in line with the increasingly aging popula-
tion"”. Adult spinal fusion surgery improves lumbar align-
ment and hip joint coverage rate”, which is expected to de-
crease the stress on the hip joint*”. However, a recent clini-
cal study reported that hip joint pain increased after adult
spinal deformity surgery”. Currently, sacroiliac screws are
used to prevent distal junctional failure in adult spinal de-
formity surgery®”. A radiographic study showed that sacroil-
iac joint fixation using a sacroiliac joint screw impacted the
hip joint after adult spinal deformity surgery in 118 patients
based on an X-ray study”. Adjacent segment disease (ASD)
has also been reported as one of the major complications of
spinal fusion surgery. The proposed mechanism for ASD is
that mobility is transferred from the fused segment to the
next mobile segment. Lumbosacral joint disease and sacroil-
iac joint pathology have been observed after lumbar fusion
and lumbosacral fusion surgeries, respectively”. Similarly, it
has been suspected that the load on the hip joint is increased
after spinal fusion surgery, including the sacroiliac joint,
which reduces the mobility of the lumbar spine and pelvis.
Therefore, in this study we compared the contact pressure of
the hip joint with or without sacroiliac joint fixation.

Materials and Methods

This study was approved by the ethics committee of

.

Figure 1. Finite element model from the L4 vertebra to the

femoral bone.
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Wakayama Medical University. The participant provided
written informed consent. A 40-year-old woman with a be-
nign soft tissue tumor at her ankle underwent computed to-
mography (CT) from the lumbar spine to the lower limb
with simultaneous scanning of a calibration phantom
(BMAS 200; Kyoto Kagaku, Kyoto, Japan) containing hy-
droxyapatite rods to determine bone density.

A three-dimensional nonlinear finite element (FE) model
was constructed from the patient’s DICOM data and ana-
lyzed with the Mechanical Finder® version 10.0 software
(RCCM, Tokyo, Japan). FE models, which were constructed
from the L4 vertebra to the femoral bone, were equipped
with triangular shell elements (thickness, 2 mm; size, 3 mm)
for the outer surface of the cortical bone and tetrahedral
solid elements with a size of 1.5 mm for the hip joint carti-
lage and 2 mm for the rest of the elements (Fig. 1). The
Young’s modulus for the pelvis, femur, and lumbar spine
was determined using the equations proposed in a previous
study'"”
are used as follows to calculate Young’s modulus (E) from
bone density (p):

E=0.01 (p=0)

E=33900p>* (0<p<0.27)

E=5307p+469 (0.27<p<0.6)

E=10200p>" (0.6<p)

To calculate bone density from CT values, the following
set of equations was used:

p (g/cm’)=(CT number+1.4246)x0.001/1.058

(If the CT number>—1 Hounsfield unit [HU])

p (g/em')=0

(If the CT number <;—1 HU)

and the Poisson’s ratios were 0.40. These equations

FE model - validation

Lumbar spine functionally was validated against previous
research'’. The experimental study simulated motions as fol-
lows: flexion, extension, axial rotation, and lateral bending.
The same boundary conditions and moment were applied to
the current model as follows: the sacrum was constrained
and an L4-sacrum intact model was used. The ROMs of the
flexion, extension, axial rotation, and lateral bending were
favorably compared with the previous experimental study
(Fig. 2a). Next, the sacroiliac joint was validated against a
previous cadaveric experimental study'”. We compared the
ROM of the FE intact model with the previous study at
stance and swing phase. The predicted data were well fitted
with the past study. Therefore, we concluded that our FE
model would provide reasonable comparative parameters
(Fig. 2b). Finally, we compared hip stress on FE intact
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(a) The range of motion of the lumbar and sacrum of our model were validated with a previous cadaveric study 'V. (b) The

range of motion of the sacroiliac joint of our model was validated with a previous cadaveric study 2.

Table 1.
Hip Finite Element Model '®.

The von Mises stress on the Hip Joint Was Compared with Past

Peak contact stress (MPa)

Past study FE model
CE angle 26 CE angle -4 CE angle 25  CE angle 0
(between 8 and 41) (between —36 and 14)
2.8 (1.8t03.6) 4.1 (2.7 t0 6.6) 2.4 35

model with a previous FE model"™. It was reported that the
hip stress decreased as the center edge (CE) angle of the hip
increased when 1800 N was applied. We created two mod-
els, one was intact hip model (CE angle 25) and the other
was lower coverage model (CE angle 0). The predicted von
Mises stress was similar to that in the previous study" (Ta-
ble 1).

Model

We constructed four models, which were different from
the lower instrumented vertebrae, as follows: a non-fusion
model (NF) (Fig. 1), an L4-5 fusion model (L5F), an L4-S1
fusion model (S1F), and an L4-S2 alar iliac screw fixation
model (S2F). Segments were fused using titanium cages and
graft bone with posterior fusion. Each screw was connected
to the titanium rod, which was modeled using Metasequoia”®
versiond (Tetraface, Tokyo, Japan). A compressive load of
400 N was applied vertically to the L4 vertebra and an addi-
tional 10 Nm bending moment was applied to the L4 verte-
bra to stimulate the flexion, extension, left lateral bending,
and axial rotation. The distal femoral bone side was com-
pletely restrained. The entire hip joint cartilage was placed
on the side of the acetabular roof. The material properties
are listed in Table 2''®. Young’s moduli and Poisson’s ratios
for the lumbar vertebra, pelvis, and femoral bone were de-
termined using the equations previously proposed'”. The hip

joint was used for contact analysis.

FE analysis was performed to measure the average and
maximum stress in the acetabular cartilage of the hip joint.
The von Mises stress and angular motion of the hip joint
were analyzed in each model. We defined maximum stress
as the greatest stress at whole of the hip cartilage and mean
stress as the average of the whole hip joint cartilage. The
angular motion was calculated as follows: the anterior pelvic
plane angle was used for flexion, extension, and rotation.
The angle between the line of both the anterior superior
iliac spine and the horizontal line was measured for left lat-
eral bending.

Results

The stress at the hip joint cartilage and angular motion
were gradually increased as fusion segments increased in all
postures (Fig. 3, 4, 5).

Stress and angular motion at flexion

The von Mises stress at the hip joint was greatest in the
S2F model (Fig. 6). The mean of the average von Mises
stress at both sides of the hip joint in flexion increased by
51.5% (1.0x10" MPa) in the S2F model, 7.5% (0.71x10™
MPa) in the S1F model, and 6.1% (0.70x10" MPa) in the
L5F model compared with the NF model (0.66x10™" MPa).
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Table 2. Material Properties.

dx.doi.org/10.22603/ssrr.2021-0231

Material

Stiffness coefficient (N/m)

Anterior longitudinal ligament
Posterior longitudinal ligament
Ligamentum flavum
Transverse ligament

Capsular ligament
Interspinous ligament
Supraspinous ligament

0 (e<0), 49.7 (e<12), 127.4 (12<¢)
0 (e<0), 20.0 (e<11), 40.0 (11<e)
0 (e<0), 60.0 (e<6.2), 78.0 (6.2<¢)
0 (e<0), 1.8 (e<18), 10.6 (18<e¢)

0 (e<0), 22.5 (e<25), 98.7 (25<¢)
0 (e<0), 40.0 (e<14), 46.4 (14<¢)
0 (e<0), 19.2 (e<20), 48.0 (20<¢e)

Sacrospinous ligament 1400
Sacrotuberous ligament 1500
Interosseous ligament 2800
Sacroiliac anterior ligament 700
Sacroiliac posterior ligament (long) 1000
Sacroiliac posterior ligament (short) 400
Iliolumbar ligament 1000
Pubicum superius ligament 500
Pubis arcuate ligament 500
Gluteus maximus 344
Gluteus medius 779
Gluteus minimus 660
Psoas 100
Adductor magnus 257
Adductor longus 134
Adductor brevis 499
Material Elastic modulus (MPa) Poisson’s ration
Fibrous rings 450 0.45
Vertebral pulp 2.25 0.4995
Sacrum cartilage 54 0.4
Pubic symphysis 5 0.45
Acetabulum cartilage 12 0.42
Bone graft 3500 0.25
Implant (Titanium) 110000 0.3

The mean of the maximum von Mises stress at both sides of
the hip joint in flexion increased by 69.3% (2.15 MPa) in
the S2F model, 10.2% (1.40 MPa) in the S1F model, and
7.8% (1.37 MPa) in the L5F model compared with the NF
model (1.27 MPa). The angular motion also increased with
the increase in the number of levels fused. The angular mo-
tion at the hip joint increased by 1.16° in the S2F model
(1.5°), 0.44° in the S1F model (0.78°), and 0.05° in the L5F
model (0.39°) compared with the NF model (0.34°).

Stress and angular motion at extension

The von Mises stress and angular motion at the hip joint
in extension was similar to that in flexion. The mean of the
average von Mises stress at both sides of the hip joint in ex-
tension increased by 2.7 times (0.93x10™" MPa) in the S2F
model, 40.0% (0.49x10" MPa) in the S1F model, and
17.1% (0.41x10"" MPa) in the L5F model, compared with
the NF model (0.35x10™" MPa). The mean of the maximum
von Mises stress at both sides of the hip joint in extension
increased by 3.6 times (1.93 MPa) in the S2F model, 72.2%
(0.93 MPa) in the S1F model, and 3.7% (0.56 MPa) in the
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LSF model, compared with the NF model (0.54 MPa). An-
gular motion at the hip joint in extension increased by 1.91°
in the S2F model (2.36°), 0.72° in the SIF model (1.17°),
and 0.05° in the L5F model (0.50°), compared with the NF
model (0.45°).

Stress and angular motion at bending

The stress at the hip joint cartilage and angular motion
was gradually increased as the bending of fusion segments
increased, but the difference among models was smaller than
those in flexion and extension. The mean of the average von
Mises stress at both sides of the hip joint in bending in-
creased by 64.5% (0.51x10™" MPa) in the S2F model, 6.5%
(0.33x10" MPa) in the S1F model, and 3.2% (0.32x10™
MPa) in the LSF model, compared with the NF model (0.31
x10™" MPa). The mean of the maximum von Mises stress at
both sides of the hip joint in bending increased by twice
(1.0 MPa) in the S2F model, 20.0% (0.60 MPa) in the S1F
model, and 12.0% (0.56 MPa) in the L5F model, compared
with the NF model (0.50 MPa). The angular motion at the
hip joint increased by 0.72° in the S2F model (0.84°), 0.17°
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Figure 3. Mean of the average von Mises stress at both sides of the hip joint cartilage.
NF: non-fusion model, L5F: L4-5 fusion model, S1F: L4-S1 fusion model, S2F: L.4-S2 alar screw
fixation model
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Figure 4. Mean of the peak von Mises stress at both sides of the hip joint cartilage.
NF: non-fusion model, L5F: L4-5 fusion model, S1F: L4-S1 fusion model, S2F: L.4-S2 alar screw
fixation model

in the S1F model (0.29°), and 0.01° in the L5F model

(0.13°), compared with the NF model (0.12°). Stress and angular motion during rotation

The tendencies during rotation were similar to the other
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Figure 5. Mean of the average angular motion at both sides of the hip joint cartilage.
NF: non-fusion model, L5F: L4-5 fusion model, S1F: L4-S1 fusion model, S2F: L4-S2 alar screw
fixation model
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Figure 6. Stress contours at the left hip cartilage in the L4-S2 fixation model (a), L4-S1 fixation model (b), L4-L5 fixation mod-
el (c), and non-fixation model (d) at flexion, extension, bending, and rotation.

motions, but smaller differences in von Mises stress and an- tension. The mean of the average von Mises stress at both
gular motion were observed compared with flexion and ex- sides of the hip joint in rotation increased by 41.0% (0.55x
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10" MPa) in the S2F model, 7.7% (0.42x10™" MPa) in the S
IF model, and 2.6% (0.40x10" MPa) in the L5F model,
compared with the NF model (0.39x10™ MPa). The mean of
the maximum von Mises stress at both sides of the hip joint
in rotation increased by 74.6% (1.1 MPa) in the S2F model,
9.5% (0.69 MPa) in the S1F model, and 1.6% (0.64 MPa)
in the L5SF model, compared with the NF model (0.63
MPa). The angular motion at the hip joint increased by
0.73° in the S2F model (2.3°), 0.13° in the S1F model
(1.7°), and 0.03° in the LSF model (1.6°), compared with
the NF model (1.57°).

Discussion

This study revealed the influence of lower instrumented
vertebrae on the acetabular cartilage of the hip joint, espe-
cially during L4-S2 alar iliac screw fixation, which had the
greatest impacted on the hip joint. A previous study reported
that spinal fusion surgery added stress to the adjacent spinal
segment and sacroiliac joint™”. Adult spinal deformity sur-
gery, including sacroiliac joint fixation, has also been shown
to influence the hip joint in a radiographical study”. Our re-
sults support these previous findings and suggest that adult
spinal fusion surgery, including S2 alar iliac screw fixation,
may contribute to osteoarthritis of the hip joint.

One of the major complications of adult spinal fusion sur-
gery is ASD. ASD typically develops at the mobile segment
above or below the fused spine'”. Lumbar fusion surgery has
been reported to increase mobility in the proximal and distal
adjacent segments and add stress on the facet and disc in
adjacent mobile segments™. This was thought to be caused
by the transfer of motion from the fused segments to the
next mobile intact segments®’. Using single-photon emission
computed tomography and bone scintigraphy, lumbosacral
fusion was shown to induce sacroiliac joint dysfunction™. In
this study we observed increased uptake in the sacroiliac
joint, reflecting mechanical overloading and sacroiliitis.
Similarly, hip joint pain after spinal fusion surgery has been
reported”. A radiological study reported that sacroiliac joint
fixation in adult spinal fusion surgery decreased the amount
of cartilage in the hip joint”. In our FE study, it was clear
that lumbosacral fusion led to a greater increase in the angu-
lar motion and stress on the sacroiliac joint than lumbar fu-
sion, which does not include pelvic fixation. This study also
revealed that the contact pressure of the hip joint was the
highest in the S2F model. The hip joint lesion after lumbar
fusion, including sacroiliac joint fixation, was thought to be
a type of ASD.

Several studies have revealed increases in the angular mo-
tion of adjacent segments in ASD. Similar to ASD, the sac-
roiliac joint had increased angular motion in the lumbosacral
fusion model than in the lumbar fusion models®™. In this
study, the angular motion of the pelvis was greater in the S2
F model than in the other lumbar or lumbosacral fusion
models. In clinical reports, a hip-spine relation has been re-
ported™. Patients with stiff spines caused by degenerative

Spine Surg Relat Res 2022; 6(6): 681-688

disc disease experience less spinal mobility and more hip
motion during sit-to-stand and stand-to-sit motions. Reduced
hip motion can be compensated for by spinal mobility, and
decreased mobility of the thoracolumbar level is associated
with the progression of hip osteoarthritis®. Therefore, de-
creased spinal mobility can be a risk factor for hip osteoar-
thritis progression by potentially increasing the mechanical
load on the hip™. In this study, lumbosacral fusion, includ-
ing sacroiliac joint fixation, induced less lumbar mobility
and greater hip motion, which induced greater angulation
and greater stress on the hip joint.

This study has several limitations. First, the contact be-
tween the screw surfaces and bone was simulated as a com-
plete fusion, but it did not reflect this fact. Hip joint degen-
eration could have been influenced by various factors, such
as gender, body mass index, and coverage rate. Moreover,
the hip joint has a broad variation in formation and degen-
erative change, but we used the ideal model to assess the
impact of lumbar fusion and sacroiliac fixation on the hip
joint. Adult spinal deformity surgery often fuses the vertebra
from the lower thoracic spine to the pelvis, but our model
was constructed from the L4 vertebra. This was because the
model from the lower thoracic to the femur was too large
and could not be analyzed. The von Mises stress and angu-
lar motion at the hip joint were highest in the S2F model,
but there was little difference in bending and rotation. How-
ever, this trend is in agreement with previous findings™. We
have taken various postures in daily activities by combining
flexion, extension, bending, and rotation postures, However,
these motions did not reflect the daily motion, for example
standing, sitting, or walking. So, research based on motion
analysis is necessary. This study was based on a single stan-
dardized model, which might not be fitted to various pa-
tients. However, this FE model was validated against previ-
ous research and the result was favorable.

In conclusion, lumbar fusion with sacroiliac joint screw
fixation leads to more angular motion and contact stress on
the hip joint than the other models without sacroiliac joint
fixation. Therefore, clinicians should be concerned with hip
lesions after lumbo-pelvic fixation surgery.
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