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Abstract

Study Design: Finite element (FE) study.

Objective: Pedicle subtraction osteotomy (PSO) is a surgical method to correct sagittal plane deformities. In this study, we
aimed to investigate the biomechanical effects of lumbar disc degeneration on the instrumentation following PSO and assess the
effects of using interbody spacers adjacent to the PSO level in a long instrumented spinal construct.

Methods: A spinopelvic model (T10-pelvis) with PSO at the L3 level was used to generate 3 different simplified grades of
degenerated lumbar discs (mild (Pfirrmann grade III), moderate (Pfirrmann grade IV), and severe (Pfirrmann grade V)). In-
strumentation included eighteen pedicle screws and bilateral primary rods. To investigate the effect of interbody spacers, the
model with normal disc height was modified to accommodate 2 interbody spacers adjacent to the PSO level through a lateral
approach. For the models, the rods’ stress distribution, PSO site force values, and the spine range of motion (ROM) were
recorded.

Results: The mildly, moderately, and severely degenerated models indicated approximately 10%, 26%, and 40% decrease in
flexion/extension motion, respectively. Supplementing the instrumented spinopelvic PSO model using interbody spacers
reduced the ROM by 22%, 21%, 4%, and 11% in flexion, extension, lateral bending, and axial rotation, respectively. The FE
results illustrated lower von Mises stress on the rods and higher forces at the PSO site at higher degeneration grades and while
using the interbody spacers.

Conclusions: Larger and less degenerated discs adjacent to the PSO site may warrant consideration for interbody cage
instrumentation to decrease the risk of rod fracture and PSO site non-union.
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Introduction

Sagittal imbalance can be associated with severe back pain and
physical disabilities, especially in the elderly population.1-3

Iatrogenic flatback syndrome, degenerative lumbar flatback
deformity, ankylosing spondylitis, post-traumatic kyphosis,
and post-laminectomy kyphosis are considered the leading
causes of sagittal imbalance.4-6 Surgical techniques inhibit the
deformity progression, achieve spinal balance, and mitigate
pain in these patients.7,8 One of the techniques used to realign
and correct the adult spinal deformity is the pedicle subtraction
osteotomy (PSO) (with the mean sagittal correction of 25°–
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35° degrees9). In this technique, a three-column posterior
resection is made, and a V-shaped wedge of the vertebral
body is removed through the pedicles. Thus, the wider bone-on-
bone contact area provides more stability and decreases the risk
of pseudarthrosis. This technique uses the anterior cortex of the
vertebral body as a hinge to close the wedge resection. Con-
toured rod instrumentation is usually utilized to control the
closure of the osteotomy.7 Despite the multiple benefits of the
PSO in correcting the sagittal imbalance, it is a technically
demanding procedure, and there is a significant risk of serious
complications.10,11 A prevalent complication associated with
PSO is post-operative rod breakage reported to be as high as
31.6%.12,13 Aside from age, pre-operative sagittal imbalance,
construct length, the extension of fusion to the pelvis or
sacrum, inadequate anterior column support, and rod con-
touring,13-18 the lumbar disc geometry has been identified as
a risk factor affecting rod failure.19 The reduction in water
and proteoglycan content of the nucleus pulposus (NP) often
leads to disc degeneration and loss of disc height.20-22

Moreover, as degeneration increases, more collagen is se-
creted in the NP, and hence it becomes stiffer and more
fibrotic.23,24 Therefore, the biochemical and geometrical
changes during disc degeneration result in biomechanical
alterations of the spinal column, such as changes in stiffness,
range of motion (ROM), and loading.

Given the complexity of intervertebral disc (IVD) de-
generation biomechanics and the lack of biomechanical as-
sessments of the degenerated spine following PSO, the first
purpose of this study was to analyze the effect of lumbar disc
degeneration and disc height reduction at 4 different disc
grades (healthy; mildly, moderately, and severely degenerated
IVDs) on the rods’ biomechanics following PSO.

Additionally, investigators have used various surgical
techniques to mitigate the mechanical complications and rate of
rod fracture following PSO. These include the use of interbody
spacers at the disc spaces adjacent to PSO,12,13,25-27 which
improves the stability of the spine and instrumentation, leading
to less rod failure. Hence, it is essential to understand the effect
of interbody spacers on the rods’ biomechanics as well as the
ROM and anterior force at the osteotomy site. Thus, our second
goal was to investigate, through finite element analysis, the
biomechanical effects of interbody spacers (adjacent to the PSO
region) in long instrumented fusion constructs.

Materials and Methods

Institutional review board approval and informed consent
were not needed for this study. In this study, a previously
validated finite element (FE) spinopelvic model (T10-pelvis)
with 30° PSO at L3 was used as a basis to produce different
grades of disc degeneration models.28,29 An extensive de-
scription of the PSO model development and material prop-
erties can be found in the literature.28,29

After the PSO was performed, this model was modified to
generate 3 different simplified grades of degenerated lumbar

discs (mild, moderate, and severe). The degeneration process
was performed at all lumbar levels of the spine. To simulate disc
degeneration, disc heights were reduced, the compressibility of
the nuclei was increased, and the stiffness of the fibers and
ligaments was altered. Each disc’s height in the lumbar regionwas
reduced based on the grading system of disc degeneration de-
scribed byWilke et al.32 (grades 0, 1, 2, and 3were corresponding
to a 0%, 0–33%, 33–66%, and 66–100% disc height loss). Based
on Pfirrmann et al. classification, these grades (healthy, mild,
moderate, and severe) correspond to Pfirrmann grade I (normal
disc height), Pfirrmann grade III (normal to slightly decreased disc
height), Pfirrmann grade IV (normal to moderately decreased disc
height), and Pfirrmann grade V (collapsed disc height), respec-
tively.33-35 In these models, it was assumed that the osteophyte
and diffuse sclerosis formation were negligible. The mild,
moderate, and severely degenerated disc models were simulated
by a 20%, 50%, and 80% reduction in disc heights with respect to
their healthy conditions (Figure 1). The anterior, posterior, and
average lumbar disc heights (for both healthy and degenerated
models with various grades) are presented in Table 1.

As disc degeneration increases, the material properties of
nucleus and annulus structures become similar. The Young’s
modulus of nucleus pulposus was increased from the healthy
nucleus material values to the healthy annulus fibrosus ground
substance values.36,37 The nucleus material properties for mild
and moderate degenerated discs were linearly interpolated.
Based on the literature, the annulus fibrosus ground substance
was not affected by disc degeneration (Table 2).38,39 As disc
degeneration increases at a specific lumbar level, fibers and
ligaments buckle.36 Similar to Rohlmann et al.’s study, in our
FE models of degenerated discs, to compensate for changes in
the length of each ligament and fibers, their non-linear force-
deflection curves were offset. Therefore, the buckled ligaments
were only activated when they reached their original length.

Models Instrumentation

Design, development and placement of various components of
spinal implants, including pedicle screws and rods were ex-
tensively discussed in previous publications.28,29

Instrumentation included eighteen pedicle screws extending
from T10 to the ilium. Pedicles of T10, T11, and T12 vertebral
levels were instrumented bilaterally with 4.5 mm × 40 mm
pedicle screws. Six 5.5 mm × 45 mm screws were bilaterally
anchored at L1, L2, and L4 pedicles. At the L5 and S1 levels,
pedicles were instrumented with 6.5 mm x 45 mm and 55 mm
screws, respectively. Two 8.5 mm × 80 mm iliac screws were
placed such that there was no screw prominence. Two 5.5 mm
rods were contoured to fit the pedicle screw tulip heads.

Titanium alloy (Ti6Al4V; E = 115 GPa, υ = .3) and Cobalt-
Chromium (CoCr; E = 241 GPa, υ = .3) material properties
were adapted from the literature and assigned to pedicle
screws and rods, respectively.40,41 Two connectors were tied
to the iliac screw tulip heads and rods to connect them. These
connectors were assigned Ti6Al4V material properties.
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Interbody Spacer FE Models

To investigate the effect of interbody spacers, the afore-
mentioned instrumented PSO model with normal disc heights

was modified to accommodate 2 interbody spacers adjacent to
the PSO level (Figure 2). A lateral approach was used to
instrument the lumbar IVDs with the spacers. For both levels,
ideal interbody spacer heights and lordosis angles were cal-
culated from the PSO FE model. Subsequently, the pertaining
interbody spacers were meticulously designed in SolidWorks
and imported into the Abaqus for model development and
analysis.

A total nucleotomy and a partial annulotomy were per-
formed by deleting the corresponding elements of the IVDs.
Tie constraints were used to simulate the intervertebral fu-
sions. Interbody spacers were assigned polyether-ether-ketone
(PEEK) material properties (E = 3600, v = .4).

Loading and Boundary Conditions

The FE simulation included a two-step analysis: first, to mimic
similar kinematics response as those in vivo, follower loads
corresponding to the upper body trunk weight in the adult
spine were applied to each vertebra.42 These follower loads
were simulated as connector forces with the magnitude of
300 N for the thoracic and 400 N for the lumbar spine. In the
second step, pure moments of 7.5 Nm were applied to a
reference point, which was kinematically coupled to the su-
perior endplate of the T10 vertebral body in all 3 anatomical
directions of flexion (Flex), extension (Ext), lateral bending
(LB), and axial rotation (AR). During the entire simulation,
the acetabular surfaces of the pelvis were fixed in all degrees of
freedom.

To further validate the degenerated lumbar motion seg-
ments of L1–L2, L4–L5, and L5–S1, the FE results were
compared to the in vitro study of Mimura et al.43 In their
experimental study, they applied a maximum moment of 10
Nm to each motion segment and calculated the corresponding
three-dimensional intervertebral motions of each level sep-
arately. In our study, a reference point was created and ki-
nematically coupled to the superior endplate of the proximal
vertebra. Afterward, a 10 Nm pure moment was applied to
this reference point while the inferior endplate of the lower
vertebral body was constrained in all degrees of freedom.
Due to a lack of data for PSO associated with disc degen-
eration, we were not able to validate L2–L3 and L3–L4
motion segments.

Data Analysis

The ROM at L1–L2, L4–L5, and L5–S1 segments with dif-
ferent grades of disc degeneration was assessed for validation
purposes. The T10-S1 global ROM of all the instrumented
spinopelvic models, including normal (with and without in-
terbody spacers) and 3 different grades of IVD degeneration
(mild, moderate, and severe), were calculated and compared.
For all the models, the stress distribution on the rods was
precisely evaluated. The force values acting at the osteotomy
sections were recorded following follower load application.

Figure 1. Lateral views of the developed spinopelvic Finite Element
models integrated with 30° of Pedicle Subtraction Osteotomy at
the L3 level accompanied with various lumbar Intervertebral Disc
degeneration grades: (A) healthy discs (normal disc height), (B) mildly
degenerated (20% reduction in lumbar disc heights), (C)
moderately degenerated (50% reduction in lumbar disc heights), and
(D) severely degenerated (80% reduction in lumbar disc heights). For
the sake of Intervertebral Discs visualization, the ilium bones were
not shown in this figure.
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Results

Model Validation

The FE predictions for L1–L2, L4–L5, and L5–S1 interseg-
mental rotations, showed similar trends as the in vitro analysis
of Mimura et al.43 Mimura et al. found that with an increase in
degeneration’s grade, the ROM decreased in flexion/extension
and lateral bending43 while the axial rotation motion initially
increased, and decreased in the severely degenerated discs.

Spine’s ROM

Within the instrumented models, as degeneration increased,
the greatest variation in the T10-S1 ROM was found in
flexion/extension. Compared to the instrumented FE model
with healthy discs (Pfirrmann grade I), the mildly (Pfirrmann
grade III), moderately (Pfirrmann grade IV), and severely

(Pfirrmann grade V) degenerated models indicated approxi-
mately 10%, 26%, and 40% decrease in flexion/extension
motion, respectively. Under lateral bending and axial rotation,
different grades of disc degeneration showed similar motions.
Under axial rotation, the highest variation in ROM between
the healthy (Pfirrmann grade I) and degenerated discs was
observed in the model with severe degeneration (Pfirrmann
grade V, Figure 3).

Supplementing the instrumented spinopelvic PSO model
using interbody spacers reduced the ROM. This reduction was
approximately 22%, 21%, 4%, and 11% in flexion, extension,
lateral bending, and axial rotation, respectively (Figure 4).

Maximum von Mises Stresses on the Rods

The FE results illustrated lower von Mises stresses on the rods
at higher degeneration grades. In degenerated models, the

Table 2. Maximum von Mises stress values and locations were recorded on the rods in different motions and different grades of IVD
degeneration. In models with no spacer, the FE results showed lower von Mises stresses on the rods at higher degeneration grades. Under left
bending and left rotation, the critical stress location was observed at the PSO region. Moreover, the rod’s critical stresses were reduced by
33% in flexion, compared to models with no spacers.

No interbody spacers

With interbody spacers
Healthy disc (Pfirrmann
grade I)

Mildly degenerated
(Pfirrmann grade III)

Moderately
degenerated (Pfirrmann
grade IV)

Severely degenerated
(Pfirrmann grade V)

Stress
value
(MPa) Location

Stress
value
(%) Location

Stress
value
(%) Location

Stress
value
(%) Location

Stress
value
(%) Location

FLEX 339 PSO �5% PSO �21% PSO �34% PSO �33% L4–L5
EXT 105 L4–L5 �14% L4–L5 �23% S1-Iliac screw �18% S1-Iliac screw �4% L4–L5
LB 221 PSO (right rod) �3% PSO (right rod) �17% PSO (right rod) �32% PSO (right rod) �11% L4–L5 (right rod)
RB 221 PSO (left rod) �9% PSO (left rod) �15% PSO (left rod) �29% PSO (left rod) �9% L4–L5 (left rod)
LR 256 PSO (right rod) �6% PSO (right rod) �24% PSO (right rod) �34% PSO (right rod) �13% L4–L5 (right rod)
RR 256 PSO (left rod) �11% PSO (left rod) �23% PSO (left rod) �32% PSO (left rod) �14% L4–L5 (left rod)

FLEX: Flexion, EXT: Extension, LB: Left Bending, RB: Right Bending, LR: Left Rotation, RR: Right Rotation, PSO: Pedicle Subtraction Osteotomy, IVD: In-
tervertebral Disc.

Table 1. Material properties of healthy and degenerated intervertebral discs. Values are adapted from literature.28,29 The corresponding
grades of degeneration are provided based on Pfirrmann Classification.33-35

Component/Material Element formulation Constitutive model

Material parameters

Pfirrmann classificationC1 C2 D1

Nucleus
Nucleus/Healthy Hexahedral Non-linear (Mooney Rivlin) 0.12 0.03 0.0005 Grade I
Nucleus/Mildly degenerated Hexahedral Non-linear (Mooney Rivlin) 0.135 0.0338 0.0379 Grade III
Nucleus/Moderately degenerated Hexahedral Non-linear (Mooney Rivlin) 0.1575 0.0394 0.0939 Grade IV
Nucleus/Severely degenerated Hexahedral Non-linear (Mooney Rivlin) 0.18 0.045 0.15 Grade V
Annulus Fibrosus
Annulus fibrosus (ground) Hexahedral Non-linear (Neo Hookean) 0.348 — 0.3 —

Annulus fibrosus (fiber) Rebar Non-linear Hypoelastic — — — —
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maximum von Mises stress in all the motions (except ex-
tension) was recorded at the PSO region. In these models,
during the left bending and left rotation motions, the maxi-
mum von Mises stress was located at the PSO region of the
right rod, and during the right bending and right rotation
motions, this value was located at the PSO region on the left
rod. Values and locations of the maximum von Mises stress on
the rods for various disc degeneration grades in different
motions are summarized in Table 2.

Using 2 interbody spacers, 1 above and 1 below the PSO
level, had a significant effect in decreasing the maximum von

Mises stress on the rods. The FE results indicated the greatest
reduction in the maximum von Mises stresses occurred in
flexion motion (Table 2). Supplementing the model with 2
interbody spacers reduced the maximum von Mises stress on
the rods by 33% in flexion. The least stress reduction was
observed in extension motion (approximately by 4%,
Table 2). The FE results showed that by adding interbody
spacers above and below the PSO level (i.e., L2–L3 and L3–
L4), the maximum von Mises stresses shifted the rod’s
critical stress location from the PSO site at L3, caudally to
L4–L5.

Figure 2. Lateral view of the instrumented spinopelvic model supplemented with interbody spacers adjacent to the Pedicle Subtraction
Osteotomy level (L3). On the left side, a top view of the meshed interbody spacer used in the models was demonstrated. For the sake of
Intervertebral Discs visualization, the ilium bones were not shown in this figure. A total nucleotomy and a partial annulotomy were
performed, and the spacers were implanted through a lateral approach. Tie constraints were used to simulate the intervertebral fusions.

Figure 3. Instrumented T10-S1 global Range of Motion for different loading cases and different grades of disc degeneration in models with no
spacer. The highest variation in the T10-S1 Range of Motion was observed in flexion/extension. Moreover, under axial rotation, the highest
variation in Range of Motion between the healthy (Pfirrmann grade I) and degenerated discs was observed in the model with severe
degeneration (Pfirrmann grade V).
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Force at the Osteotomy Region

With increasing disc degeneration, greater forces were ob-
served at the PSO site. Models with healthy (Pfirrmann grade
I), mildly (Pfirrmann grade III), moderately (Pfirrmann grade
IV), and severely (Pfirrmann grade V) discs degenerated
showed 248N, 257.1 N, 272.1 N, and 287.5 N forces at the
PSO level, respectively. Furthermore, interbody spacers
considerably increased the force magnitude at the PSO site
(335.6 N).

Discussion

Pedicle subtraction osteotomy is an intricate surgical inter-
vention to correct sagittal plane deformities. Although PSO is
a very effective method to address sagittal malalignment, it is
associated with a greater risk of complications. Amongst all
complications, rod failure is a major reason for revision
surgeries.9,12,13,45-49 In a multicenter retrospective study,
Smith et al. reported 15.8% rod fractures following PSO. In
another prospective multicenter investigation, the rate of rod
fracture in patients who underwent PSO was reported to be
about 22%. To mitigate the mechanical complications and rate
of rod fracture following PSO, investigators have used various
techniques, including utilizing one or more primary or satellite
rods and choosing stiffer CoCr rods that have been demon-
strated to be clinically favorable.25-27 In this regard, a pre-
viously published article by Seyed Vosoughi et al.,28 using a
validated PSO model, has shown that adding satellite rods
increases the rigidity of the construct and reduces the stress on
the primary rods at the PSO level.

In a study by Briski et al.,19 lumbar disc geometry was
recognized as a risk factor affecting rod failure. They reported
the patients who experienced rod fracture had larger, non-

fused disc heights at the 2 levels immediately cranial and
caudal to the PSO level. Unfortunately, there is a lack of
experimental work in the literature on degenerated discs
and their effects in PSO models. Thus, in an attempt to
understand the IVD degeneration biomechanics, 3 dif-
ferent disc degeneration models (mildly, moderately, and
severely degenerated) were developed and correlated to
the Pfirrmann classification33-35 in the current study. The
simulated healthy, mild, moderate, and severe disc de-
generated models are corresponding to Pfirrmann grade I,
III, IV, and V, respectively.33-35 The FE models were
validated and analyzed in terms of the spine’s ROM, the
rod’s maximum von Mises stress, and the anterior force
across the osteotomy site.

The ROM obtained in this study for models with disc
degeneration and at L1–L2, L4–L5, and L5–S1 segments
showed similar trends to the in vitro study of Mimura et al.43

In their cadaver study, with increasing disc degeneration,
flexion-extension and lateral bending motions decreased while
the axial rotation initially increased then decreased.43

Park et al.50 reported that disc degeneration resulted in
reductions in flexion-extension and lateral bending motions,
which showed similar ROM trends as our findings for the L4–
L5 motion segment. In agreement with previous studies,43,51

our findings showed that axial rotation increased in the early
stages of degeneration and then decreased with severe
degeneration.

Our FE results showed that discs with larger height (less
degenerated) led to a greater ROM and hence instability at the
PSO level. The superior mobility of the segments adjacent to
the PSO region resulted in a greater maximum von Mises
stress on the rods. Therefore, with increasing degeneration,
disc heights decrease, and the stress values on the rods de-
crease, lowering the risk of rod fracture.

Figure 4. Comparison of the instrumented T10-S1 global Range of Motion for different loading cases with and without interbody spacers.
Supplementing the instrumented spinopelvic Pedicle Subtraction Osteotomy model using interbody spacers reduced the T10-S1 Range of
Motion by 22%, 21%, 4%, and 11% in flexion, extension, lateral bending, and axial rotation, respectively.
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Several studies investigated the location of rod failure
following PSO surgery.17,28,52-54 In a multicenter retrospective
study of 443 patients, Smith et al. assessed symptomatic rod
fractures following adult spinal deformity correction. Rod
fracture was reported at or adjacent to the PSO level in 89%
(16 out of 18) of all failures.10 Tang et al.52 conducted a
biomechanical study on the severity of the rod contour in a
PSO setting and found that a rod’s fatigue life depends sig-
nificantly on the severity of the rod angle. Their observation
showed a greater risk of fracture in rods with more severe
angles. Our results showed that in all grades of disc degen-
eration, the maximum von Mises stress occurred during flexion
motion, during which the stress concentration was observed at
the PSO region on the rods. Therefore, the PSO region on the
rods is expected to be highly susceptible to failure.

The results further indicated that after follower load appli-
cation, with an increase in the disc degeneration, a greater amount
of load acted across the osteotomy region. Thus, a greater amount
of load was carried by the spine’s anterior column, and a lower
portion of the total load was transferred to the posterior in-
strumentation, specifically the rods. Therefore, with an increase
in disc degeneration, the maximum von Mises stress on the rods
is reduced, and thus, rod failure is expected to reduce similarly.

Another goal of this study was to investigate the biome-
chanical effects of interbody spacers in long instrumented
constructs, including a PSO. Enercan et al.55 suggested using
the interbody spacers adjacent to the PSO level to mitigate
pseudarthrosis and rod fracture rate. In an in vitro study by
Deviren et al.,56 the use of interbody spacers adjacent to the
PSO level was investigated in different loading cases, which
showed a modest stabilization effect. Charosky et al.17 re-
ported a reduction in bending moments on the rods when an
interbody spacer was used below the PSO.

In this regard, our computational analyses illustrated that
adding interbody spacers above and below the PSO level
decreased the rod’s maximum von Mises stress by about 33%.
Our findings also showed that by adding 2 interbody spacers
above and below the PSO level, the ROM in different di-
rections decreased approximately 4–22%. This was in
agreement with a biomechanical study of Hallager et al.,57

which showed a reduction in the rod’s strain magnitude under
flexion-extension. In another study by Januszewski et al.,48

adding the interbody spacers reduced the stresses on the rods
by 15%, which is consistent with our findings.

Our computational analyses showed that adding the in-
terbody spacers to the PSO construct increased the force acting
on the osteotomy region. Adding interbody spacers to the
anterior column increased the stiffness of this region, which
caused a load transfer to the anterior column. Hence, posterior
instrumentation was subjected to a lower force, and conse-
quently, lower chances of rod breakage are expected. This
increased the force acting on the PSO region, suggesting lower
chances of pseudarthrosis.

Similar to any other finite element analysis, limitations of
the current computational study should be taken into account.

Spine degeneration is a very complex process, and different
factors are involved, which cannot be readily simulated using
FE analyses. For instance, due to the complexity of sclerosis
and osteophyte formation, and lack of data in the literature on
the geometry, material properties, and the rate of development
on various IVD levels given various grades of disc degen-
eration, these were not considered in our models. In addition,
the change in discs’ height and PSO angles may result in
decreased or increased lordosis angles which can affect the
instrumentation contours, ROM, and stress values on the rods.
In this regard, Tang et al.52 showed that more severe angles of
rod contour have a higher risk of failure. However, the main
focus of this article was to analyze the effects of lumbar disc
degeneration and disc height reduction on posterior rod
stresses following PSO. To accomplish this, all other major
variables, including PSO location and angle, sagittal align-
ment, and instrumentation, were kept constant. Moreover,
facets degeneration and annular tears during the degeneration
process were neglected in the current simulations. Due to the
lack of information for the degenerated annulus material
properties, its material properties were not altered within
different grades of degeneration. Dynamic analysis of the
components such as fatigue test provides a more accurate
failure assessment of the rods. No dynamic analysis was
simulated in this study. However, fatigue testing of different
constructs of this study is suggested for future assessments.
Other recommendations for future studies include considering
several variables like sclerosis and osteophyte formation on
the discs, pre-operative flexibility, pre-operative radiographic
parameters (lordosis angle, pelvic incidence, etc.), the extent
of fusion levels, weight, PSO correction angle, and size and
type of instrumentation.

Conclusion

In the PSO setting, with increasing degeneration, disc heights
decrease, resulting in greater amounts of load carried by the
anterior column, thus decreasing stress values on the posterior
rods and lowering the risk of rod fracture. Adding interbody
spacers adjacent to the PSO level reduces the ROM and
maximum von Mises stress acting on the posterior rods while
enhancing the anterior column stiffness and the force acting on
the osteotomy site, thus decreasing the risk of PSO pseu-
darthrosis. Interbody cage instrumentation above and below
the PSO site in selected patients may reduce the risk of
posterior rod failure and PSO pseudarthrosis.
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