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Abstract

Recent studies on adult spinal deformity report
complications including anterior longitudinal ligament
(ALL) rupture, which may cause instrumentation
failure. This study aimed to evaluate the effect of
ALL rupture on instrumentation failure. We used a
three-dimensional finite element method (3D-FEM)
to study the rupture of the ALL. A 3D-FEM model
of the lumbar spine was generated using computed
tomography images. A posterior instrument was
then adapted to the L1-S1 vertebrae as a fixed
model. Simulations of ALL rupture were performed
at L3/4 in 25% increments and virtual excision of
the intervertebral disc (IVD) was performed for each
model. Thus, we prepared standard models and L1-

S1 fixed models with and without disc excision under
ALL rupture conditions. We evaluated displacement
(mm) during extension and the von Mises stress
(MPa) on the IVD, vertebral body around the
screws, and posterior instrument. In the standard
models, with and without disc excision, displacement
during extension and the stress on IVDs increased
as the degree of ALL rupture increased. In L1-S1
fixed models, the displacement similarly increased.
The stress on IVDs, vertebral bodies around the
screws, and posterior instruments also increased.
ALL rupture may pose a potential risk of vertebral
instability, leading to instrumentation failure.
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I. Introduction
Adult spinal deformity (ASD), a common
condition associated with low health-related
quality-of-life outcomes, is Increasing In

prevalence and reportedly affects up to 68%

Corresponding author: Hirooki Endo
oki_oki@me.com

47

of elderly people ™. Although we usually
prescribe conservative treatment for patients
with mild or moderate symptoms, surgery
1s often necessary for patients with severe
symptoms, such as low back pain and/or gait
disturbance caused by spinal malalignment. In
most cases, surgery for restoration of spinal
malalignment improves the quality of life of
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patients. With this aim in mind, it is better
to choose a procedure that is as minimally
invasive as possible because patients with
ASD are often of advanced age and cannot
tolerate invasive procedures ”. This explains
why in recent times, good results have been
reported for minimally invasive multilevel
lateral lumbar interbody fusion (LLIF),
including extreme lateral lumbar interbody
fusion and oblique lateral lumbar interbody
fusion, with posterior instrumented fixation for
the correction of spinal deformities in elderly
patients .

Several studies on ASD have also
reported frequent mechanical complications,
including rod fracture, screw breakage or
loosening, interbody spacer migration, and

119 Tn addition, anterior

hook dislodgment
longitudinal ligament (ALL) rupture is a
known intraoperative complication of LLIF **
that causes vertebral instability and potentially
leads to instrumentation failure followed
by delayed union and pseudoarthrosis **°.
One Japanese observational study found
that ALL rupture occurred in 14 out of 34
patients (41.2%) with ASD who underwent
LLIF, and delayed union was indicated in
this group *. However, there are no reports
in the literature that focus on ALL rupture,
which can influence posterior instrumentation
and cause mechanical complications. We
hypothesized that stress on the tissues and
posterior instrument would increase as the
degree of ALL rupture increased. The present
study aimed to investigate the association
between ALL rupture and instrumentation
failure, using a three-dimensional finite

element method (3D-FEM).

II. Materials and Methods

1. Finite element model of the lumbar
vertebrae with posterior instrumentation

A 3D-FEM lumbar model consisting of the
five vertebral bodies, sacrum, ALL, posterior
longitudinal ligament, ligamentum flavum, and
intervertebral disc (IVD), was created using
helical computed tomography (CT) images (0.6
mm slice thickness) of the whole spine, from
the cervical spine to the pelvis, of a healthy
adult woman with a dual source CT scanner
(SOMATOM Force; Siemens Healthineers AG,
Erlangen, Germany). The scanning parameters
were as follows: field of view (FOV) = 330
mm; tube voltage = 90 kV; tube current with
CT-automatic exposure control (CT-AEC) =
200 reference mAs; rotation time = 0.5 s/rot.
Image series were reconstructed by using
advanced modeled iterative reconstruction
(ADMIRE). The vertebral body was
differentiated into cortical and cancellous
bones, based on actual CT scan measurements,
so that the thickness of the cortical shell had
a range of between 1.5 and 2.0 mm and the
IVD included the annulus fibrosus and the
nucleus pulposus. We used Simpleware Scan
IP Version N-2018.3 (Synopsys, Inc., Mountain
View, CA, USA) for analysis and spatial
resolution of the CT scan was not modified
when transferring data. In addition, L1-S1
screws and rods were optimally fabricated
using Simpleware Scan IP (Synopsys, Inc.) and
Inventor 2019 (Autodesk, Inc.,, Mill Valley, CA,
USA). Thus, the standard model and the L1-
S1 fixed model were completed. These models
were divided into all 4-node tetrahedral

elements (Fig. 1A).
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Table 1. Material properties of the present model

Young modulus (MPa)

Poisson ratio

Cortical bone
Cancellous bone

Annulus fibrosus
Nucleus pulposus

Anterior longitudinal ligament
Posterior longitudinal ligament

Ligamentum flavum

Titanium alloy

12,000 0.30
1,500 0.30
25 0.30

1 045

68 0.30

98 0.30

286 0.30
110,000 0.30

2. Material properties and boundary
conditions

We imported all meshed parts of the lumbar
model, including the posterior instrument,
from the initial software to the secondary
software, Patran 2008r2 Pre Release (MSC
Software, Inc., Newport Beach, CA, USA),
as pre-post processors. These parts were
assigned for complete adhesion under node
sharing with each other except for each facet
joint, as suggested in previous studies ",
and the posterior instruments of the L1-
S1 fixed model were assumed to be firmly
inserted and fixed into the bone. After node
sharing, the standard model had 226,906 nodal
points and 1,093,629 elements in total, and the
L1-S1 fixed model had 310,909 nodal points
and 1,499,182 elements in total. The material
properties of the anatomical components
were set with reference to earlier studies, and
titanium alloy (Ti-6Al-4V) was the material
chosen for the instruments (Table 1) .
These properties included Young modulus
and Poisson ratio, which meant a measure of
stiffness of an elastic material and the ratio of

transverse contraction strain to longitudinal

extension strain in the direction of stretching
force, respectively. The caudal part of the
sacrum was fixed in all directions to simulate
a constraint condition. Loads of 500 N were
applied to the cephalic margins of L1, upward
in the anterior margin and downward in the
posterior margin. These conditions were
defined as static load conditions to recreate
lumbar extension. This boundary condition
did not have “the follower load” cited in
previous 3D-FEM studies, considering the
physiological compressive load caused by

: 33-35
muscle contraction *

) This approach was
taken because the present study aimed to
evaluate only the influence of ALL rupture.

3. Simulation of ALL rupture and disc

excision during surgery

We hypothesized that ALL rupture
would occur in either one or both anterior
approaches, such as the LLIF and posterior
cantilever technique, so the ALL at L3/4
in each model was differentiated by 25%
increments (0%, 25%, 50%, 75%, and 100% of
ALL rupture) using Patran 2008r2 Pre Release
(MSC Software, Inc.) (Fig. 1B). The L3/4 level

was empirically selected because there have
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Fig. 1. A three-dimensional finite element lumbar

model (A) and preparation for analysis (B).
(A) This model consists of the five vertebral
bodies, sacrum, anterior longitudinal
ligament (ALL), posterior longitudinal
ligament (PLL), ligamentum flavum (LF),
annulus fibrosus (AF), nucleus pulposus
(NP), and posterior instrument.
(B) Simulation of anterior longitudinal
ligament rupture at L3/4 in 25%
increments (upper). The standard models
and the L1-S1 fixed models with or without
disc excision (lower).

IVD around the screws and the posterior
Instrument, using Marc 2010 (MSC Software,
Inc.) as the solver. We did not consider the
values at L1/2 and L5/S1 because we could

not evaluate the stress accurately owing to
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Fig. 2. Displacement in the standard models.

The standard models with and without
disc excision are physiologically extended
with an increase in the degree of anterior
longitudinal ligament (ALL) rupture.
Displacement during extension in the
models with or without disc excision
increases as the degree of ALL rupture
increases. In models with disc excision,
the spinous processes of the 75% ALL
rupture model impinged on one another at
L3/4 and analytic errors in the 100% ALL
rupture model provided no data.

the analytically and structurally inevitable
stresses at those levels in our study conditions.
Moreover, the finite element method, which is
different from statistics, is one of the methods
of numerical analysis and is used to find
approximate solutions to differential equations.
This method is deeply rooted in functional
analysis and mathematically well-ordered.
Marc 2010 (MSC Software, Inc.) performs
analyses based on this theory, so a statistical
approach was unnecessary in the present
study.

III. Results
Figure 2 shows the displacement during
extension in the standard models with and
without disc excision. The displacement
in models without and with disc excision

increased from 13.6 mm to 13.8 mm and
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0% (intzct)

Fig. 3. Stress distribution of the intervertebral disc in the standard models.
(A) A case without disc excision, where the stress is expressed as von Mises stress (MPa)
using the contour map and increases as the degree of anterior longitudinal ligament (ALL)

rupture increases.

(B) A case with disc excision (lower), where the stress is expressed as von Mises stress
(MPa) using the contour map and increases as the degree of ALL rupture increases.
Analytic errors in the 100% ALL rupture model provide no data.

from 18.3 mm to 29.6 mm, respectively, as
the degree of ALL rupture increased. In
the models with disc excision, the spinous
processes in the 75% ALL rupture model
impinged on one another at L3/4, and
analytic errors in the 100% ALL rupture
model provided no data. The upper panel of
Figure 3 demonstrates the stress distribution
of the IVD in the standard models without
disc excision. The anterior stress of the IVD
at L3/4 decreased from 0.667 MPa to 3.33
MPa, and the posterior stress increased from
0.667 MPa to 4.00 MPa as the degree of ALL
rupture increased. The lower panel of Figure
3 demonstrates the stress distribution of the
IVD in the standard models with disc excision.

L1-S1 fixed models
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Enon-disc excision @ disc excision
Fig. 4. Displacement in the L1-S1 fixed models.
Displacement during extension in the models
with or without disc excision increases as
the degree of anterior longitudinal ligament
rupture increases.

The stress of the residual IVD at L3/4 and
the whole stress of the IVD at L4/5 increased
from 0.667 MPa to 8.67 MPa and from 0.667
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Fig. 5. Stress distribution in the L1-S1 fixed models without disc excision.
Stress is expressed as von Mises stress (MPa) using the contour map. The stress of
the anterior part of the intervertebral disc (A) decreases and increases in the posterior part.
The stress of the vertebral bodies around the screws (B) and the posterior instruments
(C) increases as the degree of anterior longitudinal ligament (ALL) rupture increases.
The arrows of intact and 100% show the easy-to-understand locations where stress
distribution can change in each part among the degree of ALL rupture.

MPa to 3.33 MPa, respectively, as the degree
of ALL rupture increased. In excised cases,
analytic errors in the 100% ALL rupture
model provided no data.

Figure 4 shows the displacement during
extension in the L1-S1 fixed models, with

and without disc excision. The displacement

in models without and with disc excision
increased from 1.06 mm to 1.07 mm and from
143 mm to 1.58 mm, respectively, as the
degree of ALL rupture increased. Figure 5
demonstrates the stress distribution of the
IVD, the vertebral bodies around the screws,
and the posterior instruments in the L1-S1
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Fig. 6. Stress distribution in the L1-S1 fixed models with disc excision.
Stress is expressed as von Mises stress (MPa) using the contour map. The stress of the
intervertebral disc (A) , the vertebral bodies around the screws (B), and the posterior
instruments (C) increase as the degree of anterior longitudinal ligament (ALL) rupture
increases. The arrows of intact and 100% show the easy-to-understand locations where
stress distribution can change in each part among the degree of ALL rupture.

fixed models without disc excision. The overall
stress of the IVD at L2/3, L3/4, and L4/5
decreased more than that in the standard
models (Fig. 3A). The anterior stress of the
IVD at L3/4 decreased from 0.290 MPa to
0.865 MPa, and the posterior stress increased
from 0.147 MPa to 0577 MPa as the degree
of ALL rupture increased. The stress of the

vertebral bodies around the screws at L3 and
L4 increased from 0.732 MPa to 2.20 MPa and
from 0.732 MPa to 2.93 MPa, respectively,
as the degree of ALL rupture increased.
The stress of the posterior instruments at
L2/3, L3/4, and L4/5 increased from 5.33
MPa to 320 MPa each as the degree of ALL
rupture increased. Figure 6 demonstrates the
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stress distribution of the IVD, the vertebral
bodies around the screws, and the posterior
instruments in the L1-S1 fixed models with
disc excision. The overall stress of the IVD
at L2/3, L3/4, and L4/5 decreased more than
that in the standard models (Fig. 3B). The
stress of the residual IVD at L3/4 and the
posterior stress of the IVD at L4/5 increased
from 0.667 MPa to 2.00 MPa and from 0.667
MPa to 1.33 MPa, respectively, as the degree
of ALL rupture increased. The stress of the
vertebral bodies around the screws at L3 and
L4 increased from 2.67 MPa to 800 MPa and
from 2.67 MPa to 13.3 MPa, respectively, as
the degree of ALL rupture increased. The
stress of the posterior instruments at L2/3,
L3/4, and L4/5 increased from 5.33 MPa to
80.0 MPa each as the degree of ALL rupture

Increased.

IV. Discussion

The stress distribution in our intact standard
model without disc excision (ALL 0% rupture)
showed that the anterior parts of the IVDs
were pulled by the vertebral bodies, and
the posterior parts were compressed. At
the same time, there were neutral zones
almost in the center of the IVDs. This result
could demonstrate the path approximating
the tangent to the curvature of the lumbar
vertebrae in a similar fashion to that reported
in the literature using “the follower load” **.
Both the stress and displacement of the
intact standard model increased more with
excision, and this result could explain why the
IVD was an anterior retainer construction
as well as ALL. Considering these points,
the physiological extension and the realistic
lumbar construct in the present study

model were validated. We showed that
the displacement during extension and the
stress on the IVDs, vertebral bodies around
the screws, and posterior instruments (both
screws and rods) increased as the degree of
ALL rupture increased.

It is generally known that ALL tethers each
vertebral body and suppresses bulging of
the IVD, thereby retaining extension and
axial rotation*”. Based on this characteristic
of ALL, previous studies have investigated
the influence of ALL rupture using a variety
of methods. Some studies have found that
the excision of ALL caused hypermobility at
the excision level and adjacent levels " *®. A
prospective study on total disc replacement
suggested that the maintenance of ALL led
to evasion of instrumentation failure and good
alignment by ligamentotaxis *. A pathological
study on rabbits found that injury to the IVD
accompanied by complete ALL rupture caused
spinal instability *”. Furthermore, an earlier
cadaveric study demonstrated that ALL excision
led to significant instability of constructs and
potential risk of instrumentation failure, even if
those constructs had 8 mm or 13 mm spacers
for LLIF performance *. Therefore, it is clear that
the anterior column construction representative
of ALL plays a key role in stabilization, and
this was also demonstrated by these findings
using our standard models.

Although many studies have investigated
the importance of ALL and factors associated
with mechanical complications, there are few
reports on the relationship between ALL
rupture and instrumentation failure. Recently,
a retrospective multicenter study reported
that the rate of rod fracture in anterior
column realignment (ACR) was 4.4%, although
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this rate was not significantly different from

" and rod

that of purposive ALL excision *
fracture did not occur at the same level, but
occurred at the adjacent level of the ALL
excision. For this reason, we should also
consider the effect of ALL rupture from a
biomechanical viewpoint.

Despite significant interest in the ALL and
the availability of a number of studies that
examined a variety of spinal trials, analysis
of the simple effect of ALL rupture using a
3D-FEM, in which the ALL has been modeled
and assessed as a solid element, has not
been previously performed. Most 3D-FEM
studies with posterior fixation models have
investigated the effect of differences in
surgical approaches, interbody cages, and
means of fixation. However, in these studies,
ligaments, including the ALL, have always
been assessed as bar elements or as tension-
only truss or spring elements and were
never modeled into solid elements *" * ***¥.
Therefore, it has not been possible to evaluate
the pure effect of the degree of ALL rupture.
Our study generated three-dimensional
ligaments that were converted into solid
elements and we succeeded in dividing the
ALL into four fragments. This allowed us to
imitate ALL ruptures in 25% increments and
examine the association between the degree of
ALL rupture and instrumentation failure from
a biomechanical perspective.

The present study showed that the stress
on the peripheral tissues and the posterior
instrument with or without disc excision
increased not only at the same level but
also at adjacent levels, as the degree of ALL
rupture increased. In terms of biomechanics,

this result may support the findings of an

earlier retrospective multicenter study on
rod fractures, although without statistical
significance ?. Moreover, slight displacement
occurred regardless of rigid posterior fixation
with an Increase in the degree of ALL
rupture. This may be clinically plausible, and
an acquired segmental lordotic angle of about
26° (mean) resulting from accidental ALL
rupture in LLIF has been reported *, which
1s comparable to the findings reported by
studies that assessed the use of hyperlordotic

524 Therefore, we

cages under ACR surgery
suggest that ALL rupture is associated with
a potential risk of vertebral instability, leading
to instrumentation failure. This study does
not deny the necessity of ALL excision to
correct global alignment, but it does indicate
that surgeons should be careful to avoid
accidental ALL damage during surgery. We
only considered factors affecting ALL rupture,
and further investigations into the risk factors
for mechanical complications are required.
This study had several limitations. First,
the investigated models did not follow the real
surgical procedure for ASD and did not involve
cage insertion in the IVD space. Assuming
that the cage was integrated with a bony
union of the adjacent vertebral bodies with
the true procedure, the stress on the tissues
and posterior instrument may be different in
this study; however, this design was necessary
to achieve simple and clear analyses. Second,
these models imitated a relatively healthy
status and did not replicate the degenerative
condition found in elderly patients. Third, we
did not define the capsular ligament of the
facet joint, supraspinous ligament, interspinous
ligament, and intertransverse ligament.

However, this may not have markedly affected
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the present findings because rigid posterior
fixation can impede the motion of ligaments and
facet joints. Fourth, displacement was the only
extension investigated; therefore, it remains
unclear what motions (flexion, extension, lateral
bending, or axial rotation) are most related to
instrumentation failure. Furthermore, we were
not able to consider screw loosening because
we conducted this experiment under “adhesive”
analysis, not “contact” analysis. Despite these
limitations, we were able to elucidate the
biomechanical relationship between ALL
rupture and instrumentation failure.

In conclusion, the stress on the IVDs,
vertebral bodies around the screws, and
posterior instruments, as well as the
displacement during extension, increased as
the degree of ALL rupture increased. ALL
rupture may cause vertebral instability and
create a potential risk of instrumentation

failure; therefore, surgeons should be careful

to avoid accidental ALL damage during
surgery for ASD. A follow-up study evaluating
the performance of the model presented in
this paper applied to the thoracolumbar spine

will be performed in due course.
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2E

B N BRI R U T ot A A A4 1 [ 524 &
BEF L 72 R0 X A S OFED — D & L CHERERTHE
9 7 (anterior longitudinal ligament ; ALL) 215 2% %
0, EFE, U T % instrumentation failure SiE
BIDHE SN TWAE, 3RITHRER S % T ALL
52 & % instrument ~NO & 2 MHRE L7z CT Ml
BO3RTLARBEZTERE T VEIERL, T#
|2 instrument %= F¢iE S 172 L1-S1 EEE TNV HERK
L7z, Iholiixt L TEBOFEMRFEHEO L HIZL3/4
SACHEBIARGE bR 2 B L, W& TALL &

25% FTOEB S ETIVE L. IS OMETN
NOENE (mm) &EMERAR, A7) 2 — FEHOMHEE,
instrument ~® %> 7> % von Mises 71 (MPa) % 2F-1ff
L7z, ALLBBEN LA T A1ZEMEHN~NDOEA
B L 72, FERCHERIAR, A2 ) 2 — FBOHEE,
instrument ~D LI A5 LS L7z, & 72 instrument ™~
DISTNTHEEEM EBEET 2EMIIBWTH LA L
72, ALL BB ORENEINT 213 EHFMEALTEWLD
A UL & instrument ~O &AL L7z, ALL 48
51347 7% instrumentation failure ® YV A7 £ 72 )18 5.
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