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ABSTRACT

Background: Symptomatic or asymptomatic transitional anomalies at the lumbosacral junction are common
occurrences in the population. Lumbosacral (L5-S1) accessory articulations are the most common presentations of
transitional anomalies at this region. Such anatomical alterations are believed to be associated with biomechanical
changes of load-bearing and movement restrictions leading to low back pain. This study attempts to use computational
models of a normal and a lumbosacral transitional vertebrae (LSTV) accessory articulation to analyze and compare the
range of motion and loading patterns at the lumbosacral articulations.

Methods: Three-dimensional Finite Element computational models of normal and accessory L5-S1 articulated sacrum
were created. These models were tested for range of motion and stress patterns generated at the lumbosacral articulations
using similar loading and motion simulation to elicit different moments/excursions at the lumbosacral junctions.

Results: Compared to the normal variant, the transitional model exhibited different range of motion and divergent
patterns of stress generation at the lumbosacral and accessory articulations with equal and physiological magnitudes of
loading applied to both the models.

Conclusions: The finite element modeling approach can be used for biomechanical investigations in LSTV variants.
However, larger sample studies with different LSTV models may be required to statistically compare movement and loading
patterns at LSTV-affected lumbosacral and sacroiliac junctions, and to recommend definitive treatment strategies in these

situations.
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INTRODUCTION

Lumbosacral transitional vertebrae (LSTV) are
commonly found, with or without symptoms, in
approximately 15% of all adults."* L5-S1 transitions
may present as (a) unilateral or bilateral accessory
articulation between the extended LS5 transverse
process(es) and the sacral ala; (b) complete unilateral
or bilateral fusion (sacralization) of the L5 with the
first sacral segment (S1); or (¢) unilateral or bilateral
separation (lumbarization) of the S1 from the sacral
mass.>> Transitional L5-S1 junctions demonstrate
several anatomical alterations compared to the
normal variants.®” These changes include alterations
L5-S1 disc space heights, and dimensional and
orientation changes of the facet joint and the sacral

auricular surface areas, changes that are often linked
with low back pain (LBP).*? Of all transitions, L5-S1
accessory articulations have been identified as the
most common variety of LSTV.*!°

The lumbosacral junction allows different ranges
of movement in all the three spatial planes. These
movements include different degrees of flexion-
extension, lateral bending, and axial rotations.''™"?
In normal circumstances, the L5-S1 articulations,
namely the intervertebral disc and the facet joints
are constantly subjected to multidirectional com-
pressive and shear stress during day-to-day activi-
ties.'*'® Although the orientation of the lumbar
facet articulation limits its rotation, facet joints
form the posterior neural arch elements and are
highly mechanically loaded structures.” Since the
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lumbar spine presents a lordosis in the sagittal
plane, the L5-S1 junction is subjected to accentuated
forward shearing stress at the facet joints and the
pars interarticularis.”® ** L5-S1 accessory articulat-
ed junctions are additionally associated with altered
facet morphology, and may present with pain and
restriction of movement.”* ?® The sources of such
pain have been identified at the L5-S1 or adjacent
intervertebral discs, the facet joints, the anomalous
accessory articulation, or a nerve root trapped
between an extended L5 transverse process and the
ala of the sacrum.?’!

Biomechanical evaluation of lumbosacral motion
and stress patterns have been performed in active
young volunteers, with cadaveric material and with
computational vertebral models.>*> However, analy-
ses of load bearing patterns in LSTV junctions
(including accessory articulations) using computa-
tional models have very rarely been reported. Since
L5-S1 accessory articulations are the most prevalent
form of LSTV in the population, this pilot study
was attempted to (1) create an aberrant LSTV
model of the sacrum previously unreported in the
literature, (2) test the range of motion (ROM)
permissible at the transitional junction with the
specified magnitude of loading, (3) record the
pattern of stress generated at all the L5-S1
articulations (including vertebral bodies, facets, L5
pars interarticularis and the anomalous accessory
articulation), and (4) compare all the outcomes with
similar motion and loading parameters applied to a
normal sacral model. Abnormal loading patterns
generated at these anatomical sites, specifically at
the posterior vertebral elements, have been impli-
cated in lumbosacral instability.?!33 3>

MATERIAL AND METHODS

Three-dimensional finite element models of a
normal and a lumbosacral junction with accessory
L5-S1 articulation (left sided) between the extended
transverse process and the left sacral ala was created
using three-dimensional geometric models using
CATIA software. The model was created from serial
computed tomography scan images obtained from
osteological samples of a normal sacrum, and a
sacrum with corresponding L5 vertebra bearing the
left-sided accessory articulation (Figure 1). All model
dimensions were validated by measurements from
dried human fifth lumbar vertebra and the sacrum.
The motion-segment models included the vertebra,
the sacrum, the end-plates, and the intervening

Inter-vertebral
dist. secsnsins

Left
auricular
surface

— e N
1] 5.368
4.475

Figure 1. Lumbosacral transitional vertebra model seen from the left-superior
aspect. The asterisk marks the L5-S1 accessory articulation of the left side. The
left auricular surface and the L5-S1 disc are labeled and moment axes are
shown on top of the L5 body.

intervertebral discs. All dimensions were also re-
viewed and cross-checked from existing literature as
well as from dried bones used for this study.'®*® The
L5-S1 accessory articulation was represented as an
extension of the left L5 transverse process forming a
diarthrodial joint with the sacral ala.

The models were then transferred from the
CATIA software platform to Hypermesh (13.0,
Altair Inc., Troy, Michigan) software using IGES
files (*.igs format). Finite Element models were then
created with nodes and elements assigned appropri-
ate material properties to the model constituents.*’-*®
Finite Element analysis was performed using the
ANSYS 12.0 software version. Boundary conditions
and loading parameters were applied in accordance
to values available from available literature.** The
lumbosacral junctions in both the models were
subject to simulated flexion, extension, left and right
lateral bending, left and right axial rotation using
similar parameters of virtual preloading and prede-
termined moments of force. The outcomes were
recorded in terms of ROM (in degrees) at the
lumbosacral junction, and stress generated at each
lumbosacral articulating surface (including vertebral
end-plate contact, facets, L5 pars interarticularis and
the anomalous accessory articulation) and at the
osseous segment (pars interarticularis) as von Meiss
stress measured in MPa units.

RESULTS

Table 1 and Figure 2 compare the ROM between
the two models. Tables 2(a) and (b) and Figures 3
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Table 1. Shows the range of motion (ROM) in degrees, compared between the normal and L5-S1 accessory articulation (AA) models for the same magnitude of
loading at the lumbo-sacral junction (preload = 750 N; moment =1 Nm).

Flexion Extension Left Lateral Bending Right Lateral Bending Left Axial Rotation Right Axial Rotation

ROM (normal) 3.05 3.02 4.34 433 1.32 1.40
ROM (AA) 225 3.12 3.09 2.86 0.55 1.03
and 4 compare loading between the normal and the pars interarticularis demonstrated lower
L5-S1 LSTV junctions. ROM observed at the two stress: left-right = 4.93 and 4.78 vs. 5.90
lumbosacral models with flexion, extension, left and and 6.10. The LSTV di-arthrosis stress was
right lateral bending, left and right axial rotation measured at 6.69 MPa, in extension.
were different from each other with the same (¢c) Left lateral bending (coronal plane): Left
parameters applied to the models to generate a lateral bending was restricted, 4.34 vs. 3.09
specific motion. Contact forces generated at the in the normal model. Vertebral end-plate
vertebral end-plates, facet joints, pars interarticu- contact stress was greater 11.13 vs. 8.11;
laris, and the L5-S1 accessory articulation demon- facet loading was increased: left-right = 6.10
strated wide variations between the two models with and 3.94 vs. 3.84 and 4.45; pars interarticu-
the same loading conditions and rotational mo- laris demonstrated lower stress: left-right =
ments applied on them to elicit the specific motion. 722 and 6.96 vs. 6.18 and 5.86. The LSTV
ROM (in degrees) and von Meiss stress (MPa) left di-arthrosis stress was measured at 7.44
from the LSTV model versus the normal model: MPa, with left lateral bending.
(a) Flexion (sagittal plane): Flexion was restrict- (d) Right lateral bending (coronal plane): Right

ed, 2.25° vs. 3.05° in the normal model. lateral bending was restricted, 2.86 vs. 4.33

Vertebral end-plate contact stress was great- in the normal model. Vertebral end-plate
er 9.41 vs. 7.93; facet loading increased: left- contact stress was greater 9.50 vs. 8.12; facet

right = 6.16 and 4.91 vs. 5.81 and 5.53; pars loading was decreased: left-right = 3.98 and

interarticularis demonstrated lower stress: 3.14 vs. 3.42 vs. 4.10; pars interarticularis

left-right = 3.73 and 3.90 vs. 6.59 and 6.34. demonstrated lower stress: left-right = 4.86
The L5-S1 accessory articulation shared a and 4'98 vs. 6.05 and 5.84. The LSTV left di-
magnitude of 6.30 MPa on the left, during arthrosis stress was measured at 6.72 MPa,
flexion. with right lateral bending.

(b) Extension (sagittal plane): Extension was (e) Left axial rotation (transverse plane): Left
increased, 3.12 vs. 3.02 in the normal. axial rotation was restricted, 0.55 vs. 1.32 in
Vertebral end-plate contact stress was great- the normal model. Vertebral end-plate con-
er 10.23 vs. 8.60; facet loading decreased: tact stress was greater 20.10 vs. 11.78; facet
left-right = 6.00 and 4.73 vs. 6.46 and 5.73; loading was decreased: left-right = 3.98 and

4.65 vs. 5.98 and 5.72; pars interarticularis
ROM comparison between the intact and accessory articulation L5-S1 models demonstrated lower stress: left-right = 4.45
and 4.9 vs. 7.44 and 7.22. The LSTV left di-
. O Normal i Acuessary srticulation arthrosis stress was measured at 5.18 MPa,
4. with left axial rotation.

A (f) Right axial rotation (transverse plane): Right
E’J ¢ axial rotation was restricted, 1.40 vs. 1.03 in
§ 5 the normal model. Vertebral end-plate con-
- tact stress was greater 18.17 vs. 11.54; facet
g 19 [L [. loading was decreased: left-right = 3.49 and
" 5.71 vs. 4.51 and 3.73; pars interarticularis
O N, N L B PN R IO T RO demonstrated marginally lower stress: left-
Loading conditions: Pre-load=750N; Moment=1Nm e l‘ight = 6.28 and 6.56 vs. 6.86 and 6.58. The

Figure 2. Comparison of range of motion (ROM) between the normal and LSTV left dl_'arthFOSIS st?ess was measured at
lumbosacral transitional vertebra (L5-S1 accessory articulation) model shown. 6.09 MPa, with right axial rotation.
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Table 2. (a) Shows the von Meiss stress [MPa] patterns in the L5-S1 articulations and at the pars interarticularis in the normal model. (b) Similar parameters shown in
the L5-S1 transitional model. Load at the L5-S1 accessory articulation (AA) is an additional parameter.

Flexion Extension Left Lateral Bending Right Lateral Bending Left Axial Rotation Right Axial Rotation
(a) Normal
Vertebral end-plate 7.93 8.60 8.11 8.12 11.78 11.54
Left facet joint 5.81 6.46 3.84 3.42 5.98 4.51
Right facet joint 5.53 5.73 4.45 4.10 5.72 3.73
Left pars interarticularis 6.59 5.90 6.18 6.05 7.44 6.86
Right pars interarticularis 6.34 6.10 5.86 5.84 7.22 6.58
(b) AA
Vertebral end-plate 9.41 10.23 11.13 9.50 20.10 18.17
Left Facet Joint 6.16 6.00 6.10 3.98 3.98 3.49
Right Facet Joint 491 4.73 3.94 3.14 4.65 5.71
Left Pars interarticularis 3.73 4.93 7.22 4.86 4.45 6.28
Right Pars interarticularis 3.90 4.78 6.96 4.98 4.9 6.56
*L5-ST AA 6.30 6.69 7.44 6.72 5.18 6.09

Overall, the transitional model demonstrated re-
stricted movements at the lumbosacral joints. Also,
the LSTV pars interarticularis showed asymmetric
(left > right) load distribution. The left facet ipsilateral
to the L5-S1 accessory articulation showed lesser
loading, probably due to the dimensional variation
related to facet tropism seen commonly with LSTV
variants and incorporated into our model.’

DISCUSSION

Load-bearing pattern and range of planar motion
at the LSTV accessory-articulation is different from
normal lumbosacral junctions. More specifically,
loading at the vertebral end-plates was found to be
elevated during movements in the LSTV model used
in the study. Stress at the facet articulation and pars
interarticularis were correspondingly elevated in
both the models for similar moments, for all
excursions at the lumbosacral junction. The acces-
sory articulation between the extended L5 trans-

Stress patterns for normal model in all ROM
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Figure 3. Graphs for the normal lumbosacral junction showing stress patterns
at different anatomic locations at the L5-S1 junction with different movements.
Abbreviation: ROM, range of motion.

verse process and the ala of the sacrum exhibited
expected stress patterns based on physiological
moments in all three planes of movement.

Lateral bending and axial rotation at the L5-S1
junction elevated stress at the L5-S1 vertebral
endplates. Lateral bending in the L5-S1 transitional
model showed increased stress at the pars interarti-
cularis and at the accessory articular junction as
reported in the literature. These stress patterns
restrict the range of lateral bending in comparison
to the normal models. Similarly, the range of axial
rotation is restricted by the accessory articulation.
Any attempt of axial rotation generated higher
stress levels at the L5-S1 accessory articulation.
Additionally, in the normal model, stress levels in
the pars interarticularis during axial rotation were
observed to be greater than the transitional variant.
This probably resulted due to the arrest of loading
at the accessory articulation during the axial
rotation that prevented the rotational torque
propagating to the pars.

Stress patterns in the L5-S1 accessory articulation model for all ROM
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Figure 4. Graphs for the lumbosacral transitional vertebrae (left-sided
accessory articulation) model showing stress patterns at different anatomic
locations at the L5-S1 junction, with different movements. Abbreviation: ROM,
range of motion.
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Analysis of the ROM in the two models shows that
the different ranges show dissimilar values of struc-
tural loading despite identical stress conditions.
Flexion and extension moments in the two models
were similar in their ROMs. However, lateral rotation
was restricted bi-directionally in the transitional
model. This restriction may potentially pose risks for
the development of higher stress levels at the LSTV
model for a physiological moment that may present
with a grossly reduced degree of lateral bending or
axial rotation. These observations demonstrate that
the lumbosacral junctions with L5-S1 accessory
articulation may develop stress levels at the accessory
articulation, the facets, the vertebral end-plates, and
the pars even with lesser degree of excursions.

Axial rotations in the LSTV model showed that a
rotation to the left (ipsilateral to the accessory
articulation) is restricted more than the other side.
Other parameters of stress in the transitional model
were substantially elevated with this rotation. The
vertebral end-plate stress, facet, and pars loading in
the transitional model were in general higher than the
normal model. The accessory L5-S1 articulation
connecting the extended L5 transverse process with
the sacral ala restricted axial rotation in the transverse
plane. The torque generated with this rotation may
result in increased stress at the site of the accessory
articulation. This “strut-like” diarthrodial articulation
at the lumbosacral junction may limit the force of the
rotation (around a vertical, instantaneous axis of
rotation near the nucleus pulposus). Clinical and
radiological isotope uptake studies have shown pain,
inflammation, and higher stress levels in patients with
LBP due to accessory LSTV articulations. The lower
facet and pars loading (as observed in this study) may
indicate that the stress generated with axial torque in
this LSTV variant may have been routed through the
accessory L5-S1 articulation and not propagated to
the neural arch elements.

FEM studies involving LSTV anomalies are rarely
found in the literature. This pilot study demonstrates
distinct loading patterns at these LSTV lumbosacral
junctions affecting stressors for the vertebral end-
plates, the facets, pars interarticularis, and the
accessory articulation site, with physiological load-
ing. Further information on the excursion ranges and
the loading magnitudes at these anomalous junctions
with simulations may help clinical decision-making
on the impact of excision of impinging accessory L5
transverse process, assessing the risk of destabilizing
the joint with extended surgical instrumentation at

the junction, or in deciding appropriate intervention
to treat stiffness and pain at the lower back. This is to
help safe and effective clinical decision-making
involving transitional anomalies. Though the initial
findings of this pilot project is encouraging, there are
a few limitations of this study. The number of
iterations performed and the number of models used
in this study are not adequate for evaluating of
statistical significance of the outcomes. This could be
tested in the future with the availability of other
LSTV models in the future. This study was
undertaken as a step towards the direction creating
function finite element modeling (FEM) LSTV
models and to compare loading simulation outcomes
with a normal variant.

CONCLUSIONS

This pilot study attempts to model the ROM and
loading patterns in a common LSTV variant and
offers a mechanistic explanation for symptomatic
LSTV pathology. Given a diverse range of clinical
presentation and the great variability in the
anatomical pain-source in such anomalies, it is
beyond the scope of this study to recommend any
specific treatment approaches in light of the findings
enumerated above. However, our study detects
differences in ROM and loading patterns in the
specific LSTV model investigated here. Larger
studies with different LSTV models may help better
delineate and compare movement and loading
patterns at the lumbosacral and sacroiliac junctions
associated with the entire spectrum LSTV variants.
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