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Abstract  Detailed wvestigation on hiomechenics of s coniples stnsctire such as the bumaan lansbar
s pegjiianes Ehe kise of sdvanced compuier-hased technigee for bath the geoovetrcal reconstnection ar
ik siress annlysis, | the presend stody, the compister-assnind wimngraphy (CAT)H and finse elomeni
method (FEM) are merged 1o perfomm ditailsl theee dimensionsl nonlinenar analysss of the human
ligameniois lumbar spise, The decails of the development of a three dienisonsl model of the lombar
epine wsing CAT images are initially descrbed. Then the predicied nonfinear response of the system
subjected o axial compression force 1 presesteod, The stress sawlysis is performed using a linile eletent
code developed by Shirae-Addl,
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INTRODUCTION

Low~back disorders ane serious problems thot nffect
o large proportion of the populption, Despite
considerble effors i the last few decades, repanding
thelr etivlogy, they remain still poorly undersiood
and inadequately managed. Epidemiological as well
as biomechanical studies have demonstrated the
imporiant role of mechanical factors in the back
disorders, For example, exposure to heavy minual
handling tasks and lifting particulady involving axial
porsbon are known o increase the dsk of the low-hack
.

The lumbar region of the human spine is a very
complex three dimensional strecture consisting of
various tissues such us dhscs, ligamems, venchral
bodies, and muscles. Detailed biomechanical analysis
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of this system requires an accurate 3-D finite element
mesh, In the present study, the computer-gssisted
tomography images of o cadavenc lumbar spine are
wsed to ptomatically reconstruct the geometry of the
lagmbsir spine [ 1],

In order o perform i accurale siress analysis of
such a complicaed structure, the previous code used
for the mmulysis of a single hambar motion scgmeni
12, 3] has subwiantially been modified o account for
the specific features of the present multi-motion
segments model [4-6]. This is then applied for the
nonfincarstress analysisofthe lumbar spine with diffencot
houndary conditions under axial compression force.

METHOM
The structure of the spinal column is schematically
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presented in Figure 1, The lumbar spine is that partof
the spine located in berween the thomeic and the
sacrum regions and is distinguished by s sagittal
curviature feferred to us the lumbar londosis. The
lordodic curvature is made of wedge-shaped lumbar
interverichral discs which are thinner posteriorly.
This varimtion in height is particularly noticeable o
thiz lovwer lumbar discs. Adjncent bony vertehee e
attached to each ather by an intervenebral disc and a
mumber of lgaments, Each disc is composed of a
central gelatinous fluid-like nucleus pulposus
surrounded by composite annulus fibre Iayers,
Computer-assisted womography images of a
cadaveric ligamentous hambar spine of i 63-yenr-old
male subject were obtained wsing 2 mm  thick
transvierse slices wt 2 mm intervals, The specimer
weas insured 1o be normal with no undee de gene ration
or deformity, The digital images were recomded on
magnictic mpe and were directly uncoded using anin-
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house developed software 1o auomatically identify
the geometry of various tissues in every single image.
This was done using a thresholding method hased on
the analysis of the pixel imensry oarve of CAT
images and was subsequently venfied and cornescted
by an interactive slice edition progmm. The 3-D
triangular polygon mesh of the verebrae including
the incets was then reconstrucied by & reconstrociion
ilgonthm,

Due 1o the poor visibility of the disc contours on
the sconner images, the inervertebril discs werne
reconstmicted using the peometry of the adjacent
vercheal end-pliges. A special softwire wasdeveloped
to automatically generate the mesh for the
interverichral discs using 8-mode brick elements,
Amieular surfices of the feers wene digitizsed on the
[R1S work station screen empioying scis of contactor
poins and tarpet triangular sufaces. Anachment
poims of the ligaments were also identified v a
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Figure 1. Human vertehral column, (a) Frostal or aateror vew, (b Saginal or leral vies:,
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similar manner, The details of the reconstruction
procedure are available elsewhere for reference [1].

The constructed miodel of the ligamentous lumbar
spine includes six vertebrie (L1-51), five discs, ien
seis of supenor and inferor fmeel amicolaang sur-
Faces (pwo ateach levely, and many liguments (sapra)
interspinous, lignmentum favam, inleAmnsve me,
capsular, posterior longitudinal, amerior longimdinal,
iliolumibar, and Fascia).

Figure 2 shows two segments with the middle
vertehr removed. The finite element mesh of the
discs, facet articular surfaces, and some ligaments ane
visihle im this figure, The model of the whole lumbar
spine andl the grds for typical focet joints and an
interveriehral disc ane shown in Figures 3 and 4, This
imosdel of thie lumibar spine contains 108D B-node solid
elements (for the annulus mainx of the discs), 3760
d.npdde membrane elements (for the annulus

Figure L Kepresentabon of two mation segments with the
ikl b wertehra remowed,
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Figure 3, A view ol the medel ans rypical grids forthe facel jmnts
arxl mbervenebaal discs,

collagenous layersh, 315 2-node uninxial elements
ifor lipnmenis), 180 4-node planar elements (for the
vertehrnl end-plates), 250 contacior points {for the
[t inferior aricular surfaces), 662 turgat trinngelar
surfaces (for the facet superior anticular surfaces), 11
rigid bodiex (for the venchrac), 10 beam elemems
(for the venebrae), and o wtal of abow 2983 nodal

Flgure 4, The entire mode! showing vaneug deformohie elements
{righl bony elements ane nod ghisenl.
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points, The generated data are then ransferned o a
mainframe computer o be utilized in an in-house
developed 3-D nonlinear finite clement progrm.

In orcher b0 ik the analysis wractable and an the
same lime preserve the accuracy, each vertebral body
ix modeled by two rigid bodies inter-connected by
pwio deformahle spatinl beam elemems, This
sepresentation is hased on the earlier susdies on the
mle of the venehral compliance on the scgmental
response [4, §]. The addition of rgid bodies that can
bhe attached o deformable elements and ardculie
witheach other or with deformable bodies required 3
substantial modification o the aothors” existing
program [2, 3], Momover, the nonlinear treatment of
o Muid-Filled cavities nside solid sruciures | 2] needed
to be reformulmed o allow for the presence of mon
than odae uid cavity in the media 6]

The matenal properties are hased onearlier studics
12, 3] ax well az extensive survey of recent data in the
litermure. The loading is applied ai the L1 anterior
vieriehril body (see Figure 1) and congists of an axial
compression which incrementally reaches its
i value of 700 N for the case in wiichthe L
is restruined in horizontal vranslaions and of 200 N
for the cases with elther a resteint in the sngittal
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Figure 5 Vamabion of the sagitsl (ranslatson ai differest
veriehrae with the axial fodce lof the case with s consirint al
the L1.
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iranslation at the L1 or no restruints at all. The distal
end of the model at the 51 (e, sacrum) is fixed inall
cases anlyzed, The apphied axial load isinthe global
Z direction which 12 22t 10 be perpendicular to the
mid-plang of the L3-L4 intervertebral disc, The gho-
hal X and Y directions are in the horizomal plane
oriemed inthe sagittal (iowards the posterion side in
Figure |b) aiid latesi (towards the left side in Figune
Ia) directions respectively.

RESULTS AND DISCUSSION

Sagittal displacement (X)) a1 different levels for the
cise with wnconsirpined L1 is shown in Figure 5.
WVery large sagitnal translations and miatons with
softening behaviours are compuied in this case,
Reestraint on e sagittal transiation ab the L1 stiffens
the hombar spine and results in instability (i.e., large
displacements or hypermobility) in the frontal plane,
as depicted in Figure 6. The model with the L
restrained in the horzontal transiaions is found w be
the stuffest of all with minimal displacement under
mxinl compression loads ap to T N, The predicted
axial wanslations (Z) for this case are shown in
Figure 7. The varistion of the intradiscal pressure
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- LY
=== i
—i= L
el 1 |
= Ll

L1 FINED W RATITIAL &

Figure &, Vanation of the latersl irnslation o vanous serieboe
with nxpsl force for the case with the L | cansiramed in ibe sagiiial
threcton

Journal of Engineering, Islamic Republic of Iran
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Figeure 7. Varintion of the axial translation & vannes verieleae
with axial foree for the case with the L1 constrained m horonsal
digections.

(., nucleus pressure) ol different scgmental levels
with the applied load for the case with the L1
rextramned in the sagitial translation 15 slown in
Figure 8. Tt is noted that the dise pressure varies
depending on the segmental level considernsd.
Acknowledging a few other multi-motion segment
models [ 7], the presentmodel is likely the most complex
and accurate one of all lombar spine reported so far.
This wiwk was perfommed to efucidale the losd-carrying
capacity of the higamemious lumbosacral spine n
compression, It was found that the lumbar spane is o
poiliisear sysiem withimprelecton-sensitive charcter.
Due 1o its curvature in the saginal plane (lordosis). in
compression, the lumbar spine is the least stff in the
sagittal plane. The reported buckling lnad of B8 N for
the lumbar spine in the fromntal plane (8] appears oot o
e supported by the current results shown in Figure 5,
The likely mechanisms that could enhance the
compression boad-carrying capacity of the spine heyond
(e levels present in physiobogical activites and their
interactions with the active muscular systzm are
examined and discassed elsewhere in detals [9, 10].
In conclusion, the developed procedure of
merging compuler-assisted tomography  and
fimite clement modeling does not reguine manual
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Fipure 8. Vanstion of the disc prossse ai differet levels wath
axinl force For the case wath she LI constramed m the saguital
directon.

digitization of the images. This is advantageous
in both preserving the accuracy and saving the
pre-processing preparation thime, Moreover, the
mesh genemtion routine allows for a number of
user defined parameters such as the number of
elements 10 b used along the circumference,
through the radial thickness, andalong the height
of the disc annulus,

The developed interactive system is also of great
imporiance a diagnostic point of view, It permits a
wide range of interactions {rotalions, precise
measuremenis, sections, foom in, e with the
structure seen on the screcn, Finally. the above
procedun: can be parameterized in onder o easily
generate the finite element mesh of the lumbar spine
of any live subject by only inputting & number of
individunl anmtomic key valucs into the existing
model, In this manner, the modified personalized
miodel represents the actual geom ey s socuratel y s
possible and can direcily be employed in a
hiomechanical analysis,
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