QUT Digital Repository:
http://eprints.qut.edu.au/

Little, J. Paige and Adam, Clayton J. (2010) Development of a computer
simulation tool for application in adolescent spinal deformity surgery. In:
Biomedical Simulation : Proceedings of 5th International Symposium on
Biomedical Simulation, 23-24 January 2010, Phoenix Convention Center,

Arizona.

© Copyright 2010 Springer




Development of a Computer Simulation Tool for
Application in Adolescent Spinal Defor mity Surgery

J Paige Little and Clayton Adam

Paediatric Spine Research Group, Institute of Heaid Biomedical Innovation Queensland
University of Technology, Brisbane, Australia

Abstract. Scoliosis is a three-dimensional spinal deformitiich requires
surgical correction in progressive cases. In otdepptimize correction and
avoid complications following scoliosis surgerytipat-specific finite element
models (FEM) are being developed and validated urygooup. In this paper,
the modeling methodology is described and two cdilty relevant load cases
are simulated for a single patient. Firstly, a pperative patient flexibility
assessment, the fulcrum bending radiograph, islatedito assess the model's
ability to represent spine flexibility. Secondiytra-operative forces during
single rod anterior correction are simulated. Chitly, the patient had an initial
Cobb angle of 44 degrees, which reduced to 26 dsgriuring fulcrum
bending. Surgically, the coronal deformity coreettto 14 degrees. The
simulated initial Cobb angle was 40 degrees, whigtiuced to 23 degrees
following the fulcrum bending load case. The siredhsurgical procedure
corrected the coronal deformity to 14 degrees. @timputed results for the
patient-specific FEM are within the accepted cihiCobb measuring error of 5
degrees, suggested that this modeling methodo®ggpable of capturing the
biomechanical behaviour of a scoliotic human sglneng anterior corrective
surgery.

Keywords: anteriorscoliosis surgery, spinal deformity, patient-speciinite
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1 Introduction

Adolescent idiopathic scoliosis (AIS) is the mostmmmon spinal deformity, and
requires surgical correction in progressive ca€esrective surgery aims to reduce
the abnormal spinal curvature and prevent furthegmession of the deformity via
removal of the intervertebral discs, insertion ohé graft material into the cleaned
disc spaces and attachment of metal rods to thee gming screws. Post-operative
complications (such as screw pullout) or suboptimairection can occur due to
inappropriate choice of surgical levels or the agagion of excessive corrective force
during the procedure. Biomechanical computer modktke spine have the potential
to help optimise surgery outcomes and reduce coatpns, and patient-specific
finite element (FE) models have been utlized presly to investigate the
biomechanics of AIS surgery [1, 2]. The currentdgtuaims to develop more
anatomically detailed FE models of scoliosis pasiefor subject-specific prediction
of the loading and deformation of individual spirsttuctures (eg ligaments and



implants) during surgery. Such mechanical data dubvide an improved ability to
predict surgical outcomes. An important part of thedel development process is the
validation of model predictions by comparison witimical data, and an initial model
validation for a single patient is the subjectla$tpaper.

2 Methods

Purpose developed image processing and FE pregsiagetools were developed to
allow rapid generation of subject-specific FE maded patients from low-dose pre-
operative computed tomography (CT) datasets. Asitial step in validation of these
computational tools, they were used to create gestibpecific model of a single
scoliosis patient, and the model predictions foo wlinically relevant physiological
load cases were compared with clinical data fos thatient. All analyses were
performed on a HP xw660 workstation (Intel Xeon ®42GB RAM) using
Abaqus/Standard 6.7.1 (Simulia Inc, RI). Analysesevguasi-static with non-linear
(finite strain) geometry capability enabled.

2.1 Patient-Specific FE Model Geometry for the Intact Spine

Our method for deriving patient-specific FE mod&ism CT scan data has been
previously described [3]. The three-dimensionak-pperative CT dataset for an AIS
patient (14yo female, 65kg, 165cm, pre-op major lCahgle 44, Lenke Class 1A)
was imported into a custom developed image pracgssdftware (Matlab R2007b,
The Mathworks, Natick, MA) where the osseous angtevas thresholded and key
bony landmarks were manually selected by the Usese landmarks were imported
to a custom FE pre-processing tool (Python 2.5)ctvigenerated a parametric FE
model of the osseoligamentous thoracolumbar spineluding vertebrae, ribs,
sternum, discs, joints, and ligaments (Figure 1%@ven spinal ligaments were
simulated at each vertebral level (Table 1) andehgere simulated as either linear
connections, or in the case of the anterior andepios longitudinal ligaments, as a
group of spring elements in series and paralleteNloat while the model anatomy is
patient specific (derived from CT scan data), stue material properties for the
spine model are derived from existing literaturestdils of the element types and
material properties used are provided in Table 1.



Table 1. Element representations and material propertied irsthe subject-specific FE model
of the thoracolumbar spine

Anatomy Element type Material properties Ref

Bony anatomy

Cortical bone 3D, 4-node shell Linear Elastic [4]
E =11.3GPay=0.2

Cancellous bone 3D, 8-node brick Linear Elastic (4]
E = 140MPay = 0.2

Posterior elements 3D, 2-node beams  qyasi-rigid

Intervertebral discs

Intervertebral disc 3D, 8-node brick Hyperelastic (Mooney-Rivlin) (5]

I d matri

anulus ground matrix Cio=0.7: G, = 0.2

Intervertebral disc 3D, tension-only link | inear elastic: [6]

collagen fibres (embedded rebar) E = 500MPay = 0.3

Intervertebral disc 3D, 4-node hydrostatic |ncompressible fluid: [7]

nucleus pulposus fluid E~0 ‘v=05

Cartilaginousjoints

Zygapophyseal joint 3D, 4-node shell Linear Elastic

rf

suriaces E =11.3GPay = 0.2

Costovertebral joints 3D, 2-node beams | inear Elastic [8]
Ecompr= 245N.mrf11 ktorsion =
4167Nmm.rad  Koenging=
6706Nmm.rad)

Ligaments

Ligamentum flava, 3D, 2-node, tension-  piecewise. non-linear elastic [9, 10]

supra-/inter-spinous, only connectors

capsular,

intertransverse

Anterior/posterior 3D, 2-node spring Piecewise, non-linear elastic [10]

longitudinal ligamer

Implant construct
Rod

Screws

3D, 8-node brick

Linear elastic, perfectly plastic: E
= 108GPay = 0.3;0y = 390MPa

3D, 8-node brick & 3D, game as for the rod

2-node beams




2.2 Simulating Surgically Altered Spinal Anatomy

The AIS patient represented in this study underveesingle rod, anterior corrective
procedure, with vertebral screws at levels T5 t@ @fhd discectomies at levels T5-6
to T11-12. The custom pre-processing software waslole of automatically re-
generating the surgically altered geometry and EShrusing user-defined details for
the screw location/orientation, discectomy levetsl aod size (Figure 1b). The
simulated discectomies were represented by remaivallf the anulus mesh, and
removal of the entire incompressible, fluid filledwity representing the nucleus
pulposus. Contact between the exposed surfacehefatjacent vertebrae was
simulated using both an exponential, softened cortigorithm (normal contact) and
a Coulomb friction model,u=0.3 (tangential contact). Vertebral screws were
represented in the vertebral bodies between T5Tdrad The idealized screw shaft
representation simulated a perfectly bonded relatipp between the screw surface
and the underlying cancellous bone elements, witlramsideration of the screw
threads embedded within the bone.

Fig. 1. Finite element mesh a. Intact scoliotic spineStxgically altered spinal geometry with
the rod and screws shown in green; c. Surgical@red region of the simulated spine, showing
the remaining disc annulus elements (yellow) amdves with beam elements (grey wire)
simulating the screw heads (screw ends have bagthkened to visualize screw positioning)

2.3 Simulated Load Casesin the Intact and Surgically Altered Spine

Two loading cases were simulated; (i) pre-operdtilerum bending test on the intact
spine {ntact model) and (ii) intra-operative implant positiogiron the surgically
altered spinestirgery model).

1. Pre-operative fulcrum bending radiograph. Scoliosis patient spinal flexibility is
often assessed clinically using a fulcrum bendadjograph [11] whereby the patient



lays laterally over a cylindrical bolster, suchttlide convex side of their curve is
adjacent to the bolster surface. This is a passdresction, which is not driven by
muscle activation. To simulate this activity in timtact model, patient specific CT-
derived segmental torso weights for each vertelwatl were determined using
custom-developed software (Matlab 2007b) and apph¢ the centroid of the
transverse CT slice corresponding to that verteesadl (tissue density = 1.04 x 10
g.mmi®). Additionally, load vectors simulating the weigsftthe full left arm and the
upper portion of the right arm were applied at e centroid and a load vector
representing the weight of the head/neck was siedilas a point load superior to the
T1 vertebra [12] (Figure 2). The bolster was maatélas a rigid body and rigidly
constrained. A frictionless contact relationshigseed between the ribs and the
bolster surface and the spine was free to rotabeitadn point simulating the contact
between the pelvis and the table. Rigid body rotatf the model is prevented by the
combination of the translational constraint at $iulated point of contact between
the pelvis and the table, and the positive conpaessure between the spine model
and the stationary bolster under simulated grawitat loading.

Bolster ==

Fig. 2. a. Patient in position for the fulcrum bendingicagaph. bintact model after
simulating the fulcrum bending activity. Green avso= segmental vertebral torso weights;
Yellow arrow = Head weight

The simulated Cobb angle in the unloadietdct model was compared with the pre-
operative Cobb angle measured clinically from sitagpdadiographs. The Fulcrum
Flexibility (FF*) is used clinically to characterise a patientgxibility during the
fulcrum bending test. This parameter was calcul&dethe simulated deformed shape
of the spinal column in thintact model and compared with the clinically measured
value. An error of $between clinical and simulated Cobb angle measemgsnvas
considered acceptable since this is the clinicadlyepted value for accuracy in Cobb
angle measurements.

1 Change in Cobb angle between the standing andufalbending radiographs, expressed as a
percentage of the standing Cobb angle



2. Intra-operative implant insertion. Following removal of the discs and insertion of
the screws, the anterior surgical procedure inwlseccessive compression of the
intervertebral joints within the structural curvEhe compressive force is applied
between screw heads at adjacent vertebrae, thukimgsn a successive, level-wise
decrease in the overall deformity. Data for therextive forces applied intra-

operatively were obtaineith situ by Cunninghanet al [13]. These data were utilized
in the surgery model to simulate the incremental, level-wise coespion of adjacent

vertebral joints in the thoracic spine. The L5 gbra was constrained from motion
during all load steps. The simulated corrected Cabgle was compared with the
clinically measured corrected Cobb angle obtaimachédiately post-operative, to

ascertain the accuracy of tlsargery model in predicting the change in coronal
deformity following surgery (acceptable error %.5

3 Results

3.1 Fulcrum Bending Load Case

Clinically, this patient demonstrated an initialldboangle of 424 which reduced to

26° during Fulcrum Bending, thus giving a pre-opemitiinical Fulcrum Flexibility

of 40.9%. The simulated initial Cobb angle wa$ Bibwever, it has been shown that
the standing Cobb angle measurement for AIS pati@at on averag€ figher than
the Cobb angle measured while the patient layseupi]. As such, the simulated,
corrected-Cobb angle was®@hich was within the accepted angular measurement
error of 5 (Figure 3). The simulated Cobb angle reduced fa2@n the
displacement of the spine during the Fulcrum begdadiograph was simulated. This
was within 8 of the clinically measured value. Thus the simedaF was 47.8%,
which was calculated using the simulated deformeklCangle and the clinically
measured standing Cobb angle (Figure 3).

3.2 Intra-Operative Load Case

Following surgery, the clinically measured Cobb langas 14 — this was measured
one week post-operative. Results from the surgémulation demonstrated a
simulated corrected Cobb angle of 1Bigure 3). As such, the computed results for
the patient-specific FEM were the same as thecalrdata.
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Fig. 3. Comparison of clinical and simulated results fairayle AlS patient analysed under the
fulcrum bending load case (LC1) and intra-operatoeection load case (LC2)

4 Discussion

This paper presents the preliminary validation ebanputational tool for developing
subject-specific FE models of scoliosis patientsthbprior to and immediately
following corrective surgery. A patient-specific Rtodel for a single AlS patient was
analyzed for physiological load cases represenboth a pre-operative loading
condition on the intact spine and an intra-opeeatvading condition representing
intra-operatively applied surgical corrective f@c€omparison between the clinical
and simulated data for both thetact and thesurgery models demonstrated good
agreement (within Berror), suggesting that the patient-specific miogetapabilities
hereto developed are capable of capturing the plogical behaviour of a scoliotic
spine.

We note that our use of & Briteria for comparison of model predictions with
radiographic measurements does not imply that théefnresults cannot be resolved
more finely than % nor that the model is not sensitive to changetess than %
Rather, it is well known that radiographic Cobb langeasurements in scoliosis vary
by around 5 due to inter and intra-observer error [15], s® thomparison range is
necessitated by the uncertainty in the radiographéasurements used for model
comparison.

While these patient-specific modeling capabilitesrently do not allow the inclusion
of patient-specific muscle forces, arguably the gitlpgical loading conditions for



which the models have been validated do not inchadscle activation. Additionally,
this preliminary model validation was carried oging material parameters derived
from the literature, which are exclusively for adspinal tissues. Ideally, material
parameters derived for paediatric tissue wouldnioeriporated in the model, however,
such data is not available in the literature.

Biomechanically, the fulcrum bending test provigepotentially attractive clinical
assessment tool which could be used to help plesgatient-specific soft tissue
properties in the spine model. By adjusting safsue properties until the model
fulcrum flexibility matches the clinical measurediluve, the model could be
‘calibrated’ to match the soft tissue propertiesagfarticular patient. However, there
are several difficulties with this approach. Fiys8pinal flexibility is governed not by
one soft tissue structure, but by a combinatiomie€s, ligaments, and facet joints
interacting in a manner unique to the loading beipglied, therefore adjusting the
mechanical properties of seven ligaments as wethasntervertebral disc and facet
joints to match a single test value (the fulcruexibility) will not provide a unique
solution to the problem of inversely determinindt sissue properties. Secondly, the
manner in which soft tissue properties affect fuerflexibility is currently not clear.
A previous study by our group using the same m{#lefound that reductions of up
to 40% in disc collagen fibre stiffness and ligat&tiffness produced no measurable
increase in fulcrum flexibility. However, completkscectomy did provide a large
increase in simulated fulcrum flexibility, suggestithat the discs play an important
role in governing fulcrum flexibility.

Future validation studies will develop upon thelipteary validation presented here,
to use a larger subset of patient data, thus pirmyid more detailed and thorough
validation of the patient-specific spine FE modélsing patient-specific FEM it will
be possible to gain an improved understanding ef Wiomechanical impact of
surgical interventions on the structures within #pgne. Many of the complications
associated with scoliosis corrective surgery arehaeical in nature and use of a
computational tool such as this will provide sumggavith an improved ability to
predict the likely outcome following scoliosis sarg.
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