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Method to geometrically personalize a detailed
finite element model of the spi

Nadine M. Ldonde, Yvan Petit, Ce-Eric Aubin, Eric Wagnac, Pier-Jean Arnou

Models can be geometrically parameterized [4]$6]hject-
Abstract— To date, developing geometrically personalized ah  specific [3], [7]-[10], or a combination of bothIlt[14]. The
detailed solid finite element models of the spineemains a former can provide general information about paibgl

challenge, notably due to multiple articulations ad complex mechanisms or fracture risks, but not about petizeth
geometries. To answer this problem, a methodologyaked on a biomechanics '

free form deformation technique (kriging) was devebped to . - . L
deform a detailed reference finite element mesh othe spine Patient-specific models, based on multi-plane rgwiphic,
(including discs and ligaments) to the patient-spéfic geometry of ~computed tomography (CT) or magnetic resonance (MR)
10 and 82-year old asymptomatic spines. Different riging images, can be classified into three major categofi- beam
configurations were tested: with or without smoothing, and models, 2- continuum-levelled models (or solid nisye3-
control points on or surrounding the entire mesh. Bsed on the yicro-resolution models, which cannot be appliediiiro to
results, it is recommended to use surrounding contd points and the complete human spine [15], [16].

smoothing. The mean node to surface distance betwedhe del ilv obtained f L
deformed and target geometries was 0.3 mea 1.1. Most elements Beam models are easily obtained from stereoradubira

met the mesh quality criteria (95%) after deformation, without 3D reconstructions; automated algorithms have been
interference at the articular facets. The method’shovelty lies in  developed to include discs and ligaments [3], [[0].

the deformation of the entire spine at once, as opged to However, the simplified representation of the splimaits
deforming each vertebra separately, with surroundig control  |ocal analyses such as the interactions with satgic
points and smoothing. This enables the transformatin of instruments and symptomatic bone regions.

reference vertebrae and soft tissues to obtain corfgte and Conti del . t ted CT | -based
personalized FEMs of the spine with minimal post-pocessing to ontinuum models comprise automate voxe " ase
optimize the mesh. meshes [17] and meshes generated from stereoragtagr
Index Terms— Biomechanics, finite elements, kriging, spine 3D reconstructed points or CT/MR contours [5], [1A]3],
[19], [20]. Models derived from CT-scans or MR ineag

I. INTRODUCTION generally require image segmentation, surface rlindeand

Finite element models of the spine have been used wvolume discretization, and are thus time consumikgew
several decades to evaluate their biomechanicglonse automated mesh generation algorithms for CT-scamee h
under different loadings or to evaluate correctieatments, Peen developed, such as landmark-based morphirjgd@d
notably for scoliotic, osteoporotic or metastatitipnts [1]- Projection [8], [9], template-based generations ][2dnd
[3]. The complexity of the spine, due to multipitiulations Voxel-based meshing [9], [23], [24]. Most studiesually
and inter-individual variations in intricate vertab shapes, concentrate on isolated vertebrae or spinal segment

makes it one of the most difficult structures teresent furthermore, discs and ligaments are usually medetiuring
numerically. post-processing. To our knowledge, only Chui et [l

presented a CT-based continuum finite element noéghe
complete spine with discs, and personalized mechhni
properties; however, the authors did not mentiow hbey
Manuscript received August 2012. This work waspsufed by the Managed the intervertebral joints (discs, artictaaets). High
French Institute of Science and Technology for $pamt, Development, and resolution continuum CT-voxel-based meshes are
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primitive vertebra greatly differs from the targgtometry.

The aim of the present study is to develop a mettogy
based on dual kriging to generate personalized Sfirite
element models of the complete spine (T1-L5) usig
reference detailed model which includes discs armjom
ligaments, with minimal post-processing to ensurgcwar
coherence and little mesh distortions. The methodoi be
compatible with different imaging techniques, suxh CT-
scan and X-ray reconstructions.

cancellous zones

Nucleus
Annulus

collagen fibers ISL
3 L1L2 ligaments

Il. METHODS

Intervertebral disc

Wagnac et al. [30] developed a detailed finite eem -
9 [30] P Fig. 1. Source finite element model, in surface aredh representations

model (FEM) of the spine (T1-S5) from the CT-scarages
(thickness of 0.6 mm) of a young adult male with kmown
back problems (32 years old, weight of 75.5 kggheof 1.75
m) [29], [30] (Fig. 1). The model was developed ftie
analysis of spinal trauma (ligament failure, borecfure); its
biomechanical behaviour was validated for the Iumb
segment. It is presented here in its entire forachEvertebra
was composed of cancellous bone surrounded by ticador
shell modelled respectively by 4-nodes tetrahedramnd 3-
nodes triangles, whose thickness varied accordinghéir
localisation on the vertebral body (total mesh dizbveen 1
and 1.5 mm; shell thickness between 0.37 and 0.9.m
Contact elements were added at the zygapophyseetgzes.
To take into account material inhomogeneity, sdvergions
of cancellous and cortical bones were respectivegated
inside the vertebral body and on the vertebral Etdp and
attributed specific mechanical propertie€d0][ Intervertebral

discs, composed of the annulus fibrosus and nugelgosus, Dual kriging was used to morph the detailed SOBEM! to
were modelled with 5 layers of 8-nodes bricks. &heulus’ ihe specific geometry of two different subjectsingsthe
collagenous fibers were represented by 8 layers gfchnique developed by Delorme et al. [27]. Basadtie
unidirectional springs organized in concentric |Haeewith a previous 1085 control points, a linear system regméing the
crosswise pattern of approximately 35°. Principginal fig|d of deformation between the initial and newotinates
ligaments (from the sacrum to T10 vertebra) weralefied \ya5 created and applied to all the nodes of theceamodel.
with 1-mm thick 3 or 4-nodes shell elements: aoteAnd  Gijyen the refinement of the source model, it wasseh to
posterior  longitudinal  ligaments (ALL and PLL), geform the entire spine, including the discs agdrients, at
intertransverse ligaments (ITL), ligamentum flavufioF), gnce as opposed to deforming only each vertebraratsty.
capsular ligaments (JC), interspinous ligamentd.)(I®nd  Kriging was tested with and without a smoothingtéaf -3
supraspinous Iigament§ (SSL). Tied contact inteagnsure (or nugget effect [26]), for the two control powariants (K1
the attachment of the discs and ligaments to thelveae. The 5ng K2), thus giving four kriging configurations1&0, K1s-3,
model comprises 243,227 nodes and 1,029,782 elemBEms k250, K2s-3. The smoothing value was chosen based o
model is referred to as the “source” FEM. preliminary test not presented here.
The kriging equations in 3D were given by:

Two target spine geometric models (T1 to S5) wer 1085
reconstructed from the CT-scan images of an ispl&&year L(X):33+an+3§y+3§Z+Zt?[\/(X‘Xj)2+(Y‘Y,~)2+(Z‘Z,~)2j
old female cadaver spine and of a 10-year old leayiring ‘;)185
CT-scan images for abdominal pain without spinaheagy, SRR AR ( —w Pily—v Pilre 'Zj
using the Mimics software (Materialise, Leuven, d@ein). u(y) praxTayTa ,Zq:b’y \/(X X]) (y y,) (Z Z') (1)

using a small sample of control points. Morphologic
differences between the target and source sacryphaie this
methodological choice: the 82-year old sacrum presk 5
dorsal foramina, compared to 4 in the child andrs®u
Fnodels.

As seen in certain morphing techniques [31], thes®and

target can be embedded in a generic shape. Irptbjsct, it
was chosen to embed them with corresponding similar
vertebral shapes, by applying a 3% scaling of thetrol
r"5oints for each vertebra (source and target) al®wertebral
body centre to obtain points surrounding the volyfig. 2).
The two variants of control points were expressed a

- K1: control points on the mesh

- K2: control points surrounding the mesh

For both source and target reconstructed spinesn@165 T - >
control points were respectively identified manyatin the L(Z):30+31X+azy+%2+;bf(\/(x_xi)z+(y‘yi) +(Z_Zi)2)
lumbar and thoracic vertebrae, for a total of 1@8ts per a
spine (Fig. 2), using the Radioss software (AlEgineering _ u(x,y,z) : new coordinates of an arbitrary moded@o

inc., Troy, MI, USA). Points were chosen to encossaach _ 'v"; - initial coordinates of the arbitrary mbdede

where
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reach the control points) and mesh auto-penetraginesh

system defined by thE)85 control points:

folding), 2- calculating the target and source omnpoint
distance after kriging, to measure the smoothinfgcef 3-
evaluating the node to surface distances betwearh ea
deformed source and corresponding target vertelithethe
CATIA software (Dassault Systems, Vélizy Villacoap)
France), and 4- verifying mesh quality criteria][3ich as:

- Jacobian: ratio between the smallest and largestrdsants

of the Jacobian matrix for each element integragioimt;

7 B o ()
1 x vy oz | bbb oWy
k(h) Lo : : : : : : : :
1 X085 Yioss  Zioss bﬁ)ss leOBS bl):JBS ulxoes ulxoeaw ulxoes
1 - 1 0 0 0 Ofa a al={o0o o0 o0
% v X 0 0O 0 0 |a a a 0 0 o0
Yi " VYies 0 O 0 0 aj a; a; 0 0 0
1z Z 0 O 0 O0]a& a a| |0 o o
where
- u*¥*. coordinates of the target control points
- Xi, ¥i, Z : coordinates of the source control points
k(h) is expressed as:
k@Q+o kqxl - X1085‘)
k(h) = ) : 3)
kqxlosrn _X1‘) k(@©)+o

whereg is the smoothing factor

Validation of the deformed model was performed byal
general appreciation of the deformed spine to iflemtesh
incoherence such as excessive deformations (mesks e

Surrounding points
after scaling

Sacrum

a -e:; center, ant., right, left, & post. $1 plate
f.i: right & left exterior of facets

d,j: right & left apex of facets

h.k: right & left interior of facets

|,m: right & left apex of sacral ala

n-g: 51-S4 sipous tubercles

r: posterior 85

s-w: $1-85 transverse ridges

- Warping: each quadrilateral element was divide@ itwo

triangles along its diagonal, and warping was dated as

the angle between the triangles’ normal;
- Aspect ratio: longest edge length divided by shatrezlge

length for each 2D element and each face of 3D eiésn

- Volume aspect ratio: longest edge length divided thogy
shortest height for tetrahedral elements or thetebbedge
length for hexahedral elements;

- Skew: for 2D triangular elements, minimum angle9(0)

between the vector from each node to the oppodije end
the mid-vector between the two adjacent sides;

- Volume skew: for tetrahedral elements, ratio betwése
element’s true volume by the volume of a hypotlatic
perfect equilateral element of the same circummadiadius

of a sphere passing through the four vertices @ktement).

Vertebral body

1,6,11: center of superior, middle, & inferior planes 21 25:
2,7,12: anterior of superior, middle, & inferior planes 22 26

3,8,13: right of superior, middle, & inferior planes
4.9.14: |eft of superior, middle, & inferior planes

5,10,15: post. of superior, middle, & inferior planes

16, 18: right & left superior costovertebral facets
17,19: right & left inferior costovertebral facets
Articular facets

38,41: right & left exterior of superior facets
39,42: right & left apex of superior facets

40,43: right & left interior of superior facets
56,59: right & left exterior of inferior facets

57,60: right & left apex of inferior facets

58,61: right & left interior of inferior facets

54,65: right & left posterior point of inferior facets

AP cut view
39 42

F—
38 40 7
29 43 L 41

fa‘j/‘m §.44 450020 Mt
31 R2C . \ W L 330
T 20" $423 15 2.72; 24
262 s\ 00i) oo
L e . -
\ B 7
5 58 61

—— l) A

63957
P
F s9

57 56 60
51 52

54 q_j

38,40,41,43
4

39,42

-J :
o cutting plane

Posterior arc

20,24: exterior right & left pedicles

superior right & left pedicles

:inferior right & left pedicles

23,27: interior right & left pedicles

28,33: right & left transverse costal facets

29,34 right & left superior transverse process
30,35: right & left inferior transverse process
31,36: right & left extremity of transverse process
32,37 right & left posterior transverse process
44 45: right & left superior pars

62,63: right & left inferior pars

46,47,48: sup., middle, & inf. points of post. wall
49,50: sup. & inf. of spinous process on the lamina
51,52; right & left spinous process extremety
53,54 sup. & inf. of spinous process extremety
55 extremety of spinous process

Fig. 2. Vertebral and sacral control points
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lll. RESULTS

General appreciation of the deformed models redetiat
the best transformations were obtained when comgoahts
surrounded the vertebrae and with the use of theoting
factor (K2s-3 configuration), whereas the otherfignmations
produced local mesh distortions (peaks, foldingypidal
examples of kriged vertebrae are shown in Fig. 13 bfoth
targets (T4 for the child spine, L2 for the eldedpine)
according to the different kriging configuration€ontrol
points located directly on the mesh without smawhiK1s0)

for the elderly spine, but did not prevent the oauesh
penetration for the child spine.
for the elderly spine, but did not prevent the cauesh
penetration for the child spine.

Fig. 4 presents the kriged spines for the two targe
geometries with the K2s-3 configuration, in surfasede for
clarity. It can be seen that for both models, tefodned spine
matches adequately the target general shape, isithpaoper
transformation of the discs and ligaments. However,
differences on the vertebral endplate shapes watesirfor the

produced local peaks on the vertebral body and e tchild target (Fig. 4 &), which were more rounded the
articular facets, as well as mesh folding interfieess on a few ©riginal reconstructed child spine and more convexthe

vertebrae for both models (child and elderly). Sthog
(K1s-3) minimized these mesh distortions, mainkytfee child

spine (Fig. 3). Kriging with control points not datly on the

mesh without smoothing (K2s0) diminished the meshks

K1SO

Minimal

" Source T4 before kriging Folding

Peaks Peaks

Source L2 before kriging
Fig. 3. Mesh representation of problematic vertelfor each model according to the different krigieghniques with and without smoothing.

Target
10-year old

ST
&

b)

L2, 82-year old female after kriging

deformed spine.

The distance between the control points before aiftet
kriging was calculated for each configuration. Néfedlence
was found between the control points after tramsédgion for
configuration K1 without smoothing (K1s0). Using @othing
with the points on the mesh (K1s-3) resulted in mea
differences between the control points of 0.7 a®d@m and

Kriging configurations

K1S_3

K2

K230 s-3

Minimal
Peaks

Peaks

Folding
T4, 10-year old boy after kriging

Rounded

Minimal
Rounded

P Target
L‘ix 82-year old

4

Fig. 4. Surface representation of spine modelsrbefad after kriging with the K2s-3 configurati@):10-year old boy target, with mesh representatiah
vertebral body discrepancies for T4 vertebra, by@&& old female target, with mesh representation.
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maximum differences of 2.8 and 4.2 mm for the claifal
elderly spines respectively. Using control points
surrounding the mesh without smoothing (K2s0) hesk |
influence on the final control point distances thiae K1s-3
configuration, with mean values of 0.3 mm and Oré for
the child and elderly spines (maximum values of &
2.7 mm). A greater increase in mean (1.2 mm) and
maximum (5.0 mm) control point distances was ola@in
with the surrounding control points and smoothilgg-3).

The node to surface distances between the deformed
mesh and the target model showed little variatidespite
the four kriging configurations, with overall sighenean
differences under or equal to 0.3 mm (standard atievi
1.2 mm) and maximum values of 5.2 mm for the chpahe
and 6.4 mm for the elderly spine. Fig. 5 showsrtbde to
surface distances with color scaling between thigekr
source model and the targets for configuration B2&or
the child spine, 96% of the node to surface digtangere
within 2 mm, compared to 91% for the elderly spine.
Greater differences were notably noticed at thdebeal
endplates for the child and at the articular fatetshe 82-
years old spine. Node to surface distances welteehifpr
the sacrum: 0.5 2.7 mm (max 9.5) and -04 3.3 mm
(max 13.1) for the 10 and 82-year old spines rdspyg.
The highest differences were located in extrapdlate
regions, notably on the lateral parts of the sacndrare no
control points were positioned.

Mesh quality criteria are given in Table | for tH@s-3
configuration, which showed the least mesh disiogi
Most elements met the initial model criteria, witimly
small increases in percentage of failed elementstie
vertebra volume aspect ratio (from 0% to 1% fail@akl for
the disc warping (from 2% to 3% failed). The latges
increase in failed elements was noted for the beate
volume skew criteria which increased by 6%. Botihap
had similar criteria changes despite their diffenegrtebral
shapes and global postural curvatures. Overall, 85%e
elements met the quality criteria.

{
a) 10-year old boy

Fig. 5. Node to surface distances after krigingdonfiguration K2s-3 for
both targets.

Table I. Mesh quality criteria with % of failed elents per anatomical
structure for configuration K2s-3.
Initial Kriged
model 82-year old
Vertebrae 2D elements (n = 192 867 trias)
Aspect ratic 0% 0%
Skew 0% 0%
Jacobian| 0% 0%
Vertebrae 3D elements (n = 726 379 tetras)
Aspect ratio 0% 0%
Skew 0% 1%
Jacobian| 0% 0%
Vol skew 1% %
Vol aspect ratio] 0% 1%
Ligaments 2D elements (n = 7 793 trias, 13 473 quad
Warping 1% 1%
Aspect ratio 0% 0%
Skew 0% 0%
Jacobian| 0% 0%
Discs 3D elements (n = 40 250 hexas)
Warping 2%
Aspect ratic 0%
Skew 0%
Jacobian| 5%
Vol aspect rati 0%

Kriged
10-year old

0%
0%
0%

0%
1%

0%
7%
1%

1%
0%
0%
0%

3%
0%
0%
5%
0%

3%

0%
0%
5%

0%

IV. DISCUSSION

This study has shown that the free form kriging
deformation technique can be used to geometrically
personalize a detailed solid finite element modelthe
spine, initially developed for general accidentgiognd
biomedical evaluations, despite the great diffeesnin
geometry and posture with the two target spines.

To the authors’ knowledge, only Chui et al. [9]g@eted
a personalized continuum spinal finite element rhedth
discs based on ct-scan images. However, such madels
computational expensive with high resolution (highe
number of elementsind do not comprise other structures
such as ligaments.

As opposed to contours extracted from CT or MRledas

images, the present method is based on controtga@nd

is thus compatible with other imaging techniques
generating such data, notably X-ray reconstructions
frequently used with scoliotic patients [3], [L&Jowever,
the accuracy of the method to generate personabned
detailed models still needs to be tested with stahplex
spinal curvatures.

Control points were identified manually by one @ter on
the CT images, which was time consuming (4-5 hqars
spine). The intra-observer variability was tested d& few
vertebrae and was under 3 mm. Semi-automated ¢ontro
point identifications techniques should be devetbpden
using body scan images. Such techniques are notakely
with X-ray images [33]. Automated techniques would
reduce the intra- and inter-operator variabilityep@nding
on the use and analysis to be done with the peizeda
model, proper control point positioning is recomuhet, as
greater reconstruction differences with the reahesgould
affect its simulated mechanical behaviour.
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Kriging was performed on the entire spine at ore=,
opposed to kriging each vertebra separately [3], 8],
[27], [28] in order to prevent interference at theicular
facets. Other studies adjust the articular facatind post-
processing. Aubin et al. [7] reported mean errdr3.8 mm
for the tips of the articular facets when usinggkrg with
target points obtained from 3D X-ray reconstruciiobut
with the pair of adjoining articular facets perfggarallel.

Kriging the whole spine at once also enabled thectli
transformation of discs and ligaments already idetlin
the source model, reducing the need for post-psitgs
Kriging the spine at once will also facilitate fioetr
modelling developments, such as the incorporatioutioer
ligaments and the rib cage, since this only needbed
brought to the source model which will be defornzeda
whole entity as opposed to deforming each structure
separately.

The use of a smoothing factor in the kriging forenor
the use of surrounding control points both producessh
smoothing, but at different degrees for the chiid alderly
spines. Surrounding control points alone did navpnt
mesh foldings in child vertebrae. The combinatidérbath
techniques (K2s-3) produced the best results,
minimized the local mesh distortions which could dsen
with the other kriging configurations tested as Ivas in
previous studies based on kriging. Smoothing or
surrounding points influenced the control pointgsi®n,
but did not affect the overall node to surfaceatises, with
mean values less than 0.5 mm, which is in the rafigbe
accuracy of the reconstructed target models (Mimics
software, Materialise, Leuven, Belgium).

and

When the target and source geometries greatly rdiffe
locally, mesh distortions appear after kriging. SThwas
noticed at the center of the child endplates andhat
articular facets of the L2 elderly vertebra, whiakere
proportionally bigger and more round than the seurc
These distortions, which were independent of thigirkg
configuration, reflect a limit of the method whérettarget
and source differ locally.

Compared to adults, child vertebrae are typicatiyndd
due to the presence of the vertebral growth platies;
apophyseal ring, which produces the typical conadxlit
endplates, is absent [34], [35]. As the source mhodes
built from an adult spine, kriging it into a chilgeometry
could not reproduce this youth characteristic. dafrmed
source vertebrae maintained their original shapash as
the outer curvature brought by the apophyseal aimgj the
convex curve in the center of the vertebral endglat
Hence, the greatest node to surface distance watelbon
the vertebral endplates. If personalized child epin
modelling is desired, it is recommended to use dighec
source model, which incorporates the vertebral ¢mnow
plates thus generating the domed vertebral endgletpe.

Most elements (95%) met the mesh quality critefiara
kriging, compared to 99% before transformation. Wit
skew was the most affected mesh quality criterrabiath
target models. This may be explained by the sqongeai
stretching of vertebral zones resulting from krggin
depending on the control point locations. Optimigitihe
source model to avoid initial failed elements maguce
the number of failed elements after kriging. Meslaldy
should always be checked, specifically in critical
anatomical regions that can affect the overall cstmal
biomechanics of the model, such as the disks amants.
Local mesh refinement can be done during postfreat
to rectify the problematic elements that do not ke
mesh quality criteria.

Another limit to the proposed approach of free form
deformation to geometrically personalize finite neéamt
models of the spine lies in the fact that the taggometry
must be compatible with the source model, and Hee
thoracic vertebrae, 5 lumbar vertebrae, and 5 kacra
vertebrae. In this study, the child and source wacr
presented 5 sacral vertebrae, compared to 6 irelthexly
spine. Hence, only the feasibility of kriging thésructure
was tested by using with a few control points poséd
mostly along the medial sacral plane, on S1 endglatd on
the articular facets. As expected, less accurasyoktained
on the outermost aspect of the sacrum. The detatioimof
proper control points for this structure still neetb be
investigated.

To date the reference model, which has been under
construction for more than 5 years, has been dpedlo
from T1 to the sacrum and has been validated under
different mechanical loadings and speeds agairsighed

and experimental data for the T12-L5 segment [30].
Complete understanding of the effect of the progose
geometrical personalization on the model's overall
mechanical behaviour in static and dynamic conaitistill
needs to be addressed, in relation with the choseirol
points. Personalization of mechanical propertiearisther
important field of interest which still needs to &eswered.
The proposed work represents a compromise between
100% geometrically personalized models based om sca
images, which are time consuming, and lesser palized

but more automated models used with other imaging
techniques such as planar radiographs.

This method is one of the few that enables the ig¢ioa
of complete personalized solid spinal models inicigd
discs, ligaments, and articular facets. Based grnresults,
it is recommended to deform the entire spine atarging
surrounding control points and a small smoothingtdia
Personalized models could notably be used to dpyaie-
operative strategies.
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