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Abstract

In this study a methodology for shape reconstractiond multi-block structured grid generation of igat-specific
human organs is proposed. Starting from data obdaloy a medical imaging examination a high qualiyiti-block
structured grid that conforms to the geometry affn organs is generated. In order to asses th#ygofthe produced
grid, the methodology is applied to two medicaleasf a great interest, the Abdominal Aorta Aneurf®@AA) and the
iliac bifurcation. Furthermore a brief comparisoatlveen computational grids produced by the methiostructured
tetrahedral grids produced by commercial meshirfvaoe are presentedhe proposed methodology may be combined
with several Computational Mechanics (CM) models] amay be a step towards an accurate, patient gpauédical
diagnosis and prognosis framework.
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I ntroduction flow simulation with the use of an idealized geonyet
In recent years there is a growing interest in themodel may be found in previous studies [1,2]
simu lation of Biomechanical applications such aglaiv The above mentioned study concluded that structured

through the respiratory system, particle depositiothe grid domains used for the simulation of that type o
lung[1,2] and blood flow in the cardiovascular applications are better than the unstructured. G$e of
system[3,4,5,6,7] in terms of Computational Fluid structured grid ensures the strict alignment of el
Dynamics (CFD) The modern approach in this type ofelements with the predominant flow direction cowmithg
simulations is the patientspecific modeling. Fdret to lower numerical diffusion, provide a mesh indegent
implementation of accurate CFD simulations of patie flow solution with fewer elements and reduces rimet
specific flows an accurate reconstruction of reiglis by a factor of 3.
human organ geometry and a robust grid generation Furthermore a structured grid allows one to obtain
technique able to reproduce the complex shapesroéh ~ fine grid resolution on the computational domain
organs are necessary. boundaries using fewer grid elements than a silpilar
In patient specific CFD simulations the most common sized unstructured grid. Additionally the prior kmledge
approach is the extraction of the patient spegiometry ~ of the exact shape and dimension of the matricesefd
starting from medical imaging data and the genanatif by the system of the physical equations, may leath¢
an unstructured computational domain by the use ofoperation of memory and time efficient solving
commercial meshing software.[5,6] The use of techniques.
unstructured computational grids is often prefefficadits The present study proposes an approach, for the
ability of effortless grid generation in complex rdains generation of multi-block structured computatiogsats
combined with preservation of the geometrical shape ~ on patient-specific geometries. The structured grid
Although unstructured grids are generally considere generation technique is applied to data obtained by
to provide less accurate solutions than structugads medical imaging examination, concluding to a swefac
due to a number of factors, including poor alignmeith ~ conforming, high quality, multi-block structuredigof
the primary flow direction and increased numerical the patient specific geometry.
diffusion.[8,9] A quantified comparison between The method starts from a surface triangulation
structured and unstructured grid performance omaian  constructed by the reconstruction of medical imgglata
and through an isomorphic reparametrization [10]
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concludes to a planar triangulation. The next dsethe The first step in the methodology is the manipwolati
projection of a planar isomorphic mapping [11] ovlee of the medical imaging data file by a medical data
planar triangulation and the production of the acef visualization and image analysis program.

structured grid. At the last step the structuregahedral Currently almost all the medical imaging machines
volume grid is produced and grid enhancement igechr (magnetic resonance imaging (MRI), computed
out. tomography (CT), medical ultrasonography (MU) etc.)

The methodology is utilized in two applications tha handle, store, print, and transmit information tigh
are of a great interest among biomedical community. Digital Imaging and Communications in Medicine
The first application is the Abdominal Aorta Aneumi (DICOM) format. A DICOM file consists of a set ofay-
(AAA). In this application the high quality of the scale images of planar cross sections through platiad
produced grid, the high element alignment with the dimensions and often through time. In Fig. 1 a dgpi
primary flow direction combined with the ability of case of medical imaging data visualization is tlated.
clustering hexahedral elements near the wall, featti  DICOM information reading and human organ geometry
that the use of the grid generated by the proposedeconstruction from DICOM data sets is consideetéd
methodology provide more accurate computationala routine task today and is utilized by locally wmraized
results, especially near the artery wall [12].le foresent codes or commercial software. In the presented
manuscript some additional details about the AAAeca methodology, the highly efficient and reliable opsurce
are presented. software 3DSlicer® [13] is used for accessing tleelicn|

The second application is a patient specific imaging data and for the segmentation of the volafne
bifurcation study. The presence of series of bringgh  interest (VOI).
geometrical shapes inside the human body, aloniy tivé
observation that the distributed flows may be resiue
for the development of complicated phenomena, rende
the patient specific modeling of branching georastran
important task. In this application the producedigtured
grid, provide more accurate computational resuits &
computational domain with 4 times less mesh elesent
than the unstructured computational domain produned
commercial meshing software.

In both applications for the evaluation of the grid
produced by the method a flow field comparison be
tween the multi-block structured grid produced by t
e method and unstructured grids produced by comme
rcial meshing software are carried out.

The results of both simulations fortified the evide Fig.1 Left: Atypical DICOM data visualization
nce that the structured grid provide more accurate process al ong the segmentation of the vol ume of interest.
sults, in terms of convergence, flow field detaiida Right: The reconstructed surface by the medical data
near the wall computational accuracy. Furthermooce b visualization and image analysis program.

th cases underline the accuracy improvement that th
use of a high quality structured computational dom A considerable step in the geometry reconstruction
in may provide to CFD patient specific simulations  process is the segmentation of the volume of istefaue

to the heterogeneous nature of signal intensityridigion
2. Method description and quality of the DICOM images, this procedure nah

The purpose of the methodology is the generation ofoe automated. A certain degree of user intervenison

an advanced patient specific computational domdiia o always required during the segmentation, mainhthe
human organ shape starting from medical imaging.dat  identification of the vessels bounds.

This procedure comprises of the following steps: Moreover in plenty of medical cases considering the

. Medical imaging data processing and cardiovascular system the segmentation of the velam
segmentation of the volume of interest. Creatioma @&D interest tends to be even more difficult task doehe
shell of the volume of interest. presence of thrombus [14]. The thrombus developfén

. Generation of a surface structured grid over theinner vascular wall of arteries and the opticalaation
3D shell of the human organ geometry. between thrombus and the outer vascular wall halseto

. Generation of the volume grid and grid done. The separation between vascular wall andritus
enhancement. is achieved due to the difference in the biochemica

A more detailed description of the previous stepssynthesis that causes different optical result. déerby
follows. using luminescence thresholds it is possible tardjsiish

thrombus from the outer vascular wall and segmhaet t
volume of interest.
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After the segmentation of the volume of interebg t o The use of theisomor phic mapping to produce a
medical data visualization and image analysis sarftw structuredsurfacegrid.
produces a 3D surface cell by combining the data of In order to produce a produce a structured surface
every planar image. The typical result of this caralbion grid a planar structured grid is overlapped overglanar
is a reconstructed volume of interest geometry &®olo  triangulation. In Fig.3 an overlap of the planaustured
as an STL file (STL is a file format native to teereo-  grid and the planar triangulation used in the iptdation
lithography CAD software).,An STL file describes an process is shown. After the interpolation the bantdc
arbitrary geometry by an unstructured triangulatedcoordinates for each structured grid vertex insgery
surface. In the methodology, an STL file was usedha triangle are calculated [15].
origin file containing the geometrical informatiarf the
patient specific volume of interest. Neverthelesise
methodology is applicable to every triangle-based
description of a surface. In Fig. 1 a reconstrugatent
specific iliac bifurcation surface is shown.

The essence of the methodology is the production of

a high quality surface structured grid with abselut
respect to the patient specific volume of interelape.
This procedure is done by an in-house code devdlfgre
the needs of the methodology. The surface grid geioa
process has the ability to produce multi-block stiwed
grids of high quality with controlled refinement eva
triangulated surface.

a) b) c)
Fig.3&@)The planar triangulation. b)The 2D multi-

block structured domain that is interpol ated. c) Both grids
indde the predefined 2D domain .

: . . . Due to the isomorphic transformation, the
The surface grid generation procedure is Comprls(Edbarycentric coordinates are unvaried in the 3D anef

of two steps: ) ) . . triangulation. Using that information, along withback

¢  Thecreation of an isomor phic par ameterization projection, a surface structured grid over thentialated
for the surface triangul ati on. surface is obtained. In Fig.4 the surface structuyed

. From a surface triangulation in 3D, a planar ghtained by the methodology and the starting serfac
triangulation in 2D is formed inside a predefine® 2 triangulation are illustrated.

domain, with a one - to - one correspondence betwee
nodes, edges and faces. This is done by solvirigearl
system of equations that expresses the conservafi@n
convex combination factor for every triangle of t8B
triangulation to the newly calculated 2D triangidat

a) b)

Fig.4 a) Theinitid surface triangulation in 3D b)The
multi-block structured domain generated over the
triangul ation.

a B When this methodology is applied to a branching
shape, a more sophisticated approach has to loevéall
The interpolated structured grid has to be mu tiefxland
with a pre defined topology capable to receive dhe to
one unification of the two branches.

In the iliac bifurcation case a multi-block strurgd

In Fig.2, a surface triangulation of a simple planardomain, is objected to the full planar tgatation.
geometrical shape and an isomorphic planar triaatigpunl The result of that procedure is a multi-block stared

Fig.2 a) The surface triangulationin 3D. b)The
planar triangulation that formed after the i somorphic
parametrization of the surface triangulation.

produced by the previously described procedurbdsva. grid with a structured block formed at the placeewehthe
More details about this procedure and the mathemiati branch was formerly united. As a result the formed
formulation may be found in a previous study [12] . computational domain has a one block per branch

topology. A simple one block per branch topology litae
advantage of effortless grid generation and thétyako
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create multiple branching geometries without grid
resolution limitation that more complicated topdesy
have. The cost of the simplicity of the selecteddiogy

is the production of computational domains thattagna
few skewed elements in the Dblock corners
Complementary the methodology may be combined with
more complicated tolopologies.

An additional advantage of the proposed
methodology is the ability of control the grid clesng.
This is done by the application of different mubteck
structured grid projections. The application of thethod
may provide computational grids with clustering ntee
domain bounds or even more near a specific domaia a
that may represent a specific spot of interest hg t
variation of the grid clustering and topology ofeth
interpolated 2D structured grid.

For the methodology to conclude to a computational
domain the creation of an initial 3D grid has todmne.
The inner initial grid is produced by the use ofin@ar Fig.5 a)Theunstructured domain generated by a
transfinite interpolation (TFI) method [8]. The ditya of commercial mesl_wing software. b)The multi-block structured
the inner grid may be further improved with the usea domain generated by the methodol ogy.

Sorenson algorithm [8] by a in-house grid enhancgéme ) ] )

code .This algorithm makes possible to control the As a comparison simulation a steady flow
distance of the first element vertex from the bosiaad corresponding to the maximum inflow velocity at the
by the application of it on the produced computaio systolic phase of the cardiac cycle [4].is selected

domain the irrational shape of the elements in the  The flow field is calculated by the Ansys CFX®
topology comers is avoided. software and the blood is simulated as an inconglvées

homogenous and Newtonian fluid. The blood densig w
3. Applications-results assumed equal to 1056 kg/m2 and the dynamic vigcosi
In order to evaluate the computational domain that€dualto 3,1 10-3 Pa s.As boundary conditions restant
is formed by the methodology, two highly interegtin velocity profile Was_selected giving a Reynolds iem
biomechanical simulations along with comparison equa: to 1210200’ vxlTlleTLhe 0L:|tlet pressure_dwasdsedbct N
between approaches based on different grid geparati equal to mmrg. The walls were considere smoot
techniques are briefly presented. and the no slip condition was applied. The perfarme
For the AAA case two different computational CFD simulation, for both domains, predicted a pues

domains, a multi-block structured with clusteringanthe and velocity distribution in the physiological ragn_gmd
wall generated by the methodology and a similar cor(rje;sponded to the expected values reported wique
resolution unstructured generated by the commerciaStudies [4].

software Ansys ICEM, are compared. Both domains are In order.to.quantify the differ.ence of the ﬂOWIﬁE,’
depicted in Fig.5. developed inside the two different computational

domains, a relative error measurement is done thratr
purpose equation (1) calculates the formula o frélative
error variable at selected geometrical points and
equation (2) calculates the root mean square vaidbe

same variable§, o )[1].

u

u

i,coarse ~ “ifine

1)

@)

For the estimation of the relative error a line
consisting of 180 points close to the vascularegdine is
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selected. The formula is comparing the values efthme o
geometrical points in both computational domainke T

results of the computed velocity coordinates X and ' /‘\
are depicted on Fig.6 and Fig.7 as graphs.In tve field 0.0 LN
of the AAA simulation the primary flow direction is g // \”\

towards the Z axs .The two coordinates were seteobt
to be the dominant flow direction coordinates iderto
better estimate the ability of the computationatdi to N
simulate the secondary flows inside the AAA.

Based on the two graphs we may suggest that the - \‘//\"[1
use of the structured grid provided more smoothwflo
fields. The unstructured grid shows evidence ofhhig TS|
numerical diffusion \_N'th the occurrences of C_unlyels_ Fig.7 The Ve ocity coordinate Y cal culated on 180 points for
and rough velocity transition over neighboring both computational domain.
geometrical points. Furthermore the unstructured gr
computed the secondary flow velocity coordinates
(Velocity_X and \elocity_Y ) with lower magnitudén A visual confirmation of our conclusions may
terms of &, the \elocity_Y is underestimated by an be observed in Fig.8 where contours of the velocity
maghnitude for the same transverse plane for bothaitts
are depicted. It is visually evident that the stuued grid

underestimated by ané,,.. equal to 4,15. Those facts Produced by the methodology calculated a more leeltai

lead the structured grid to be more accurate in theflow field of the similar resolution unstructuredridy

simulation of secondary flows and resolve more generated by a commercial software.
secondary vortices inside the flow field. Furtherenahe
result of the underestimation of the secondary oreés

Velocity_Y (m/s
°
8

-0.06

& equal to 2,05 while the \elocity X is

rms

. X Velocity (m/s)
by the use of the unstructured domain, may lea to gmm— B o
calculation of lower vertical pressure on the veald a Y_l 0.11 f ‘
shear strain rate underestimation. ‘ oos | A

I 007
‘ I oos
0.04

N : 0.03
°' A e
001 / \‘
\ - - - S / - a) b)
1\ AN /
a \\\\_’///‘/ \\% J// Fig.8 &) A vel ocity magnitude contour of atransverse

VelocityX (mhk)
S
)
2

plane cal cul ated on the unstructured domain. b) A velocity
magnitude contour of a transverse plane calculated on the
a multi-block structured domain.

[—structured grid — UnStucured grid]
Fig.6 The Ve ocity coordinate X cal culated on 180 points for

both computational domain. The second application that will be presented is an
iliac bifurcation flow field simulation. For thatrsulation
two different computational domains, a multi-block
structured generated by the methodology and an
unstructured computational domain generated by the
commercial software Ansys ICEM®, are briefly
compared. The unstructured grid was created toflireea
grid consisting of 891,557 tetrahedral ele mentdenttie
structured grid consisted of 198,768 hexahedrahetds.
In Fig.9 the two computational domains are depicted
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Fig.9 a)The Unstructured domain generated by a
commercial meshing software. b)The structured domain of
a patient spedficiliac bifurcation generated by the
methodol ogy.

In order to quantify the differences, a relative
difference measurement using the, . formula was

done. The comparison was done over a test voluae ne
the branch of the patient specific geometry coimgisof
1560 points. In Fig.11 a visualization of the teslume is
ilustrated.

z

d

Fig.11 The test volume near the artery branch.

The result is the multi-block structured

For the comparison a steady flow corresponding tocomputational domain calculated a higher velocity

a Reynolds number equal to 800 was selected. Dve fl
field is calculated by the Ansys CFX® software farth
computational domains. As in the previous applimathe
blood is simulated as an incompressible, ho mogeaads
Newtonian fluid with density equal to 1056 kg/m2dan
dynamic viscosity equalto 3,1 10-3 Pa s.

The conclusions that arising out, after a brief
comparison, are similar with the previous applati

As it is depicted in Fig.10 the structured grid

computed a flow field with smoother velocity and
pressure transitions and with a higher velocity mitagle
than the unstructured grid.

Velocity (m/s)

. 0.05

0.045
0.04
0.035
B 003
I 0.025
o002
B 0015
0.01
0.005,

Fig.10 a) A vel ocity magnitude contour of a corond plane
cal culated on theunstructured domain. b) A vel ocity
magnitude contour of a coronal plane cal culated on the
structured domain.

magnitude near the distribution area with, . equal to

8,3%.

Based on the difference in the flow field calcwdati
the use of a tetrahedral unstructured grid in simil
simulations may cause inaccurate flow field caltaoiss,
mainly near the area where the flow is distributadd
lead to uncertain conclusion about thrombus foromati
and the development of complicated phenomena.

The observed differences and the visualizatiorhef t
flow fields obtained by the different co mputatiomaids
is in agreement with conclusions reported by previo
comparison studies [6,16], considering the striextigrid
capable to provide more accurate flow field solsicat
similar grid resolution.

Conclusions

In this study a new technique is developed for €hap
reconstruction and multi-block structure grid gextien
of patient-specific human organs. The method iizad
over surface triangulations representing patierdcip
geometries obtained by a medical imaging examinatio
and reconstructed by a medical data visualizatiod a
image analysis program.

The application of this methodology to two medical
cases and a brief comparison against unstructured
tetrahedral meshes produced by commercial meshing
software, underlines the superiority of the struetugrid
against tetrahedral unstructured meshes.

As a future task, different topologies for the
computational domain will be studied to concludehe
highest quality grid with the use of the fewer edats
possible. Finally the application of the method foe
grid generation of a patient specific aorta shapduding
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series of bifurcations and the performance of blflod [8] Thompson,F.J.,Weatherill,P.,Soni,B. Handbook of
simulations is also a future task. grid generationCRC Press, Boca Ration (1999)
Overall, the proposed methodology is able to
generate high quality multi-block structured griteat
may be used for a series of Computational Mechanics ; :
(CM) simulations of biological systems, includingtinot coronary angiographyied. Biol. Eng. Comput. 48,
limited to CFD, Finite Elements Method (FEM), Fluid  PP-371-380(2010)
Structure interaction (FSI), approaching various [10] Floater MS. Parametrization and smooth
biomechanical problems. The methodology presemted i approximation of surface triangulatioromp. Aid.
this study may be a step towards the developmeranof Geo. Des. 14, pp.231-250 (1997)

d d patient ifi del, which vadhe .
Scvanced patent sosclc el i ey prowe 1] Gopalsamy S, Ross D0 Y, Shi A St
P P ' 9 Grid Generation over NURBS and Facetted Surface

prognosis framework. Patches by Reparametrizatidtioc. 14th Int. Mesh.
Round, pp. 287-299 (2005)

[9] De Santis, G., et al. Patient-specific Compiota|
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