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Abstract.  Biomedical ow problemstend to involve domains which are geometrically
complexover a rangeof sales. Much e ort hasgoneinto developingtools for geneating
computational meshesautomatically from medical san data (MRI, CT), allowingthe easy
creation of patient-speci ¢ modelsof the ow domain, and hene the investigation of ow
under existing conditions. One obvious enhan@ment to this capability is to be able to
interactively modify the geometry; this would for exampleallow the prior determination
of the e ect of certain surgical procedures. In this paper we reprt on the application of
new techniguesallowing the insertion of CAD maodelsinto the original san data. The
resulting computer program, S@nCAD, hasbeen applied to three case studiesil lustrating
the rangeof applications for sucha technique.

1 INTR ODUCTION

Computational Fluid Dynamics (CFD) is proving to be a very valuable tool for un-
derstanding the medanics of blood ow in the human circulatory system. A detailed
understandingof the basic uid dynamicsis very valuablein the study of a range of cir-
culatory conditions, sud aswall deposition of plaquein stenosisand the o w through the
resulting narrowed vessel.Experimert in sud casesds di cult; in vivo studiesare limited
in scope, whilst in vitro reproduction of the exactconditions pertaining to a speci ¢ medi-
cal condition (for examplean exactreproduction of a given geometry)is very challenging.
In silico studieson the other hand, are able to provide a cornucopiaof relevant data very
cheaply, and in a way which is corvenient for researbersto query to ascertainspeci c
information.

1.1 Image-based mesh generation

One of the most seriouschallengesn applying CFD to biomedical o w problemsis that
of de ning the geometryofthe ow. Flowsin arteriesand other medically interesting ow
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problemstend to involve geometrieswhich are geometrically complex acrossa range of
scales.Even nding away to descrike this complexity is quite challenging,and creating a
meshby handto re ect the geometryis time consumingaswell. To addto the complexity,
sud geometriesare patient-speci ¢, and the unique details of the geometry(often related
to speci ¢ medical conditions) are of interest. Thus there has beena lot of interest in
recent yearsin techniquesfor generatingCFD meshesfrom medical scanssud as MRI
or CT scans. Sud scanningtechniquesrecord 3d information (in the form of stadks of
2d images) of the interior of the patient, and thus can provide an exact record of the
geometry of the patient. With an automated processfor converting this to a FV or FE
mesh, one can undertake patient-speci ¢ computationsto look at the existing ow (pre-
or post- medicalintervertion). The dewelopmen of thesecomputational tools is a major
areaof researt in computational bio uid medanics.

Sud tools have beenusedto generateexact geometriesfor a number of studies, for
instancethe ow in signi cant sectionsof the arterial tree [5], and in single arteries [9].
Berthier et al [1] look at the in uence of geometry on the blood ow, using 3 di erent
reconstructionsof a coronary vessekanging from a simplistic constart-diameter tubeto a
geometrically accurate computational reconstruction. More localisedinvestigations have
alsobeencarried out to look at the detailed o w, for exampleto investigatethe wall shear
stress{ a signi cant issuein the dewvelopmern of atheroscleroticplaque deposition { in the
vicinity of complexgeometricstructures sud asthe main bifurcation of the left coronary
artery [8]. As they remark, this is data that could not be revealed from experimenal
methods, but is easilly generatedfrom CFD.

In general,we distinguish two typesof approad to the problem of generatingmeshes
from images: 'CAD'-t ype approahesand 'Voxel'-basedapproades. In the former, the
scan data is used to de ne the surface of the domain. This generatesa 2d surface,
parameterisedin someway (usually asan STL le) which can be passedto an existing
meshgeneratorsud as Gambit, to createthe mesh[10, 3]. Although this approad has
somemerit, asthe complexity of the domainincreaseshe problemsof nding and handling
the bounding surfaceincreaseconsiderably The alternative, voxel-basedmethodology
generatesa volumetric meshdirectly basedon the pixelisedscandata. In Exeter we have
pioneeredthesetechniques,implemerted as a set of computer codes(ScanlP, ScanFE).

The processof generatinga meshinvolves rst segmeting the di erent volumes of
interest (VOI) from the 3D data. Both semi-automatedand manual techniquesare avail-
ablewithin ScanlP, aswell asa rangeof alternative imageprocessingpadkages,to provide
segmeted masks. Tediniquesinclude noise lters, three dimensionalthresholding tools
through to bitmap painting. TheseVOI are then simultaneously meshedbasedon an
orthotropic grid intersectedby interfacesde ning the boundaries.In e ect a baseCarte-
sian meshof the whole volume de ned by the samplingrate is terahedralisedat boundary
interfacesbasedon cutting planesde ned by interpolation points. Smaoth boundariesare
obtained by adjusting the interpolation points in one,or a combination, of two ways: by
setting points to re ect partial volumesor by applying a multiple material anti-aliasing
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stheme. The processresults in either a mixed tetrahedral/hexahedral meshor a pure
tetrahedral meshand incorporates an adaptive meshingsdeme. The approad is fully
automated and robust creating smooth mesheswith low elemen distortions regardlessof
the complexity of the segmeted data.

1.2 Application of CFD to surgical pro cedures

CFD also nds application in investigating the e ect of certain surgical procedures
which may alter the structure of the artery or vein. This will typically involve inserting
a man-made structure sud as a stert into the body to enlargeor alter the geometry
or to bypassa blockage. Computational simulation has beenusedto investigate suc
structures, primarily in idealisedsituations (i.e. separatefrom the patient). Hyun et
al [7, 6] have used idealised geometriesto look at the e ect of various surgical proce-
dures on diseasedcarotid artery bifurcations, with considerablesuccess.Meanwhile, de
Hart et al [4] have investigated a design of stertless aortic valve using computational
uid-structure analysisunder physiologically realistic operating conditions. Bypassgrafts
involve releaving a blockage by introducing a section of tube (synthetic or natural) to
rejoin the two halves of the artery. This typically forms an end-to-sidebranch link. It
seemdikely that hemadynamic parameterssud aswall shearstressand stressgradierts
are linked to long term failure of thesegrafts. Longestand Kleinstreuer [11] performed
computational simulations of sud structures using mesheggeneratedusing a physical re-
construction technique. This is a popular (and important) geometryto investigate, with
seeral groupslooking at the o w usingsimilar in vitro/in silico models[12, 13]. Howewer
most procedureshave to be carried out experimertally, sud asthe work of Rolland et al
[15] investigating stent designby implanting into pigs.

1.3 Surgical and predictiv e modelling

The objective of our work is to conbine the above; to allow the introduction of ad-
ditional geometricalelemerts represeting sternts, bypassesetc. into the patient-speci ¢
computational model derived from the medical scandata. This could be adiieved in a
number of ways. The computational meshcreatedfrom the scancould be altered by the
introduction or modi cation of cells within the mesh. This would ertail creating some
kind of ‘'meshmaodi er' which would probably be too low level to be easilly utilised. At
a higher level of object manipulation, CAD-basedimage-to-meshtools could be applied
hereby conbining the STL surfacegeneratedby the tool with STL surfacesrepreseting
the additional elemens usingsomekind of solid modelling software, beforepassingthe re-
sulting composite object to the meshgeneratorto producethe nal mesh. Howewer, since
we are using voxel-basedimage-to-meshconversiontechniques,we have adopteda di er-
ernt approad, in which the original medical scanitself canbe altered by introducing CAD
models of additional geometricelemens, which are then voxelisedto form an additional
mask within the scan. This approad hasled to the creation of a third pieceof software,
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called ScanCAD, which permits the manipulation of STL-basedsurfacesrom CAD mod-
elswithin the domainde ned by the medicalscan. The segmeted scandata from ScanlIP
can be loadedinto this code, and an arbitrary number of CAD models introduced and
manipulated (for position and orientation) beforebeing voxelisedon the underlying pixel
structure de ned by the imaging. The resulting collection of segmeted maskscan be
reimported into ScanlP for further mask manipulation, beforebeing exported to ScanFE
to generatethe computational mesh.

The result is a computational meshfor the whole problem including patient-speci c
items (the arteries) and additional elemerts (sterts, canrulae etc) which can be usedto
compute the ow through the composite domain. This could be usedto do “predictive’
modelling to predict the e ect of the particular surgical procedure being investigated.
Thus, a standard treatment for atherosclerosigs the insertion of a stert, a metal device
intended to hold the arterial walls open. We can generatea CAD model of the stert,
position this within the segmeted scanasit would be located by surgery and calculatea
priori the e ect that this will have onthe blood ow. Other typesof intervertion, sud as
bypasssurgery or grafting, can similarly be modelled using this technology, thus making
it a geruine predictive tool.

In this paper we presen a number of small casestudieson the o w through di erent
structures; a simple bypassgraft, an artery pierced with a canrula to inject a second
streamof uid, and a bypassusedto relieve a stenosednternal carotid artery. The rst
two casestudiesare purely hypothetical examples,usingreal patient data (from MRI of a
patient's femoralartery) but introducing CAD modelspurely to reproducegenericsurgical
procedures. The nal casestudy, on the stenosedICA, usesgeruine MRI data from a
patient with this condition, for which followup scansof the patient after endarectony
surgery are available for comparison.
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Figure 1: Left:Raw MRI slice of patient. Right: ScanlP segmeimation to de ne artery network region.
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Figure 2: a.Basicsection of femoral artery showing wall shearstress. b. Computational meshfor femoral
artery with graft attached. c. Wall shearstressfor femoral artery including attached graft.

2 CASE STUD Y I: GRAFT

This casestudy, and the next, both rely on MRI data of an upper femoral artery
taken in the RDEHT. This was chosenas a cornveniert datasetto experimert with the
various geometrical changesmade possibleby ScanCAD, rather than represeting any
direct medical procedure. Figure 1 shows one of the individual MRI scansof the patient
together with the ScanlP segmetation de ning the arterial network of interest. Some
preliminary numerical simulations were undertaken on this geometry using a newtonian
analogofblood (density = 1000kg=m?3, relative viscosity 4) and a steady o w rate giving
a Reynolds number of 500 (basedon the hydraulic diameter of the inlet), represeting
conditions of laminar ow. The resultsin terms of wall shearstress(WSS) are showvn in
gure 2a. Next, a bypassgraft was created using AutoCAD with a diameter of 4 mm
and an angle of 45 ; this wasintroducedand positioned using ScanCAD, then conbined
with the original mask using ScanlP, before meshingusing ScanFE. Figure 2b. shows
the modi ed geometry and gure 2c. the resulting WSS for the sameinlet conditions.
The introduced graft has resulted in a signi cant increasein WSS behind the point of
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attachmer.

3 CASE STUD Y II: CANNULA

Figure 3: Screenshotof ScanCAD being usedto position cannula into artery.

As a seconddemonstration of this technology an investigation has been carried out
into the injection of uid into the sameartery through a canrula. Sud a scenariois
important in dialysis, where chemical mixing and altered ow patterns generatedby
the introduction of a secondstream through a rigid canrula may have an e ect on the
dewelopmen of stenosiscloseto the site of injection (c.f. [2]. The samearterial geometry
wasusedfor this case;but this time AutoCAD wasusedto constructa canrula in the form
of a hollow cylinder of internal diameter 2 mm, outside diameter 2:5 mm truncated at 45
at oneend. Figure 3 shavs ScanCAD being usedto position the canrula in the artery,
prior to segmetation in ScanlP After meshingby ScanFEthe model was simulated in
Fluent. The inlet conditions at the artery were the sameas usedin casel; as were the
outlet conditions, whilst a ow speed of 20 cm=s was used at the canrula inlet. The
same Newtonian blood analog was used as with casestudy I. Figures 4a-d. showv the
results from this steady-statecalculation, with WSS (two views) on the artery walls, and
velocities on a cutting plane (c., d.) revealing someof the interior structure of the ow.
In the WSSplot, sincethe artery inlet velocity is uniform the WSSnearthe inlet is higher
than it should be asthe ow adapts; onceit getsto the location of the canrula however,
this e ect hasreducedand the e ect of the presenceof the canrula is visible both in the
WSS and in the detail of the ow around and behind the canrula itself.

4 CASE STUD Y IIl: CAR OTID ARTERY

Data on atherosclerosidn the right internal carotid artery was obtained from a pre-
operative scanon a singlepatient, taken at the Royal Devon and Exeter Hospital. This is
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Figure 4: Various di erent visualisations of the artery piercedwith a cannula. a.+b. wall shearstressfor
artery. c.cortours of velocity magnitude on cutting plane through artery; d. velocity vectors on cutting
plane through artery.

a seriousmedical condition; the internal carotid artery (ICA) on ead side suppliesblood
to the brain via the Circle of Willis, and whilst stenosison one side can be naturally
compensatedfor by increasedblood o w through the other side, plague breakingo the
stenosiswill be carried into the brain, probably leading to a seriousstroke. Someform
of corrective surgeryis usually applied in sud cases.Pre- and post-operative scandata
wereavailable for this patient. ScanlPand ScanFEwereusedon the pre-operative data to
segmen out and meshthe whole arterial structure from the ascendingaorta, comprising
the left and right subclavian arteries and the left and right common carotid arteries, as
shavn in gure 5a. The commoncarotid arteriesthen divide into external carotid (ECA,
supplying the face) and internal carotid (ICA, supplying the brain), which on the right
sidewas se\erely blocked. We will referto this asmodel I1IA, and it permitted a detailed
examination of the preoperative ow towards the brain both through the stenosedright
ICA, and through the healthy left side. The ow in thesearteries of coursemergesagain
further up in the circle of Willis; oneof the objectivesof this pieceof work wasto examine
the changein ow to the brain resulting from the surgical removal of the constriction.
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With this in mind, a bypassstructure (i.e. a tube of the correct dimensions)was created
using SolidWorks and introducedinto the scansusing ScanCADto mimic the e ect of a
possiblesurgical procedure. This is referredto asmodel I11B. Finally, further MRI scans
of the patient weretaken after a convertional endarectony operation had beenperformed
to remove the plaque from the artery. Taking into accourt our experiencewith model
1A, these scanswere performed at a higher resolution in order to improve the model
generatedusing ScanlP/ScanFE;this will be referredto asmodel I1IC.

All three models were run in Fluent, using approximate whole blood material prop-
erties [16] and a theoretical heart beat pro le. This was a simple sinusoidal heartbeat
cyclewith atime period of 0:63 s and a blood pressureof 12080 mmH g, giving an inlet
velocity

S
214sin! t + 1069
0:48 (1)

It was not possibleto acquirethe outlet pressuredrom the patient data in a usableform,
sothe outlet pressureswvere xed basedon the crosssectionalareaof the outlets relative
to the total outlet area.

Resultsfrom the calculation were processedht the end time of the simulation, after a
number of cardiaccycleshad completed. Valuesof the instantaneouswall shearstresswere
particularly examinedas this is believed to be an important parameterin determining
issuessud as plaque deposition. The data concerningthe right ICA for model I1IA was
unavailable; although the stenosiswas clearly visible on the MRI scan,the resolution was
too coarseand it proved impossibleto segmen it in ScanlP;in other words the artery
was almost completely blocked. This resulted in increased ow up the right ECA and
to a lesserextert up the left side of the system. In gure 6, high stressesare seenin
the right ECA, againrelated to the closureof the right ICA. In caselllB, the arti cial
bypasswas inserted as closeto the endsof the stenosisas possible;with an angle of 45
between the bypassand the core arterial geometry This relieved the ow through the
right ECA, although at the cost of creating a region of WSS 0:5 Pa, a factor which has
beenknown to causeproblemsof intimal hyperplasia[14. The data from thesetwo models
is easilly comparablesincethey are basedon the sameinitial scan. Modell11C represeted
the situation after the actual surgical intervertion, taken at a higher resolution, and of
courseat a later date. It shows very clearly the e ect of the endarterectony in increasing
the sizeof the right ICA by appraximately 3-4 times relative to its stenotic state, with
correspnding changesin the ow state.

Uinl et =

5 DISCUSSION AND CONCLUSIONS

The purposeof this paper has beento demonstratea novel technology for including
additional geometricelemetts into patient-speci ¢ models generatedfrom medical scan
data, rather than to perform any in-depth investigation into any of the ow conditions
experiencedin any of the casestudies. That being so, it is possibleto discusshow this
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Figure 5: a.Segmeted arterial structure ascendingfrom the ascendingaorta, shawing position of the
stenosis.b. Mesh generatedby ScanFE. c. Closeup of mesh.

Figure 6: Wall shearstressfor model I1IA (left) I11B (centre) and I11C (right).

“editing' ability may be usedto undertake both investigative and predictive modelling
of important surgical and medical procedures. The casestudies themseles increasein
complexity. Hence,casestudy | is of a relatively simple end-to-sidearterial anastomosis.
Various studies over the last three decadeshave establishedthe importance of hemady-
namic interactionswith the arterial wall in provoking intimal hyperplasiaand, ultimately,
bypassgraft failure. Howewer, any quartitativ e study of these e ects up until now has
had to start with physically creating the geometry; either through surgery on a patient
or the creation of somephysical model. Hence,Longestand Kleinstreuer [11]undertake
a lengthy model-building phaseinvolving suturing PTFE tubing together, lling the re-
sulting structure with polyurethanerubber and then digitising this internal castusing 3d
laser scanningto generatethe geometryfor their computational model. Our techniques
have allowed usto createan equivalent computational model on real, patient-speci ¢ data
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in a much shorter timespan; typically a couple of hoursto generateead speci ¢ model.
This could allow a much wider exploration of the e ect of di erent graft geometrieson
the ow and WSS. The secondcasestudy was geometrically more complex, and more
challenging to set up as the canrula wall thickness0:25 mm was comparablewith the
pixel resolution of the scan. Howewer, again, we are able to createthe individual models
relatively quickly and easilly and this allows the exploration of a diversity of interesting
cases.

Casestudy |1 is the most medically advanced of the three, being basedon a real
surgical casefor which we have both pre- and post-surgicalgeometricinformation. This
hasallowed usto compare o ws pre- and post-operatively basedon the actual geometries.
The surgical operation performedwas basically the removal of the plaquefrom the artery
rather than the insertion of any kind of stert or bypass;however we were also interested
in exploring the use of the code for predictive modelling, and so investigated the e ect
of inserting a bypassinto the arterial network. This sort of technique could potentially
be usedto explore the possiblee ects of surgery beforeit is implemened, in order to
discernthe best surgical approades. Whilst it is unlikely that this would be done on a
regular basis,it might be valuableto usethis to undertake a survey of di erent surgical
techniquesas applied to particular classef patient.

6 CONCLUSIONS

We have demonstratedthe application of techniquesfor intro ducing additional geomet-
ric elemerts into CFD models derived from patient-speci ¢ MRI scans. The techniques
are coded into a tool called ScanCAD, which can be usedto interactively place CAD
modelsinto the segmeted image stadk from the MRI scan;this altered stadk can then
be cornverted into a nite volume meshusing our existing tools. The result is a powerful
tool that can be usedfor both exploratory and predictive modelling; we have illustrated
this with someresults from three di erent casestudiesillustrating the potential for this
technique.

Someof the work on this paper was undertaken with support from the Nu eld Foun-
dation, grant number URB/33345.
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