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Preface:
A man is at his tallest when he stoops to help a child

The plan wasn't really to start a PhD. | had a number of things to do that day:
work on the MSc thesis, attend some classes and maybe make the best of
the good weather at the local beer garden. Starting a PhD was not on the
list and wouldn’t fit in. But | had an appointment. Of all days, why did | have
to put the appointment with Prof. P. Verdonck today? Prof. Verdonck was
responsible of the education called ‘Advanced Studies in Biomedical and
Clinical Engineering’. Could be interesting. So | went. The poor Professor
had to work with a student who’s vision of the rest of his life was bundled
in the sentence: “I would like to do something with engineering and with
medicine and stuff.” This encounter initiated this PhD.

| started on the first of October 2000. My first task was to organise a karting
event and - together with Kris - provide everybody with strong Belgian beers
as a thank you for accepting us in the lab. | fitted in perfectly. Kris D, Peter
D, Stefaan DM, Stijn VDB, Patrick S, Dirk DW, Sunny E, Koen M, Robert B,
Ronny V, Erik D, Bart M, Martin VD, Stefaan B, Manuella DK, Kristien T, Ivo
M and Marcel A created a nice work atmosphere. Meanwhile, | was enlight-
ened on how to couple medical imaging and computational fluid dynamics.
In that context, all credit goes to Prof. J. Vierendeels (FTW, UGent), Mr.
P. de Kermel (ESI-group, Rungis, F) and Dr. P. Groenenboom (ESlbv,
Krimpen aan den lJssel, NL) for teaching me how to use a workstation to
obtain colourful drawings (CFD), and to Dr. Ir. J. Westenberg (Leids Univer-
sitair Medisch Centrum, Leiden, NL), who was desperately trying to explain
how magnetic resonance imaging (MRI) works. The latter showered me with
data and advice, and he was definitely one of the persons who carried this
PhD through the early stages.

Due to personifiable circumstances, all funding ended after a year. When
you work long enough in certain environments, you can tell why communism
failed. This period was without doubt the toughest of the past four years. At
that moment, it took a lot of courage to keep on supporting a PhD student like
me. But only dead fish swim with the current. The support from supervisor
and colleagues was invaluable here. A small e-mail to Dr. Quan Long
was responded by an invitation to Imperial College London to come and
talk to Dr. X. Yun Xu. She gave me a chance to continue my PhD in the
very best of circumstances. | sincerely think this was better than winning
the lottery. Thanks goes to Erasmus-Belgium who really helped me settling
down in London. The irony is that now, looking back, | have to thank the



personifiable circumstances. Without them | would never have made it to
London.

| started on the 9th of October 2001. One month later, | received a tie and
cough-links as birthday gifts. | fitted in perfectly. It is not normal for an Arab
with a burgundian Belgian life-style to fit in in England. Bulk of the credit
goes to Fadi and Rimoun Kasborsom , for opening their house, and to Dr.
Alexander Augst , for nailing every single nailable problem | encountered.
Thanks to the variety of people at Imperial, the work atmosphere was very
colourful. | thank the 414-crew: Pooi-Ling C, Guy G, Guido G, Shunzi Z,
Ka-Wai L, Prashant V, Sayful, Lina H and James L, but also Dean B, Andy
Z, Sheila B, Mark J, Simone P and Bassam K for the wonderful times in Lon-
don. 1 still have the 414 good-bye gift in front of me every day. Professionally,
| was backed by the insights of Prof. A. Hughes , the management of Dr.
S. Thom, the witty jokes of Prof. K. Parker and the thorough supervision of
Dr. Xu. Nothing could go wrong. Still, for a PhD, you need data. No data,
no PhD. My MRI data came from Dr. L. Crowe at the Royal Brompton and
the ultrasound data was the result of the extreme hard work of Dr. Ben Ariff
at St Mary’s hospital. Thanks Ben, hope you are better at the play-station
meanwhile.

Thanks to some kindly acknowledged interventions, | was able to come back
to Gent on the second of January 2003. The lab in Gent had lost some peo-
ple and won some people. llse VT, Tom C, Edawi W, Stein-Inge R, Sebastian
V, Liesbet DD, Lieve L, Guy M and Masanori N were the new colleagues who
had to put up with me. | cooked bacon and eggs for everyone and was asked
to organise a karting event. This time, | didn’t win because | was tricked by
the Verhoeven maffia. On this return, | was welcomed as if | never really
left, and the work atmosphere was, if possible, even better than at the start
of the PhD. Moreover, | sincerely thank Pascal V, Stijn VDB, Kris D, llse VT
and Patrick S for their substantial help when | was stuck, or for making me
halt when | was going too fast. | do not want to forget two students, Martin
H and Mélissa B, who substantially contributed to the work presented in this
book.

You can learn a lot on international meetings. You open up to the culture
of a different city (Gent, Gent again, Calgary, Boston, Miami, Poitiers or
Montpellier) and get to check out when the bars close (never, never, 3am,
lam, etc.). More importantly, | found it amazing to see how much you learn
from simple discussions with colleagues. It is fair to say that my perception
of the research field underwent severe changes after meeting Ana | and
Prof. D. Steinman and his co-workers, of which | would like to mention Luca
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A and Jonathan T. | also want to sincerely thank the funding instances for
sending me to the better conferences: BOF, Pfizer UK, MIT and the Société
de biomécanique. Special thanks to Bill V and Jason Z from Pfizer UK for
having a good nose for restaurants.

| hate reading. Just one of the things | need to work on before | die. |
therefore appreciate deeply the reading and comments on the text granted
by colleagues and friends: Tom C, Lieve L, Guy M, Kris D, Patrick S, Tine
De Backer, Albert G, Johan DS and especially Sebastian V.

The environment of a researcher is critical for his achievements. In this con-
text, | want to thankfully mention the sportsmen who didn’t complain about
having me on their side in the variety of football teams | was fortunate to
play for: Campus, the Hyde Park Wednesday afternoon bunch, Mephis-
tow.be, FC De Gaverbeek, FC The Sharks olé olé and the Belgian national
team. Thank you for letting me score when my girlfriend was watching. But
man shall not live by football alone. The AIG, CathSoc, ArtSoc, the ‘burgie-
bende’, the biomedders, Rotaract Gent-Zuid, and last but not least the VTK
all managed to provide me with true leisure or beer or both. Above all, credit
to my parents, Paul & Nazli, and my girlfriend Marianne for offering me an
ideal surrounding.

Thank the Lord for making all pieces fit.

When you see me walking through it,
you may think there’s nothing to it,
but | simply can not do it

alone!

— Valma Kelly (Chicago, the musical)
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Alleen dode vissen

zwemmen altijd met de stroom mee.

— M. Muggeridge






Indeling van het proefschrift

Dit proefschrift handelt over een nieuwe techniek om de stroming in de hals-
slagader te visualiseren en te berekenen. In een eerste hoofdstuk wordt
dieper ingegaan op de anatomie van de halsslagader en de ziektes die in
die halsslagader voorkomen. Het tweede hoofdstuk concentreert zich op de
techniek. In eerste instantie dient de geometrie van de halsslagader van
een patiént in beeld gebracht te worden. Vervolgens wordt de stroming in
die halsslagader numeriek berekend. Tenslotte wordt een beeld gegeven
van de nauwkeurigheid van de verschillende facetten van de techniek, zoals
de gebruikte beeldvormende techniek en de verschillende manieren om een
berekening door te voeren. In het derde hoofdstuk wordt de nieuwe techniek
succesvol ingezet voor de realisatie van twee klinische studies. De eerste
studie handelt over de impact van het draaien van het hoofd op bloedstro-
ming in de halsslagaders. De tweede studie onderzoekt gevolgen van bloed-
drukverlagende geneesmiddelen. Het vierde en laatste hoofdstuk vat de
belangrijkste bevindingen samen.






l. Inleiding

[.1. Anatomie

Hart- en vaatziekten vormen de belangrijkste doodsoorzaak in Westerse
culturen. Figuur l.1/toont aan dat cardiovasculaire aandoeningen in Europa
verantwoordelijk zijn voor 33.5% van de sterfgevallen op 45 tot 54-jarige
leeftijd en voor 64% van de sterfgevallen bij mensen ouder dan 85.271 In de
Verenigde Staten zijn cardiovasculaire aandoeningen in 39.4% de doods-
oorzaak.’

Het cardiovasculair systeem bestaat uit het hart, dat het bloed door het
lichaam pompt, de slagaders (arteries), die het bloed naar alle weefsels
van het lichaam leiden en de aders (venen), die het bloed van de weefsels
terugbrengen naar het hart.

B Infecties en parasitaire ziektes BN Kanker
mem Cardiovasculaire aandoeningen W Ziektes van de luchtwegen
Andere ziektes Externe letsels en vergiftiging

100

Procent sterfte

114 1524 25-34 3544 45.54 55-64 6574 75-84 +85
Leeftijdscategorie [jaren]

Figuur I.1.: Doodsoorzaken per leeftijdscategorie in Europa volgens de wereld gezondheids-
organisatie (WHO) 3%
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értertija
arotis
" Externa
(ECA) Basilaris
Arteria Rr?%hégnlsisme . anriea en
ﬁ?;?rt'llas carotis Garotls.
(ICA) Vertebralis ' _
S earots 11} Linkse gprpeon-
Arteria Ry h]tse, 7 i caroﬂ?
—— Carotis subclavia
Communis ™~
(CCA) Trungus / . H‘"Linkse subclavia
bracﬁmcepharicus =~ Acrtaboog

(a) Rechter-carotisbifurcatie'®’ (b) Posites van de aftakkin-
gen van de aortaboog®’

Figuur 1.2.: De positie van de halsslagaders in het menselijk lichaam.

De halsslagader (arteria carotis of kortweg carotis, Figuur|l.2) heeft in dit ver-
band om een viertal redenen een bijzonder belang. (1) Vooreerst is het een
arterie die zich opsplitst in 2 takken: de gemeenschappelijke halsslagader
(common carotid of CCA) splitst zich in de interne (ICA) en externe hals-
slagader (ECA). Dergelijke bifurcaties behoren tot de geometrieén waarin
typisch de meeste cardiovasculaire ziektes voorkomen. Zowel slagaderver-
kalking (atherosclerosis), aneurysmata (verslapping van de vaatwand waar-
door een uitstulping van de slagader optreedt) als dissecties (afscheuren
van de binnenste laag van de slagader) komen voor. (2) De halsslagader
brengt het bloed naar het hoofd en meer in het bijzonder is het €én van de
slagaders die instaan voor de doorbloeding van de hersenen. Hierdoor heeft
een pathologie van de halsslagader meteen ernstige gevolgen, bijvoorbeeld
een herseninfarct. (3) Daarenboven is de halsslagader een rechtstreekse
aftakking van de aorta, waardoor het opmeten van de toestand in de hals-
slagader een barometer kan zijn voor de hemodynamische toestand van het
hart. (4) Het voordeel van de halsslagader is dat het een zeer oppervlakkig
bloedvat is, dat zich gemakkelijk door niet-invasieve technieken laat opme-
ten. Om deze redenen is het dan ook van groot belang om te beschikken
over een degelijk meetinstrument voor de visualisatie en kwantificering van
de bloedstroming in de halsslagader.

NL -8
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l.2. Doel van het proefschrift

Hart- en vaatziekten omvatten een breed gamma aandoeningen waarvan
aangeboren afwijkingen van het hart, lekkende hartkleppen, pathologién
van de hartwand, atherosclerosis en hypertensie de meest voorkomende
Zijn. In dit proefschrift wordt dieper ingegaan op atherosclerosis en zijn
oorzaken. Atherosclerosis wordt geinitieerd door een nefaste biomechani-
sche situatie. De normale situatie staat geillustreerd in Figuur I.3. Hier ziet
men hoe een bloedstroming een tangentiéle kracht  uitoefent op de cellen
van vaatwand, het endothelium. Deze schuifspanning 7 is het product van
de viscositeit van het bloed i en de afgeleide van de snelheid « naar de
normale afstand tot de wand y:

T=u — (L1)

Indien de stromingsrichting definieerbaar is, zullen de cellen van de vaat-
wand die in contact staan met het bloed zich aligneren met de bloedstro-
ming, zoals weergegeven door Malek?%® in Figuur .4 (a). Vanaf schuifspan-
ningen in de buurt van 1.5 N/m? vinden de endotheelcellen probleemloos

Snelheid
van het
bloed

T=h(y

Bloedstroom
Endotheel

Figuur 1.3.: Schuifspanning 7 in gezonde slagaders.?®® De schuifspanning is de tangentiéle
kracht uitgeoefend op de vaatwand door het stromende bloed. Ze is gelijk aan het product
van de de dynamische viscositeit van het bloed . en de afgeleide van de snelheid « naar de
normale afstand y.
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I. Inleiding

a) Physiologische arteriéle b) Lage arteriéle
ysiolog modyni(lFt{iS_' o_%:sdcnrr}_'f?)panningen
PLLATATY 2 T 575

Figuur 1.4.: De cellen van het endothelium in twee stromingssituaties. a: De cellen van het
endothelium aligneren zich in de richting van de stroom. b: Wanneer er geen duidelijkheid
bestaat i.v.m. de zin van de stroom, bv. wanneer de stroming zwak is en oscilleert, is er
geen alignering van het endothelium.%®

de juiste richting. Wanneer de bloedstroming echter zwak is en oscilleert, is
de zin van de stroming niet meer duidelijk en valt er bij de endotheelcellen
geen alignering te bespeuren (Figuur .4 (b)). Malek?%8 spreekt van een
waarde van 0.4 N/m? als drempel voor lage schuifspanningen. Wanneer het
endotheel zich niet alingeert, is de vaatwand vatbaar voor verkalking.

Ook bij hoge schuifspanningen treden biologische verschijnselen op die
atherosclerosis in de hand werken. Zo zullen de rode bloedlichaampjes
scheuren en kunnen de endotheelcellen rechtstreekse schade ondervinden
door de hoge krachten die de stroming hen oplegt. Deze nefaste situaties
doen zich voort>® vanaf schuifspanningen tussen 10-15 N/m?, maar worden
pas klinisch relevant vanaf 25-45 N/m?.

In de halsslagader treden vooral lage schuifspanningen op, maar er komen
ook hoge schuifspanningen voor. Dit is voorgesteld in Figuurl.5. Kalkafzet-
ting in de halsslagader gebeurt het meest in de zone van lage schuifspan-
ning, in de buitenkant van de ICA .32

Gezien het belang van de halsslagaders en de potentiéle nefaste gevolgen
van wandschuifspanningen, is het bepalen van schuifspanningen in de hals-
slagader sinds de jaren 60 ononderbroken een technische uitdaging van
maatschappelijk belang.#>47:180.380" Men kan echter de schuifspanning in
vivo niet rechtstreeks meten, zodat men al vrij snel op zoek is gegaan naar
onrechtstreekse methodes. De eerste niet-invasieve technieken die erin
slaagden de schuifspanningen te begroten, kregen vorm op het eind van
de vorige eeuw. Dan werd voor het eerst de halsslagader van een levend
individu in beeld gebracht met MRA (magnetische resonantie angiografie)
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Figuur 1.5.: Vooral lage maar ook hoge schuifspanningen komen voor in de halsslagader.

en gereconstrueerd in drie dimensies om dan de stroming in die halsslag-
ader numeriek te berekenen. Het resultaat van deze berekening was het
schuifspanningsveld: voor het eerst leek het mogelijk om de krachten die
een vloeistof uitoefent op de vaatwand volledig niet-invasief te begroten.

Wanneer aan het huidige onderzoek begonnen werd, ebde de euforie van
de eerste successen reeds weg. Gedreven door het grote maatschappelijk
belang, begon men zich af te vragen hoe nauwkeurig deze techniek eigen-
lijk wel is, en hoe toepasbaar ze zou blijken. Het is in dat kader dat dit
onderzoek past.

Het doel van dit proefschrift bestond er dan ook in een techniek operatio-
neel te maken die de halsslagaderdoorstroming in vivo berekent. Hierbij
werd gebruik gemaakt van medische beeldvormende technieken die in staat
zijn de 3D geometrie van de slagader te reconstrueren en daarnaast ook
een minimum aan informatie over de bloedstroming te rapporteren. Met be-
hulp van een computermodel wordt de stroming in de halsslagader voor een
individu gereconstrueerd door het oplossen van de Navier-Stokes vergelij-
kingen, i.e. de mathematische representatie van fysische wetten waaraan
een fluidum (dus ook bloed) steeds moet voldoen. Zo wordt het beeld van
de stroming bekomen op een patiéntspecifieke basis, enkel met behulp van
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niet-invasieve technieken. Op basis van dit beeld van de stroming kunnen
schuifspanningen op de slagaderwand bepaald worden.

Behalve het ‘operationeel maken’ van de techniek, was é€én van de belang-
rijkste doelen van dit proefschrift het bepalen van de nauwkeurigheid van de
schuifspanning in vivo. Als de techniek inzetbaar is voor klinische toepas-
singen, moet de nauwkeurigheid ervan natuurlijk exact begroot worden. Pas
dan kan pre-operatief onderzoek geschieden op basis van deze combinatie
van een beeldvormende techniek en numerieke stromingsmechanica. Van-
daar dat een belangrijk deel van dit proefschrift handelt over de sensitiviteit
van de ontwikkelde technologie.

[.3. De belangrijke parameters

Behalve de schuifspanningen, zijn er een aantal andere diagnostische pa-
rameters die in dit proefschrift aan bod komen. Deze lijst is niet begrenzend
en is enkel bedoeld om de lezer voeling te geven met de parameters die
verderop voorkomen.

» De IMT of intima-media dikte is de dikte van de binnenste twee lagen
van een slagader. Het is algemeen aangenomen3® dat een hoge IMT
een marker is van een verzwakte vasculaire gezondheid.

» De 3D geometrie van de halsslagader wordt dikwijls herleid tot een
aantal parameters . Hieronder valt o.a. Ar, wat staat voor de verhou-
ding van de som van de doorstroomoppervlakte van de ICA en ECA,
ten opzichte van de doorstroomoppervlakte van de CCA. T, is verder
de kromheid van de arterie art (art = CCA, ICA of ECA).

T, =1 kortste afstand inlaat — uitlaat (12)

lengte van arterie

De bifurcatiehoek apg;r is de hoek tussen ICA en ECA. SFart is
een parameter die de vorm van de contouren begroot. Deze para-
meter is 1 voor een cirkel, en minder dan 1 voor alle andere vormen.
Verder werden de non-planariteitsparameter N P en lineariteitspara-
meter L, gedefinieerd door King.2>” N P wordt als volgt berekend.
Eerst dienen de middellijnen van de arteries berekend te worden zoals
dat gedaan wordt door Barratt.?? De codrdinaten van de middellijnen
worden opgeslagen in een matrix. De singulierwaarde factorisatie van
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deze matrix levert dan 3 singuliere waarden op. De - na schaling -
kleinste singuliere waarde is dan de non-planariteitsparameter. Wan-
neer alle punten in een vlak liggen, is NP = 0, wanneer alle punten
uniform verdeeld zijn in de ruimte, is NP = 33%. De lineariteitspara-
meter L is de grootste singuliere waarde en wordt op analoge wijze
berekend. Deze parameters zijn interessant omdat die gelinkt kun-
nen worden aan geometrische eigenschappen die gepaard gaan met
kalkafzettingen.

Het Reynolds-getal wordt als volgt berekend:

Re = Vge”LDp (1.3)
_ QMWDZM)Dp (14)

hier is Vi, de gemiddelde snelheid, D de diameter van het vat, p
de bloed densiteit en 1 de dynamische viscositeit. Het Reynolds getal
drukt voor een stroming uit hoe de inertiekrachten zich verhouden t.o.v.
de visceuze krachten. Het stromingsprofiel bij hoge Reynolds-getallen
wordt bepaald door inertiewetten, terwijl bij lage Reynolds-getallen de
viscositeit van het fluidum het aanblik van de stroming bepaald. In het
eerste geval spreekt men van turbulente stroming, in het tweede geval
over laminaire stroming. In een rechte stijve cilindrische buis ligt de
grens tussen beide stromingsprofielen in de buurt van een Reynolds-
getal van 2300.

De schuifspanning in een bepaald punt op de vaatwand kan verschil-
lende waarden en richtingen aannemen tijdens een hartcyclus. De
OSI (‘Oscillatory Shear Index’) is de fractie van de hartslag waarin de
schuifspanning (WSS) niet gericht is volgens de gemiddelde richting.
Ze wordt als volgt berekend:

0Sr =+ (1 W) (L5)

2\ 77 ae

waarbij T' de tijd tussen twee opeenvolgende hartslagen is, ¢ de tijds-
parameter en 7 de schuifspanning. Wanneer de WSS altijd in dezelf-
de richting acteert is de OSI gelijk aan 0, wanneer echter de schuif-
spanning oscilleert rond het nulpunt zal de OSI toenemen, met 0.5 als
theoretisch maximum. De cellen aan de binnenkant van de slagader,
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I. Inleiding

de endotheelcellen, wensen zich altijd te oriénteren in de richting van
de stroom. Wanneer echter de richting van de stroom niet duidelijk ge-
definieerd is, zal de endotheelfunctie verstoord zijn hetgeen aanleiding
kan geven tot verdikking van de vaatwand en slagaderverkalking.4? De
OSI helpt bij het opsporen van dergelijke zones.

» De schuifspanningsgradi ént wordt traditioneel gelinkt aan de per-
meabiliteit van de vaatwand.2’® Grote gradiénten zullen de vaatwand
aantasten en zo de kans geven aan relatief grote cellen, zoals macrofa-
gen, om in de vaatwand te diffunderen. Deze situatie bevordert het
verkalkingsproces. De schuifspanning kan zowel naar de tijd als naar
de plaats afgeleid worden. In het eerste geval spreekt men van de tem-
porele schuifspanningsgradiént of WSSGt, in het tweede geval van de
spatiale schuifspanningsgradiént of WSSGs:

Tlor
at’ dt (L6)

2
WSSGs = ~ / \/ i aT") dt (L7)
’I’l

Tm €N 7, Zijn de tijdsafhankelijke componenten van de schuifspannin-
gen in het mnl carthesisch assenstelsel. Hierbij is m de richting van
de gemiddelde schuifspanning en n de tangentiéle richting aan het
oppervlak van de wand en loodrecht op m. Merk op dat de schuifspan-
ning gerefereerd dient te worden in het mnl assenstelsel om berekend
te worden. Dit assenstelsel in anders voor elk punt van de vaatwand.

1
WSSGt = T /0

» De hoek die gemaakt wordt tussen de schuifspanningen in twee aan-
palende punten van de vaatwand is een maat voor de kans dat bloed-
partikels zich afzetten op die plek.14? Partikeldepositie bevordert kalk-
afzettingen. Afhankelijk van de manier waarop deze parameter wordt
becijferd, refereert men naar deze parameter als de schuifspannings-
deviatie (WSSAD) of angulaire schuifspanningsgradiént (WSSAG). De
WSSAD is een gemiddelde hoek tussen de gemiddelde schuifspan-
ning in een bepaald punt en de omliggende punten (in radialen), terwijl
de WSSAG de afgeleide van deze hoek is naar de ruimte (radialen per
meter).

De WSSAD wordt als volgt berekend:

=

=
WSSAD = Carccos(ﬁ) (1.8)
ARKK
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waarbij
C=1 als ﬁ--l_[zo
C=0 als v;-1; <0 (1.9)
en
= 1 ("
Ti:f ) Tidt
_ 1 (T
V= — oL dt (L.10)
El T O ’

Hier is 7, de gemiddelde schuifspanning in punt i, ﬁ de gemiddel-
de normale snelheid in de directe nabijheid van het punt i, 7 is de
normaal, subscript i duidt het huidige punt aan terwijl j de index is voor
de naburige punten. De factor C benadrukt de potentiéle impact van
stroming die de wand nadert. In de meest ernstige situatie is WSSAD
gelijk aan .

De WSSAG wordt als volgt berekend:

1 ¢ - 1 ap o 1 86 -
— [ Laai+— [ Laa i+ — [ Laak
Ai/;az M+A¢/g¢9y 1]+Ai/58z i

met S is het volledige oppervlak van de halsslagaderwand en A; de
oppervlakte van het deel van de wand gerelateerd aan punt i. Deze
parameter kan berekend worden in eender welk assenstelsel ijk of
xyz. Het scalair veld angulaire verschillen ¢ is als volgt gedefinieerd:

1 T
WSSAG = — / dt (I.11)
T Jo

¢ = arccos ( Titly ) (L.12)

I7il 1751

l.4. De techniek en zijn toepassingen

Het proefschrift bestaat uit twee delen. In een eerste deel wordt de techniek
die medische beeldvorming combineert met numerieke stromingsmechani-
ca (computational fluid dynamics, CFD) bestudeerd. Daarbij gaat veel aan-
dacht naar het kwantificeren en opdrijven van de betrouwbaarheid van de
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I. Inleiding

techniek. Twee beeldvormende technieken worden van dichterbij bekeken:
magnetische resonantie angiografie (MRA of vasculaire kernspintomogra-
fie) in al zijn verschillende vormen en het meer toegankelijke en goedkopere
ultrageluid (US) of echografie.

In een tweede deel van het proefschrift wordt de techniek in twee klinische
studies succesvol toegepast. Een eerste studie bestudeerde de impact van
het draaien van het hoofd op de doorstroming van de halsslagader. Een
tweede studie gaat na wat de gevolgen van bloeddrukverlagende genees-
middelen zijn op de schuifspanningen in de halsslagader.
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lI. Numerieke stromingsmechanica
op basis van medische beelden

[1.1. Overzicht

Om tot een diagnose te komen, doet men beroep op een waaier meetap-
paratuur en een breed gamma ingenieurstechnieken. Het bepalen van de
schuifspanningen in de halsslagader van een patiént bestaat uit de volgende
stappen, geillustreerd in Figuur |II.1.

1. Niet-invasieve beeldvorming : Met MRA of US worden de doorsne-
den van de slagader gevormd. In de eerste plaats dienen ze voor de
3D reconstructie van de halsslagader. In de tweede plaats is de beeld-
vorming ook bedoeld voor het meten van de snelheid aan het begin en
einde van het 3D model of het meten van de in- en uitlaatvoorwaarden.

2. Segmentatie : Op de originele beelden wordt de wand van de slaga-
ders afgelijnd. Dit kan automatisch of manueel. Het resultaat van deze
stap is een reeks contouren, i.e. dwarse secties van de slagader.

3. Reconstructie : De contouren worden in een gemeenschappelijk refe-
rentiestelsel geplaatst. Hierdoor wordt de 3D geometrie van de slag-
ader zichtbaar gemaakt. Door het glad maken van de 3D reconstruc-
tie kan een realistisch computermodel van de halsslagader gecon-
strueerd worden.

4. 3D Discretisatie : In deze stap wordt de binnenkant van het model,
daar waar het bloed stroomt, gediscretiseerd. Dit houdt in dat het deel
van de 3D ruimte, ingenomen door de bloedstroming, in kleine cel-
letjes wordt onderverdeeld. De stromingsvergelijkingen worden later
iteratief in deze celletjes opgelost. Deze stap noemt men ook het
‘meshen’.

5. Opleggen van randvoorwaarden en parameters van het model
Vooraleer het oplossen van de stromingsvergelijkingen kan beginnen,
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Figuur I1.1.: lllustratie van enkele typische stappen die ondernomen dienen te worden voor
het combineren van een beeldvormende techniek met numerieke stromingsmechanica. Na
de beeldacquisitie wordt op de beelden manueel of automatisch de interface tussen lumen en
vaatwand afgelijnd. Deze lijnen of contouren worden in een 3D referentiesysteem geplaatst
en bewerkt om een gladde geometrie te bekomen. De 3D geometrie wordt dan gediscre-
tiseerd of ‘gemesht’. Deze ‘mesh’, samen met de stromingsvoorwaarden aan de in- en
uitgang van het model, bevat genoeg informatie om de stroming in het model numeriek door
te rekenen m.b.v. een (veelal commercieel) numerieke stromingsmechanica pakket.*%

moeten de in- en uitlaatvoorwaarden gekozen worden. Deze zijn ge-
baseerd op debiet- en/of snelheidsmetingen uitgevoerd tijdens stap 1.
Verder moeten nog enkele vloeistofeigenschappen bemeten worden,
zoals de viscositeit en dichtheid van bloed.

6. Numerieke Stromingsmechanica (Computational Fluid Dynamics of
CFD): nu een gediscretiseerd model bestaat en de nodige randvoor-
waarden werden opgelegd, kan de volledige tijdsafhankelijke stroming
van het bloed door de halsslagader berekend worden. Hiertoe lost
men de gelineariseerde Navier-Stokes vergelijkingen op in de celle-
tjes van de mesh:
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I1.1. Overzicht

3

S Qui (IL1)
=1
oup o~ 0 3 180
! —(uju;) = F; -4 i =1,2 1.2

De onafhankelijke variabelen in een cartesiaans assenstelsel zijn de
plaatsvector @ = (1,22, 23) en de tijd t. Onder de afhankelijke vari-
abelen vallen de snelheidsvector & = (uj,us,u3) en de druk p. De
krachtenvector F = (Fy, Fy, F3) is uitgedrukt in N/kg en & = (0i5) Is
de spanningstensor uitgedrukt in N/m?, bestaande uit een drukcom-
ponent en de viscositeit. p is de dichtheid van de vloeistof, hier het
bloed.

Voor het oplossen van de Navier-Stokes vergelijkingen kan men ge-
bruik maken van verschillende numerieke modellen en verschillende
softwarepakketten.

7. Diagnose : Eenmaal het stromingspatroon is gekend, kunnen diag-
nostisch parameters berekend worden. Bij de diagnostische parame-
ters behoren onder andere de schuifspanningen, de krachtenbalans
tussen stroming en arteriéle wand, en de omvang en lokalisatie van
recirculatiezones, i.e. zones waar het bloed gedurende een periode
van de hartcyclus terugstroomt.

In dit hoofdstuk, dat zich vooral over de technische kant van het proefschrift
buigt, worden knelpunten in bovenstaande stappen aangepakt. Deel lll.2,
magnetische resonantie (MR), gaat na hoe de 3D reconstructie het best
aangepakt worden wanneer men over een MR-scanner beschikt. Analoog
wordt in deelll.3, ultrageluid (US), de te ondernemen stappen bij het gebruik
van US uit de doeken gedaan. In beide delen gaat er veel aandacht naar het
kwantificeren van de nauwkeurigheid van de schuifspanning berekend met
deze techniek. Deel .5 vergelijkt de twee beeldvormende technieken, MR
en US. Tussenin (deelll.4) worden keuzes gemaakt voor de parameters van
het numeriek model. Hierbij wordt vooral gedacht aan de randvoorwaarden,
maar ook aan de viscositeit en de invioed van de hartslag.
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II. Numerieke stromingsmechanica op basis van medische beelden

[I.2. Magnetische Resonantie

[1.2.1. Inleiding

Magnetische resonantie beeldvorming (MRI) maakt gebruik van het feit dat
waterstofatomen in een groot magneetveld fungeren als magneetjes. Door
in een patiént de beweging van die magneetjes na een externe excitatie te
registreren, kan men doorsneden van het menselijk lichaam in beeld bren-
gen. Wanneer MRI gebruikt wordt voor het visualiseren van bloed, spreekt
men ook van MR angiografie of MRA.

Er bestaan onder meer 3 soorten MRA: ‘Black Blood’ (BB), waar het bloed

aisialal e

Figuur 11.2.: MRA beelden van een halsslagader van een jonge hypertensieve zonder
vaatvernauwing. De bovenste helft ziin BB MRI beelden, de onderste zijn TOF beelden
in dezelfde locaties.
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I1.2. Magnetische Resonantie

als zwart wordt afgebeeld in een beeld, ‘Time-Of-Flight' (TOF), waar het
bloed als witte zones wordt afgebeeld, en ‘Cine Phase contrast’ (PC), waar
de grijswaarde van het beeld overeenstemt met de snelheid van het bloed.
Omwille van hun verschillende toepassingsgebieden werden de drie soorten
MRA technieken in afzonderlijke studies onderzocht en vergeleken. Fi-
guur Il.2 (bovenste helft) geeft een voorbeeld van een set BB MRI beelden
genomen in een jonge, hypertensieve persoon zonder halsslagaderverkal-
king. In diezelfde persoon werden ook TOF MRI beelden gemaakt: deze
zijn te vinden in de tweede helft van Figuur 1.2,

Figuur 11.3.: Automatische segmentatie van de MRI beelden uit Figuur|ll.2. De witte of zwarte
contouren zijn de resultaten van de automatische segmentatie van de CCA of ICA, terwijl de
grijze contouren de ECA aflijnen.
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11.2.2. Segmenteren en Reconstrueren

Het segmenteren van MRI beelden maakt gebruik van de ‘region growing’
methode, waarbij een operator op een beeld een punt moet aanduiden dat
zich in het bloedvat bevindt. Op basis van dat punt en de omliggende grijs-
waarden wordt de contour automatisch teruggevonden. Na afloop gebruikt
men de ‘Snake’ methode.?Y Dit is een segmenteringtechniek die de punten
van een contour beschouwd als massa’s die met veren aan elkaar verbon-
den zijn. Door de punten te verschuiven en hun ‘energie’ te minimaliseren,
bekomt men de ideale gladde contour. Deze energie is opgesteld uit fac-
toren die afhangen van de grijswaarden en van de vorm van de contour.
Figuur [Il.3 toont het resultaat van de opeenvolging van de region growing
methode en de snake methode voor de originele beelden uit Figuur 1.2
Na afloop krijgt een operator de kans aanpassingen door te voeren op de
afgebeelde contouren.

De contouren die na de segmentatie bekomen werden, worden nu in 3D
afgebeeld in een gemeenschappelijk referentiestelsel. Om de effecten van
ruis uit te schakelen, wordt de 3D reconstructie glad gemaakt. Hierbij wor-
den de individuele punten Iﬂ} van een afzonderlijke contour verschoven
naar een punt op de as die ]ﬂ verbindt met hun zwaartepunt Cﬂ}. Daaren-
boven worden de zwaartepunten van de contouren m verschoven naar

—_—

Chieuww die op een 3D gladde lijn liggen:

B — (—> — —_—

Pricuw Poud — Coud) X A/ Qratio + Chicuw (H?’)

Hierbij werd a.,.:;, begroot door de eis dat de oppervlaktes van de contou-
ren niet te veel mogen fluctueren. Deze operaties verwijderen ‘hoekjes en
kantjes’ van de 3D reconstructie hetgeen resulteert in een meer realistische
3D voorstelling van de halsslagader. Figuur 1.4/ toont de distributie van de
OSI in een halsslagader die met verschillende graden van gladheid werd
gereconstrueerd. Deze distributies tonen aan dat, behalve het wegwerken
van onrealistische scherpte in de geometrie, het glad maken weinig invioed
heeft op de belangrijkste kenmerken van de OSI distributie.
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0.00
(a) (b)

Figuur 11.4.: OSI distributie in een halsslagader die met verschillende graden van gladheid
werd gereconstrueerd. a: uitermate glad; b: glad; c: ruw.

[1.2.3. De nauwkeurigheid van MRI gecombineerd met CFD
[1.2.3.1. Invitro studie

In een eerste studie werd TOF MRI op de korrel genomen. Vooreerst werd
een glad fantoom van de halsslagader gescand en gereconstrueerd. Deze
studie liet toe de nauwkeurigheid van de techniek te bepalen. Enkele re-
sultaten zijn geillustreerd in Figuur 1.5, waar de ware oppervlaktes van de
doorsnede van de drie delen van het halsslagadermodel vergeleken worden
met hetgeen werd bemeten op de 3D reconstructie met TOF MRI. De data
punten zijn de doorsneden van de individuele contouren, de volle grijze lijn
is de oppervilakte bemeten bij de gladde reconstructie. Voor de volledigheid
werd ook een BB MRI scan uitgevoerd. De resultaten daarvan zijn mee in
de figuur opgenomen. De studie toonde aan dat MRI-gebaseerde CFD klaar
was voor in vivo toepassingen.

[1.2.3.2. Invivo studie

Nadat de performantie van TOF MRI in vitro was vastgesteld, werd vervol-
gens een TOF reproduceerbaarheidsstudie uitgevoerd. Hierbij werden 8
gezonde personen twee keer gescand, met minstens twee weken tussen
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Figuur 11.5.: Nauwkeurigheid van MRI in het bepalen van de doorsnede van een in vitro
carotis. De oppervlakte van de doorsnede is voorgesteld als een functie van de verticale
as z. De zwarte lijn (CAD) stelt de werkelijke data voor. De data punten zijn opgemeten
oppervlaktes, en de grijze lijnen zijn de oppervlaktes in het gladde model.

de twee opnames. Het verschil tussen de twee scans is een maat voor de
reproduceerbaarheid. In de simulaties die de hemodynamische parameters
berekenen werd in deze studie telkens dezelfde randvoorwaarde gebruikt,
dit opdat de opgemeten verschillen enkel te wijten zouden zijn aan het ver-
schil in geometrie. Een aparte randvoorwaardestudie volgt in deel11.4. Eén
van de interessantste resultaten van deze studie staat vervat in Tabellll.1: ze
toont de te verwachten fout voor de WSS, OSI, WSSGt, WSSGs, WSSAD
en WSSAG. Deze fout werd berekend door de individuele waarde van de
parameter te begroten op individuele segmenten van de halsslagader. Voor
elk segment berekent men het absolute verschil tussen de te verwachten
waarde (het gemiddelde van de waarde in de twee scans) en de opgemeten
waarde (in één van de scans). De ‘fout’ of RMSE is hier gedefinieerd als het
gemiddelde van deze absolute verschillen.
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arterie WSS OSI WSSGs WSSGt WSSAD  WSSAG
[N/m?] [-] [N/m®]  [-5-] [-] [rad/m]
RMSE CCA 0.175 0.0129 114 0.817 0.0969 22.1
ICA 0.543 0.0325 234 2.97 0.120 67.8
ECA 0.563 0.0296 213 3.27 0.0972 77.3
SAMEN 0.427 0.0250 214 2.35 0.105 68.1
% CCA 35.0 89.9 67.1 20.4 79.5 64.5
ICA 249 107 68.9 19.5 121 97.5
ECA 39.6 129 56.1 35.0 106 72.0
SAMEN 37.9 123 65.7 30.2 102 79.8

Tabel II.1.: Fout voor de hemodynamische parameters begroot met de MRI reproduceerbaar-
heidsstudie (n=8). De ‘fout’ of RMSE is het gemiddelde absolute verschil tussen de waarde
van een segment in de eerste scan en de gemiddelde waarde van het overeenkomstige
segment in de twee scans. Het percentage is de fout gedeeld door de gemiddelde waarde.

Door deze studie werd voor het eerst de reproduceerbaarheid van de com-
binatie van MRI en CFD gekwantificeerd in vivo. Omdat elke meettech-
niek zijn eigen meetfout met zich meebrengt, valt de werkelijke geometrie
en halsslagaderdoorstroming in vivo niet ondubbelzinnig te bepalen. Van-
daar dat de ‘nauwkeurigheid’, wat gedefinieerd wordt als het verschil tussen
de gemeten waarde en de werkelijke waarde, niet bemeten kan worden.
Dit wordt opgevangen door het begroten van de reproduceerbaarheid, die
dankzij deze studie voortaan gekend is en in het verdere verloop van het
proefschrift als referentiewaarde zal worden gebruikt.

Merk op dat deze studie geen eenduidig antwoord kan geven op de vraag
of de techniek nu al dan niet reproduceerbaar is. De reproduceerbaarheid
is immers afhankelijk van de vereiste nauwkeurigheid in een bepaalde toe-
passing. Indien toepassing “A” een nauwkeurigheid van 0.5 N/m? voor de
WSS vereist, dan is de techniek zoals die er hier voorligt reproduceerbaar
aangezien de gemiddelde RMSE in Tabel 1l.1/ 0.427 N/m? bedraagt. Indien
toepassing “B” echter een strenge nauwkeurigheid van 0.1 N/m? vereist, is
de techniek niet reproduceerbaar genoeg.

[1.2.4. De vergelijking van TOF en BB

In een volgende studie werd de nauwkeurigheid van BB MRI onderzocht in
vivo. Hiertoe werden 8 personen elk zes keer gescand: 3 keer met TOF
MRI, en 3 keer met BB MRI. BB MRI heeft enkele inherente voordelen t.o.v.
TOF MRI:
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(a) ICAen ECA (b) Distal CCA

Figuur 11.6.: Artefacten bij BB en TOF MRI. a: Proximale CCA coupes: het beeld links-
boven is het TOF beeld, er rechts van en eronder staan twee manieren om te segmenteren.
Het beeld rechtsonder is het corresponderende BB beeld. b: Distale CCA coupes: het
beeld linksboven is het BB beeld, er rechts van en eronder staan twee manieren om te
segmenteren. Het beeld rechtsonder is het corresponderende TOF beeld.

Zoals Figuur 1.2/ (pagina NL - 20) duidelijk aantoont, heeft BB MRI de
capaciteit om de dikte van de vaatwand te begroten.

De beeldacquisitie bij BB MRI kan gesynchroniseerd worden zonder
dat de acquisitietijd de grenzen van een voor de patiént aanvaardbare
tijdspanne overschrijdt.

Samen met het eerste punt wordt het duidelijk dat BB MRI in staat is
de cyclische vervorming van de wand te registreren.

BB MRI vertoont minder artefacten in het bijzijn van eventuele metalen
implantaten.313

Figuur 1.6/ (a) (linksboven) is een TOF beeld van de proximale ICA.
Deze kan op verschillende manieren gesegmenteerd worden, zoals
wordt aangeduid rechts van en onder het originele beeld. De BB MRI
tegenhanger van hetzelfde TOF beeld (rechtsonder) is van vergelijk-
bare kwaliteit, maar dankzij het feit dat ondanks de grote ruis de vaat-
wand goed in beeld werd gebracht, is het segmenteren van het BB
beeld eenvoudiger. BB MRI is dan ook nauwkeuriger in de grotere
vaten.

Maar ook TOF heeft een aantal belangrijke voordelen:
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e TOF is veruit eenvoudiger om automatisch te segmenteren. Dit ver-
taalt zich in tijdwinst daar de operator die de automatische segmen-
taties dient te verwerken, veel minder werk heeft met het manueel
corrigeren van de contouren.

» Voor de kleinere vaten, zoals de distale ICA en ECA, maar ook voor
zones waar de bloedstroming erg complex is, zoals in de distale CCA,
bereikt TOF een veel hogere nauwkeurigheid. Getuige hiervan is Fi-
guur 1.6/ (b), waar linksboven een BB MRI beeld is getoond. De witte
pijl duidt maanvormige ruis aan. Deze zou kunnen verward worden
met de vaatwand zodat er twee verschillende segmentaties mogelijk
zijn, weergegeven rechts van en onder het originele beeld. Enkel
m.b.v. de TOF tegenhanger van dit beeld, dat ook niet van uitmun-
tende kwaliteit is, kan men zekerheid verschaffen over de grootte van
de distale CCA bij deze persoon.

Het gevolg van dit laatste punt is verregaand. Zo stelde men vast dat
in deze studie de distale ICA of ECA soms volledig verdween bij de
BB MRI scan, maar nog altijd aflijnbaar was bij de TOF MRI scan.

Ondanks het feit dat er in de verwerking van de beelden duidelijke ver-
schillen tussen BB en TOF naar boven traden, bleken de kwantitatieve ver-
schillen in de schuifspanning en andere hemodynamische parameters nog
altijd van dezelfde grootteorde als die teruggevonden bij de TOF reprodu-
ceerbaarheidsstudie in paragraaf 11.2.3.2 op pagina INL - 23, Omdat TOF
veel snellere en in de distale delen van het model meer betrouwbare re-
constructies toelaat, wordt voor de toekomst de voorkeur gegeven aan TOF
MRI.

Wanneer de kennis van de dikte van de vaatwand van primordiaal belang is,
kan de arts terugvallen op een BB MRI scan. Wanneer men echter zowel
nauwkeurige reconstructies van de distale ICA en ECA wilt, gecombineerd
met kennis van de vaatwanddikte, dient men de twee beeldvormende tech-
nieken combineren.
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[1.3. Ultrageluid

[1.3.1. Inleiding

Ultrageluid (US) of echografie is een beeldvormende techniek waarbij gol-
ven worden uitgezonden door een probe die men op de huid plaatst. Deze
trillingen zullen weerkaatsen waanneer die het scheidingsopperviak tus-
sen twee stoffen met verschillende impedantie? bereiken. Door gebruik te
maken van de teruggekaatste golven, kan men een beeld vormen van de
oppervlakken waarop de trillingen werden teruggekaatst. Figuurlll.7/is een
voorbeeld van een ‘B-mode’ beeld van de halsslagader. Het zwarte gebied,
in de vorm van een oco-symbool, omvat het lumen.

Wanneer de golf terugkaatst van een bewegend element, zoals bloed par-
tikels, kan tevens de bewegingssnelheid van dat element bepaald worden.
Deze techniek heet ‘Doppler Ultrageluid’. Hier is het verschil in frequentie
van de uitgestuurde en teruggekaatste golf evenredig met de snelheid van
het element.

“impedantie = product van dichtheid en geluidssnelheid

Figuur I.7.: B-mode beeld van de carotis van een gezonde 25 jarige man. De huid bevindt
zich bovenaan het beeld, de bifurcatie is de zwarte zone in het midden van het beeld in de
vorm van een co-symbool.
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[1.3.2. Meetprotocol

Het meetprotocol heeft als doel genoeg informatie te vergaren om de stro-
ming in de halsslagader te reconstrueren. Zoals beschreven in het overzicht
(deellll.1), zijn hiervoor zowel de geometrie als de randvoorwaarden nodig.

Om de geometrie op te meten werd gebruikt gemaakt van een 3D ultra-
geluid (3DUS) scanner gebouwd in het kader van een ander proefschrift.2%
Deze is gebaseerd op een commercieel beschikbare ultrasound scanner
(HDI 5000, ATL-Philips Medical Systems, WA, USA) die routinematig ge-
bruikt wordt voor vasculaire diagnoses. Een probe met linear kop (5 tot 12
MHz) wordt ingeschakeld om 2D doorsneden van de halsslagaderbifurcatie
op te meten. Deze meting wordt gesynchroniseerd met de hartslag: typisch
werden de beelden in late diastole opgemeten. Er kunnen tot 140 beelden
opgeslagen worden, één per hartslag. De beelden worden in één bewe-
ging opgenomen, Hierbij verplaatst de arts de probe over de hals van de
patiént. Dit is geillustreerd in Figuur 1.8 door de dikke zwarte pijl van links
naar rechts.

Ultrageluid

Electro-Magnetisch
vel

NS

bord voor bord ;mnrl o
beeldacquisitie pPositionele informatie
4 (PCBird data)

Figuur 11.8.: 3DUS opstelling. De probe (verbonden aan het ultrageluid toestel) visualiseert
gesynchroniseerde 2D B-mode coupes waarmee in een volgend stadium de 3D geometrie
van de slagader gereconstrueerd wordt. Tegelijkertijd zendt een elektromagnetisch zendertje
een signaal uit dat gebruikt wordt om de positie en oriéntatie van de probe op te meten
(zwarte verticale pijl). De dikke zwarte pijl van links naar rechts illustreert de verplaatsing
van de probe. Bedoeling van deze beweging is de ganse halsslagader in beeld te brengen.
De B-mode beelden en de positionele informatie (PCbird data) worden samen opgeslagen
in een gemeenschappelijke computer.
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Tegelijkertijd registreert een elektromagnetisch positionerings- en oriénte-
ringstoestel of EPOM (Ascension Technology Inc, Vermont, USA) de positie
van de probe. Dit laat toe de positie van het beeld in 3D te berekenen.

Voor de randvoorwaarden dient de arts met Doppler ultrageluid, ter hoogte
van de in- en uitlaat van het bestudeerde segment van de halsslagader, de
snelheid op te meten in het centrum van het bloedvat. Aldus bekomt men
een tijdsafhankelijke snelheidsmeting, typisch aan 200 Hz, voor zowel de
CCA, ICA en ECA. Kennis van die snelheid samen met de kennis van de
oppervlakte van de doorsnede van de slagader ter hoogte van het meetpunt
laat toe, mits het veronderstellen van een rigide vaatwand en een ontwik-
keld stromingsprofiel, het debiet of het tijdsafhankelijk snelheidsprofiel te
berekenen. 140368 Aldus heeft men aan snelheidsmetingen in het centrum
van het in- of uitlaatvlak genoeg om alle randvoorwaarden af te leiden.

11.3.3. Segmenteren en reconstrueren

Voor de segmentatie en de reconstructie werden in een vorig proefschrift2®
een aantal programma’s geschreven. Het segmenteren van de echobeel-
den van de halsslagader wordt manueel gedaan, daar de beelden slecht
contrast geven ter hoogte van de vaatwand. Figuurll.9 toont in het rood hoe
het plaatje van Figuur [Il.7/ manueel gesegmenteerd zou kunnen worden.
Wanneer alle beelden gesegmenteerd zijn, kan men de rode contouren in
de 3D ruimte op elkaar plaatsen. Hierbij wordt gebruik gemaakt van de
positionele informatie vergaard met de EPOM. Nadat de geometrie is glad
gemaakt, bekomt men een 3D voorstelling van en patiént-specifieke hals-
slagaderbifurcatie die bruikbaar is voor numerieke stromingssimulaties.

In het kader van het huidig proefschrift werd de output van de bestaande
programma’s gebruikt om automatisch 3D discretisaties (‘meshes’) te creé-
ren gebruik makend van programma’s die geschreven werden voor de re-
constructie van de halsslagader op basis van MR-beelden.

[1.3.4. De nauwkeurigheid van US gecombineerd met CFD

Toen dit proefschrift in aanraking kwam met US-gebaseerde numerieke si-
mulaties, was de nauwkeurigheid van de techniek al bepaald door Dr. A. D.
Augst op een fantoom van een halsslagader. Desalniettemin werden hier,
naar analogie met de studies die de nauwkeurigheid van MRI bepaalden,
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Figuur 11.9.: Segmentatie van B-mode ultrageluid doorsnede van de halsslagader van Figuur
II.7. Een operator plaatst de rode punten op het B-mode beeld en fit de rode lijn door te
klikken op de ‘spline’ knop. Deze rode lijn is dan de segmentatie of de contour van dit beeld.
Bovenaan het beeld kan men zien dat dit het 38°¢ beeld is van 140 opgeslagen beelden.
Elk van die beelden is een doorsnede van dezelfde halsslagader.

weer fantoomscans uitgevoerd (deel l1.3.4.1). Verder werd de in vivo nauw-
keurigheid gedimensioneerd in een reproduceerbaarheidsstudie (deellll.3.4.2).
Omdat er bij 3DUS een veel hogere graad van subjectiviteit aanwezig is
dan bij MRI, waar de beelden automatisch gesegmenteerd worden, werd op
het eind van dit hoofdstuk een variabiliteitsstudie uitgevoerd (deel 11.3.4.3).
Deze heeft als doel na te gaan wat de effecten zijn van die subjectiviteit bij
het segmenteren en bij de beeldacquisitie.

[1.3.4.1. Invitro studie

Hetzelfde fatoom dat in deel 1.2.3.1 (In vitro studie bij MRI) was gebruikt,
werd opnieuw aangewend. Het werd gescand en gesegmenteerd door twee
personen. De eerste persoon (DB) was een 3DUS technieker, de tweede
(BA) was een arts zonder ervaring in 3DUS. BA werd niet speciaal opgeleid
vooraleer hij de scans uitvoerde.
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Parameter CAD DB BA Ointer—op Tal
(eenheid) Fantoom (n=3) (n=3) (n=2) (n=6)

Data RMSE+0;pntra—op RMSE+0intra—op
Acca [mm2] 53.214 +1.427 £ 1.915 +11.172 £ 4.102 7.051 6.299
(2.6843.60%) (20.9947.71%) (13.25%) (11.84%)
Arca [mm2] 37.891 +1.324 £ 0.176 +9.010 £ 1.052 5.434 5.167
(3.50£0.46%) (23.78+£2.78%) (14.34%) (13.64%)
Agca [mm?] 17.309 +0.815 £ 0.173 +5.027 £ 0.929 2.978 2.921
(4.7141.00%) (29.04+5.37%) (17.21%) (16.88%)
AR [ 1.056 +0.103 + 0.014 +0.035 £ 0.028 0.048 0.069
(9.774£1.30%) (3.28£2.66%) (4.58%) (6.53%)
Tocoa [%] 0.450 +0.185 &+ 0.227 +0.234 £ 0.270 0.059 0.210
(41.07£50.54%) (52.10+:60.04%) (13.04%) (46.59%)
Troa [%] 1.606 -0.276 + 0.305 -0.373 £ 0.155 0.127 0.325
(17.19+18.99%) (23.23+9.68%) (7.92%) (20.21%)
Trca [%] 1.974 -0.179 4+ 0.136 -0.248 + 0.261 0.031 0.213
(9.05£6.91%) (12.57+13.23%) (1.55%) (10.81%)
aprr [°] 149.885 +3.777 £ 0.787 +1.634 £ 0.746 1.515 2.706
(2.524-0.52%) (1.094:0.50%) (1.01%) (1.81%)
SF;cca l-] 0.964 +0.011 £ 0.005 +0.007 £ 0.001 0.002 0.009
(1.134-0.53%) (0.7740.07%) (0.26%) (0.95%)
SFirca l-] 0.993 -0.003 + 0.004 +0.002 £ 0.001 0.002 0.002
(0.254-0.35%) (0.224+0.13%) (0.18%) (0.24%)
SFipca l-] 0.993 +0.003 + 0.000 +0.002 £ 0.002 0.001 0.003
(0.2940.03%) (0.214+0.17%) (0.06%) (0.25%)
WSS [Nlm2] 0.858 -0.064 + 0.060 -0.167 + 0.060 0.080 0.115
(7.43+7.04%) (19.42+7.04%) (9.35%) (13.43%)
WSS iCCA 0.416 +0.016 £ 0.021 -0.021 + 0.033 0.019 0.019
(3.87-£5.09%) (5.17-£7.94%) (4.64%) (4.52%)
WSS eCCA 0.491 +0.290 £ 0.103 +0.081 £ 0.037 0.148 0.185
(58.93:£20.93%) (16.47+7.52%) (30.02%) (37.70%)
WSS buiten ICA 1.026 +0.508 + 0.062 +0.479 £ 0.207 0.021 0.494
(49.5346.08%) (46.70+£20.14%) (2.00%) (48.12%)
WSS binnen ICA 1.512 +1.157 £ 0.072 +0.891 £ 0.063 0.188 1.024
(76.504-4.75%) (58.89+4.16%) (12.45%) (67.69%)
WSS buiten ECA 0.679 +0.297 £ 0.032 +0.156 £ 0.044 0.100 0.226
(43.724-4.67%) (22.9446.52%) (14.69%) (33.33%)
WSS binnen ECA 1.131 +0.629 £ 0.051 +0.387 £ 0.078 0.171 0.508
(55.624-4.52%) (34.2246.89%) (15.13%) (44.92%)
OSI [-] 0.040 +0.008 + 0.003 +0.007 £ 0.009 0.002 0.007
(18.9447.53%) (17.66£22.21%) (5.32%) (18.30%)
OSIiCCA 0.075 +0.009 +£ 0.009 +0.022 £ 0.028 0.001 0.015
(11.40412.47%) (29.58+£37.21%) (1.43%) (20.49%)
OSIeCCA 0.040 -0.067 + 0.002 -0.043 + 0.009 0.017 0.055
(167.12+£4.79%) (107.31£22.97%) (42.29%) (137.22%)
OSI buiten ICA 0.064 +0.025 +£ 0.007 -0.031 + 0.032 0.030 0.028
(38.17411.54%) (47.48+49.74%) (47.24%) (42.83%)
OSI binnen ICA 0.001 -0.073 + 0.000 -0.068 + 0.005 0.004 0.071
(5319.63413.42%) (4953.104-331.48%) (259.17%)  (5136.37%)
OSI buiten ECA 0.016 -0.056 + 0.006 -0.051 + 0.017 0.003 0.054
(350.62+-39.48%) (320.70+106.17%) (21.15%) (335.66%)
OSI binnen ECA 0.002 -0.072 + 0.001 -0.070 + 0.001 0.001 0.071
(3066.02455.63%) (2980.374-54.31%) (60.56%)  (3023.20%)

Tabel 11.2.: Statistiek voor de geometrische en stromingsparameters bemeten met 3DUS in
combinatie met CFD op een fantoom. A,,: staat voor de gemiddelde oppervlakte van de
doorsnede van de arterie art (art = CCA, ICA of ECA), Ar staat voor de verhouding van
de som van de doorstroomopperviakte van de ICA en ECA, en CCA. T, is de kromheid
van de arterie art (T, = 1-rertstcalstand infaal_uitlaat) ;1 de hoek tussen ICA en ECA
en SF;art is een parameter die de vorm van de contouren begroot. De WSS en OSI wer-
den uitgemiddeld over de ganse halsslagader, het deel van de CCA waar de ICA van aftakt
(iICCA’), het deel van de CCA waar de ICA van aftakt (‘'eCCA’), de binnenbocht en de buiten-
bocht van de ICA en ECA (‘binnen’ en ‘buiten’ ICA of ECA). Waarden zijn voorgesteld als
het gemiddelde absolute verschil tussen de werkelijke fantoomdata en de gemeten waarde
+ de standaard deviatie van de verschillen. Het teken geeft aan of de waarden gemiddeld
gezien groter (+) dan wel kleiner (-) waren dan de werkelijke waarden. De percenten wer-
den verkregen door te delen door de werkelijke waarde. CAD: werkelijke fantoomdata; DB:
waarden opgemeten door DB; BA: waarden opgemeten door BA; zie tekst voor de definitie
van ginter—op €N Tal.
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Tabelll.2/ bevat de meeste resultaten van deze in vitro studie. De resultaten
Zijn voorgesteld als het gemiddelde absolute verschil tussen de gemeten
waarde en de werkelijke waarde + de standaard deviatie van het echte ver-
schil (RMSE = o4n1ra—0p)- D€ ‘werkelijke’ waarde is weergegeven in kolom
‘CAD'. Het teken geeft aan of de opgemeten waarde gemiddeld gezien gro-
ter (+) dan wel kleiner (-) was dan de werkelijke waarde. De percentages
worden verkregen door te delen door de werkelijke waarde. oj,ter—op iS de
standaard deviatie van de gemiddelden voor elke operator, en is een maat
voor de variatie tussen operatoren onderling. o,; is de te verwachten fout
wanneer er één enkele meting wordt uitgevoerd door een onervaren opera-
tor.

Deze studie maakte volgende vaststellingen:

* 0, is over het algemeen klein en vergelijkbaar met de waarden voor de
gemiddelde RMSE in deel ll.2.3.1, hetgeen laat vermoeden dat 3DUS
klaar is voor in vivo toepassingen.

» De ervaren operator (DB) werkt veel nauwkeuriger dan BA. De abso-
lute fout is immers doorgaans kleiner bij DB. Dit geeft aan dat er toch
een minimum aan training vereist is vooraleer iemand het scannen
met 3DUS en/of het segmenteren van US beelden goed onder de knie
heeft.

* OTintra—op 1S Vaak een grootte-orde groter dan de RMSE. Dit geeft aan
dat de waarden verkregen uit twee verschillende scans door eenzelfde
operator eigenlijk niet veel verschillen.

Merk op dat sommige percentages in Tabel 1.2/ astronomische waarden
aannemen. Dit is het gevolg van het feit dat de werkelijke waarde, weer-
gegeven in de kolom ‘CAD’, bijzonder klein is. In deze gevallen heeft het
percentage natuurlijk weinig waarde, maar de standard deviaties blijven een
maat voor de foutmarge van de techniek.

Het concept van deze studie, waar de beelden gesegmenteerd werden door
de persoon die de acquisitie deed, liet niet toe na te gaan welk deel van
de variantie te wijten is aan fouten in de beeldacquisitie dan wel aan seg-
menteringsfouten. De in vivo variabiliteitsstudie van deel 11.3.4.3 geeft hier
antwoord op.
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11.3.4.2. Invivo studie

Opnieuw naar analogie met de MRI reproduceerbaarheidsstudie, werd hier
een 3DUS reproduceerbaarheidsstudie uitgevoerd. Negen gezonde proef-
personen werden 2 keer gescand met 3DUS. De halsslagaderdoorstroming
werd berekend met CFD. In alle simulaties werden dezelfde inlaatvoorwaar-
den gebruikt, zodat een verschil in snelheidsprofiel enkel te wijten kon zijn
aan een verschil in 3D geometrie. Een aparte randvoorwaardestudie volgt
in deellll.4.

Figuur [I1.10/ toont resultaten voor proefpersoon nr. 1. Figuur (a) vergelijkt
de arteriéle oppervlakte van een doorsnede in de twee scans. Hierbij is
de I/S as (Inferior/Superior) de as van voeten naar hoofd. Het nulpunt ligt
ter hoogte van de apex van de beschouwde carotis. Figuur (b) vergelijkt
dezelfde oppervlakte, maar uitgemiddeld over de I/S as. Figuur (c) tekent
de centerlijn van scan 1 in het zwart en van scan 2 in het grijs. Om een
3D gevoel te krijgen van de centerlijnen, werden ze over elkaar getekend en
vanuit twee standpunten weergegeven, 90° t.o.v. elkaar gedraaid. Figuren
(d) tot (g) vergelijken de WSS en OSI distributie in beide scans.
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5 E. 60 Sessie 2 j
? 8 ‘
g N . E 40 j
. > . i J
3 g% g | (
g'quu 40 0 10 20 30 3 0 ' I l
- IS as [mm] CCA ICA ECA |
(a) Verschil in oppervlakte van ar-  (b) Gemiddelde opper-  (c) Centerlijnen
teriéle secties vlakte van arteriéle secties
.ls.lﬁ .ls.lﬁ .B.&B .B.&B
347 ’ 347 0.32 0.32
Y X .
0.74 0.74 0.16 0.16
In.us In.us In.w In.w
(d) WSS 1 (N/m?) (e) WSS 2 (N/m?) (f) OSI1(-) (g) OSI2(-)

Figuur 11.10.: De 3DUS reproduceerbaarheidsstudie voor een vrijwilliger. a: Verschil in op-
pervlakte van de arteriéle doorsnede tussen de twee sessies voorgesteld als functie van de
I/S as. b: Oppervlaktes uitgemiddeld over de I/S as in beide sessies. c: Centerlijn voor
sessie 1 (zwart) en 2 (grijs) over elkaar getekend en 90° gedraaid. d-e: schuifspanningsver-
deling in sessie 1 (d) en 2 (e). f-g: OSI verdeling in sessie 1 (f) en 2 (g).
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Over alle patiénten heen werd, vergeleken met MRI, nagenoeg dezelfde
graad van nauwkeurigheid behaald, al bleek 3DUS minder robuust. Voor-
eerst zijn er bij de positionering van de patiént meer vrijheidsgraden, waar-
door de nek en dus ook de halsslagader zich in verschillende posities bevon-
den bij eenzelfde patiént. Ten tweede splitst de halsslagader zich soms pas
ter hoogte van het kaakbeen, hetgeen niet toegankelijk is met een US probe.
Het eerste was een kinderziekte die verholpen werd door een kleine wijzi-
ging van het protocol, het tweede is een voorlopig onopgelost probleem dat
zal blijven bestaan zolang US niet toelaat door het bot metingen uit te voe-
ren.

[1.3.4.3. Variabiliteitsstudie

Tot slot werd de halsslagader van één gezonde vrijwilliger in totaal 11 keer
gescand door 4 verschillende artsen (4 ‘DR'’s’ die elk 3 of 2 keer de halsslag-
ader opmaten). Elk van de artsen werd bijgestaan door een ervaren 3DUS
gebruiker bij hun eerste scan. Elke data set werd gesegmenteerd door 3
operatoren (3 ‘OP’s’), elk met een verschillende achtergrond en voorken-
nis. Aan deze OP’s werd uitgelegd hoe men diende te segmenteren m.b.v.
maximaal 10 voorbeeldplaatjes.

De resultaten van deze variabiliteitsstudie staan genoteerd in Tabel lII.3.
Ointer—scan, Tinter—DR €N Tinter_op Zijn respectievelijk de standaard devi-
atie van de gemiddeldes per scan (n=3), per DR (n=4) en per OP (n=3).
Ze stellen respectievelijk een maat voor voor de reproduceerbaarheid, de
variabiliteit te wijten aan de beeldacquisitie en de variabiliteit te wijten aan
het segmenteren van de beelden. o,; is de standaard deviatie van alle 33
metingen. Het percentage is berekend door te delen door de gemiddelde
waarde, genomen over alle 33 metingen.

Uit deze variabiliteitsstudie kon men volgende conclusies trekken:

* g4, de totale variabiliteit, is vrij gering wanneer die vergeleken wordt
met de waarden die in de reproduceerbaarheidsstudie voor MRI en
3DUS werden bekomen. Dit geeft aan dat de totale variabiliteit beperkt
kan worden door een minimale training van de operatoren

e Doorgaands is o;uter—ppr groter dan o;.er—op, hetgeen wilt zeggen
dat de resterende, kleine, variabiliteit, voor het grootste deel te wij-
ten is aan de subjectiviteit tijdens het scannen, eerder dan aan de
subjectiviteit tijdens het segmenteren.
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Parameter Ointer—scan Ointer—DR Ointer—OP Tal

(eenheid) (n=3) (n=4) (n=3) (n=33)

Acca [mmz] 2.2676 (4.59%) 2.4655 (4.97%) 0.5860 (1.18%) 4.0486 (8.17%)

Arca [me] 0.9320 (2.24%) 2.1353 (5.10%) 1.7138 (4.11%) 3.0903 (7.41%)

Apca [me] 0.3505 (1.77%) 0.9377 (4.70%) 1.9510 (9.83%) 2.5980 (13.09%)

Ap[] | 00325(353%) 00086 (094%) 00285 (3.10%) 0.0525 (5.71%)

NP [%] 0.8603 (15.32%) 1.1497 (20.64%) 0.0852 (1.53%) 1.6383 (29.34%)

NPcca [%] 0.2583 (17.58%) 0.2102 (14.52%) 0.0363 (2.52%) 0.5775 (40.07%)

NPrca [%] 0.8700 (42.19%) 0.9332 (43.54%) 0.1429 (6.88%) 1.4475 (69.75%)
NPpoa[%] | 00345(803%)  0.0485(11.15%)  0.0568 (13.14%) 0.1764 (40.83%)

Lcoca [%] 0.8142 (0.96%) 3.4926 (4.12%) 0.1218 (0.14%) 3.4995 (4.14%)

Lioa[%] | 13685(1.73%)  3.7256 (4.69%) 03509 (0.44%) 34717 (4.39%)

Lgca [%] 0.3844 (0.47%) 1.5485 (1.89%) 0.0519 (0.06%) 1.4426 (1.76%)

Tcca [%] 0.2196 (15.35%) 0.2743 (19.82%) 0.0803 (5.70%) 0.3801 (26.99%)

Trca [%] 0.9291 (52.79%) 1.0038 (54.79%) 0.2358 (13.31%) 1.6469 (92.94%)

Troa %] | 00573(835%)  0.2734(3847%)  0.1110 (1617%) | 0.7280 (105.99%)

aprr[o] | 55711 (554%)  7.5465(7.53%) 27725 (2.76%) 23.7628 (23.67%)

SFicca [-] 0.0080 (0.83%) 0.0082 (0.85%) 0.0021 (0.22%) 0.0139 (1.45%)

SFirca [-] 0.0037 (0.38%) 0.0081 (0.82%) 0.0044 (0.45%) 0.0123 (1.26%)
SFimoal | 00062(0.64%)  00035(0.35%)  0.0095 (0.97%) 0.0133 (1.35%)

Gem. Viyyax,cca [m/s] 0.0080 (3.65%) 0.0083 (3.78%) 0.0047 (2.14%) 0.0151 (6.89%)
Gem. Vaax.rca [m/s] | 00008 (0.46%)  0.0192 (10.86%)  0.0084 (4.69%) 0.0211 (11.84%)
Gem. Viyyax,pca [m/s] 0.0042 (2.78%) 0.0134 (8.86%) 0.0109 (7.17%) 0.0184 (12.11%)
Gem. WSS [N /m2] 0.0087 (1.51%) 0.1155 (20.15%) 0.0467 (8.15%) 0.1204 (20.99%)
WSS iCCA [N/mg] 0.0267 (5.66%) 0.0528 (11.26%) 0.0113 (2.40%) 0.0816 (17.42%)
WSSeCCA | 00235 (5.04%)  0.0794 (16.64%)  0.0160 (3.42%) 0.0853 (18.24%)

WSS buiten ICA 0.0267 (4.08%) 0.1760 (26.84%) 0.0850 (12.97%) 0.1934 (29.51%)

WSS binnen ICA 0.0193 (2.32%) 0.1350 (16.45%) 0.0927 (11.14%) 0.1789 (21.50%)

WSS buiten ECA 0.0095 (1.54%) 0.1722 (28.35%) 0.1246 (20.31%) 0.2139 (34.85%)

WSS binnen ECA 0.0084 (1.17%) 0.1557 (21.76%) 0.1263 (17.49%) 0.2036 (28.21%)
Gem. OSI [-] 0.0062 (4.71%) 0.0272 (20.96%) 0.0048 (3.68%) 0.0292 (22.19%)
OSIiCCA [-] 0.0162 (10.95%) 0.0134 (8.99%) 0.0016 (1.07%) 0.0313 (20.94%)

OSI eCCA 0.0080 (4.46%) 0.0481 (27.78%) 0.0087 (4.88%) 0.0511 (28.54%)

OSI buiten ICA 0.0102 (11.19%) 0.0380 (43.20%) 0.0107 (11.87%) 0.0391 (43.45%)

OSI binnen ICA 0.0031 (6.16%) 0.0094 (18.05%) 0.0039 (7.70%) 0.0179 (35.31%)

OSI buiten ECA 0.0028 (1.95%) 0.0438 (30.12%) 0.0143 (9.82%) 0.0470 (32.27%)

OSI binnen ECA 0.0139 (15.64%) 0.0213 (23.71%) 0.0176 (19.63%) 0.0352 (39.34%)

Gem. WSSGs [N /m3] 4.3955 (1.64%) 48.1821 (18.10%) 19.7994 (7.41%) 50.6818 (18.97%)
WSSGs iCCA [N/md] 4.8100 (2.27%) 14.0448 (6.65%) 3.7906 (1.80%) 20.1137 (9.53%)
WSSGs eCCA 6.1174 (2.81%) 14.4297 (6.62%) 5.6318 (2.59%) 20.1121 (9.25%)

WSSGs buiten ICA 16.0475 (5.87%) 79.8826 (29.21%)  39.1111 (14.30%) 88.8939 (32.49%)
WSSGs binnen ICA 9.7339 (2.34%) 50.9174 (12.39%) 40.5765 (9.79%) 74.6253 (18.00%)
WSSGs buiten ECA 7.8773 (2.60%) 74.5676 (24.81%) 58.1145 (19.19%) 96.4197 (31.83%)
WSSGs binnen ECA 2.8716 (0.77%) 51.9867 (13.93%) 54.0293 (14.41%) 85.3588 (22.77%)
Gem. WSSGt [N /(m2s)] 0.1571 (1.61%) 1.4153 (14.55%) 0.6312 (6.49%) 1.5368 (15.80%)
WSSGtiCCA 0.2613 (2.80%) 0.6503 (6.96%) 0.2043 (2.20%) 0.9581 (10.30%)
WSSGteCCA | 03154 (340%)  0.8216(881%) 03109 (3.36%) 1.0624 (11.47%)

WSSGt buiten ICA 0.4646 (4.71%) 2.1151 (21.50%) 1.0631 (10.79%) 2.3750 (24.10%)
WSSGt binnen ICA 0.3785 (3.33%) 2.2206 (19.69%) 1.1720 (10.33%) 2.5295 (22.28%)
WSSGt buiten ECA 0.3488 (3.70%) 2.2715 (24.33%) 1.6686 (17.72%) 2.8211 (29.96%)
WSSGt binnen ECA 0.1352 (1.38%) 2.3906 (24.55%) 1.6771 (17.09%) 2.8547 (29.09%)
Gem. WSSAG [rad /s] 6.0431 (4.36%) 16.8219 (12.14%) 1.1458 (0.82%) 20.2853 (14.56%)
WSSAG iCCA [rad/s] | 12.7436 (10.76%) 11.9033 (9.97%) 2.5023 (2.09%) 19.2646 (16.10%)
WSSAG eCCA 1.6659 (1.08%) 27.1428 (17.96%) 4.6647 (3.03%) 30.3898 (19.74%)
WSSAG buiten ICA 5.1178 (5.01%) 10.2561 (10.04%) 9.3581 (9.12%) 21.7525 (21.20%)
WSSAG binnen ICA 9.2099 (6.07%) 23.2511 (15.14%) 19.0729 (12.50%) 36.9629 (24.22%)
WSSAG buiten ECA 4.6484 (2.48%) 32.7465 (17.47%) 1.2163 (0.65%) 40.5739 (21.65%)
WSSAG binnen ECA 14.0399 (7.46%) 48.0816 (25.45%) 6.8383 (3.62%) 54.4477 (28.79%)

Tabel 11.3.: Variantieanalyse voor geometrische en hemodynamische parameters in de in
vivo 3DUS variabiliteitsstudie, voorgesteld als standaard deviaties (percentage is de stan-
daard deviatie gedeeld door de gemiddelde waarde (n=33)). Parameters zijn gedefinieerd in
Tabellll.2 en deel 1.3: ‘De belangrijke parameters’ (pagina NL - 12).
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Deze variabiliteitsstudie gaf dus aan dat operatoren, zowel de persoon die
de beelden maakt als de persoon die de beelden segmenteert, een training
van slechts enkele uren vereisen vooraleer ze dezelfde nauwkeurigheid als
bij MRI halen. De grootste variabiliteit zit vervat in de beeldvormingtechniek,
en niet in de segmentatie.

Tabel .3 is een interessant eindpunt van deze studie. Het toont aan, voor
een resem parameters, wat de haalbare in vivo nauwkeurigheid is met nu-
merieke stromingsmechanica gebaseerd op 3DUS.

II.4. De parameters van het model

I1.4.1. Randvoorwaarden
1.4.1.1. MRI

‘Phase Contrast’ (PC) MRI, de MRI techniek die toelaat bloedsnelheden op
te meten, werd onderzocht met het oog op het bepalen van de randvoor-
waarde voor het computermodel. Doel van deze studie was de nauwkeu-
righeid van PC MRI na te gaan, en bovendien te verifieren of het gebruik
van PC MRI als randvoorwaarde de nauwkeurigheid van de simulatie kon
opdrijven.

Opstelling  De opstelling is voorgesteld in Figuur 11.11. De pomp is de
MRI versie van een ‘UHDCP Flow Pump’ (Numatics 225-3728 24VDC 6.0
Watt, Shelly Limited, London Ontario, Canada), die in staat is om een breed
gamma aan debietprofielen op te leggen. De pomp bleef buiten de scan-
ruimte om te ontsnappen aan het magnetisch veld van de scanner. Lange,
versterkte - maar nog steeds flexibele - buizen verbonden de pomp met een
U-bocht uit plexiglas. Een ultrasone debietmeter (HT207 Transonic Flowme-
ters, Transonic, Ithaca, New York, USA) was geplaatst op de buis die de
U-bocht verlaat.

De nauwkeurigheid van PC MRl In een eerste proef werd een constant
debiet water door het model gepompt (Reynolds getal: 404). Met behulp

PUHDC: University Hospital Development Canada
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Figuur 11.11.: Opstelling gebruikt bij de studie van PC MRI.

van PC MRI werden de snelheden opgemeten in de buis en vergeleken met
de werkelijk optredende snelheden. Deze ‘ware’ snelheden in de ganse
U-bocht werden bekomen door een numerieke simulatie die het gekende
debiet (ingesteld op de pomp en ook opgemeten door de flow probe) oplegt
op de gekende geometrie van de buis. Deze numerieke simulatie werd her-
haald met twee soorten randvoorwaarden: een eerste keer met een uni-
form instroomprofiel (‘uniform’ model), en een tweede keer met een parabo-
lisch instroomprofiel (‘Poiseuille’ model). Dankzij het respecteren van een
instroomlengte van 8cm bij het uniform model, was er geen verschil tussen
deze twee simulaties en konden snelheidsvelden bekomen uit elk van beide
simulaties gebruikt worden voor de vergelijking met snelheidsvelden beme-
ten met MRI. Deze studie toonde aan dat de snelheidsmetingen in de axiale
richting nauwkeurig zijn tot op 10% van de sensitiviteit, ingesteld door de
MRI operator.

Het gebruik van PC MRI als randvoorwaarde Figuurll.12 illustreertin de
twee linkse plaatjes de uniforme en parabolische randvoorwaarde. Behalve
deze twee simulaties waarin het gekende debiet opgelegd werd, werden
de snelheden in het inlaatvliak (opgemeten met PC MRI) ook gebruikt als
randvoorwaarde (Figuur lll.12, rechts). Ook hier werden twee simulaties uit-
gevoerd: een eerste met de opgemeten snelheden in het inlaatvliak zelf
(‘MRI' model), en een tweede met snelheden uitgemiddeld over drie metin-
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MRI MRI
UNIFORM POISEUILLE GEMETEN GEMIDDELD
V=cte. V=I(r)c. V. =f(MRl)e,
m——— V_=f(MRI).c.
— -5 l.\ —_—
IR| ————p —_—
— —
— -
r=y/R

Figuur 11.12.: De bestudeerde randvoorwaarden. V is de snelheid opgelegd aan de inlaat;
ct is een constante gelijk aan het debiet gedeeld door de doorstroomopperviakte; e.. is
de axiale eenheidsvector; e,.. stelt de eenheidsvector voor van beide richtingen in het viak
van het beeld; y varieert lineair tussen 0 in het centrum van de buis en R aan de omtrek;
f(r) betekent dat de inlaatsnelheden afhangen van de relatieve afstand van het beschouwde
punt tot het centrum van de buis; f(MRI) betekent dat de inlaatsnelheden afthangen van de
PC MRI metingen, zij het van de metingen in één vlak (MRl gemeten) of opeenvolgende
vlakken (MRI gemiddeld).

gen in de buurt van® het inlaatvlak (‘MRI gemiddeld’ model), gebaseerd op
een idee van Weston.362

De verschillen in snelheidsprofielen tussen de vier numerieke simulaties -
uniform, Poiseuille, MRI of MRI-gemiddeld - waren te wijten aan het feit dat
het debiet bij de MR-gebaseerde randvoorwaarden niet altijd correct was
opgemeten (fout van 10%). Dit onderstreept het belang van een juiste de-
bietmeting. De ‘MRI-gemiddeld’ simulatie bood geen extra voordelen in ver-
gelijking met het ‘MRI’ model. Verder stelde men een verschil in numerieke
stabiliteit vast: ruis in de PC MRI snelheidsmeting, zoals weergegeven door
cirkels A en B in Figuur .13, ondermijnt de stabiliteit van de simulatie. Deze
studie maakte duidelijk dat de inlaatsnelheden (i) gefilterd moeten worden
om destabiliserende ruis weg te halen en (ii) herschaald moeten worden
om in overeenstemming te zijn met een aparte, correcte debietmeting. On-
der die voorwaarden kunnen de voordelen van directe snelheidsmetingen
met PC MRI aangewend worden om meer realistische randvoorwaarden te
genereren.

‘De drie metingen omvatten een meting in een vlak 5mm proximaal van het inlaatvlak, een
meting in het inlaatvlak zelf, en een derde meting 5 mm distaal van het inlaatvlak.
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0 clmfs ! 70 c]mfs

Figuur 11.13.: Snelheden opgemeten in het inlaatvlak en bij wijze van voorbeeld geimplemen-
teerd zonder voorafgaande filtering. De grote axiale (A) en secundaire (B) snelheden zullen
de numerieke simulatie destabiliseren en dienen dus gefilterd te worden.

Na deze initiéle proef werden nog 6 proeven gedaan: 3 stationaire en 3 pul-
satiele proeven, elk met een 40:60 verhouding glyceryne:water. Het voor-
deel t.o.v. water is dat dit mengsel fysische eigenschappen heeft die ver-
gelijkbaar zijn met bloed. Opnieuw werden verschillende inlaatvoorwaarden
gebruikt. De resultaten van deze proeven bevestigden wat in de initiéle proef
werd gesuggereerd: wanneer men de opgemeten snelheden filtert en her-
schaald naar een gekend debiet, dan biedt PC MRI de beste randvoorwaar-
den: (i) er worden immers geen veronderstellingen gedaan met betrekking
tot het snelheidsprofiel, hetgeen resulteert in correctere voorspellingen van
de proximale snelheidsprofielen en (ii) men kan de te simuleren 3D ruimte
klein (dus snel berekenbaar) houden door de snelheidsmeting uit te voeren
in de directe nabijheid van het te diagnoseren stromingsgebied.

11.4.1.2. 3DUS

Tenslotte werd ook bij US een studie uitgevoerd naar de meest nauwkeu-
rige manier om snelheidsmetingen te implementeren als inlaatvoorwaarde.
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Er wordt telkens uitgegaan van een Doppler snelheidsmeting in het centrum
van de halsslagader ter hoogte van het begin (of einde) van het 3D model.
Deze snelheidsmeting, gecombineerd met het oppervlak van de doorsnede,
laat toe het bloeddebiet te berekenen.

Hierbij wordt een veronderstelling gemaakt over het snelheidsprofiel ter hoog-
te van de snelheidsmeting, i.e. ter hoogte van het in- of uitlaatvlak. Twee
snelheidsprofielen werden uitgetest: een eerste waarbij een in de tijd varié-
rend parabolisch snelheidsprofiel gebruikt werd, en een tweede waarbij een
‘Womersley’ profiel geprogrammeerd werd, waar het snelheidsprofiel ont-
staat uit een combinatie van Besselse functies.368375 De veronderstelling
van een parabolisch of Womersley snelheidsprofiel laat toe aan de inlaat de
snelheden te berekenen op basis van de snelheid opgemeten in het centrum
van het bloedvat. Analoog kan men de fractie van het debiet berekenen dat
naar elke tak van de halsslagader stroomt. Doel van de studie was na te
gaan welke veronderstelling, de parabolische of de Womersley, de meest
realistische is.

Beide onderstellingen werden uitgetest op één gezonde proefpersoon en
vergeleken met een PC MRI meting. De studie begrootte het verlies aan
nauwkeurigheid dat het gebruik van Doppler-metingen als randvoorwaarde
met zich meebracht. Uit de studie kan afgeleid worden dat het beter is de
parabolische veronderstelling uit te voeren, eerder dan de meer gangbare
Womersley veronderstellingen. De studie toonde aan dat het de moeite
loont meer proefpersonen te gaan opmeten vooraleer men verregaande
conclusies trekt.

11.4.2. Viscositeit

Nadat de in- en uitlaatvoorwaarden bestudeerd waren, werden andere nu-
merieke parameters onder de loep genomen. Bloed is geen homogene
vloeistof: het bestaat uit een gele substantie, het plasma, waarin talrijke ei-
witten en andere molecules in opgeloste vorm aanwezig zijn. Daarnaast
bevat het bloed de bloedlichaampjes die door het bloed getransporteerd
worden. Door deze samenstelling is de viscositeit van het bloed niet con-
stant, maar hangt ze - bij eenzelfde temperatuur - af van de diameter van
het bloedvat, de afschuifsnelheid en de concentratie cellen in het bloed (of
het hematocriet). Dit gedrag van het bloed werd bestudeerd door talrijke on-
derzoekers en gebundeld in een publicatie door Zhang.®82 In het kader van
dit proefschrift werd de impact nagegaan van het gebruik van een dergelijk
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Figuur 11.14.: Snelheidsprofielen bekomen met verschillende viscositeitsmodellen. T4: sys-
tole; T12: vroege diastole; T20: late diastole. ‘Newton’: Constante viscositeit, laminaire
stroming; ‘Quemada’: Quemada viscositeit, laminaire stroming; ‘MRI’: cine PC MRI meting.

numeriek model. Hiertoe werden twee simulaties uitgevoerd: één met vis-
cositeitsmodel, en één zonder. Het gekozen viscositeitsmodel was dat van
Quemada, beschreven door Buchanan en Kleinstreuer.#2

Enkele resultaten zijn vervat in Figuur 1.14. Er werd vastgesteld dat de
impact van het gebruik van de viscositeitsmodellen bijzonder gering was.De
studie besluit dan ook dat een model zonder viscositeitswet de snelste op-
lossing is die slechts een kleine toegifte doet naar nauwkeurigheid. Desal-
niettemin, om het realisme van de simulatie op te drijven, werden nagenoeg
alle berekeningen die in het kader van dit proefschrift uitgevoerd werden,
met een Quemada viscositeitsmodel uitgevoerd.
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I1.5. Ultrageluid of Magnetische Resonantie?

In paragrafen/ll.2/en|ll.3 werd telkens gefocust op één beeldvormende tech-
niek, MRI of US. Traditioneel gebruikt men MRI bij het in kaart brengen van
de 3D geometrie van de halsslagader. Nochtans heeft MRI enkele inhe-
rente nadelen. Het is niet toegankelijk voor zwaar zieken, claustrofoben of
weerspannige kinderen. De beeldacquisitie neemt veel tijd in beslag (30
tot 45 min) en het is vooral duur. Een nieuw toestel kost gemiddeld tus-
sen de 0.8 en 1.5 miljoen euro, zonder installatiekosten of bijhorende soft-
ware. Vooral dat laatste kan de prijs opdrijven tot 2 miljoen euro (bron:
costumer services Philips Medical Belgium). In dit opzicht heeft ultrageluid
(US) duidelijke voordelen: het kan tot naast het bed van de patiént gerold
worden, de beeldacquisitie is uiterst snel (5 tot 10 min) en het toestel kost
slechts een fractie van een MR scanner: tussen de 50000 en 150000 euro
(bron: costumer services Philips Medical Belgium). Natuurlijk kan men
alleen maar overschakelen naar US als dezelfde graad van nauwkeurigheid
behaald wordt. Om die graad van nauwkeurigheid te kennen, werden beide
beeldvormende technieken getest op een groep vrijwilligers.

Om de twee technieken met elkaar te vergelijken, werden er 9 gezonde vrij-
willigers elk twee maal gescand: één keer met BB MRI en een andere keer
met 3DUS. Zowel geometrische als hemodynamische parameters werden
vergeleken. Figuurll.15/toont de verdeling van de schuifspanning en OSI in
een vrijwilliger op basis van MRI enerzijds en 3DUS anderzijds.

Bij de geometrische parameters behoort de opperviakte van een gemid-
delde doorsnede van de slagader. Tabel 1.4 vergelijkt voor die parameter
de verschillen gemeten in deze studie met verschillen gemeten in andere
studies die de nauwkeurigheid van MRI of 3DUS bestudeerden. Er wordt
vastgesteld dat de verschillen opgemeten in deze studie groter zijn dan de
onzekerheid die gerapporteerd werd voor elk van de technieken afzonder-
lijk in hun reproduceerbaarheidsstudies, 118332 maar lager zijn dan de vari-

.9.‘? 9.47 0.47 .B.‘?

2.08 0.3 031
d
L
0.46 016 | 0.16
0.10 0.00 0.00 .

(a) WSS MRI (b) WSS 3DUS (c) OSI MRI (d) OSI 3DUS

Figuur 11.15.: WSS [N/m?] en OSI [-] distributie in een vrijwilliger opgemeten met zowel MRI
als 3DUS.
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Techniek CCA ICA ECA
BB MRI validatie (fantoom)** 4.77 (7.50%)  2.12(7.49%)  2.45 (12.5%)
BB MRI in vivo reprod.** (n=3) 6.36 (10.0%) 2.83 (10.0%)  1.96 (10.0%)
MRI (fantoom, vergeleken met Us)® 9.33 (14.7%) 6.22 (22.0%)  5.18 (26.4%)
3DUS validatie op fantoom®’ 499 (7.85%)  2.22(7.84%) 1.54(7.86%)
3DUS in vivo reprod."¥ (n=9) 6.36 (10.0%) 2.83 (10.0%)  2.94 (15.0%)
US (fantoom, vergeleken met MRI)*® | 15.54 (24.43%)  10.36 (36.6%)  8.64 (44.1%)
Huidige studie: BB MRI - 3DUS 3.60+7.39 5.18+6.23 2.46+3.62
5.66+11.6% 18.3422.1%  12.6+18.5%

Tabel 11.4.: Fout op de meting van de oppervlakte van een arteriéle sectie gerapporteerd in
de literatuur 2298118225332 ranrod.: reproduceerbaarheidsstudie. Wanneer de publicatie een
fout op de diameter rapporteert i.p.v. een oppervlakte, werden grote diameters van 9 mm
(CCA), 6 mm (ICA) en 5 mm (ECA) gekozen als referentie. Alle waarden in mm?, behalve
de percentages.

abiliteit teruggevonden in een vroegere vergelijkende studie tussen MRI en
ultrageluid.®® Dit wil zeggen dat er voor het bepalen van de oppervlakte
van de dwarse doorsnede van een halsslagader een systematisch verschil
bestaat tussen een meting met MRI en een meting met ultrageluid, een ver-
schil dat overigens wel kleiner is dat de verschillen die een decennium gele-
den nog opgemeten werden door Frayne.®® Merk op dat dit systematisch
verschil niet significant bleek.

Voor de hemodynamische parameters is de situatie anders. De verschillen
Zijn weergegeven in Tabel Il.5. Hier was het verschil opgemeten tussen
beide technieken meestal van dezelfde grootte-orde als de reproduceer-
baarheid die gekwantificeerd werd in bovenstaande studies, hetgeen aan-
geeft dat MRI en 3DUS uitgewisseld kunnen worden zonder dat er een kli-
nisch belangrijk verschil in nauwkeurigheid optreedt.

Wil dat zeggen dat MR afgeschreven is om als beeldvormende techniek te
dienen voor de visualisatie van de bloedstroming? Neen, US heeft immers
ook een drietal nadelen. (1) Zo kan met US niet door het kaakbeen gekeken
worden, hetgeen een probleem is wanneer de halsslagader zich pas op
die hoogte opsplitst. (2) Bovendien kan US geen kwaliteitsvolle beelden
maken wanneer de plaque calciumrijk is. (3) Tenslotte werkt US alleen bij
oppervlakkige arteries zoals de halsslagader, zodat men voor het berekenen
van de stroming in alle delen van de aorta a priori aangewezen is op MRI.
Het tekort aan penetratie bij ultrageluid is dan ook een probleem dat het
toepassingsgebied ervan beperkt. Wat deze studie wel aantoont, is dat in
eerste instantie niet MRI, maar US zou moeten gebruikt worden wanneer
men de schuifspanningen in de halsslagader wil meten. Deze vaststelling
vermijdt het routinematig gebruik van de dure MRI scan.
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arterie WSS OSI WSSGs WSSGt WSSAG

[N/m?] [-] [N/m?’] [N/(s.m?)] [rad/m]
CCA 0.314 (45.9%) 0.0658 (104%) 56.1 (35.3%) 1.80 (24.8%) 96.2 (78.0%)
ICA 0.534 (44.0%) 0.0416 (123%) 164 (54.5%) 3.34 (36.6%) 74.5 (91.6%)
ECA 0.397 (40.0%)  0.0420 (193%) 149 (52.8%) 2.11(28.1%) 90.4 (88.4%)
SAMEN | 0.411 (42.7%) 0.0481 (166%) 150 (55.4%) 2.29 (29.1%) 87.6 (86.3%)

Thomas®? | 0.44 (32%) 0.021 (109%) 38 (55%) - 61 (73%)
Glor'?! 0.43 (37.9%)  0.025(123%) 214 (65.7%) 2.35(30.2%) 68.1 (79.8%)

Tabel 11.5.: De onzekerheid (RMSE) opgemeten voor de hemodynamische parameters bij de
vergelijking van MRI en 3DUS. Tabel lll.1/ legt uit hoe deze waarden begroot worden. Het
percentage tussen haken is de RMSE gedeeld door de gemiddelde waarde (n=8 en niet n=9
omdat 1 vrijwilliger verkeerd gescand werd met 3DUS). Ter vergelijking staan de resultaten
van twee MRI reproduceerbaarheidsstudies aangegeven 2332
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l1I.1. Inleiding

Het eerste deel van dit proefschrift heeft zich gefocust op de techniek zelf.
Het opdrijven en het kwantificeren van de nauwkeurigheid stonden daarbij
centraal. Nu de nauwkeurigheid gekend is, kan de techniek ingezet worden
voor verschillende klinische doeleinden.

Eén van de toepassingen waar het meest van verwacht wordt, is pre-opera-
tief onderzoek. Hier wordt bijvoorbeeld een patiént die een aneurysma ter
hoogte van de halsslagader heeft, naar de scanner gebracht. Een aneu-
rysma is een verzwakking van de vaatwand, waardoor het onder de druk
van het bloed gaat uitstulpen. In een verregaand stadium zal dit aneurysma
openbarsten hetgeen doorgaans leidt tot de dood. Tegenwoordig zal men
op basis van de grootte van het aneurysma beslissen over te gaan tot een
operatie. Dit is echter een gevaarlijk criterium: sommige aneurysmata gaan
barsten terwijl ze klein zijn, andere zijn nog stevig genoeg bij een belangrij-
ke omvang. In het eerste geval moet men sneller ingrijpen, in het tweede
geval is het niet verantwoord om de (zwakke) patiént een gevaarlijke en dure
operatie te doen ondergaan. Actueel opereert men bij een alarmerende
omvang van het aneurysma, maar in feite zou de sterkte van de vaatwand
een beter criterium zijn op basis waarvan men zou moeten beslissen om
te opereren. Het combineren van een beeldvormende techniek met CFD
(computational fluid dynamics of numerieke stromingsmechanica) laat toe
de schuifspanningen aan de wand te berekenen. De beslissing om over
te gaan tot een operatie laten afhangen van waarde van de spanningen in
plaats van de omvang van een aneurysma zou een aanzienlijke maatschap-
pelijke last verlichten en bovendien een geldbesparing met zich meebren-
gen.

Behalve voor aneurysmata heeft deze techniek een belangrijke rol te ver-
vullen bij patiénten met stenosen of vernauwingen ter hoogte van de hals-
slagader. De plaque die in deze zone geconstateerd wordt, kan door een
chirurgische ingreep verwijderd worden (endarterectomie). Deze operatie
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is echter zeer duur waardoor de verzekeringsmaatschappijen dergelijke in-
grepen enkel toestaan wanneer het duidelijk is geworden dat de patiént last
ondervindt van die plaque. Dat wil zeggen dat de operatie pas geschiedt
nadat de patiént een zogenaamde TIA overleeft (Transient Ischeamic At-
tack). Een TIA is een herseninfarct van voorbijgaande aard. De bloedtoe-
voer naar een deel van de hersenen wordt dan afgesloten totdat de ob-
struerende bloedklonter terug is opgelost. TIA's kenmerken zich door duize-
ligheid, moeite om te spreken, verlamming van gezicht of ledematen of tijde-
lijk verlies van de zintuigen. Bij het optreden van een TIA wordt een ingreep
zeer acuut en nogal vaak komt de ingreep te laat, i.e. na verlies van een
deel van de hersenactiviteit of sterfte. De bestudeerde techniek kan niet-
invasief de krachten begroten die op de plaque inwerken. Kennis van die
krachten en kennis van de morfologie van de plaque laten toe een gefun-
deerde uitspraak te maken over de kans dat een stukje kalk zou afbreken.
Als de nauwkeurigheid van de techniek gekend is, kunnen prospectieve stu-
dies ondernomen worden om na te gaan of het veiliger is op basis van een
verdeling van de krachten over te gaan tot een operatie eerder dan te wach-
ten tot de eerste TIA zich voordoet.

Hoewel de techniek in dit proefschrift zich enkel op de halsslagader heeft
gefocust, is haar toepassingsgebied niet beperkt tot de slagaders in de hals,
maar kan ze net zo goed gebruikt worden bij aneurysmata van de aorta,
bypasses van de femoralis (beenslagader), of bij problemen met de nier-
doorbloeding. Het combineren van medische beeldvorming en CFD heeft
dan ook een zeer breed toepassingsgebied met hoge maatschappelijke re-
levantie en is een groeipool binnen het biomedisch ingenieursonderzoek.

Binnen het kader van dit proefschrift werd de techniek ingezet bij twee Kkli-
nische studies. Een eerste studie ging na wat de impact is van het draaien
van het hoofd op de doorstroming in de halsslagader (deellll.2). Een ander
project bestudeerde de veranderingen in geometrie en doorstroming van
de halsslagader na orale inname van verschillende anti-hypertensiva (deel
11.3).
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[11.2. Het draaien van het hoofd

[11.2.1. Inleiding en proefopstelling

In de literatuur werd er vastgesteld dat de halsslagaders zich anders posi-
tioneren wanneer men het hoofd draait.*1* Dat de geometrie van de hals-
slagader een beweging ondergaat bij het draaien van het hoofd was geweten,
de impact ervan was echter ongekend. Studies?** suggereerden dat her-
seninfarcten te wijten kunnen zijn aan een langdurige slechte doorstroming
van de halsslagader tengevolge van een langdurige slechte positionering
van het hoofd vb. bij het telefoneren. Het testen van deze suggestie was
€én van de doelstellingen van deze studie.

Doel van deze klinische studie was de impact van het draaien van het hoofd
op de doorstroming van de halsslagader te bestuderen. Hiertoe werden 9
gezonde vrijwilligers gescand met US in twee posities: éénmaal met het
gezicht recht voor zich uit, en een andere maal met het hoofd 90 graden
gedraaid naar links. Het belang van de studie ligt hem in het feit dat voor het
eerst de veranderingen in geometrie, waarvan men wist dat ze voorkwamen,
gekwantificeerd werden. Bovendien werd de impact van deze veranderin-
gen op de doorstroming van de halsslagader mee begroot.

111.2.2. Resultaten

Figuurlll.1/toont aan hoe de doorstroomoppervlakte van de carotis commu-
nis, de planariteit, het bloeddebiet en de gemiddelde schuifspanning wijzig-
de bij het draaien van het hoofd. Men stelde vast (Figuur [1l.1/ (a)) dat de
doorstroomoppervilakte niet wijzigde. De positie van de takken van de hals-
slagader t.o.v. elkaar (Figuur 1.1 (b)), het debiet bloed (Figuur l111.1 (c)), de
schuifspanningverdeling (Figuur 1.1 (d)) en de OSI wijzigden op individuele
basis significant nadat het hoofd gedraaid werd. Samen met de wijzigingen
in geometrie werd dus duidelijk dat ook de doorbloeding van de halsslagader
(en dus de hersenen) ernstige veranderingen ondergaat.
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Figuur 1l1.1.: Verandering in arteriéle oppervlakte (a), planariteit NP (b), debiet (c) en WSS
(d) bij het draaien van het hoofd. Het zwarte punt met de verticale lijn is het gemiddelde
+ standaard deviatie over alle proefpersonen (n=9) in een bepaalde positie (‘Recht’: hoofd
recht; ‘Gedraaid’: hoofd 90° gedraaid). De grijze punten zijn individuele metingen, 1 per vrij-
williger. Metingen die eenzelfde vrijwilliger toebehoren zijn met een streepjeslijn verbonden.
De p-waarde test de hypothese dat de gemiddeldes per positie (i.e. de zwarte punten) gelijk
zouden zijn.

[11.2.3. Impact van de studie

Met deze studie werd gesuggereerd dat plaque in de halsslagader zich in
een veilige situatie kan bevinden in de ene positie, maar ten gevolge van
de gewijzigde krachtenverdeling zou kunnen afbreken en een herseninfarct
veroorzaken in de andere positie. Gelijkaardige lessen worden getrokken
door fabrikanten van implantaten voor de halsslagader. ‘Stents’ zijn spiralen
uit metaal of kunststof. Deze worden in de halsslagader ingeplant met de
bedoeling een vernauwd vat terug open te duwen. Stents zijn zeer gevoelig
aan revascularisatie: een situatie waarbij de stent overgroeid wordt door het

NL - 50



II1.3. Impact van bloeddrukverlagende geneesmiddelen

vaatwandweefsel, wat leidt tot een nieuwe vernauwing van het vat. Om dit
uit te sluiten, wordt de stroming over de stent bestudeerd: bepaalde stro-
mingssituaties zijn behulpzaam bij het vermijden van revascularisatie. De
huidige studie toont echter aan dat een stromingssituatie goed kan zijn bij
een normale houding van het hoofd, terwijl revascularisatie net in de hand
kan gewerkt worden in een andere houding. Producenten van stents dienen
dan ook hun implantaten in verschillende houdingen uit te testen. Dezelfde
redenering is geldig voor plaque-omleggingen. Een plaque-omlegging is
net als de stent een implantaat voor de halsslagader, zij het met een ander
doel. Een stent verwijdt de arterie, terwijl een plague-omlegging afgebroken
plaque omleidt naar weefsels in het hoofd anders dan de hersenen. Aldus
wordt de patiént gespaard van herseninfarcten. Ook dergelijke implantaten
worden onderzocht naar revascularisatie en ook hier moet men rekening
houden met de gewijzigde stromingssituatie bij het draaien van het hoofd.

[11.3. Impact van bloeddrukverlagende
geneesmiddelen

[11.3.1. Inleiding

In de literatuur werd door Stanton3%? melding gemaakt van twee bloeddruk-
verlagende geneesmiddelen, amlodipine en lisinopril, die elk met vrucht erin
slagen de bloeddruk op lange termijn te verlagen. Deze bloeddrukverlaging
ging echter gepaard met verschillende veranderingen in de morfologie van
de halsslagader: bij lisinopril verkleint de vaatdiameter en de wanddikte,
hetgeen te verwachten is na een bloeddrukdaling. De amlodipine behan-
deling zal ondanks die bloeddrukdaling toch de diameter handhaven en de
wanddikte nog meer doen dalen. Er moet dus een mechanisme zijn dat de
diameter verwijdt om de vernauwing tengevolge van de bloeddrukdaling te-
niet te doen. Figuur Ill.2 herneemt de resultaten van Stanton. Amlodipine is
een calcium kanaal blocker, en verlaagt de druk door een perifere relaxatie
van de gladde spiercellen hetgeen leidt tot een vasodilatatie en een vermin-
derde perifere weerstand. Lisinopril is een ACE2-inhibitor, i.e. een stof die
de aanmaak van angiotensine Il, een vasoconstrictor, vermijdt.

2ACE: angiotensin converting enzyme
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Verandering in IMT [mm] Verandering in LD [mm] Veradering in IMA [mm?]
Duur van de behandeling [weken] Duur van de behandeling [weken] Duur van de behandeling [weken]
14 2% 50 14 2 50 14 2 50
0.04 0.2

-0 0.2

008 0.4
B Amlodipine @ Lisinopnl

Figuur 111.2.: De resultaten van Stanton®*’? samengevat. De opgemeten verschillen zijn een
gevolg van een behandeling van 52 weken met amlodipine (Calcium-kanaal blocker) of lisino-
pril (ACE inhibitor). IMT: intima-media dikte, LD: interne diameter van het bloedvat; IMA:
wandmassa. *' is significant (p=0.05).

I11.3.2. Proefopstelling en Resultaten

De hypothese in onze studie was dat de veranderingen op lange termijn
gerelateerd zouden zijn aan acute veranderingen in schuifspanning. Hiertoe
werden 10 vrijwilligers met een hoge bloeddruk onderworpen aan achtereen-
volgens drie behandelingen die elk 1 week duurden: een amlodipine, een
lisinopril en een placebo behandeling. De meeste (8) werden gescand met
TOF MRI en 2 claustrofoben met US.

Figuur 1.3/ toont de schuifspanningen voor 3 van de 10 bestudeerde hyper-
tensieven. Merk op hoe de geometrie van de halsslagader nauwelijks wijzigt
na elke behandeling. De schuifspanning nam hogere waarden aan bij een
amlodipine behandeling. Hoge schuifspanningen initiéren in de vaatwand
een reflex die het bloedvat zullen doen verwijden, een reflex die tot doel
heeft de schuifspanning te normaliseren. Deze adaptieve verwijding van
de halsslagader zal de doorstroomopperviakte vergroten en de vaatwand
uitrekken, hetgeen overeen komt met de vaststellingen op lange termijn en
dus de resultaten van Stanton®°2 verklaard.

111.3.3. Besluit

Aldus heeft de techniek gebaseerd op de integratie van medische beeld-
vorming en biomechanische modellering, bewerkstelligd in dit proefschrift,
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Figuur 111.3.: De WSS distributie voor 3 patiénten (rijen) na inname van amlodipine (Calcium
blocker, links), placebo (midden) en lisinopril (ACE-inhibitor, rechts).

bijgedragen tot het begrip van de werking van cardiovasculaire genees-
middelen. Een dergelijke studie, die een antwoord bood op een vraag uit
de industrie, was enkel mogelijk dankzij de beschikbaarheid van een vol-
doende nauwkeurige techniek voor het begroten van de schuifspanningen
in de halsslagader.
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V. Samenvatting en Besluit

Op het eind van vorige eeuw werd duidelijk dat het combineren van beeld-
vormende technieken met numerieke stromingsmechanica een middel was
dat in staat zou moeten zijn om niet-invasief schuifspanningen te bepalen
in bloedvaten. Ondanks dit besef en vroege bescheiden succesjes bestond
er veel scepsis over de nauwkeurigheid van deze techniek. Dat die tech-
niek het waard was om verder onderzocht te worden, wordt bewezen door
de vele ziektes die beter begrepen of gediagnosticeerd zouden worden in-
dien de schuifspanning met een voldoende nauwkeurigheid bepaald kon
worden. Daarom werd in een eerste deel van het proefschrift de nadruk
gelegd op het kwantificeren en het opdrijven van de nauwkeurigheid voor
toepassing op de bloedstroming door de halsslagader. Dit proefschrift toont
verder aan dat ultrageluid (echografie) net als magnetische resonantie an-
giografie (MRA) in staat is om dienst te doen als initiéle beeldvormende tech-
niek, hetgeen, gezien de grotere kost van deze laatste, een grote besparing
betekent. Bovendien wordt de techniek toegankelijk voor vele hospitalen,
dus ook voor hospitalen die over beperkte middelen beschikken.

Eens de nauwkeurigheid gekend was, lieten de toepassingen niet op zich
wachten. In een tweede deel van het proefschrift werden dan ook twee
studies in zeer uiteenlopende domeinen uitgevoerd. De eerste studie on-
derzocht de impact van bewegingen van het hoofd op de doorstroming van
de halsslagader. Een tweede studie ging - op vraag van de farmaceutische
industrie - na of er een verschil in stromingssituatie bestaat wanneer twee
even efficiénte bloeddrukverlagende geneesmiddelen ingenomen worden.
Deze twee studies toonden aan dat het toepassen van de techniek geen
verre droom meer is, maar reeds binnen het kader van dit proefschrift werd
gerealiseerd.
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Statistics is like a Bikini:

what is revealed is suggestive,

but what is concealed is vital.



Preface

The manuscript describes and uses a technique for calculating the flow pro-
files in human carotid arteries. The technique is based on medical imaging
and numerical modelling: it is called image-based computational fluid dy-
namics (CFD). In the introductional part (part'A), the anatomy of the carotid
arteries is explained, as well as its main pathologies. After an explanation
on the numerical tools used in this thesis, the history of the technique is
presented. Subsequently, part Bl investigates the technique from a tech-
nical point of view. The result of this part is a detailed description of the
technique, together with figures on its accuracy, reproducibility and operator
dependence. Once the technique was established, it was successfully used
in two clinical studies described in part/C. A first study investigated the effect
of head turns on carotid geometry and flow. In a second study, a group of
patients were administered two anti-hypertensive drugs. Aim was to analyse
the effects on carotid geometry and flow. The final part contains a summary
and technical notes aimed at improving the current protocols.



Part A.

INTRODUCTION






|. Anatomy and Physiology

Calculation of blood flow in the carotid bifurcation is the major topic of inter-
est for this thesis. In the introductory section, the location and anatomical
features of the carotid arteries are described (section [.1). In the following
section, the values for blood pressure and flow in healthy humans are given.
The composition of arterial wall is described in section .3 and finally, the two
last sections discuss specific functions of the carotid bifurcation other than
blood supply.

[.1. Location of the Carotid Bifurcation in the Blood
Supply chain

All tissues in the human body require a blood supply for their survival. Blood
is pumped through the body by the contraction of the heart muscle, which
is in fact a cavity which is filled during its relaxation phase (diastole) and
contracts in systole. The contraction of the cavity causes blood to leave the
heart at high velocities and pressures. The pressure has to be high since
the blood needs to travel through the blood vessels and tissues, using the
energy acquired in the heart. The tissues in the upper extremities of the
body, the face and brain, set the target for heart: the blood pressure gener-
ated in the heart, needs to be high enough to reach the upper extremities.
There are a number of blood vessels that transfer blood through the neck
towards the head. The carotid arteries are two of them.

There are 3 carotid arteries on either side of the neck: the Common Carotid
Artery (CCA) bifurcates into the Internal (ICA) and the External Carotid
Artery (ECA). Arteries in general are vessels that carry blood away from
the heart and to the tissues. The role of an artery in the vascular tree can
be deduced from its cross-sectional size (see Table [.1).”® The common
carotid arteries are 2 of several arteries that supply blood to the head. See
Figure .1/ (a)1%” for a schematic diagram showing the position of the right
carotid bifurcation. Figure I.1 (b)%2” shows the relative positions of all the
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Vessel Type Diameter (mm) Function

Aorta & Very Large Arteries 40-25 Pulse dampening and distribution
Large Arteries 1.0-4.0 Distribution
Small Arteries 0.5-1.0 Distribution and resistance
Arterioles 0.01-0.50 Resistance (pressure/flow regulation)
Capillaries 0.006 - 0.010 Exchange
Venules 0.01 - 0.50 Exchange, collection, and capacitance
Veins 0.5-5.0 Capacitance function (blood volume)
Large Veins and Vena Cava 5.0-35 Collection

Table I.1.: The function of the arteries and veins is linked to their cross-sectional size. The
CCA and ICA are both damping and distributing arteries, the ECA is usually smaller and thus
just a distributing artery.

xternal
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| ern; Right internal internal and
aroti ani f— external
- ge carotid carotid
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Right
common carotid \
EOI‘!‘I?_‘I n R*g'“ 3
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et mpg“""“"’ﬂ" / £ | et subclavian
Brachiocephalic - .
:Innun’ﬂina e) : Aortic arch

(a) Right Carotid Bifurcation” (b) Relative positions of arteries origi-
nating in the aortic arch®*’

Figure I.1.: The position of the carotid arteries in the human body.

arteries originating from the aortic arch. The right common carotid artery
branches from the brachiocephalic artery and extends up the right side of
the neck. The left common carotid artery branches immediately from the
aorta and extends up the left side of the neck. Each carotid artery branches
into internal and external vessels approximately near the top of the thyroid?
(i.e. the small butterfly-shaped gland, located in the neck, wrapped around
the windpipe, behind and below the Adam’s Apple area).

The ICA is the primary blood supply to the brain and the eyes. It anasto-
moses with the vertebral arteries and the contralateral internal carotid artery
in the cerebral arterial circle (of Willis) as shown in Figure [.2.%%” Note that
the ICA’s are not the only arteries feeding the brain. At the point where the
ICA emerges from the common carotid, i.e. immediately after branching, the
internal carotid widens a little. This small widening is know as the carotid
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The Arterial Circle of Willis
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Figure 1.2.: The circle of Willis is the blood supply of the brain.?%’

sinus or carotid bulb . Its shape, length and width can be very different from
one subject to the other. The ECA branches off to supply oxygenated blood
to the throat, neck, glands, tongue, face, mouth, ear, scalp and dura mater
of the meninges (i.e. the ensemble of layers covering the brain, separating
it from the skull).

Due to the carotid bifurcation being a complex 3D structure on one hand
and the large inter-subject variations on the other hand, there is no clear
definition of a ‘typical’ carotid geometry. Nevertheless, Figure .3 illustrates
the general features observed in a carotid bifurcation: the CCA widens and
bifurcates into the ICA (right) and ECA (left). The carotid bulb marks the ori-
gin of the ICA while the ECA is smaller than the ICA. In the past, attempts to
quantify carotid geometry have failed to reach an agreement. Gnasso!?? re-
ported 5.9 mm as typical CCA lumen diameter (LD) (n = 42, mean age 49.0
years). Geigy Scientific Tables’* showed 6.1 mm (n = 20, ‘young adults’),
Boutouyrie®’ found 5.21 mm (n = 15 females, 43416 years), Ferrara® re-
ported 6.0+0.8 mm (n = 20, 47.0+7 years) and Liang'®® 5.47+0.08 mm
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ICA

+ 17 mm

+ 5 mm

Carotid Bulb

- 3 mm

- 11 mm

Figure 1.3.: Typical carotid geometry;*> z=0mm is located at the bifurcation apex.

(n = 237) for non-smokers respectively as opposed to 6.09+0.11 mm (n =
185, 63.1+6.6 years) for smokers. Sass?’® derived the change in CCA LD
as a function of age and gender (n = 369). Table .2 summarises Sass’s
findings. Females between 41 and 45 years have an average LD of 5.17
+ 0.57 mm (n = 37) which agrees with Boutouyrie’s reports.3” Scheel per-
formed a similar study a few years later,%’> and found CCA LD’s of 6.0+0.7
mm (n = 24, ages 20-39), 6.1+0.8 mm (n = 24, ages 40-59) and 6.24+0.9
mm (n = 30, ages 60-85). It is clear from Sass’s and Scheel’s results that
a typical carotid bifurcation geometry is impossible to define. Note that the
LD in the discussed studies3”95:123.174.182,273.275 \na5 measured by B-mode
ultrasound (see section ll.17/on page 49) in the proximal CCA, i.e. the CCA
before it starts widening. Studies that include the region of the flow divider
in the definition of the CCA will find a larger CCA LD. Bladin®® found that
the distal end of the CCA is on average 4% larger than the proximal CCA (n
= 125). The bifurcation zone, the most distal part of the CCA, is obviously
larger.

The subject-variability is even greater for ICA geometry than for CCA LD.
Diameter of the ICA bulb has been reported to be 274+20% greater than that
of the proximal CCA.22 A different study conducted by Schulz??® found a
smaller disproportion between the proximal CCA LD and the bulb diameter:
13+18%. Moving up in the ICA, Schulz?’® reported that LD in the proximal
ICA (after the bulb) is 36+11% smaller than the LD in the distal CCA (before
bulb). The ICA LD, but not the bulb diameter, is larger for women by 13%.27°
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L1.2. Pressure and Flow

age 10-12  13-14 15-16 17-18 19-24 35-40 41-45 46-53
M=23 M=13 M=20 M=17 M=12 M=19 M=34 M=31
F=23 F=24 F=23 F=17 F=21 F=33 F=37 F=22
Male 4.99 4.99 5.14 5.39 5.36 6.01 6.07 5.97

+041 +£039 +044 +050 =+0.60 =£046 +£0.62 +0.57
Female | 4.92 4.88 4.87 5.01 4.92 5.09 5.17 5.29

+0.54 =£045 =£036 £049 +044 +£046 +£0.57 =+0.51

Table 1.2.: Common carotid LD as measured by Sass.2”® M=number of participating males.
F=number of participating females. All values in mm, reported as mean value + standard
deviation.

From a study conducted by Long®# using time-of-flight magnetic resonance
imaging (see VI.1), it can be seen that the ICA LD drops from very high
values (up to 8 mm) in the bulb to below 5 mm. Scheel*’® measured ICA
diameters in 78 subject ‘1.5 to 2 cm’ above the carotid bulb. He reported
4.84+0.5 (ages 20-39), 4.7+0.6 (ages 40-59) and 4.94+0.8 mm (ages 60-79).

The ECA is not as complex as the ICA: it has no explicit widening of the
lumen at the start, making it more comparable to a cylindric tube than the
ICA. Nevertheless, there are a number of side branches (such as the thy-
roid artery) branching off the proximal ECA 398386 Schulz2/8 measured that
the LD in the proximal ECA (before any branching) is 44+12% smaller than
the LD in the distal CCA (before bulb). Scheel?”® measured ECA diame-
ters as well: 4.0+0.4 (ages 20-39), 4.1+0.7 (ages 40-59) and 4.3+0.7 mm
(ages 60-79). From Long’s study,1®* ECA LD is found to be very subject-
dependent, varying from 2.5 to 5 mm. Note that errors were found to be large
in ECA due to its relatively small size and the presence of side branches.

With knowledge of the LD’s of the separate arteries, their function becomes
clear. The CCA and ICA LD are greater than 4.0 mm, belonging to the ‘very
large arteries’ whose main functions are to damp the pressure pulse (see
section|l.2) and to contribute to blood distribution. The ECA can be classified
as a distribution artery.

[.2. Pressure and Flow

Pressures in the arteries, veins and heart chambers are the result of the
pumping action of the heart. Figure .4 illustrates the pressure variation in
the heart and the aorta during a cardiac cycle in a healthy human. When the
ventricles of the heart contract, left ventricular (LV) pressure rises until the

11



I. Anatomy and Physiology

Pressure Systolic ~ Diastolic | Pulse = Mean
Aorta 100-130 60-90 30-50  70-105
Left Ventricle 100-130 4-12 - -
Left Atrium 15 4 - 4-12
Pulmonary Artery 15-30 6-12 - 9-18
Right Ventricle 25-30 0-8 - -
CCA Pressures

Mitchell”! (n = 30, aged 59+10) 119.1+11 n/a n/a n/a
Mitchell” (n = 40, aged 57+10) 124424 n/a n/a 94412
Boutouyrie® (n = 15, aged 43+16) n/a n/a 47416 n/a
Liang*™ (n = 237, aged 62.6+6.8) n/a n/a 36+10 n/a
Waddel** (n = 57, aged 5949) 11642 n/a 38+1 n/a

Table 1.3.: Normal pressures [mmHg].” The pulse pressure is the difference between sys-
tolic and diastolic pressure.

LV pressure exceeds the aortic pressure. The blood flows from the ventricle
to the aorta through the opened aortic valve, the valve separating the aorta
from the LV. As blood enters the aorta, the aortic pressure begins to rise and
forms the systolic pulse. When the heart starts relaxing, the pressure drops
to a certain point where the LV pressure is lower than the aortic pressure. At
this point, the aortic valve closes again. Closure of the aortic valve produces
a disturbance or a notch in the aortic pressure called the dicrotic notch
Thanks to the elastic recoil, the aorta now functions as a blood reserve under
pressure. It slowly empties into the vascular tree, feeding all body tissues
with blood. Normal blood pressures are shown in Table [I.3/as published by
Darovic.’?

The aortic blood flow resulting from this pressure curve is illustrated in Figure
[.4. In a resting state, for a normal adult, the blood flow ranges between 4
and 8 litres per minute.”? \elocities in the aorta go up to 2m/s. Further
down the branches, blood velocity declines and the pressure and flow rate
curves change significantly in shape. Figure .5/ shows how pressure, mean
velocity and the total perfused cross-sectional area change throughout the
vascular tree. Note how pressure can be higher in large arteries distal from
the aorta. This is due to pressure wave propagation and reflection within
the arterial tree. These pressure wave reflections originate from pressure
waves bouncing off both distal and proximal bifurcations and the geometric
and elastic tapering of the arterial network. In the capillaries, the tiny vessels
at the extremities of the arteries, the mean velocity is brought down to 1
mm/s, and the pressure is constant.

Where is the carotid artery situated in this framework? In the common
carotid artery, closer to the aorta, velocities can be as high as 1.5 m/s. The

12
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Figure I.4.: Pressure and flow during one cardiac cycle.*"

carotid artery is one of the arteries where, due to wave reflections, pres-
sures can be higher than in the aorta. Both pressure and flow are very
pulsatile. Figure [.6/ (a) shows a typical pressure wave form,??? see Table
I.4 for the definition of the feature points. Table .3 gives an overview of
measured values for carotid pressures, from which we can see that carotid
pressures roughly range from 75-85 (diastole) to 110-130 (systole) in rest-
ing state. Note that here, ‘systole’ and ‘diastole’ refer to the maximum and
minimum carotid pressure as opposed to the state of the heart muscle.
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Figure 1.5.: The profile of blood pressure and velocity in the systemic circulation of a resting
man. The abscissa is distance along the vessels. The greatest fall in pressure occurs across
arterioles and the tiniest arteries. This is in agreement with Table [I.1 where the smaller
arteries have been described as resistances regulating the blood flow to particular organs.
Mean velocity is the cardiac output divided by total cross-sectional area of the vascular bed
at that point. Pressure in the pulmonary artery (PA) is shown as a dotted line. Ao: human
aorta; VC, human vena cava.
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Figure 1.6.: a: Typical carotid pressure in one cardiac cycle.??? b: Vessel spatial peak blood
velocity (Vpear) in the common carotid artery measured with a vector Doppler-ultrasound
system in a normal human subject.**® For a definition of other feature points, see Table [.4.

Parameter | Definition
tfoot | Time of rise of pressure
t; | Inflection point, signaling return of reflected wave
tmaz | Time of peak pressure (# Thrax)
tes | End-systolic time
Prin | Minimum pressure
P; | Pressure at inflection point
P | Maximum pressure
P,s | End-systolic pressure
APy | Pressure in common carotid when flow rate
in aorta valve reaches 95% of its maximum - P,,,;,,
Trr | Cardiac interbeat interval
Veve | Vessel spatial peak velocity, averaged over one cardiac cycle
Vamin | Minimum diastolic velocity
Trrn | Time of diastolic minimum velocity
Aprax | Maximum acceleration
Ta max | Time of maximum acceleration
Vamax | Velocity at point of maximum acceleration
Vmax | Maximum systolic velocity
Trmax | Time of maximum systolic peak-velocity (# tmaz)
Vir | Ve = VI\/IAX;VIVIIN + VN
Truam | Time during early systole at which Vpear = Vi
Trwmam | Time period during which Viear, > Vi
Vo | Velocity at cardiac systole
Vbpn | Minimum velocity in dicrotic notch
Tpy | Time of minimum velocity in dicrotic notch

Table 1.4.: Definitions of pressure and peak-velocity wave form feature points.

140
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I. Anatomy and Physiology

Figurel.6/(b) shows a typical velocity measurement in a healthy human sub-
ject.140 See Table [I.4 for the definition of the feature points. At systole (t=0),
the flow ejected by the heart into the aorta has not entered the carotids yet:
the flow takes a time T,y to reach the common carotid. After T, the ve-
locities rise steeply until they reach a maximum Vi, 4x, and fall again. The
dicrotic notch, caused by the aortic valve closure, is still noticeable in the
carotid velocity profile. Table II.5 quantifies the average timing and velocity
parameters for 17 normal volunteers (24 to 34 years).24% The velocity pro-
files were measured 2 cm proximal from the bifurcation apex. Table .5 also
shows, for comparison, the same parameters as quantified in other stud-
ies.123:170,229.275 \/e|ocities are higher in men than in women. This, together
with the larger CCA radius for men (Table [.2), shows that the blood flow
through the carotid arteries is higher for men.

The velocity wave forms in the ICA and ECA are similar to that in the CCA
shown in Figure .6 (b). Due to the damping effect of the compliant vessel
wall, peaks are weakened and the dicrotic notch becomes hard to distin-
guish, especially in the ICA. Typical values for ICA and ECA Vj;4ax and
Voyc are given in Table 1.6/ based on studies by Ferrara,?® Nagai,?? Leel/©
and Scheel.?”® Note the important differences in Vi ax between Nagai's
and Scheel's study. For example, the Vi;4x is 72418 cm/s in Scheel’s
study whereas Nagai measures 82 cm/s in men and 93 cm/s in women of
the same age groups. This is partly due to the large inter-subject variability
(see column 4 in Table I.6), but especially due to the fact that the velocities
were measured at different locations: ‘1.0 to 1.5 cm distal from the tip of flow
divider’ in Nagai’s study?2? and ‘1 to 2 cm above the carotid bulb’ in Scheel’s
study.?” Leel’® measured the velocities at three sites in the ICA: ‘one lo-
cation in the bulb, and two locations in the ICA’. Their results illustrate the
large range of velocities occurring in the ICA.

As mentioned above, the blood flow for a normal adult ranges between 4 and
8 litres per minute or approximately 65 to 130 ml/s,”? of which 13% goes to
the brain (approximately 7 to 14 mil/s). As stated in section .1 and Figure
[.2, an important part of the blood supply to the brain happens through the
internal carotid arteries. Figure [I.7 shows measurements of the blood flow
in the CCA, ECA and ICA of a healthy subject, measured with MRI (see
section VI.1). Note how the CCA flow wave form is substantially different
from the aortic flow wave form (Figure 1.4), but very similar to the velocity
wave form (Figure 1.4(b)): there is a steep rise in flow rate, a maximum, a
fast decrease in flow rate, a dicrotic notch and further slow decrease in flow
rate towards the end of the cardiac cycle. Maximum flow rate in this subject
was around 25 ml/s, average flow around 7 mil/s. Table .7/ summarises

16



L1.2. Pressure and Flow

Parameter Unit Mean Standard Deviation Max Min
Trr S 0.917 0.119 1.414 0.601
Veye am/s 38.8 7.3 58.7 194
VMIN cm/s 20.9 4.8 36.2 7.0
Tuin S 0.055 0.014 0.118 0.011
Ayax cm/s? 2441 456 8048 1233
TaAriax S 0.110 0.010 0.154 0.035
Vamax c<m/s 47.7 7.2 114.2 6.4
Vvax c<m/s 108.2 17.8 171.2 68.2
Tyax S 0.153 0.011 0.189 0.118
Vem cm/s 64.6 10.2 100.24 39.7
Trum S 0.116 0.010 0.151 0.088
Trwam S 0.103 0.024 0.257 0.06
Vbony cm/s 19.4 6.6 45.6 5.6
Tpn s 0.398 0.016 0.448 0.342
Vmax n Mean Standard Deviation Age
Gnasso!#? 42 79.8 16.0 49.0+12.4
Leel”V 85 75.2 22.1 59412
Scheel?” 24 101 22 20-39
24 89 17 40-59
30 81 21 60-85
Nagai*® 17 men 115 n/a 20-39
24 men 97 n/a 40-49
22 men 97 n/a 50-59
22 men 89 n/a 60-69
27 men 81 n/a 70-79
25 women | 105 n/a 20-39
46 women 92 n/a 40-49
38 women 87 n/a 50-59
26 women 77 n/a 60-69
11 women 76 n/a 70-79
Veve n Mean Standard Deviation Age
Ferrara® 20 34.2 4.8 47.0+7.0
Gnasso'?® 42 36.2 5.4 49.0+12.4
Scheel?” 24 40 6 20-39
24 42 7 40-59
30 36 10 60-85

Table 1.5.: Average timing and velocity parameters for human CCA wave forms as mea-
sured by Holdsworth in 17 subjects (24 to 34 years)*® and the comparison with other stud-
ies 1231701229275 gee Table [I.4! for a definition of the feature points.
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I. Anatomy and Physiology

n Age Mean Variability
Virax ICA Nagai?2®

17 men 20-39 82 (50-112)
24 men 40-49 76  (60-101)
22 men 50-59 80  (59-96)
23 men 60-69 79  (62-109)
27 men 70-79 71 (40-97)
25 women 20-39 93 (52-124)
46 women 40-49 87 (58-116)
38 women 50-59 87 (60-115)
26 women 60-69 86 (60-113)
11 women 70-79 75  (43-100)
Vmax ICA Leel/

85 (bulb) 59 646 +23.6
(proximal ICA) 59.5 +£17.3
(distal ICA) 652 +17.1
Virax ICA Scheel 270

24 20-39 72 +18

24 40-59 65 +10

30 60-79 58 +11
Varax ECA Scheel?™®

24 20-39 86 +14

24 40-59 85 +18

30 60-79 81 +£30
Vove ICA Ferrara®®

20 47.0+7.0 327 +£3.0
Veve ICA Scheel27

24 20-39 39 47

24 40-59 38 +6

30 60-79 33 +8
Veve ECA Scheel?’>

24 20-39 30 +£5

24 40-59 35 +7

30 60-79 33 +11

Table 1.6.: Velocities in the carotid branches. Virax: maximum velocity, Veyce: cycle-
averaged peak velocity. All values in cm/s and based on studies by Ferrara,® Nagai,?*°
Lee'™ and Scheel.?” The fourth column represents a measure of variability, shown either
as '+ standard deviation ‘or’ (5-percentile 95-percentile) .
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L1.3. Arterial Wall Structure

Cardiac Cycle

Figure 1.7.: The flow rate was measured at two locations: (1) the common carotid artery
(CCA) and (2) the internal (ICA) and external carotid arteries (ECA). Note that the sum of
instantaneous flow in the internal and external branches differs substantially from the flow in
the common carotid, due to the wall compliance and to MRI acquisition errors (see section
VI.1).4°

values for the flow rate in each of the carotid arteries. There is no significant
difference between the left and right carotid arteries, measured with a variety
of techniques. Blood flow decreases with ageing in the CCA and ICA, but
increases in the ECA. Common values for cycle-averaged blood flow are
4.5 to 10 ml/s for the CCA, 3 to 6 ml/s for the ICA and finally 1.5 to 4.5
ml/s for the ECA. On average, this means that the flow division ICA:ECA is
approximately 60:40.

1.3. Arterial Wall Structure 26

In its journey from the heart to the tissues, the blood passes through chan-
nels of six principal types: elastic arteries, muscular arteries, arterioles, cap-
illaries, venules and veins. In this system, the arteries show a progressive
decrease in diameter as they recede from the heart, from about 25 mm in
the aorta to 0.3 mm in some arterioles (geometrical tapering , Figure |.5).
The reverse is true for the veins; the diameter is small in the venules and
progressively increases as the veins approach the heart. All arteries are
composed of three distinct layers, intima, media and adventitia (Figure [1.8),
but the proportion and structure of each varies with the size and function of
the particular artery (elastic tapering ). A large artery, such as the aorta, is
comprised of the following layers, going from the lumen to the most external
layers:
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I. Anatomy and Physiology

Table
ture.

20

STUDY \ N AGE \ MEAN STANDARD DEVIATION
CCA

Keller™ 22 2345 5-8
Fitzgerald™ 25 42 893 +1.73
Uematsu™® 16 21-40 798 +1.50
Uematsu® 14 41-60 722 +1.15
Donis™ 66  16-19 6.67 4045
Donis® 50  70-78 537 +1.90
Hamada'?? 28 7147 957 n/a
Schoning™” 46 20-63 7.83  +2.00
Weskott> 174  20-87 692 +1.45
Holdsworth!® | 17 24-34 6.0 (min-max: 0.4-12.3)
Scheel?” 24 20-39 710 +1.65
Scheel?” 24 40-59 723 +1.85
Scheel?” 30  60-85 622 +1.33
ICA

Leopold'” 20 32 423 +£093
Fortune”’ 20 33 550 +0.32
Schéning™” 46 20-63 442  +£043
Scheel?” 24 20-39 462 +0.82
Scheel?” 24 40-59 423 +£0.95
Scheel?” 30  60-85 373 +0.72
ECA

Schoning?” 46 20-63 267 +1.1
Scheel?” 24 20-39 242 4053
Scheel?” 24 40-59 292 +1.22
Scheel?” 30  60-85 2.83 +0.87

I.7.. CCA, ICA and ECA time-averaged blood flow according to litera-

801196,97,132,140,154,175,275,277,338 Values in ml/s

. the lamina intima , or innermost layer, consists of a monolayer of en-

dothelial cells separated from the inner layer by a narrow layer of con-
nective tissues which anchors the cells to the arterial wall.

A large layer of elastic fibres forming the lamina elastica interna

. Below this layer are concentric waves of smooth muscle cells inter-

mixed with elastic fibres. Elastic lamellae and smooth muscle cells are
imbedded in a ground substance rich in proteoglycans. Proteoglycans
are formed of disaccharides bound to protein and serve as binding or
‘cement’ material in the interstitial spaces.

Between the smooth muscle layer and the adventitia (cfr. 5.), there
is again another layer of elastic fibres, the lamina elastica externa
Layers 2, 3 and 4 form the lamina media . The width of layers 1 to 4 is
known as the ‘intima-media thickness’ or IMT.



I.4. Pressure Regulation: baroreceptors
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Figure 1.8.: The layers of an arterial wall *”

5. The outer layer or lamina adventitia is formed of irregularly arranged
collagen bundles, scattered fibroblasts, a few elastic fibres and blood
vessels which, because of their location, are called vasa vasorum or
vessels of the vessels.

This structure of the aorta and large arteries (such as the common carotid)
corresponds well to their function which serves as a blood reservoir and to
stretch or recoil with the pumping action of the heart. This is the so-called
windkessel effect 342

The wall of the arterioles contains less elastic fibres but more smooth mus-
cle cells than that of the aorta. The arterioles represent the major site of
the resistance to blood flow and small changes in their caliber cause large
changes in total peripheral resistance.

l.4. Pressure Regulation: baroreceptors

Apart from supplying oxygenated blood, the carotid bifurcations play an im-
portant role in the blood pressure regulation. As in the aorta and in the right
heart, the carotid sinus contains baroreceptors . When pressure rises in
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the blood circulation, the carotid wall will stretch. Via a cranial nerve (nerve
number ‘IX") the brain is informed of this pressure rise. At that point, the
brain will incite a series of reactions, aiming to reduce the blood-pressure.
The reaction can include decreased heart rate or widening of the arteries
(‘vasodilatation’). Thus, when blood pressure rises, this carotid sinus re-
flex makes pressure fall.

[.5. Oxygen Regulation: chemoreceptors

The level of carbondioxide (CO-), oxygen (O2) and acidity (H ) in the blood
are closely monitored. The carotid sinus (and the aortic arch) contains in its
wall chemoreceptors , bodies that detect changes in blood level of COs, O2
and H*. If oxygen levels go down or carbon dioxide and hydrogen ion levels
go up, a signal is sent to the brain, which triggers a rise in blood pressure
and influences the breathing. The general purpose is to bring the levels of
CO,, O and HT back to their original values.
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Il. Pathology and Diagnosis

II.1. Carotid Pathology

The carotid artery is susceptible to a number of vascular diseases. Carotid
dissection, the pathological condition where blood intrudes the intima media,
is defined and discussed in sectionll.1.1. The most common form of carotid
disease, atherosclerosis, is discussed in section 1.1.2. Less frequent but
more severe are carotid aneurysms, a widening of the carotid lumen, which
are explained in sectionll.1.3.

[1.1.1. Carotid Dissection ©29

Arterial dissection is a condition in which blood penetrates through a tear
in the intima, separating and dissecting it from the media. The dissection
may be focal but more commonly it extends for several centimeters. The
most common sites of arterial dissection are the internal carotid artery (both
intracranially and extracranially, with the former being more rare and severe),
and the vertebral artery in its distal extracranial portion where it penetrates
the dura to become intracranial (Figure .1/ (c)). Dissection of intracranial ar-
teries, basilar artery and middle cerebral artery, are also possible but much
less common.

See Figure 1.1 for an illustration of a carotid dissection. Two streams are
visible in the carotid lumen: a normal stream (red), and a stream underneath
the intima (more colours than just red).19

Cervical artery dissection is a significant cause of stroke in patients younger
than 40 years. Carotid artery dissections have nonspecific presenting symp-
toms such as neurologic deficits and headache and occur at a relatively
young age. They often happen in previously healthy individuals and develop
either spontaneously or following various degrees of trauma.
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II. Pathology and Diagnosis

Figure I1.1.: A ‘Duplex’ image of common carotid dissection. The black and white image is ac-
quired using B-mode Ultrasonography. The black void in the center of the image represents
the CCA lumen. The colours represent blood velocities acquired with Doppler ultrasound
(see section \VII.1.3). The visualisation of colour Doppler velocities on a B-mode image is
called a Duplex image. Flow is from left to right. There are two streams visible: a ‘red’ and a
‘coloured’ stream. The red stream is the normal blood flow, the coloured stream goes under
the vessel wall and resurfaces further distal.*%

While the pathophysiology of carotid artery dissection remains largely un-
clear, mechanical factors and other underlying vascular diseases may be
the cause. Dissections usually are subadventitial (between the media and
adventitia or within the media), creating a false lumen that can cause steno-
sis (LD decrease), occlusion, or pseudoaneurysm of the vessel. Simulta-
neously, the dissection may cause the formation of a thrombus (blood clot)
from which fragments embolise. Strokes resulting from carotid dissection
thus may have a haemodynamic or embolic origin.

The annual incidence of symptomatic carotid artery dissection is 2.6 per
100000.” The actual incidence may be higher, since many episodes may be
asymptomatic or cause only minor transient symptoms and remain undiag-
nosed.

Morbidity from carotid artery dissection varies in severity from transient neu-
rologic deficit to permanent deficit and death. Intracranial internal carotid
artery dissection is associated with a 75% mortality rate. Male-to-female
ratio is 1.5:1.%

Carotid artery dissections are most common in young adults. While the
mean age for extracranial internal carotid artery dissection is 40 years, in-
tracranial dissections are more common in those aged 20-30, with half oc-
curring in the first 2 decades. Approximately 20% of strokes in the young
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are caused by carotid artery and vertebral artery dissections in the neck,
compared to 2.5% in older patients.

[1.1.2. Atherosclerosis
[1.1.2.1. Definition, Prevalence and Localisation

Arteriosclerosis can be described as: ‘A chronic disease in which thicken-
ing, hardening, and loss of elasticity of the arterial walls result in impaired
blood circulation. It develops with ageing, and is correlated with hyperten-
sion, diabetes, hyperlipidemia?, and other conditions.”>0

Atheroslerosis : ‘A form of arteriosclerosis characterised by the deposition
of atheromatous plaques containing cholesterol and lipids on the innermost
layer of the walls of large and medium-sized arteries.’?>°

Cardiovascular disease (CVD) is responsible for the majority of deaths in
both Europe (33.5% of deaths at 45-54 years of age, 64% of deaths at ages
above 85)37! and the US (39.4% of all deaths in 2000).” The majority of CVD
is attributable to atherosclerosis. The most common form of carotid artery
disease is atherosclerosis. This means that the carotid arteries develop a
build-up of plaque caused by hardening of the arteries. The narrowing of
the vessel lumen caused by plaque is called a stenosis. When the buildup
becomes very severe, it can cause a stroke.

Other vessels prone to atherosclerosis are the coronary arteries, the visceral
branches of the abdominal aorta, and the infra-renal abdominal aorta and
its femoral branches (Figure 11.2).7°

11.1.2.2. Pathophysiology 131287

Before elabourating the link with haemodynamics, arteriosclerosis must be
well understood. Figure 1.3 shows what happens in the arterial wall. It
usually starts with a subtle damage of the glycocalyx , the layer lining the
endothelium. Damage to the glycocalyx leads to damage to the endothelial
cells. This lesion will attempt to heal itself by inducing an inflammatory re-
action: white blood cells will be called to the lesion by chemicals released

dincreased level of lipids in blood serum
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Figure 11.2.: Atherosclerotic plaques tend to form in specific areas of the vascular tree, in-

cluding (1) the coronary circulation, (Il) the carotid vessels, (Ill) the visceral branches of the
abdominal aorta, and (1V) the infra-renal abdominal aorta and its femoral branches.”®

at the lesion site. White blood cells will ingest fatty particles and stay in the
lesion zone as so called foam cells . Thus, fatty streaks appear: these are
very common at an early age and some may go away if there are no other
damaging influences.

Various factors from platelets, white blood cells and the blood plasma make
the muscle cells in the arterial wall increase in number.3L Cholesterol ac-
cumulates in these cells causing more damage and further narrowing of the
artery. Some of the muscle cells die forming a collection of cholesterol and
dead cells (this is the atheromatous plaque ). Calcium may be deposited in
the arterial wall at areas of damage and these areas become scarred form-
ing atherosclerotic plaques . Atherosclerotic plaques are characterised by
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Figure 11.3.: The atherosclerotic process. TIA: transient ischaemic attack; Angina: chest
pain; Claudication: predictable pattern of lower leg pain caused by inadequate blood flow to
exercising muscle; PVD: peripheral vascular disease; MI: myocardial infarction.*3t

the accumulation of cholesterol, macrophages, smooth muscle cells and ex-
tracellular matrix proteins in the intimal layer of the vessel wall. The tissues
beyond the narrowing are deprived of a full blood flow and become so-called
ischaemic tissues.

At a critical moment, plaque can rupture and blood platelets will clot the le-
sion, forming a ‘thrombus’, which may occlude totally the artery (infarction )
or may be ripped off, obstructing narrower arteries further downstream the
blood-circulation (embolus ). Several factors incite arteriosclerosis, among
them elevated cholesterol levels, hypertension,3> smoking,! diabetes mel-
litus,%® stress'®0 and obesity.1® A detailed review of arteriosclerosis was
given by Simons.287

The body may be able to dissolve the clot and the situation may revert to an
atherosclerotic plaque - usually with more narrowing of the artery.

Instead of narrowing the artery, the above processes may cause the artery
to become weakened so that it balloons out - this is called an aneurysm
(See section11.1.3).

[1.1.2.3. Treatment

Once a patient has been diagnosed with carotid plaque, several treatments
can be considered. Anti-hypertensive drugs can be administered, reduc-
ing the blood pressure and thus the chances for endothelial or plaque dam-
age. Patients are asked to refrain from smoking and from excessive alcohol-
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II. Pathology and Diagnosis

Figure 11.4.: Carotid Endarterectomy. a: Carotid bifurcation clamped and opened. b: CCA-

ICA bypass introduced. c: Plaque removal. d: Carotid sewed up.

378

consumption. Another medical strategy is the use of platelet anti-aggregants
reducing the chance for blood clotting.

If an artificial widening of the vessel lumen is needed, two treatments are
commonly performed:

28

1. Carotid Endarterectomy (Figure [1.4). Carotid endarterectomy is a

surgical procedure where the plaque is removed from the carotid in-
ner wall. This ultimately removes the source of material which can
potentially travel from the artery up to the brain causing a stroke. In a
first step (Figure 1.4/ (a)378), the carotid bifurcation is clamped to pre-
vent any blood flow through the bifurcation while an incision is made
in the carotid. A piece of flexible tubing is introduced into the carotid,
connecting the CCA with the ICA while bypassing the stenosed region
(Figure l1.4! (b)). The plaque can now be removed (Figure .4/ (c)). Af-
ter plaque removal, the carotid is clamped again, the bypass removed,
and the vessel wall sewed (Figure 1.4 (d)).

. Carotid Stenting (Figure 1.5).2% Carotid stenting is a percutaneous

technique, i.e. a technique that does not require surgery in the form of
an incision, but requires entry into a peripheral artery i.e. the femoral
artery in the groin via a small tube which subsequent catheters and
wires are passed through up to the neck where the carotid artery is
located. Once it reaches its destination, the catheter will inflate to
open up the blockage. In some cases, the catheter will leave a ‘stent’
at the diseased site: a metal or polymer construction that provides a
scaffold to keep blockages from recoiling. Percutaneous techniques
have the potential for being safer, less traumatic, more cost effective,
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Figure 11.5.: Carotid stenting: A mechanical device called a ‘balloon’ catheter is inserted into
the narrowed carotid to widen it. The stent, a tiny wire-mesh scaffolding, is then placed in
the newly expanded artery to keep it from narrowing again.*®

and feasible in patients at high surgical risk. The procedure needs to
be performed by individuals skilled in using various catheters that have
balloons to open up blockages and/or stents.

Endarterectomy or Stenting? Stenting is less demanding for the patient.
The stent is inserted via a catheter, threaded through a small incision in
the groin, up to the neck. Patients typically stay in the hospital overnight. In
contrast, carotid endarterectomy requires general anaesthesia and a two- to
three-day hospital stay. It is performed through an incision in the neck area.
However, endarterectomy has been performed since 1954, whereas the first
carotid stent was placed in 1980. Due to the 26 years of extra experience
and research, carotid endarterectomy is still often regarded as the more
reliable technique and thus as the surgical procedure of choice 84189267

When is surgery required?

Asymptomatic Carotid Artery Stenosis
Asymptomatic carotid artery atherosclerosis is highly prevalent in the gen-
eral population, particularly the elderly. However, severe (more than 70
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percent area reduction) carotid artery stenosis is rare, especially in asymp-
tomatic persons. Compared with symptomatic stenosis, asymptomatic carotid
artery stenosis is associated with a relatively low risk of ipsilateral® cerebral
infarction. About 4 percent of adults have asymptomatic neck bruits®, but
a carotid bruit is a poor predictor of extracranial carotid artery disease or
high-grade stenosis.?’#

By actuarial analysis, patients with asymptomatic carotid bruits have an es-
timated annual risk of stroke of 1.5 percent at one year and 7.5 percent at
five years.3%® Asymptomatic carotid artery stenosis of 75 percent or less
carries a stroke risk of 1.3 percent annually.23> When stenosis is more than
75 percent, the combined rate for TIA (transient ischaemic attacque) and
stroke is 10.5 percent per year, with most events occurring ipsilateral to the
stenosed carotid artery.?33

Because of the low risk of stroke in asymptomatic patients, some experts
recommend surgery only when the degree of stenosis is more than 80 per-
cent.?8

Symptomaticd Carotid Artery Stenosis

For symptomatic patients with carotid artery stenosis, the story is very dif-
ferent. Stroke is often caused by atherosclerotic lesions of the carotid artery
bifurcation. The degree of internal carotid artery stenosis is the most impor-
tant predictor of cerebral infarction among patients with extracranial carotid
artery disease.®?® The severity of carotid artery bifurcation stenosis is di-
rectly related to the risk of stroke.

Through the removal of atherosclerotic plaques, carotid endarterectomy re-
stores cerebral blood flow and reduces the risk of cerebral ischemia. Re-
sults from three major prospective studies provide compelling evidence for
the benefit of carotid endarterectomy, when performed by experienced sur-
geons, in improving the chance of stroke-free survival in high-risk symp-
tomatic patients.213:325.351

P|psilateral: Located on or affecting the same side of the body.2%°

A carotid bruit is an abnormal sound, heard when using a stethoscope to listen to blood
flow in the carotid artery. A bruit indicates a fatty buildup.

dtypical symptoms: weakness or total inability to move a body part numbness, loss of sen-
sation (tingling), decreased or lost vision (may be partial or temporary), language diffi-
culties (aphasia), inability to recognise or identify sensory stimuli (agnosia), loss of mem-
ory, loss of coordination, swallowing difficulties, personality changes, mood and emotion
changes, urinary incontinence (lack of control over bladder), lack of control over the bow-
els, consciousness changes6
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IL.1. Carotid Pathology

1.1.3. Aneurysms 138

An aneurysm is a bulging out of part of the wall of a blood vessel. It
forms where the wall has weakened, often due to the build-up of plaque.
Aneurysms can therefore be, just as stenoses, a consequence of atheroscle-
rosis. It may also be an inherited condition or a complication of high blood
pressure (hypertension). Left untreated, aneurysms may tear or burst. Rup-
tures are very painful events that cause massive internal bleeding. The
patient must be treated within minutes in order to have a chance of sur-
vival. If an aneurysm bursts in the brain, it could cause a haemorrhagic
stroke . If an aneurysm bursts in the chest, there is only a 20 percent
chance of survival. Therefore, early diagnosis and treatment are critical.
Because aneurysms often produce either no symptoms or mild symptoms
(e.g., back pain), routine physical examinations are strongly encouraged so
that a physician can regularly test for warning signs.

There are a number of different types of aneurysms, which include the fol-
lowing:138

 Aortic aneurysm: A general condition characterised by the distention,
or ballooning out, of part of the wall of the aorta. Typically, the widened
part of the aorta is considered to be an aneurysm when it is more than
1.5 times its normal size. If accompanied by an aortic dissection, it is

CA Normal

Anaurysm ICA

(a) Aortict®® (b) Carotid®*®

Figure 11.6.: Aneurysms. a: Different types of aneurysms found in the aorta and its branches:
(1) ascending aorta; (2) aortic arch involving the brachiocephalic, carotid, and subclavian
arteries; (3) descending portion of the aortic arch; (4) thoracoabdominal aneurysm involving
the celiac, superior mesenteric, and renal arteries; (5) abdominal aorta and iliac arteries; (6)
femoral artery; (7) popliteal artery.*®® b: Time-of-flight MR image of a subject with a normal
ICA on one side and an ICA aneurysm on the other side of the neck.?4?
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classified as a dissecting aortic aneurysm. Typical aortic aneurysms
are depicted in Figure 1.6/ (a).18®

 Cerebral aneurysm: Also known as a berry aneurysm , this is a bulge
in the wall of a blood vessel in the brain (one of the cerebral arteries).
A cerebral aneurysm is typically found where the arteries branch at
the base of the brain. The cause is unknown, but smoking increases
a person’s risk of developing this condition.

 Ventricular aneurysm: A bulging or ballooning out of part of the wall of
one of the heart’s lower chambers (ventricles), usually the left. If the
aneurysm is present in the wall between the ventricles (the ventricular
septum), it is also known as a ventricular septal aneurysm, an inter-
ventricular aneurysm or simply a septal aneurysm. It may be present
since birth (congenital) or may be a complication of a heart attack or
other trauma.

« Carotid aneurysm: In Figure [1.6 (b),%*% a cross-section of a neck of
a patient has been imaged using time-of-flight magnetic resonance
imaging (TOF MRI). The ICA on one side of the neck is normal, but
the ICA on the other side contains an aneurysm.

 Atrial aneurysm: A bulging or ballooning out of part of the wall of one
of the heart’s upper chambers (atria). If the aneurysm is present in
the wall between the atria (the atrial septum), it is also known as an
atrial septal aneurysm (ASA). An ASA has been associated with an
increased risk of stroke and is often accompanied by the presence
of a patent foramen ovale, an opening between the upper chambers
(atria) of the heart. Normally, this opening is present in the developing
foetus, and closes shortly after birth. It is often present since birth
(congenital).

 Cirsoid aneurysm: The enlargement of a network of blood vessels
that commonly occurs on the scalp and may result in the formation of
a tumour.

Strategies for preventing an aneurysm include managing high blood pres-
sure and preventing the build-up of plaque.
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II.2. Pressure, Geometry and Flow features

Now that the carotid diseases are described, the search for potential causes
of these diseases can start. Based on its high prevalence and high death
rate, the focus will be on atherosclerosis. It has already been stated (see
section 11.1.2) that several factors incite arteriosclerosis, among them ele-
vated cholesterol levels, arterial hypertension,3® cigarette smoking,3¥ dia-
betes mellitus,®® stress'>® and obesity.2® Other factors include older age,
male gender, African-American ethnicity, family history, dyslipidemia®, heart
disease, excessive alcohol intake, abnormal body mass index and low so-
cioeconomic status.?® The development of atherosclerotic disease occurs in
a localised fashion that spares certain segments of the vascular tree while
affecting others (see Figure l.2). Cited risk factors for vascular disease are
systemic in nature, and do not explain the specific location of plaques to par-
ticular segments of the vascular system. However, there is a strong correla-
tion of atherosclerosis with regions of disturbed blood flow, which suggests
that changes in local haemodynamic forces may affect its development.

In what follows, certain risk factors are studied more closely: pressure, ge-
ometry and flow-related features with a clinical significance are defined and
discussed. In sectionll.3, these features are translated into physically mea-
surable parameters, ‘markers’ of atherosclerosis.

11.2.1. Pressure

A clear relationship between pressure and the presence of atherosclerosis
has been established:21® patients undergoing sustained increased blood
pressures have a higher incidence of atherosclerosis. The reason for this
relationship is not entirely clear. Two theories have been put forward.

1. Atherosclerosis is a hardening of the arterial system. The loss of arte-
rial compliance increases the pumping power required for maintaining
the blood circulation. This is achieved by increasing the arterial blood
pressure. In this theory, atherosclerosis is the cause of hypertension.

2. Pressure in the surrounding tissue of an artery is the reference pres-
sure, 0 mmHg. Blood pressure is therefore entirely dissipated in the ar-
terial wall. This pressure dissipation gives rise to a wall tension which

¢changed level of lipids in blood serum
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Cylindrical Vessel
T=PR

Figure 11.7.: Laplace’s Law. P: pressure in the tube; T: Wall Tension; R: radius. Laplace’s
law can be used to estimate the wall tension in an artery*% Note that Laplace’s law assumes
thin walls, circular tubes and uniform pressures, which is why it can only be used as an
approximation.

can be calculated using Laplace’s law (see Figure ll.7): assuming a
cylindrical shape for the vessel, the tension 7' is given by

T = P x radius (IL1)

here, P is the blood pressure and the considered radius is the lumen
radius. The arterial circumferential wall stress can be derived from the
wall tension

Twall = IJ\ET =7 jﬁg’ws (1L2)
assuming that the pressure is dissipated in the intima and the me-
dia. An increased pressure will increase the wall tension. The vessel
wall will remodel until it reaches the circumferential wall stress in the
normotensive situation. This is achieved by proliferating the IMT. This
proliferation enhances the progression of plaque formation.

Apart from its indirect effect on the vessel wall thickness, the pressure
has a direct damaging consequence on the endothelium in the lamina
intima. The induced damage could be the onset of the atherosclerotic
process.

In this second theory, hypertension is the cause of atherosclerosis.

The two theories are probably both happening to a certain extent. In any
case, blood pressure is a clear marker of atherosclerosis.”’® It is the most
important modifiable risk factor for stroke.?®
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In a series of publications, Boutouyrie36:3%109.147 gnd Mitchell?2%222 argued
that not the systolic blood pressure (SBP) or mean arterial pressure (MAP)
was the pressure parameter with the highest diagnostic value for atheroscle-
rotic pathology, but the pulse pressure (PP). They described how blood pres-
sure increased with age in all Western countries, but above the age of 60 the
increase of systolic pressure with age was accompanied by a stabilisation
or a decrease in diastolic blood pressure. Since the PP is the difference be-
tween systolic and diastolic pressure, there will be a progressive increase in
PP despite a stable MAP. This trend results in a growing population with iso-
lated or disproportional hypertension: SBP > 160 mmHg and DBP <90
mmHg.14® |t appears that the PP is an important independent marker of
carotid intimal thickening in both healthy people and persons with essential
hypertension®. This is because cyclic stretching (i.e. increased PP) has a
more important influence on the expression and growth of smooth muscle
cells than a static load (i.e. increased blood pressure).2® In conclusion,
pulse pressure is, in comparison with systolic or diastolic pressure, a better
marker for vascular pathology.

[1.2.2. Arterial Geometry
[1.2.2.1. Basic parameters

Initima-Media Thickness and Lumen Diameter As stated on page 21,
the arterial wall consists of three layers: tunica intima, media en externa
(Figure [1.8). The cumulative thickness of intima and media of large arteries,
such as the carotid, is called the intima-media thickness (IMT). The IMT has
been widely used as a marker of vascular disease, since it can be a direct
evidence of the atherosclerotic process. A thickened IMT is either a conse-
guence of sustained high blood pressures or evidence of an inflammatory
reaction initiating atherosclerosis as explained on page 25.

A growth in IMT is associated with an increasing chance for stroke or car-
diac infarction.** Moreover, growth in IMT is correlated with a vast spec-
trum of other cardiovascular risk factors such as age, male gender, ethnicity,
hyperlipidemia, smoking, diabetes mellitus, left ventricle hypertrophy and
hypertension.®* Simon?48® acquired the IMT in a population of 788 healthy
subjects (326 men) of all ages, as shown in Figure [l.8. Overall, it can be
stated that the IMT increases with age, from values around 390 to 480 ym

fessential hypertension is hypertension with no clearly definable reason
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Figure 11.8.: Distribution of ‘normal’ values of common carotid artery far wall IMT in a popula-
tion of healthy men and women by age range. Upper and lower limits of bars are 75th upper
(P75) and 25th lower percentiles (P»5) of IMT distribution within the age range indicated in
the x-axis. Abnormal IMT’s are values above the 75th upper percentile in each category of
age. (n=788 (326 men))®®

for young men to 460 to 620 um for men older than 50. Two more features
emerge from Figurell.8: (1) women have IMT values significantly lower than
men and (2) the IMT in the right CCA is larger than that in the left CCA. The
first feature can be explained by the fact that men have larger carotid arteries
(see Tablel.2), the second one has also been reported in other studies’’-316
but, as stated by Sun,31® “The mechanism for this asymmetry cannot be elu-
cidated from present data and remains unclear”.

The IMT is not constant along the carotid bifurcation4876:110.271.316,384 Fqp
healthy people, Gianaros found that the IMT was 11.1% thicker in the bulb,
but 11.1% thinner in the ICA after the bulb than in the CCA, based on 82
subjects.*0 Similarly, Casiglia found that for hypertensives, the IMT was
6.5% thinner in the bulb, and 19.5% thinner in the ICA after the bulb than in
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the CCA, based on 97 subjects.*® A separate study suggested that IMT in
the ECA was approximately 87.5% of that in the ICA (post-bulb).38

Derived Parameters  Note that the carotid IMT needs to be considered
relative to the lumen diameter (LD):3* the intima-media layer is subjected to
the pressure difference between the blood in the vessel and the surrounding
tissue, according to equation lll.2. It shows that the tension in the IMT will
be smaller if LD is smaller. If LD is large, IMT will be adaptively increased,
owing to the complex wall remodelling process. Imagine the following four
hypothetical subjects, each with the same blood pressure and carotid blood
flow rate. Subject A has a small LD and a small IMT. Although his IMT
may appear to be low, his IMT/LD will be normal. Subject B has a small
LD and an average IMT. This subject could be classified as normal if only
the IMT was taken into account. However, his IMT/LD ratio will show that
he has signs of an abnormally thick IMT. Subject C has a large LD and an
average IMT: the tensile stress in his vessel wall could be relatively high.
Subject D has a large LD and a large IMT. Considering the IMT alone, he
would be classified as a pathological case. Considering both IMT and LD,
it becomes clear that his IMT needs to be larger in order to alleviate the
normal blood pressure occurring in the vessel. These four examples show
that although IMT is a very valuable marker of atherosclerosis, it should
always be considered relative to the local LD.

Another way of taking account of the LD when using the IMT for diagnos-
tic purposes, is to calculate the cumulative area of intima and media in an
arterial cross-section. This area is called the intima-media area or IMA. A
change in LD could change the IMT passively because of the reduced or
increased tension in the wall. In this case, the vessel wall mass does not
change, it just gets redistributed around the lumen, and the IMA remains
constant. Taking advantage of the incompressibility of the vessel wall, the
IMA (as opposed to the IMT) is therefore a better marker for vascular hyper-
trophy since it is independent of variations in blood pressure or LD.

Carotid compliance 87 Arterial compliance is defined as the change in
arterial volume induced by a pressure change:

oV

C—aip

(IL3)
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with V' the arterial volume and p the blood pressure.

Arterial compliance is an important measure of the health status of an artery.
The elastic behaviour of conduit arteries has a major influence on the left
ventricular function and aortic flow.8%11L.152510353 A |oss in arterial com-
pliance will increase the pulse pressure, an index of the pulsatile haemody-
namic load. An increased pulsatile load is a risk factor for the development
of congestive heart failure®®9%9, Therefore, impaired arterial elasticity is
particularly deleterious in patients with congestive heart failure. Elasticity
of conduit arteries is determined by both structural and functional factors.
Both sets of factors are governed by the tunica media, which constitutes a
large part of the arterial wall and is the principal determinant of the ves-
sel's mechanical properties. Structural factors that passively alter arterial
elastic properties include degeneration of elastic fibres, increased collagen
content, and calcium deposition (e.g. in the formation of atherosclerotic
plague). Functional factors actively reduce distensibility of arteries by con-
stricting vascular smooth muscle. These factors, which include vasocon-
strictive substances related to increased activity of sympathetic nervous and
renin-angiotensin systems, may be particularly relevant to abnormal elastic-
ity in patients with heart failure.

It has been recognised that arterial compliance reduces with age, as demon-
strated by Laogun in a study conducted on 600 ‘normal’ volunteers.168 He
found the following relationships between arterial compliance and pressure,
age as well as sex:

» Pressure: acute changes in MAP do not significantly affect compli-
ance for normotensives and hypertensive adults, however, hyperten-
sive young (< 20 years) subjects show a markedly reduced compli-
ance.

» Age: compliance increases from birth and shows a maximum around
the first decade of life after which there is progressive decrease with
age.

o Sex (Figurelll.9): both sexes have approximately the same compliance
at birth, and it increases at the same rate to the peak value between
8-10 years of age. Whilst the male compliance decreases steadily, the
rate of fall of the female compliance decreases and begins to diverge

scongestive heart failure : disorder in which the heart loses its ability to pump blood effi-
ciently. The term ‘heart failure’ should not be confused with ‘cardiac arrest’, a situation in
which the heart stops beating.
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Figure 11.9.: Variation of aortic compliance in females compared with males from birth to 65
years.*%® n, denotes number of subjects in each age range for which the compliance is given
as mean =+ standard deviation. The compliance is expressed as a percent volume change
per change in pressure of 10 mmHg.

from male at around 14-15 years of life. There is a marked change
in the rate of decay in the compliance value for males and females at
around 18 years. Female compliance is now larger than male com-
pliance, until the marked fall in female compliance at 45 - 50 years,
attributed to the menopause. After the fifth decade, there is no ob-
servable difference between the male and the female compliance.

[1.2.2.2. Geometric risk factors

As illustrated in Figure .2, atherosclerosis tends to form at particular sites
in the vascular tree. Especially bifurcations and bends are concerned. In the
past, researchers have attempted to find which geometric features would be
more atherogenic than others 4>100:157,223,289,293,331.334.389 For g bifurca-
tion, the planarity, i.e. degree to which the arteries all lie in a plane, have
been postulated as risk factors for atherogenesis.4>100:157.281.389 Other re-
searchers33L:334 state that it is not the planarity, but rather the curvature,
linearity and tortuosity of an artery that is responsible for the predisposi-
tion to atherosclerotic plaque. Bifurcation angles are usually thought to be
atherogenic when very large. The definition of a ‘bifurcation angle’ remains
obscure although many suggestions have been made in the literature 289293
Finally, the bifurcation area ratio, i.e. the ratio of the cross-sectional area dis-
tal to and proximal from the apex, has been investigated for its relationship
with atherogenic sites.2%
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It is important to note that it is in fact not geometry per se, but the effect
of geometry on the local blood flow that renders specific geometric features
interesting in the context of atherogenesis.

11.2.3. Flow
11.2.3.1. What is Wall Shear Stress?

As blood flows through a vessel, it exerts a physical force on the vessel wall.
This force can be resolved into two principal vectors.34% Shear stress, being
tangential to the vessel wall, represents the frictional force exerted by the
flowing blood at the endothelial surface of the vessel wall. Normal stress, or
pressure, is perpendicular to the vessel wall. It represents the dilating force
of blood pressure on the vessel wall. The whole vessel wall, including the
endothelium, smooth muscle cells and the extracellular matrix, is exposed
to it. In contrast, only the inner surface of the vessel wall, the endothelial
cells, are exposed to the frictional force of shear stress. There is some slow
transmural flow around smooth muscle cells in arterial walls, but this force is
considered insignificant when compared with the normal wall stress to which
these cells are exposed.X® These haemodynamic forces are affected by fluid
viscosity and by vessel diameter, thickness, and distensibility (Figure [11.10).
Mathematically, instantaneous shear stress in laminar flow is defined as

N
_ ov

=i, (IL.4)

Strain

Figure 11.10.: Schematic of an artery and the haemodynamic forces generated during a sys-
tolic pulsation. The shear stress force vector is parallel to the flow of blood and unidirectional.
However, the cyclic strain force exerted on the vessel is multi-dimensional and stretches the
vascular cells along multiple planes.**
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here, @ is the velocity vector, y is the normal distance from the vessel wall,
and p is the dynamic viscosity. For laminar flow (flow rate @) in circular tubes
(radius r), the shear stress at the wall can be written as

Trad NQ—>

WSS =m =4 >e2 (IL5)

s

with e, the axial unit vector.

[1.2.3.2. The effect of Wall Shear Stress

Shear stress and tensile stress are the predominant haemodynamic forces
produced by the pulsatile blood flow. These forces affect the function, mor-
phology, and proliferation of vascular cells, and the local development and
progression of atherosclerotic disease.

In a normal situation, wall shear stress is used to regulate the cross-sectional
area of the vessel. Endothelial cells ‘sense’ the shear stress using their
outer layer, the glycocalyx, which is approximately 0.5 um thick and con-
sists of substances combining sugar and protein elements. The layer con-
tains minute hairs. It is thought to signal to the endothelial cells when more
blood flows through an artery, so that the endothelial cells release nitric
oxide (NO). Nitric oxide is one of the pivotal molecules coordinating vas-
cular function.43 Figure I1.11 (by Powell?®?) shows the consequences of
a NO release by the vascular endothelium, one of which being vasodilata-
tion. The high WSS, which caused the NO release, will decrease with in-
creased cross-sectional area at a constant flow rate (see equationI.5). The
endothelium releases NO to protect itself from the damaging influences of
high WSS.

The importance of wall shear stress and flow separation regions with regard
to atherosclerosis and endothelial lesion has been investigated in a large
number of studies;11:47-156.187 \yhat follows is a short overview of why vessel
wall shear stress became an important research topic.

Several factors contribute to the clinical importance of wall shear stress. Re-
gions with low (0.5 %) wall shear stress show an increased endothelial cell
loss and even desquamation” as the results of apoptotic cell death.®® Sub-
sequently, the subendothelium gets exposed to the blood flow, promoting

"Desquamation : endothelial peeling
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Figure 1.11.: Coordinating and protective roles of nitric oxide (NO) released by vascular en-
dothelium.?®? NO is very chemically reactive. Increased blood flow and many agonists that
bind to endothelial cell receptors lead to an influx of calcium into the endothelium, which
results in increased production of NO. Secretion of NO into the vessel lumen results in
reduction of the adhesive properties of platelets and leukocytes. Increased levels of NO
within endothelial cells dampens metabolic pathways leading to endothelial cell activation.
Secretion of NO into the smooth muscle cells of the media causes vasorelaxation (via the
interaction of NO with the enzyme guanylate cyclase).

platelet aggregation and consequently thrombosis. Furthermore, a low wall
shear stress increases the production of chemicals attracting monocytes
and proliferation of resident macrophages and smooth muscle cells.*® On
the other hand, non-pulsatile high (2.5 %) wall shear stress induces the re-
lease of factors from the endothelial cells that inhibit coagulation, migration
of leukocytes and vascular smooth muscle cell proliferation, while simultanu-
ously promoting endothelial cell survival. Higher WSS (>10-15 N/m?, prob-
lematic from 25-45 N/m?)15% causes endothelial trauma and haemolysis. In
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Figure 11.12.: In the carotid artery, low but also high wall shear stress values are common.

Figure 11.13.: Schematic representation of the wall shear stress distribution in a stenosed
vessel. The grey arrows represent blood flow, the black solid lines are the vessel wall, the
grey surface is the stenosis.

the carotid artery, low but also high wall shear stress values are common
(Figure [l1.12).

Knowledge of the wall shear stress is thus important to identify areas prone
to plague formation, but once plaque has formed, knowledge of the wall
shear stress remains important, as illustrated in Figure|ll.13. The area prox-
imal from the plaque will show high wall shear stress. Clowes®” showed
that the high wall shear stress reduced the stability of the formed plaque.
This may lead to rupture, blood clotting and finally infarction or embolism.
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This hypothesis was supported by Lovett's recent results which showed that
plague rupture sites tend to localise to the proximal part of the plague where
shear stress is highest.?%2 Tricot®3® disagreed and showed that it was not
the area upstream the plaque that would rupture. The distal area, where low
shear stress is usually found, is more susceptible to disruption and subse-
guent thrombosis.

11.2.3.3. Oscillating Shear Stress

In the previous section, the consequence of static low or high shear stresses
was described. Oscillating shear stress induces a biological mechanism on
its own. It has been shown that endothelial cells tend to align in the direction
of the flow.28 Figure [I.14, published by Malek,2% illustrates on the left the
alignment of endothelial cells. In the absence of a clearly defined flow direc-
tion, the endothelial cells do not align and the pattern in Figure .14 (right)
is seen. The lack of alignment in endothelial cells might preferentially acti-
vate circulating monocytes and encourage local adhesion and diapedesis'.
Moreover, the endothelial cells are encouraged to produce certain mediators
and growth-factors that perpetuate underlying smooth muscle and fibroblast
proliferation. In addition, the endothelial cells will show a reduced produc-
tion of clot-resolving enzymes, which may foster focal platelet aggregation
and fibrin deposition, accelerating plaque formation and increasing the risk
of thromboembolic events.

Diapedesis: The movement or passage of blood cells, especially white blood cells, through
intact walls into surrounding body tissue.

(a) Physiolog gal Arglrial

) Low Arterial
Hemo

namlc Shear Stress

Figure I1.14.: Endothelial alignment. a: Endothelial cells tend to align in the direction of the
flow. b: When there is a lack of a clearly defined WSS direction, e.g. in zones of low and
oscillating WSS, the endothelial cells will be aligned randomly.2%®
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The absence of a clearly defined flow direction in physiological circumstances
is due to the presence of both pulsatile flow and complex geometry: flow
separation and flow reversal are features typical of stenoses and bifurca-
tions.

[1.2.3.4. Shear Stress Gradients

Apart from the shear stress and its oscillations, Kleinstrueur's group argued
that not so much the WSS, but its gradients (both in time and in space)
show a closer relation to the atherogenic behaviour seen in carotid bifurca-
tions or femoral grafts.4243:142,/159,160,171,172,173,200,354 The authors*? found
that areas of high gradients of WSS were related to lesion growth intimal hy-
perplasial. It is argued?’® that for an intact endothelium, the cross-wall mass
transfer is mainly via an active transport mechanism, i.e., it is controlled by
the endothelium depending on the need of the arterial wall for different sub-
stances. However, when the endothelium is locally injured, possibly due to
high WSS, it causes, among other things, the intracellular space to widen
substantially. This allows intimal hyperplasia enhancing molecules (such as
low-density lipoprotein (LDL) and even cells (monocytes)) to simply diffuse
in the intercellular space. The endothelial cell response aims to keep the
integrity of intercellular junctions and prevent endothelial cells from hydrody-
namic injury. However, significant and sustained WSSG values will handicap
the cell response, initiating the process of atherosclerosis.

[1.2.3.5. Shear Stress Angles

In zones where the endothelial’s defensive function is weakened, flow mov-
ing towards the wall is problematic since atherogenic particles and cells such
as monocytes could adhere to the endothelium and migrate into the wall at
sites of increased permeability. Examining the shear stress angles is a tech-
nique that offers a view on the direction of flow.

iIntimal Hyperplasia : overexpression of the intima, i.e. pathological growth of the en-
dothelial layer.
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11.2.3.6. Haemodynamically induced Plaque Formation

Overall, the haemodynamic abnormalities observed in a vessel of complex
geometry can facilitate plaque formation by multiple mechanisms:

» Flow separation and stasis (blood stagnation) allow for prolonged blood-
vessel wall interaction with atherogenic particles, which may increase
their local deposition.*t

» Flow stasis, thus, low shear stress, is associated with decreased se-
cretion of atheroprotective substances by endothelial cells.

» Flow oscillations are characterised by reversals in the direction of blood
flow during the cardiac cycle, and can disrupt endothelial cells that are
normally aligned in the direction of blood flow. Disruption of the cell
alignment can alter the barrier function of the cells and can also facili-
tate the deposition of atherogenic substance in the vessel wall.

e High WSS gradients may widen intracellular space impeding the pro-
tective mechanism of the vessel wall.

» The atherosclerotic process can be sped up when blood flow is di-
rected towards already injured endothelial wall.

Knowledge of the haemodynamics and the quantification of wall shear stress
(WSS) in particular is therefore absolutely required in atherogenic research.
Note that although the importance of the WSS is widely acknowledged, most
of the mechanisms explained above are still hypotheses that have not thor-
oughly been proven.

[1.3. Measurement of Designated Markers

The pernicious features discussed in the previous section can be quantified
using a variety of parameters. In this section, the parameters are defined
and discussed in a first step. In a second step, the techniques available for
measruing these parameters are presented.
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[1.3.1. Pressure
[1.3.1.1. Sphygmomanometry

Blood pressures are routinely measured using a sphygmomanometer (a
blood pressure cuff). The cuff was previously attached to either an enu-
merated dial or stand. In the models with stands, bars of mercury will line up
with the numbers. the model with dials have an arrow that will point to num-
bers as the pressure changes. Nowadays, the pressure is read on a digital
display. Also attached to the cuff is a source for creating pressure. The more
modern versions are inflated automatically by a purpose-built compressor,
although usually the pressure source is a hand-held balloon that the exam-
iner squeezes to inflate the cuff. In this ‘manual’ model, the balloon has a
valve to release air from the cuff. When this valve is closed and the balloon is
squeezed, the cuff will inflate and increase its pressure. To lower the pres-
sure, turning the valve releases air. Figure [11.15 shows how the pressure
measurement works in practice.14

The cuff is placed over bare skin above the elbow. The arm is passively
raised to the level of the heart. Moreover, the patient should be as relaxed
as possible throughout the exam. This means both physical and emotional
relaxation. At this point the cuff is inflated to a pressure at which the radial

Pressure
mm Hg

i u Ises "
Arteriol pressure pu Diastolic preSer/

Inflation bulb

LW

Sphyamomanameter cuff

Figure 11.15.: Sphygmomanometry in clinical practice. 8
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pulse cannot be palpated in the wrist. This means that the superficial arter-
ies of the upper arm are now occluded by the inflated cuff. The examiner
then listens to the radial artery with a stethoscope as the pressure is slowly
lowered in the cuff. The point at which the heart exerts enough pressure to
overcome the pressure applied via the cuff is the systolic blood pressure.
The reason for hearing the blood flow is the fact that a partially occluded
artery will cause the flow to ‘spurt’ and create turbulence. This pulse will still
be heard as the pressure is slowly lowered. At a lower pressure the heart
easily overcomes the pressure of the cuff and no pulse can be heard, this is
the diastolic blood pressure.

11.3.1.2. Tonometry ©8

Arterial tonometry is a non-invasive technique that offers the clinician a beat-
to-beat blood pressure waveform along with numerical values for systolic,
mean and diastolic pressures, as well as pulse rate. It consists of using a
sensor placed on the wrist over the superficial artery, for example the ra-
dial artery (Figure [1.16/ (a)). This sensor contains piezoelectric pressure
transducers. A pneumatic pump presses the transducer array against the
skin and tissue above the artery (Figure .16 (b)). This pressure is known
as the ‘hold down pressure’ (HDP). To determine optimal HDP, the monitor
searches through a range of pressure values until it measures a signal indi-
cating that the artery is of the form in Figure ll.16! (b), i.e. the form giving the
highest signal as in Figure 11.16/(c). When the artery is partially flattened, a
graph can be plotted to show sensor pulse amplitude versus time.
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(a) Tonometer placed on ra- (b) cross-section through the (c) determining HDP
dial artery artery

Figure 11.16.: The principle of tonometry. a: Photograph of a tonometer placed on a radial
artery. b: The tonometer presses the artery against the underlying bone and senses the
pressure pulses in the artery. c: Application of different hold down pressures (HDP’s), differ-
ent signals are measured due to the different shapes of the artery.®
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For the carotid artery, the graph is of the form measured by Mitchell??? in Fig-
ure .6/ (a) on page 15. At this stage, the waveform is not calibrated yet. For
that purpose, the maximum and minimum in the acquired pressure wave-
form can be set equal to the systolic and diastolic pressure measured using
a cuff as in Figure 1l.15. To complete the calibration, all values between the
maximum and minimum pressure are found by linearly interpolating between
the systolic and diastolic pressure.

[1.3.2. Arterial Geometry
[1.3.2.1. Basic Parameters

IMT and LD Measuring the IMT is clinically performed using an ultrasound
machine. An ultrasound image is formed by transmitting a high-frequency
(1-12 MHz) beam into the body, and collecting and analysing the returned
echoes to produce an image whose intensity is related to the echogenicity of
the tissue and tissue interfaces. Modern ‘B-mode’ ultrasound readily allows
the visualisation of the intima-media layer of superficial large arteries such
as the common carotid. Figurell.17 shows a B-mode image representing a
longitudinal cross-section of the common carotid artery and an amplification
of that same image (Figure 11.17 (b)). The black region on top of the image
corresponds to the carotid lumen. Figure 1l.17 shows how the LD and IMT
are measured on the image.

The principles and validity of B-mode ultrasound measurements of IMT were

(a) longitudinal cross-section of CCA (b) close-up

Figure 11.17.: A longitudinal image of the distal carotid artery using B-mode ultrasound. A
region of the intima media complex is magnified and highlighted for reference. Flow is from
right to left. Note that the distal end of the white box in the upper image corresponds to the
start of the distal end of the common carotid artery
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Study Mean Difference (4 SD)
Mayet** | 0.01 +0.045 mm
Bots® 0.03 4 0.12 mm

Selzer® 0.04 £+ 0.05 mm
Gariepy™ | 0.02 £ 0.02 mm
Riley* 0.01 £ 0.13 mm
Salonen®? | 0.03 + 0.09 mm

Table 11.1.: A summary of the reproducibility of IMT measurement from a number of
groups.35‘104‘214‘255'269‘280

first described by Pignoli.?®L This group showed that ultrasound of the nor-
mal carotid artery demonstrated a ‘double-line’ pattern: the first ‘echogenic’
line on the far wall corresponding to the lumen-intima interface, and the sec-
ond line to the media-adventitia interface (Figurell.17/(b)). Comparison with
measurements of wall thickness in histological arterial wall specimens con-
firmed that this distance between the two echogenic lines correlated well
with the far wall IMT, albeit often being an overestimate.24%369 Conversely,
the near wall IMT is often an underestimate of the corresponding histolog-
ical IMT measurement, proving less reliable than measurement of the far

wall, and in part being affected by the gain setting of the ultrasound scan-
ner355.369K

Further comparisons with histological samples have also confirmed that the
distance of the leading edge of the intima-lumen interface of the near wall
to the leading edge of the lumen-intima interface of the far wall reflected the
lumen diameter.

A common methodology for IMT analysis has been to restrict the IMT mea-
surement to the distal end of the common carotid artery.19>214 On B-mode
ultrasound, the distal end of the common carotid is defined as the beginning
of the dilatation of the carotid bulb, with loss of the parallel configuration of
the near and far walls of the common carotid artery (Figurell.17). This has
certain advantages: this region of the carotid artery is often a superficial,
straight segment demonstrating the IMT as two parallel echogenic interfaces
(Figure 11.17), making it a section that may be analysed with high precision
and reproducibility (Table l1.1).

IMT/LD and IMA  B-mode ultrasound thus allows the measurement of IMT
and LD with high reproducibility (Table [11.1). Follow-up parameters include

XThis discrepancy may be due to post mortem tissue shrinkage and the tissue contraction
that occurs with fixation.
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the IMT/LD ratio and the intima-media area (IMA), estimated as the differ-
ence in area between two concentric circles: one with radius LD/2 and an-
other with LD/2 + IMT:

LD 2 LD\?

= 7 x IMT x (LD + IMT) (IL6)

Compliance  Many different techniques for calculating the compliance have
been suggested in literature,3:16%.222 some involving the measurement of
the pulse wave velocity (PWV), i.e. the speed with which a pressure wave
travels through the arterial tree. In this manuscript, the vessel compliance
C, will be defined as follows:

AV LD?7m  LDjw

C, = N % (I1.7)

with L the axial vessel length, PP the pulse pressure, LD, and LD, the
systolic and diastolic LD respectively. The compliance per unit length will
be:

» 1w LD?>— LD?

Note that the pulse pressure used here, is the local pulse pressure, i.e. the
one occurring at the site where compliance is to be quantified. When the
PP originating from a cuff measurement is used, there will be an error in the
estimation of C.

Young’s modulus and distensibility coefficient Using a method described
by Brands,*® the Young’s modulus is defined as:

LDy

E=-— "4
IMT,; x DC

(IL9)
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where IMT, is measured in diastole, LD, is the lumen diameter in dias-
tole and DC is the distensibility coefficient. The distensibility coefficient is
defined as:

1 2xALD
po_ L 2xALD

=55 Ib, (I1.10)

where ALD is the change in lumen diameter from systole to diastole, and
PP the pulse pressure within the common carotid artery measured by arte-
rial tonometry.

Wall Tension and Tensile Stress Using Laplace’s law (section1l.2.1), an
approximation of the peak (7},) and mean (7,,) circumferential carotid arterial
wall tension can be calculated as:

LDy
Ty[Pam] = SBP x 5 (I.11)
Tn[Pam] = MAP x % (IL.12)

where SBP is the systolic pressure and M AP the mean arterial pressure.
LD, and LD, are the lumen diameters measured in systole and diastole
respectively.

Furthermore, peak (o,) and mean (0,,) tensile stress can be obtained by
dividing the wall tension by the time-dependent IMT:

1y

op[Pal = TMT (IL.13)
T
onlPa = L (IL.14)

Similar to the definitions of LD, and LDy, IMT,; and IMT, are measured
in diastole and systole.
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[1.3.2.2. Vascular imaging

As described in section 11.2.2.2, complex arterial geometry may induce ad-
verse haemodynamic situations. A number of parameters have been sug-
gested to describe haemodynamic conditions that are prone to atherosclero-
sis. In order to calculate most of these parameters, a 3D model of the carotid
bifurcation needs to be reconstructed. Several imaging modalities can be
used to reconstruct the realistic carotid geometries: X-ray, magnetic reso-
nance imaging (MRI) and both intravascular and extravascular ultrasound. A
short description of each of these techniques, with their advantages and dis-
advantages, is provided in what follows. The paragraphs on X-ray angiogra-
phy, MRI and ultrasound are based on publications by Steinman,394:305 with
permission.

X-ray angiography 94305  The electromagnetic (EM) spectrum offers two
windows through which one can explore the human body: the high-energy
X-ray range and the low energy radio wave range (Figure [11.18). In X-ray
imaging, a high-energy ‘X-ray’ beam is sent through the body. These rays
are captured by a device behind the body. The attenuation of the beam is
a measure of body density and can therefore be used to differentiate par-
ticular zones in heterogeneous bodies. Note that X-ray imaging produces
projection images as opposed to cross-sections of a body.

THE ELECTROMAGNETIC SPECTRUM
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Figure 11.18.: The electromagnetic spectrum and its applications. X-ray has a high energy
and high frequencies, whereas MRI has the exact opposite: low energies and low frequen-
cies.®® A new tool for medical imaging, TeraHertz Imaging , uses intermediate energies and
intermediate frequencies, i.e. frequencies in the TeraHertz range.
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The firstimage-based computational fluid dynamics (CFD) studies of anatom-
ically realistic arterial geometries were derived from clinical X-ray angiograms.112
One of the first attempts to reconstruct a carotid bifurcation from medical
images was published by Gibson.t12 In this study, patients were followed
for three years via the so-called cine angiography of their coronary arteries
as part of the Harvard Atherosclerosis Reversibility Project (HARP) to as-
sess the rate of change in coronary artery diameter due to dietary versus
drug therapy. Vessel centrelines and boundaries were identified from X-ray
angiographic projection images and used to track the change in lumen di-
ameter. Assuming circular cross-sections, this data was used to reconstruct
two-dimensional axisymmetric models of the coronary segments at base-
line. This particular study illustrates both the advantages and disadvantages
of using projection angiography for image-based studies. The most obvious
advantage is that X-ray angiography remains the gold-standard for quantify-
ing atherosclerotic disease, owing to the high resolution and unambiguous
delineation of the lumen made possible via the intra-arterial injection of con-
trast agent. This makes it relatively straightforward to derive the models
from what is often readily available clinical data. In the absence of multiple
projections and/or computed tomography (CT) reconstructions (available in
other studies®°®), however, assumptions must be made about the cross-
sectional shape of the lumen in order the reconstruct a three-dimensional
model. Tascyian®?? used a slightly different technique to reconstruct 2D in
vivo carotid models: single projections were acquired, from which corre-
sponding images were digitally subtracted to remove background bone and
tissue, further highlighting the vessel lumen. These were then used to re-
construct a 2D-model of a carotid bifurcation, shown in Figurel.19/(a). This
technique is called digital subtraction angiography  or DSA.

Later on, 3D models of the carotid have been reconstructed using X-ray. Re-
construction of 3D models requires at least two (ideally orthogonal) projec-
tions, and some assumptions about the shape of the lumen cross-sections.
Ene-lordache et al®® successfully reconstructed the geometry of in vivo ar-
teriovenous fistulas for haemodialysis using DSA in 2 orthogonal planes. Al-
ternatively, recent advances in X-ray imaging technology make possible the
rapid (4-6 s) acquisition of multiple (200) projection images,®? from which
the 3D lumen geometry can be reconstructed at high (200-400 pum) spa-
tial resolution without the need for a priori assumptions about lumen shape.
The last evolution of this technique has been illustrated by Cademartiri**
on a 65-year old symptomatic man. Cademartiri showed that the use of
multislice (MS) CT scanners offer a spatial resolution high enough to allow
not only carotid bifurcation reconstruction (Figure l1.19 (b)), but also visual-
isation of carotid artery atherosclerosis. The advantage of X-ray angiogra-
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(a) 2D°% | (b) 3D*

Figure 11.19.: 2D and 3D Carotid geometries reconstructed from X-ray imaging. a: Left,
X-ray depiction of a minimally stenosed carotid bifurcation; Right, mesh representation of
the minimally stenosed carotid bifurcation. b: Direct 3-dimensional volume rendering (A, B,
and C) using multislice CT shows the anatomy of the arteries of the neck at the level of the
carotid bifurcation (Car Bif). Clav indicates clavicle; Hyoid, hyoid bone; Jug, jugular vein;
Mand, mandible; and Thyr Car, thyroid cartilage. A magnified view of the right (B) and left
(C) carotid bifurcations permits recognition of the common carotid artery (CCA), the internal
and external carotid arteries (ICA and ECA), and a wall stent (S) at the right side. The left
carotid bifurcation (C) is patent but is slightly dilated at the origin of ICA. A few calcified spots
also are present. Note the backflow of iodinated contrast material into the right jugular vein
(Jug in A) 44

phy over other medical imaging modalities is the superior contrast-to-noise
ratio, combined with high temporal and spatial resolution. The price paid
for this quality is the finite risk associated with catheterisation, which is in
fact greater than the risk associated with the radiation dose itself.%> A less
invasive alternative is to inject contrast intravenously (as opposed to intra-
arterially), and rapidly acquire the 3D volume using single or multiple ring
helical CT scanners. This approach typically produces poorer contrast im-
ages of the lumen. As a result, it is difficult to carry out human studies of
early atherosclerosis and local haemodynamics using X-ray angiography,
since it is typically performed only for patients with known or suspected vas-
cular disease.

Intravascular Ultrasound (IVUS) =95 In the context of the reconstruction
of in vivo carotid geometries, the above-noted disadvantages of projection
angiography can largely be overcome through the incorporation of intravas-
cular ultrasound (IVUS), in which case X-ray angiography is used to guide an
ultrasound probe-tipped catheter and landmark its position for subsequent
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(b)

Figure 11.20.: Using IVUS for the reconstruction of coronary geometry. a: A single IVUS
image. The image is segmented, delineating the lumen (inner line) and the intima (outer
line). b: A number of images are aligned, representing the 3D geometry of the coronary
artery ¢

reconstruction of the three-dimensional lumen and wall from the cross-sec-
tional ultrasound images. The power of this approach was first demonstrated
by Krams,162 who used biplane angiography and IVUS data obtained at end-
diastole to construct a three-dimensional model of a segment of a patient’s
atherosclerotic right coronary artery. This technique has proved its success
in other arteries than the coronary. It was also used to reconstruct the 3D
geometry of a stented coronary artery.2/291.335357,358 Qwjing to its abil-
ity to resolve the vascular wall in vivo, IVUS is becoming an increasingly
popular approach for vessel reconstruction studies in which invasiveness is
not an issue, such as animal studies or studies on patients already referred
for cardiac catheterisation. Figure [11.20 illustrates how 3D geometries are
extracted from IVUS images.1/®

Magnetic Resonance Imaging (MRI) 2% MRI has emerged in the last
decade as one of the most powerful and flexible imaging techniques, by
virtue of the fact that contrast between tissues can be achieved by exploiting
differences in the magnetic spin relaxation properties of the various bodily
tissues and fluids. In the context of image-based CFD studies of atheroscle-
rosis, MRI is particularly attractive since, unlike X-ray angiography, blood it-
self can be used as a contrast agent. This can take the form of ‘bright blood’
or ‘time-of-flight’ (TOF) techniques, which, just as conventional angiography,
enhance the signal from flowing blood at the expense of signal from sur-
rounding tissue. When it is necessary to resolve the vessel wall itself, ‘black
blood’ techniques can be used to suppress the lumen signal. Several MRI
protocols have been used in order to reconstruct a carotid geometry (Table
VIIl.1 on page 196). The detailed description of how in vivo carotid bifurca-
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tions are reconstructed in this manuscript is explained in sections V1.2l and
VI1.3.

Three-dimensional Ultrasound (3DUS) % Three-dimensional ultrasound
(3DUS) is a relatively recent development that makes it possible to acquire
three-dimensional images of superficial vessels such as the carotid bifur-
cation using relatively fast and inexpensive ultrasound imaging techniques.
Owing to its novelty, however, applications using 3DUS are comparatively
still in their infancy. The first attempts to reconstruct carotid geometries from
ultrasound images were not very successful, 114210 especially in comparison
with the accuracy obtained by MRI at the time. Recently, two approaches
have been able to overcome the early difficulties encountered.

« In a first approach,?? conventional (two-dimensional) B-mode ultra-
sound images are acquired in a long sweep of the ultrasound probe
over the subject’s neck. Simultaneously, the probe is tracked in space.
The images, together with the knowledge of their positions, are used
to provide geometric parameters for three-dimensional carotid bifurca-
tion models. For more details about the practical implementation of
this approach, see sections V1.2 and VII.3.

* In a second approach, the probe is not swept over the subject’s neck,
but the probe’s transducers can make a fan-like movement®’® (Figure
I1.21). After some off-line data processing, which primarily consists of
3D interpolation, a 3D data set is extracted.

Note that extravascular ultrasound is limited to superficial vessels such as
the carotid bifurcation. Moreover, when not obscured altogether by the jaw,
access to the carotid bifurcation often requires a twisting of the head and
neck that may distort the ‘natural’ orientation of the vessel. Furthermore, the
need to sweep the ultrasound probe, often manually, over the length of the
carotid bifurcation renders ultrasound more operator-dependent than other
imaging techniques. Nevertheless, compared to all other imaging modalities
ultrasound is the least expensive, least invasive, and most widely available,
which from a practical and economic perspective alone renders it an ex-
tremely promising tool for large-scale, prospective investigations of haemo-
dynamics and vascular disease.
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Geometrical Features  Regardless which of the above imaging techniques
is used, a set of images will be obtained which enable the reconstruction of
the carotid bifurcation. The following geometrical features can then be cal-
culated.

The average cross-sectional area in CCA, ICA and ECA (Acca,
Arca, Agca).

Here, the area ratio Ap is defined using the area of the most proximal
ICA and ECA cross-section (a;c4 and agc 4) and the area of the CCA
cross-section 2 mm proximal from the considered ICA and ECA area

(acca):

Ap = a1cA + agcA (IL.15)
acca

The non-planarity parameter NP as defined by King.*>” In short,
this non-planarity parameter is obtained as follows. First, the centre-
lines are calculated as shown below,2% and the coordinates of the cen-
trelines are gathered in a matrix. The singular value decomposition
(SVD) of this matrix will result in three singular values. The smallest
singular value is a measure of non-planarity. For points on a plane,
NP is zero, for points on a sphere, NP is é or 33%. Figure 11.22
gives a feel for the non-planarity parameter. The non-planarity can be
calculated for each of the three vessels, NPoca, NPica and N Pgca.

Data Processing

3-Dimensional Data Set
Data Acquisition

Figure 11.21.: Schematics showing the principle of 3-D ultrasound data acquisition and pro-

duction of a volumetric data set of the carotid artery.
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The centreline itself consists of the centroids (center of mass) of the
cross-sections of the carotid arteries. The centroids of axial cross-
sections are calculated by the expression

ffdi
A

Cx

Cy =

”jdA (1.16)

Here, ¢, and ¢, are the coordinates of the centroid in an (z, y)-orthogonal
reference system and A is the surface of the cross-section for which
the centroid is sought. Equation .16/ reduces to the following for an
arbitrary polygon with nodes (z;,y;) (i=1,2,...,n):

1 n—1
Cy = A ((zi + ip1) (X5 Yit1) — Tit1 Yi)
=0
1 n—1
ey = g 2o (Wit yie)@iyivn) —wiay)  (IL17)
=0

Note that z,, is assumed to be z, in other words the polygon is closed.
In order to obtain this formula, the polygon was divided in triangles, for
which is straightforward to find centroids. The centroid of the polygon
is an area-weighted average of the centroids of the triangles.

A different centreline agreement measure, zprs7, based on a definition
by Long et al,*%* is defined as the average distance between the two
centrelines. Because two different sets of centrelines can be totally
different yet have the same NP, zprgr iS @ more robust quantification
of centreline difference.

Similarly, the largest singular value is a measure of the linearity of the
centrelines, Lcca, Lica and Lgca. The theoretical minimum is 33%.
Figure ll.22| gives a feel for the linearity parameter.

Apart from the SVD method, the vessel linearity is also reflected by a
tortuosity parameter defined as

Tyesset = 100 x (1 - 5) [%] (I.18)

s
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Figure 11.22.: The Non-Planarity parameter NP as introduced by King**” The quadrangle
represents a plane, whereas the lines in the quadrangle are centrelines of the carotid bifur-
cation. The centreline starting at the bottom of each figure represents the CCA, which splits
into two other centrelines: the ICA and ECA. In the first case, the centrelines are straight
segments: NP is 0% and L is 100% for each of the arteries. In the second case, the centre-
lines are planar, but not straight: NP is still 0% but L will have taken a value between 33%

and 100%. Only in the third case, where the centrelines come in and out of the ‘best-fi

t1157

plane (at the black dots), N P will differ from 0%.
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here, D is the shortest distance between the end-points of the con-
sidered vessel whereas D; is the actual distance along the centreline
between the end-points.

Different ways to define a bifurcation angle have been suggested in
the past. Here, the bifurcation angle ap;r is defined as the angle
between two vectors, Coca, Crca and Coca, Ceca. Coca Was the
CCA centroid of the most distal CCA slice. Similarly, C;c4 and Cgca
were the centroids of the ICA and ECA in the most proximal ICA and
ECA slice.

It is clear that cross-sectional areas and centrelines alone cannot de-
scribe a carotid geometry. In order to ‘quantify’ cross-sectional shapes,
the individual shape factor (SF;) has been introduced. It can be de-
fined as by Barratt,?! i.e. as the fraction of 4w xarea and the square
of the circumference. The SF; is 1 for a circle, and smaller than 1 for
anything else.

The comparative shape factor (SF.) is used when the shape of two
cross-sections need to be compared. It can be defined based on a
publication by Long.1®* It was evaluated here as follows (Figure [1.23):
(1) the two cross-sections to be compared were scaled to a cross-
sectional area of 1, (2) the center points were aligned, (3) the area
lying inside both cross-sections was denoted as A, whereas the area
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Figure 11.23.: Definition of the area’s A and B for comparative shape factor SF. based on a
publication by Long. 2%

outside the overlapping area was B, (4) the ratio B/(A+B) was defined
here as the shape factor. It should be 0% for a perfect match between
two shapes. For a hypothetical case where the shape is a circle in one
cross-section, and a square in the other, the shape factor is 27%.

11.3.3. Flow

In the previous two sections, pressure and geometric parameters of interest
have been defined. The last group of ‘designated markers’ are the flow
parameters. The flow parameters have been divided into 3 sections. A first
set of parameters (section |l1.3.3.1) concentrates on what can be measured
without the need for 3D carotid geometry reconstruction. The calculation
of entire flow fields is described in section 11.3.3.2, whereas haemodynamic
vessel wall parameters are defined in section11.3.3.3.

[1.3.3.1. Heart and Flow Rate

Heart Rate The heart rate (HR) is usually expressed as the number of
beats the heart performs per minute. It is often monitored by an electrocar-
diogram, i.e. a test that records the electrical activity of the heart.
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Flow Rate Measuring flow rates in vivo is not always straightforward. The
two techniques used in this study are described here.

Phase Contrast MRI

Axial velocities in a particular cross-section of an artery can be measured
using an MRI technique called cine phase contrast MRl or cine PC MRI
(see section VI.1). The flow rate can be calculated by the following two
steps. (1) On the cine PC image, the pixels in the arterial lumen are sepa-
rated from the other pixels. (2) Let V), be the velocity measured by MRI in a
particular pixel and A, the area of a single pixel. The blood flow rate @ will
be:

Q= > (Vp- Ap) (IL.19)

p=pizels in lumen

In section \VIII.1.1, the reliability of this technique is investigated.
Pulse Doppler Ultrasound

Carotid flow rate is often3>115140.367.384 cajculated using pulsed Doppler
ultrasound (see section VIIl.1.3). Pulsed Doppler outputs the blood velocity
in a control volume with a high temporal resolution (+ 200 Hz). For carotid
flow rate measurements, the control volume is positioned in the center of a
CCA cross-section. This will measure the ‘centreline velocity’, and it is often
assumed that this centreline velocity represents the peak velocity Veq. It
is well known that, for fully developed, laminar, steady flow of a Newtonian
fluid in a straight rigid tube of circular cross-section (i.e. parabolic flow pro-
file), Vinean=Vpear/2, and hence it is straightforward to estimate the volume
flow rate given only the peak velocity and vessel cross-sectional area. Un-
der fully developed pulsatile flow conditions, however, V,c.i/Vinean iS time
varying and depends strongly on the dynamics of the flow field. Assuming
that V.., lies on the lumen central axis at all times (a good assumption for
the CCA wave forms), it is possible to compute this time-dependent ratio
by invoking Womersley’s analytic solution for velocity profiles under pulsatile
flow conditions.32:367.368

The mathematical solution is elabourated here as by Holdsworth.149 Con-
sider the Fourier-decomposed, peak-velocity wave form:
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k=0

= ea eak (ot = .
>° Real [Vygapp 41~ | (I1.20)
k=0

We wish to derive the Fourier-decomposed, mean-velocity wave form, i.e.:

Vmetm(t) = Z Vmean,k COS(kWt - wk)
k=0

= 3 Real [vmean,k eilkwt=y) (I.21)
k=0

For k = O (i.e. the steady flow component), the velocity profile is parabolic,
in which case Viean,0 = Vpear,0/2. For the k > 0 terms, Womersley’s ana-
Iytic solution of sinusoidal flow in a straight, rigid tube (expressed here as a
function of the mean velocity) is invoked:

_ Jo(k) = Jo(Tk ¥) | ithwt—uy)
v(y,t) = Real {Vmean,k [JO(Tk) — 2J1(Tk)/Tk] e } (I.22)

where Jy and J; are the zeroth and first Bessel functions of the first kind, i
= v/—1, Real{.} denotes the real part of a complex quantity, y is the radial
position normalised to the vessel radius (R) and:

T = oy i /2 (I1.23)

where «y, is the Womersley number of the k‘* harmonic, i.e.:

ap =R/ — (I1.24)
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and v is the blood kinematic viscosity. On the centreline (i.e. y=0), equation
[1.22 reduces to:

v = Rea Jo(7) — 1 ] ei(kwtwk)}
0,8) =R l{me,k [ Tolr) — 25 () (I1.25)

Recognizing that v(0,t) is simply the k' term of Vpeak,t» €Quating the argu-
ments to Re in equations [I1.25| and [11.20/ leads to the following relationship
between the Fourier coefficients for Vpeqi: and Vi,ean i

it | Jo(Tk) = 2J1(7k) /T
Jo(m) — 1

iy

Vmean,k e = Vpeak,k € (I.26)

Thus, given V). 1. and ¢, from the Fourier-decomposed, peak-velocity wave
form, and «4, the mean-velocity wave form can be reconstructed from the
computed V,eqan x @nd 9, using equation 11.21. Finally, the flow wave form
is calculated by multiplying V.. by the CCA cross-sectional area in the
section where the control volume was positioned. In this manner, it is possi-
ble to calculate the pulsatile blood-flow wave form that is consistent with the
observed peak blood-velocity wave form, assuming Womersley flow. This
means assuming pulsatile laminar flow conditions in a straight, long and
rigid tube.

Derived Parameters  With the knowledge of the heart rate (HR), flow rate
(Q) and geometry, following flow-related characteristic dimensionless num-
bers can be calculated. The Reynolds number Re is defined as:

Re = V”““ZD’) (I1.27)
_ Q/(WDZ/4)Dp (I128)

here, V,..an iS the area and time-averaged blood velocity, D is the vessel
diameter, p is the blood density whilst 4 is the dynamic viscosity of blood.
The Reynolds number expresses the relative importance of the inertial and
viscous forces. High Re indicates flow dominated by inertial forces, while
flow with low Re is mainly influenced by viscous forces. For steady flow in
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a straight, rigid tube, a Reynolds number less than 2300 indicates laminar
flow. Using the values in Tables I.2 and I.7 for D (5 to 9 mm) and @ (4.5
to 10 ml/s), and assuming a blood density of 1100 kg/m? and viscosity of 4
mPa.s, a typical Reynolds number for a carotid varies between 175 and 750,
which is well within the laminar flow regime. Similarly, Reynolds nhumber vary
between 100 and 600 for the ICA and 100 and 800 for the ECA.

Another dimensionless flow parameter is the Womersley number , intro-
duced by Womersley,3%® defined as:

a = R, (I1.29)
1
_ D [(2nHR/60)p (1130
2 1 )

with H R the heart rate expressed in beats per minute (bpm).

The Womersley number represents the ratio of the inertial force to the vis-
cous force in pulsatile flow. Small values mean small inertial forces and will
result in quasi-steady flow with parabolic velocity profiles. However, large
values indicate highly oscillating flow and will lead to near-wall velocity over-
shoots, where the maximum velocity no longer occurs at the centreline. As-
suming heart rates between 50 and 100 bpm in ‘resting’ state, the Womer-
sley number varies between 3 and 8 (CCA), 2 and 9 (ICA) and 1 and 3.5
(ECA).

11.3.3.2. Velocity

If velocities at a particular position are required, performing a Pulse Doppler
measurement or a cine PC MRI scan as explained in ll.3.3.1/ (page 61) can
be sufficient. However, if an entire flow field is required, this type of imaging
will take too long and is often of dubious quality.161

Image-based computational fluid dynamics  (CFD) offers a solution to this
problem. In short, image-based CFD consists of the following steps:

1. Animaging modality is used to reconstruct the 3D carotid geometry
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2. Information on the flow situation at the model inlet (the CCA) and out-
lets (ICA and ECA) is acquired. These data are called boundary con-
ditions (BC's).

3. The 3D geometry and the flow information allow the reconstruction
of the entire flow field between in- and outlets, using CFD. On the
rationale of CFD, see chapter Il

For the first step, the reconstruction of 3D geometry of the carotid bifurca-
tion, X-ray (CT), IVUS, MRI and 3DUS can be used (see section [I1.3.2.2).
Once the 3D models of the carotids have been reconstructed, the geometry
can be discretised for numerical purposes. By imposing the correct BC's
(step 2), CFD will calculate the entire flow field (step 3).

Similar to the variety of techniques available for 3D reconstruction, there are
again a number of techniques capable of offering a reliable tool for boundary
condition acquisition.

X-ray imaging is extremely reliable for geometry extraction, and it can also
be used to measure blood flow rates in vivo. But flow rate measurements
using X-ray remain largely experimental, and thus not yet practical for image-
based CFD studies.®®* Carotid bifurcations reconstructed using IVUS or
3DUS can be linked to a Pulsed Doppler flow rate measurement in both the
in- and outlet plane. Using equations |I1.20to 11.26, the velocities in all points
on the in- and outlet planes can be measured. Augsti® was among the
first to try this purely US-based technique for carotid velocity predictions.
He used a 3DUS-technique of the type introduced by Barratt,?? i.e. the
technigue where the operator needs to sweep the tracked probe over the
subject’'s neck as opposed to the techniqgue where the probe does a fan-
like movement. The most widely used technique for BC acquisition is MRI.
Steinman stated:3%> “While not capable of detailed velocity measurements
in regions of complex flow,16Y techniques such as phase contrast MRI can
nevertheless be used to measure the time-varying blood flow rates from the
more uniform flows found proximal and distal to these regions.®® This ability
to derive, from a single non-invasive imaging study, all of the necessary
CFD boundary conditions made MRI a popular choice for image-based CFD
studies to characterise the haemodynamic environment of asymptomatic or
ostensibly normal vessels.”

Obviously, hybrid approaches, where one imaging technique is used for 3D
reconstruction whereas another is used for the measuremnt of BC’s, are
feasible: Zhao®®’ used the combination of contrast enhanced time-of-flight
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MR angiography for 3D geometry reconstruction and Doppler ultrasound for
BC acquisition in order to compute the velocities in the carotid bifurcations
of five normal subjects.

A velocity parameter often used in this thesis, is calculated as follows. In
a first step, the maximum velocity at each time-step in each cross-section
is stored. Consequently, this stored value is averaged along the cardiac
cycle. This operation yields for every cross-sectional position z along the
I/S' axis a single value V},,..(z). Finally, V;,...(z) can be averaged along the
considered artery (CCA, ICA, ECA) to obtain a single value for V,,,4,. The
higher this parameter is for a constant flow rate and cross-sectional area,
the more peaked the velocity profile is. Conversely, the lower this parameter
is for a constant flow rate and cross-sectional area, the blunter the velocity
profile is. The theoretical minimum occurs with plug flow and is equal to the
average flow rate divided by the luminal cross-sectional area.

[1.3.3.3. Vessel Wall Parameters

All vessel wall parameters are derived from the 3D geometry and the near-
wall velocities. If wall parameters in a particular position are required as an
output, performing a pulse Doppler measurement or a cine PC MRI scan can
be sufficient. Usually, an entire WSS distribution is required. If all velocities
need to be acquired using Doppler or MRI, imaging will take too long and
has been shown to deliver dubious quality in a study by Kéhler.16%

Any of the techniques applied for the acquisition of the entire velocity field
can give the WSS distribution as calculated by equation 1.5/ (page 41) in
a carotid bifurcation. Apart from the WSS, other wall parameters can be
derived:

« The oscillatory shear index (OSI) can be defined as follows:*2

=di
osr=2 [1- U:‘ﬁg (IL31)
2 fy 171 dt

here, t is the time-parameter, T' is the cardiac period and 7 is the

instantaneous wall shear stress.

The OSl is 0 when flow is unidirectional. For oscillating flow, the OSI
will be greater than 0 with a maximum of 0.5. Imagine a point on the

IThe 1/S axis is the axis from foot to head.
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Wall Shear Stress

Cardiac Cycle

(a) WSS always in same direction
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Figure 11.24.: Mathematical definition of OSI and its effectiveness in highlighting oscillating
wall shear stress. a: There is no oscillating WSS in this point, thus OSI will be 0. b: The
oscillating flow in this point will make the value of | [, 7dt| smaller than [, |7 d¢ (shown in
image (c)), thus resulting in an OSI between 0 and 0.5.
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vessel wall where the WSS always has the same direction. During
the cardiac cycle, the WSS in that point will vary between two positive
values as illustrated by Figure [11.24/ (a). The numerator of the frac-
tion in the definition of OSI (| fOT 7dt|) will have the same value as the

denominator in the definition of OSI (fOT |7| dt). Thus, the OSI will be
0.5 x (1 —1) = 0. Now imagine that in this point, the WSS varies be-
tween a negative and a positive value as in Figurell.24 (b). Here, the
value of the numerator, which is the area filled with vertical and hori-
zontal lines minus the area filled with white minus signs in Figure [l.24
(b), will have a value inferior to the denominator, which is the black
area in Figure ll.24! (c).

Therefore, the OSI can be physically regarded as a weighted fraction
of a cardiac cycle during which the instantaneous wall shear stress is
‘ill-directioned’. The weighing is done using the value of the instan-
taneous wall shear stress. For the purpose of illustration, the WSS
was only allowed to change in 1 direction in Figure [[1.24. In that ex-
ample, the ‘good’ direction is the most common one, i.e. the positive
direction in Figure [Il.24. In the event that the positive direction oc-
curs less frequently than the negative direction, the ‘good’ direction
would be the negative direction. In other words: the ‘good’ direction
for a particular point is by definition the direction of the mean WSS. As
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a consequence, the OSI can never take values beyond 0.5 since that
would imply that the ill direction would be more frequent than the mean
direction, which contradicts the definition of the ill direction. In practice,
the WSS changes along two dimensions. The ‘good’ direction is still
defined as the direction of the mean WSS.

» The gradients of WSS can be defined in two ways. The first is the spa-
tial WSS gradient (WSSGs) which consists of the WSS components
derived in space in their own direction, averaged over a cardiac cycle:

2
WSSGs = — / \/ O7m aT”) dt (I1.32)
n

7m and 7, are the time-dependent components of the wall shear stress
in the mnl coordinate system, where m is the temporal mean wall
shear stress direction and n is the tangential to the surface and per-
pendicular to m. Note that in order to calculate the WSSGs, the WSS
has to be referred to in the mnl reference system. This reference sys-
tem is different for every point on the vessel wall. In this manuscript,
the WSSGs is defined as above (equation 11.32) and never in any dif-
ferent way suggested in literature.

Lei, Kleinstrueur and Truskey!’® tried to set up a mathematical rela-
tionship between the WSSGs and the permeability™ of the wall. They
calculated the WSSGs in a rabbit aorto-celic junction and related that
to sites of high permeability in order to establishing a relationship be-
tween WSSG and permeability. They found that

0.24
1 T
P(s) = 4.38 10—10% [T/ \WSSGs\nddt]
0

4.38 10710 (]WSSG's|,q)"% (I1.33)

with P(s) the increase in permeability in a point s on the vessel wall.
Note that here, the dimensionless WSSGs (|IWSSGs|,4) was used as
opposed to the regular WSSGs:

IWSSGs|

[WSSG|pa = o do

(I1.34)

MPermeability is a parameter describing the behaviour of the wall towards migration of
elements through it.
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where the WSSGs is defined as in equation 11.32 and ry and d, are a
reference WSS and lumen diameter.

Apart from the spatial WSSG, a temporal WSSG (WSSGt) can be
defined:

ot
— | dt II.
5 (I.35)

1 T
WSSGt = T /0

The WSSGt is nothing more than the cycle-averaged magnitude of the
time-derived instantaneous WSS.

« The wall shear stress angle deviation (WSSAD) is defined as:14?

=7
WSSAD =C arccos( S > (IL.36)

= =
KRk

where

(11.37)

and

_ 1 (T
== [ Tdt
_ 1 /T

= | udt (IL.38)
) T 0 El

Here, 7, is the time-averaged wall shear stress vector at surface point
i, v is the time-averaged, near-wall velocity component normal to the
surface i, T is the normal vector of the wall, subscript i is for the cur-
rent node and j is an index for neighbouring cells. With a number of
neighbouring cells, typically 4, a mean WSSAD is computed for each
location i. The factor C emphasises the potential impact of approach-
ing flow. In the most severe conditions, WSSAD will be close to .

The WSSAD has been linked to sites of particle deposition.142
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e The final parameter is the wall shear stress angle gradient (WS-
SAG):199

T
WSSAG = ~ / At (IL39)
T Jo

i/—dA —/ +i/a—¢dAiE
A; A Js 02

S is the complete surface of the carotid wall and A; is the surface of
a cell face i. The WSSAG is calculated in an arbitrary coordinate
system ijk or xyz. The scalar field of angular differences ¢ is defined
as follows:

¢ = arccos ( 7} : Tﬁ ) (IL.40)
7il 1751

here, 7; refers to the stress vector at the location of interest and 7;
represents the surrounding stress vectors: shear stress and normal
stress. The WSSAG was adopted to replace the wall shear stress
angle deviation (WSSAD) as a marker for sites of dysfunctional en-
dothelial cells. The WSSAG has the advantage of being a mesh inde-
pendent parameter.2®? In this thesis, both markers are still used.

In summary, the WSSAG represents the magnitude of the shear stress
angle deviation. Large WSSAG tends to occur in regions of dysfunc-
tional cells, and hence sites of intimal thickening.1%°
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lll. Computational Fluid Dynamics

The importance of Computational Fluid Dynamics (CFD) has increased rap-
idly in the past decades. After initially (and still) proving its value for military
purposes,?% CFD has made major contributions to aviation, the automobile
industry, machinery and chemical engineering. In biomedical environments,
the use of CFD is widely explored. The simulation of biofluid flow such as air
flow in the bronchial tubes,*3° blood flow in the cardiovascular system or in
anastomoses,?®1 the investigation of cerebrospinal fluids4? and the study of
the ion transfer over membranes in artificial lungs®® and kidneys®® are only
a few of the biomedical research topics where CFD is used. For a review
of the applicability of CFD in biomedical research, see issue 26 (vol. 7) of
Artificial Organs (July 2002). The goal of CFD studies in the cardiovascu-
lar system is always similar: calculating variables such as the fluid velocity
components and deriving from them parameters such as pressure®® and
wall shear stress.?>® The latter parameters cannot be measured directly, or
involve the use of invasive techniques.

This chapter aims at explaining the principles of CFD, without discussing is-
sues of stability or convergence. In short, CFD calculates the velocities in a
domain by solving the Navier-Stokes equations (sectionlll.1) in a mesh (sec-
tion lll.2) under appropriate boundary conditions (section lII.3). Although
the same governing equations are considered, the numerical techniques for
solving the equations are diverse. Two techniques, implemented in PAM-
FLOW™ and CFX4™, are presented in section lll.4. The final section in
this chapter addresses the potential pitfalls when using CFD.

l1I.1. Governing Equations

The Navier-Stokes equations are the equations derived from Newton’s laws,
describing mathematically the laws any fluid has to physically obey. The first
law describes mass conservation, i.e. a fluid can expand, move or evapo-
rate, but its total mass always remains constant. Similarly, the second law
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expresses conservation of momentum. For incompressible, isothermal flow,
the physical laws reduce to equations llll.1/ (mass conservation) and 1.2
(momentum) in an arbitrary fluid volume:238

3
Qui (IIL.1)
=1
Oui o~ O 3. 100y
- —(uu;) = F; S i =1,2,3 I1I1.2

The independent variables in a Cartesian coordinate system are the position
vector 2 = (x1,z2,23) and the time t. The dependent variables are the
fluid velocity vector & = (uy,us,u3) and the pressure p. The force vector
F = (Fy, F», F3) is expressed in N/kg and & = (0i5) is the stress tensor,
consisting of a pressure component and a viscous force:

Oij = =P 0ij + Tij i,j=1,2,3 (I11.3)

Here, §;; is the Kronecker delta, and 7 represents the viscous stress tensor.
For a Newtonian fluid, this tensor can be calculated as:

=2 p B(gz + ZZJZ) iy o o) ij=1,2,3  (IL4)

with p the dynamic viscosity.

In the Navier-Stokes equations (l1l.2), the first term embodies the inertial
forces, the second convective features, and last one models the viscous
forces and the impact of the static pressure.

These equations form a system of coupled non-linear partial differential
equations (PDEs). Because of the non-linear terms in these PDEs, ana-
lytical methods can yield very few solutions. In general, closed form analyt-
ical solutions are possible only if these PDEs can be made linear. This is
achieved in some cases because non-linear terms naturally drop out, e.g.
fully developed flows in ducts and flows that are inviscous and irrotational
everywhere. In other cases, non-linear terms are small compared to other

74



II1.2. Meshing

terms so that they can be neglected, e.g. creeping flows, small amplitude
sloshing of liquid, etc. If the non-linearities in the governing PDEs cannot be
neglected, which is the situation for most engineering flows, then numerical
methods are needed to obtain solutions.*

CFD is the art of replacing the differential equations governing the fluid flow,
with a set of algebraic equations (the process is called discretisation), which
in turn can be solved with the aid of a computer to obtain an approximate
solution. The best known discretisation methods used in CFD are Finite
Difference Method (FDM), Finite Volume Method (FVM) and Finite Element
Method (FEM).Y A thorough explanation of these techniques falls beyond
the scope of this work. In short, FDM replaces the derivatives in the equa-
tions by differences. FEM splits the fluid domain into a finite number of
subdomains (elements). It then assumes a simple variation of the depen-
dent variables over each computational element. For FVM, the equations
are integrated over an element’s volume.

[11.2. Meshing

CFD requires the fluid domain, i.e. the vessel lumen, to be subdivided into
small cells. The discretised Navier-Stokes equations will be solved in these
cells separately. The meshing techniques utilised here, the advancing front
technique and a home-built method, are discussed below.

Meshes can be structured or unstructured. In a structured mesh, the do-
main is usually divided into a number of topologically similar blocks which
are then subdivided into smaller cells in a structured manner. In contrast
to the structured mesh, the mesh points in an unstructured grid system
are not organised in an orderly manner. Structured grids are most fre-
qguently built using hexahedral cells, whereas the tetrahedron is the most
common element shape of an unstructured grid. Structured grids are usu-
ally solved using FVM whereas unstructured grids are used with FEM. It
has to be noted that this distinction in solver strategy is getting increasingly
outdated. The main advantage of an unstructured mesh over the structured
mesh is in the handling of extremely complex geometries. In this work, two
commercially available CFD software packages were used. In the first one,
PAM-FLOW™ (ESI Group, Krimpen aan den lJssel, The Netherlands), the
Navier-Stokes equations are solved using the finite element technique in un-
structured grids. The second software package, CFX4™ (AEA Technology,
Didcot, Oxfordshire UK), uses the FVM in structured meshes.
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[11.2.1. The advancing front technique

The advancing front technique generates an unstructured mesh, using PAM-
GEN3D™, a commercially available CFD software. A front is a triangulated
surface. In the first step, this technique triangulates all the bounding sur-
faces of the domain, i.e. inlet, outlet and walls. The triangulation is per-
formed by taking into account spatial variation of the size, stretching, and
stretching direction of the elements to be generated. This yields the ini-
tial front of faces such as the one shown in Figure V1.3 (b) on page 202.
The second step consists of creating a tetrahedron using a triangle on the
front and a new point, computed by taking into account spatial size variation,
stretching, and stretching direction of the elements. The three points of the
triangle and the new point constitute a tetrahedron. A tetrahedron has four
surfaces, at least one of which is already known: the triangle part of the front.
This triangle, along with other subsequently known surfaces, is deleted from
the front and replaced with the new surfaces. This second step is repeated
until there are no faces left in the front. This means that the whole domain
has been filled by tetrahedrons and the mesh is complete. Details of the
mesh generation technique can be found in the PAM-GEN3D™ manual.23?

111.2.2. The in-house carotid mesh builder

This meshing strategy was based on previous work presented by Long,%”
who treated the arteries as three separate distorted cylinders, the CCA,
ICA and ECA. Each of the branches was subdivided in the same structure:
8 contiguous blocks filled the cylinder. Each block started at the inlet of
the considered cylinder and ended at the outlet. In a cross-section of the
artery, each of the blocks can be visualised as in Figure lll.1/ (a). Figure
XI.2/on page 276/ shows meshes generated by Dr. Long for a reproducibility
study. Note that the CCA is bounded by two planes perpendicular to the
I/S axis. This made it necessary to distort the mesh in the carotid branches
extensively, yielding highly skewed cells in the bifurcation area.

In the enhanced method, the three arteries CCA, ICA and ECA were still
regarded as three separate tubes, each subdivided using the same block-
structure. However, now the CCA expanded into the bifurcation area as seen
in Figure 1.1/ (b) and (c). Because of the reduced skewness, this method
yielded better-quality grids. Details about how to define the three sectioning
planes which divided the carotid bifurcation in three arteries are explained
in section VI.3.3.
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0 10
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Figure 111.1.: a: Block structure of the mesh in a cross-section of CCA. b-c: Surface mesh
for a healthy subject. The two black dots represent the points where three set of blocks
belonging to different arteries come together.
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Mesh generation thus consisted of three steps:

1. Define the longitudinal splines bordering the vessel lumen. Note that
‘longitudinal’ refers to splines originating in the proximal CCA and end-
ing in the distal ICA or ECA.

2. Separate the arteries in the neighbourhood of the bifurcation apex.

3. Use the separated splines to fill the vessel lumen (or the computational
domain) with structured cells.

The third step consists of 5 steps itself. First, the splines are subdivided in
the longitudinal direction into a certain number of cells, subject to mesh inde-
pendence tests. If there are K cells along a spline, there will consequently
be K + 1 nodes on each longitudinal spline. In Figurelll.2, the k' nodes on
all splines are called M; (i=1,2) and S; (i=1,2,...,2x4n, with n equal to 1/8th
of the number of cells along the circumference). The points at one side of
the line M, M, belong to splines that all start on one particular plane and
end on a different plane. For example, the nodes named 51 till Sy,_; could
all belong to splines of the CCA, starting in the proximal CCA plane and all
ending at the CCA/ICA planar interface. If all splines were subdivided into
K cells using the same rules, S; on one side of the line My Ms will be planar
for a given k (1 < k < K). If points S; on either side of the line MM, are
not equidistance, they will be redistributed. In the second step, point M is
defined as the center of the line M; Ms, and points D; (i=1,2,3,4) are calcu-
lated by placing them at a certain fraction f away from M along the radius
M M, for Dy, M S,, for D, etc. So

_ |MDy| _ |MDy| _ [MDs| _ [MDy
[MM| |MSn|  [MSsn| [ MM

f (IIL.5)

where the operator |...| denotes the distance between the two points men-
tioned in the argument. In the following step, lines DDy and D3D, are
subdivided into n parts (illustrated by the grey points between D, and D,
in Figure 111.2) and simultaneously the line D, D5 is divided into 2 x n parts,
just as the line Dy Dy4. In fourth step, the points on the ‘D’-lines, i.e. on
D1D,, D5 D3, etc., are connected to the \S; points in the only way in which
the connecting straight lines do not cross each other. Similarly, the central
block D1 D2 D3D, can be divided into quadrangles by connecting the points
defined in the previous step with straight lines. In the final step, the radial
lines connecting the D-lines to the vessel wall are subdivided into m parts
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Figure 111.2.: Building a structured mesh starting from longitudinal splines.

as illustrated in Figure 1.2/ in the block M, D1 D-S,, with m = 4. Repeating
this procedure for every k (1 < k < K), for both sides of the M; M> line and
for each of the three arteries, gives all the necessary nodes for defining a
structured mesh as illustrated in Figure ll11.1.

In this thesis, meshes have been generated using in most cases the follow-
ing values for n/f/m: 4/0.5/9. This yields meshes with high density cells
near the wall for increased accuracy for the predicted WSS.

[11.3. Boundary Conditions

Equations|lll.1 and lll.2 need to be solved under appropriate boundary con-
ditions (BC). The boundaries concerned here are inlets, outlets and walls.
An overview of all possible boundary conditions is given in CFD software
manuals.3238
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On the vessel wall, the so-called no-slip condition is specified, i.e. all ve-
locity components are zero. For the inlet and outlets, several BC's can be
imposed:3

* Aninlet in the mathematical definition is a boundary where the values
of variables are specified. This is known as a Dirichlet boundary con-
dition. The most common Dirichlet BC, is a prescribed velocity profile.
An example is a uniform velocity profile, i.e. all the fluid elements on
the inlet plane have equal velocities.

* Mass flow boundaries are used to model inflow and more commonly
outflow boundaries where the total mass flow rate into or out of the
domain is known, but the detailed velocity profile is not. In this case,
Neumann boundary conditions are imposed on all transported vari-
ables (such as velocity or, in thermodynamic simulations, tempera-
ture). This means that their normal gradients along the boundary is
specified, rather than their values. This is equivalent to an assumption
of fully developed flow at the outlet. It is most accurate when the outlet
is placed far downstream, and the width of the flow domain is constant
at the outlet. Pressure is extrapolated from upstream.

» Pressure boundaries are used to model inflow and outflow boundaries
where the surface pressure is known, but the detailed velocity distri-
bution is not. This is in fact a combined Dirichlet/Neumann boundary
condition: Dirichlet boundary conditions are imposed on pressure, i.e.
it is specified by the user. Neumann boundary conditions, i.e. zero
normal gradients, are imposed on velocity as well as other transported
variables, temperature, user scalars, volume fractions, etc.

In this thesis, the boundary conditions issues are dealt with in sectionVII1.1.1
by investigating all possible boundary condition types used in literature for
image-based CFD (see table VIII.1).

I11.4. Solvers

As mentioned in section llll.1, the governing equations are not analytically
solvable, except for the simplest cases. They are solved numerically, i.e.
by meshing the domain first, and then solving the equations in an iterative
manner. A variety of numerical algorithms exist and those adopted in this
thesis are described below.
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[11.4.1. Spatial Discretisation

The Navier-Stokes equations (eq. l111.2) contain both time and spatial deriva-
tive terms. The first step in CFD is to perform a spatial discretisation. In this
step, the Navier-Stokes equations are rewritten in each point in the form:

ou It Ingt It+1 Int+1 It Ingt It+1 In,t+1
a —’—f(ul7 7’u’1n7 7U1’ + 7’U/1n7 + 7p1/ 7p1n' 7P17 + 71917717 * 7/1/) = 0 (1116)

where we have taken the direction i = 1 as an example, the viscosity as
constant and neglected the external forces F;. Here, f(...) is a function ob-
tained by spatial discretisation of the Navier-Stokes equation. The index I
refers to a particular point in the mesh and the index In refers to its neigh-
bouring points. The index ¢ stands for the value of the indexed parameter at
the current time-step, whereas ¢ + 1 is the unknown value of the parameter
at the next time-step. The spatial discretisation consists of finding a good
function f in order to replace the spatial derivatives by solvable equations.
If the function f(...) does not contain any values at ¢ + 1, the solver is called
explicit . Otherwise, the solver is implicit . Any spatial discretisation tech-
nique can be implicit or explicit, depending on whether or not the ¢+ 1 values
have been used to estimate the spatial derivatives.

[11.4.1.1. CFX4™

As an example, the spatial discretisation used in this work in all the sim-
ulations performed using CFX4™ s explained. The differencing scheme
used to derive the function f(...) is called the Quadratic Upwind Interpo-

lation Convective Kinematics (QUICK) scheme. In short, QUICK works
as follows. Consider a one-dimensional control volume as shown in Figure
[11.3. The point P is the node of interest. However, neighbouring nodes W, E
and WW must also be considered. The dashed lines (denoted by lower case
symbols, w and e) denote cell face boundaries and the symbol ¢ denotes the
value of the property of the variable being calculated (e.g. u;). The QUICK
scheme uses three points with a quadratic interpolation for calculating cell
face values. The face value of the variable ¢ is found by the application of a
guadratic function passing through two bracketing nodes (one each side of
the face) and a node on the upstream side as shown in Figure [lll.3. When
both w,, (velocity in point w) and u. are positive, a quadratic fit through WW,
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Figure 111.3.: QUICK: The Quadratic Upwind Interpolation Convective Kinematics.

W and P is used to evaluate ¢,,, and a further quadratic fit through W, P and
E used to calculate ¢..

For the situation shown in Figure 1.3/ and for a positive value of u,,, the
bracketing nodes for the west face, w, are W and P, and the upstream node
WW and

bu = g0w + 200 — SowW (1.7)

Similarly, for positive u., the bracketing nodes for the east face, e, are P and
E, and the upstream node is W and

be = g@» + gqu - é¢w (I11.8)

Thus, in the QUICK-scheme, the variation of ¢ is assumed to be described
as a quadratic function. This assumption leads to estimates of ¢ at the cell
faces. The estimates are third order accurate. The estimates are required if
the function f(...) from equationl1l.6!is to be solved using the FVM.

.4.1.2. PAM-FLOW ™

The spatial discretisation in PAM-FLOW™ is computed explicitly using the
so-called Roe flux-splitting scheme  with fourth order diffusion . The
mathematical explanation of the Roe flux-splitting scheme falls beyond the
scope of this work. Details can be found in the PAM-FLOW™ solver theory
manual.238
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[11.4.2. Temporal Discretisation and Solution
[11.4.2.1. CFX4™

The Navier-Stokes equations (equation|lll.2) can also be written as (vectorial
notation):

e

1
—— + bVl + - Vprt = vt (II1.9)
At P

In this representation, the term with the time derivation (%) has been dis-
cretised with At the time-step duration (temporal discretisation). The other
terms need to be spatially discretised as illustrated in the previous section
(QUICK, ROE flux-splitting scheme, etc.). Note that, apart from the first
term, there are no velocities with indices ¢ + 1 in equation lIl.9. This means
that the discretisation as presented here is explicit for the velocity, but implicit
for the pressures (semi-implicit).

To solve this equation, use the pressure value at the previous time step (¢).
This will yield

ut—i—l,* _ ut

1
+ut -Vl + = Vp'TH = Vv (II1.10)
At P

Here, u!*1* is a guess of u/*! using p'*t1*, a guess of the pressure at step
t + 1. In the first iteration, p'*1* is p!, the pressure value in step ¢. Substrac-
tion of equations |lll.9/and 111.10 yields:

U, 1
At + p Veorr = 0 (II1.11)
with
Ueorr = ulTh—gtTh (I11.12)
Pcorr = PH_I - pt—H’* (IIL.13)
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This is the point where the condition of mass conservation is used, i.e. equa-
tionlll.1 or (vectorial):

Vutt =0 (I11.14)

By taking the gradient of equation .11, bearing in mind that Vu"*! = 0,
the following is obtained:

vutJrl,*
At

= Y2peor (IIL.15)
p

Now, with the knowledge of u!T%* from equation [I1.10, p.., can be calcu-
lated using equation [11.15 and thus p'*! (eq. [I.13). This p'*! is not the
correct p'*1, but a new guess of p!*t!, i.e. p!Tt*. p!t1* can now be used
to recalculate »'+1* using eq. .10. The second iteration has now started.
This iterative process continues until the changes in p**%* (or u!Th*, de-
pending on user’s settings) between two consecutive iterations are within
preset tolerances. That is how the Navier-Stokes equations are solved nu-
merically.

The algorithm presented here is the basis of SIMPLE, implemented in CFX4™
and used in all CFX™-related simulation in this work. The acronym SIMPLE
stands for Semi-implicit Method for Pressure-Linked Equations. The algo-
rithm is semi-implicit and not purely explicit because equation [[ll.9 contains
an index t + 1 in the pressure term.

.4.2.2. PAM-FLOW ™

In PAM-FLOW™  an implicit solver is used:

ut-i-l _ Ut 1
— T ut - Vul + p Vp'th = vV [u! + (v — o] (I11.16)
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with 6 the amount of implicitness. Note that when 8 = 0, equation [Ill.16
becomes equation [11.9. Consider the case where § = 1, equation [lll.10
becomes:

wtthx — gt 1
+ut -Vl + = Vp!TH = v vttt (111.17)
At P
from where «!*1* can be deduced in a different manner when compared to
the explicit method. When it is assumed that

VuVu ™ = v vt (I11.18)

substraction of equations lll.16/ and [lll.17| yields again equation [ll.11. The
rest of the sequence is similar to the semi-implicit method.

111.4.3. Validation

CFX4™ has been extensively validated for internal flows, i.e. flows in tubes
or arteries, in a preceding PhD thesis. 1% However, PAM-FLOW™ has never
been used for internal flows by any of the research groups involved, nor by
the code vendor. Therefore, for this work, code validation is necessary.

For validation of the PAM-FLOW™ CFD code, the Hagen-Poiseuille flow in
a rigid circular tube was studied. The diameter of the tube was 8 mm, the
tube length 50 cm. The fluid used in the computation was water at 20 °C,
i.e. with a dynamic viscosity of 1mPa.s and a density of 998 kg/m3. At the
inlet, a uniform velocity profile of 3.35 cm/s was set, this yields a tubular
Reynolds number of 268 (see equation VIIl.1/ on page 199). Because the
Reynolds number is below 2300, the flow is laminar and a Hagen-Poiseuille
velocity profile is expected within a reasonable length downstream the entry
plane.?’® For a uniform entry profile, this length | is calculated as follows:362

l
5 =0.065 Re, (111.19)

Which in this case would be 14 cm, well within tube length. Note that several
formulae for I can be found in literature,2’%32 the one used here tends to
overestimate the entrance length.
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Figure lll.4.: (a) Steady and (b-c) Unsteady validation. Squares or Triangles: calculated
velocities; line: Poiseuille/Womersley theory. T: period, 0.833 s. The maximum flow occurs
at a time 0 or T. The dotted line represents the time and area averaged velocity. r is the
distance from the tube centreline and R is the vessel radius. Axial velocity is normalised
using the mean velocity. (b) Velocity profile at time = 0.2 T. (¢) Time = 0.7 T.

Figurelll.4 (a) shows a comparison between the theoretical parabolic profile
(Hagen-Poiseuille) and the CFD prediction using PAM-FLOW™ at 25 cm
down the tube. The quantitative agreement is very good, the average error
being within 0.75 %.

PAM-FLOW™ was further validated for unsteady flow using the Womersley
velocity profiles in a rigid circular tube. The diameter of the tube was again 8
mm, the tube length 20 cm. A 40/60-glycerine/water mixture with a dynamic
viscosity of 4.38 mPa.s and a density of 1112.7 kg/m? was computed. At
the inlet, a uniform velocity was imposed. The flow rate varied sinusoidally
from 1 ml/s to 5ml/s with a frequency of 1.2 Hz (72 bpm). This yields a
time-averaged tubular Reynolds number of 125 and a Womersley parame-
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ter (equation [11.29 on page 65) of 5.53. Because of the unsteadiness, the
entrance length must be increased by 1,,:362

Re,

(IT1.20)

= ‘@N

a2

Here Re, stands for the radial Reynolds number , which is half of the tubu-
lar Reynolds number. In this case, [ would be 64 mm and [, around 8 mm,
thus the computed tube was long enough (200 mm) to obtain a developed
velocity profile. For the values of Reynolds number and Womersley pa-
rameter in this case, the Womersley theory is applicable.*%® This theory
solves the Navier-Stokes equations analytically, which provides us with a
time-varying developed velocity profile.

In Figure .4/ (b-c), the solid lines correspond to the Womersley velocity pro-
files at two time points, while CFD predictions are drawn denoted by sym-
bols. The agreement is generally satisfactory, however, it is less impressive
than in the steady case (maximum errors up to 7%).

[11.5. Potential Pitfalls

Results obtained using CFD are subject to a number of errors. Therefore, it
is necessary that results are validated to ensure their reliability. A few steps
of primary importance need to be taken.

* Where possible, the solver should be validated. This means that a
known geometry (with known, measurable, flow parameters as veloc-
ity and pressure) is calculated. When the computational solver gives
the same results as in the measured case, the solver is validated. Ob-
viously, the solver should be validated under flow conditions similar to
those in which the solver is intended to be used.

» Grid-independence (or ‘mesh sensitivity’) tests should be performed.
This means that the mesh, used for the computational calculation,
should be refined until a mesh with a finer density gives results within
an acceptable tolerance when compared with results from a coarser
mesh. The coarser mesh would then be used in order to save CPU-
time. The ‘results’ and the ‘tolerance’ are kept vague on purpose, since
these differ depending on the aim of the study.
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88

 For periodic time-varying problems, calculation should be performed

for as many cycles as required until cycle n gives results within an
acceptable tolerance when compared with results from cycle n — 1.

For time-dependent calculations, the time-step is to be considered with
great scrutiny. Especially when time-steps are ‘chosen’ by the opera-
tor, these time-steps should be refined (shortened) until the refined
time-step yields same results as the coarser time-step. When time-
steps are calculated during the simulation, special care must be taken
regarding the choice of the Courant-number (CFL-factor):

AtV

CFL = AL

(II1.21)

here, At is the time-step, V' the velocity, Ax the mesh size. A high
CFL-number will increase the time-step and decreases the CPU-time,
but when the CFL-number is too high, numerical stability is lost.

Even if all of the above steps were performed satisfactory, it is always
good to regard the results obtained from CFD with a healthy portion of
scepticism.



V. Carotid Haemodynamics and
Image-based CFD

‘Hey, shear stress is something funny! It was in the late 1960s and
early 1970s that researchers found for the first time that atherosclerosis and
local haemodynamics had something to do with each other.3% Fryl92 syg-
gested that high shear rates had a direct damaging influence on the intima,
i.e. on the endothelial cells. Caro* was categorical in his disagreement,
stating that “Several workers have proposed a relationship between arterial
blood mechanics and the development of atheroma. However, as we sub-
sequently show, their appreciation of the mechanics has been erroneous.”
Caro showed subsequently that it was not high shear rates, yet cites of low
shear rates that were associated with atherogenic zones. The link between
atherosclerosis was clearly not fully understood, but the presence of a link
was acknowledged. This motivated researchers to develop techniques ca-
pable of measuring the shear stress. It was only later that effects on (i)
smooth muscle cell migration, proliferation and metabolism, (ii) expression
of extracellular matrix, (iii) lipoprotein kinetics and binding, (iv) monocyte
chemotaxis and conversion to macrophage, and (v) foam cell formation were
investigated and modelled in a shear-dependent manner.?°

Early CFD and other research techniques CFD made an early introduc-
tion in this research field. Friedmani®? published one of the first articles us-
ing CFD for shear stress prediction, admittedly in a bifurcation of the aorta.
The computational models at that time were restricted to 2D idealised mod-
els: 3D computations were too expensive and in vivo imaging was slowly
emerging. Together with CFD, numerous other in vitro techniques have been
established, all aiming at giving insights into the shear stress distributions in
arterial bifurcations. These techniques include fabricating glass®® or elastic
phantoms!®® and using a variety of measurement techniques, e.g. Laser
Doppler Anaemometry'84 (LDA). Considering the cost involved in CFD cal-
culations, it was not surprising that it had taken another decade before CFD
became a feasible alternative to building in vitro models.
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CFD is taking over  An important advantage of CFD lies in the fact that it
can quantify shear stresses in the entire model, whereas a large number of
time-consuming individual measurements need to be done if physical casts
are to be used. Moreover, CFD has the advantage of not having to repeat
the laboratory test in case a different parameter is to be measured. Finally,
CFD is not sensitive to features such as drift and jitter, typical of measure-
ment equipment. This renders CFD a preferred choice to time-consuming
laboratory measurements. Slowly, CFD became a common tool for haemo-
dynamic research. At first, CFD simulations were performed on 3D models
present at the laboratory.2”%44 This gave the researcher a way to validate
the CFD calculations using high-quality laboratory measurements. In fur-
ther steps, computational models were built without necessarily having an
actual physical phantom.246:247 This was often done in order to investigate
a particular feature, such as a new and improved numerical code®*” or the
effect of bifurcation angles on shear stresses.?#® In an attempt to build more
realistic in vitro models, Goubergrits and Affeld produced 3D vessel casts of
human carotid arteries based on post mortem excised arteries.#125127 |n
a later stage, the internal structure and morphology of the vessel wall were
linked to haemodynamic parameters acquired with CFD.126

While CFD was getting more and more accepted as the main tool for re-
search on the carotid blood flow, it was simultaneously ameliorated at dif-
ferent levels. Perktold?*® was among the first13382 to examine the effect
of shear-dependent behaviour of blood on flow patterns and created a code
to be used in case blood viscosity had to be shear-dependent. The same
groupt’®:245.249 \was again among the first42°0.56.384.386,387 {4 incorporate
moving vessel walls into computational simulations.

Subject-specific images as a basis The previously mentioned studies
had shown that the carotid geometry (e.g area ratios Ar and vessel tortuos-
ity) had an important influence on the distribution of WSS. It was becoming
increasingly clear that the dynamics of blood flow in vivo are more com-
plex and variable than suggested by idealised models such as the ones
used thus far. This aspect combined with the notion of the fact that human
carotid arteries show a large inter-subject geometry variability prompted re-
searchers to extract in vivo subject-specific carotid geometries using med-
ical images. As explained in section lll, a variety of imaging techniques
can be used as a basis for image-based CFD. This technique was at first
tested on simple??4362 and realistict® phantoms, both rigid® and elastic.33
The combination of imaging and CFD has only recently been implemented
in vivo.2%:178:198,219.324.370 “\\hen coupled with ongoing improvements in
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computing and image processing, it becomes possible to consider CFD as
a viable tool for studying, for the first time at the level of an individual patient,
the complex and dynamic relationship between haemodynamic forces and
atherosclerosis.30°”

Direct Methods  Recently, several studies have investigated direct WSS
measurement in vivo. Although in vivo techniques would still not provide
the WSS distribution in an entire carotid bifurcation, these techniques are
very interesting from a cost-effective point of view bearing in mind that they
bypass the use of CFD. To date, both ultrasound?’? and cine PC MR[61:161
have been used for direct WSS estimation, but the techniques seem thus far
only reliable in phantoms 61161

What shall we do ... ? In conclusion, although the use of CFD is de-
manding on computational resources, it is a promising tool for investigating
arterial haemodynamics: it can be made subject-specific, does not require
post-mortem data, is reproducible (to be demonstrated later), not affected
by drift, and more reliable in comparison to direct methods.

The major objective of this work therefore consists of smoothing away the
technical difficulties impeding the use of image-based CFD for large-scale
studies. As part of that, one of the aims of this thesis is to define the ‘best’
imaging protocols. In this context, ‘best’ means a mix between reliable and
feasible (or fast). Another main objective is to define the ‘best’ way to build
and solve the computational model. What is the difference between the re-
sults in a steady simulation and those in a pulsatile simulation? Are the
assumptions of newtonian flow and rigid walls justifiable? Once the tech-
nique is built, the goal is to put error-bars on haemodynamic parameters
such as WSS and OSI. The final objective is to use this technique in clinical
studies.

91



IV. Carotid Haemodynamics and image-based CFD

92



Part B.

ESTABLISHING THE TECHNIQUE

93






V. Overview

Subject-specific image-based CFD makes use of a number of techniques.
The following tasks are to be performed and optimised in order to obtain a
reliable subject-specific simulation of the carotid flow.

1. The first step obviously consists of imaging the carotid bifurcation. Nu-
merous questions pop up. Which imaging modality should be used as
a basis for carotid CFD? This can be chosen from CT, MRI and 3DUS.
In this work, we will focus on the two least invasive: MRI and 3DUS.
When the imaging modality is chosen, a good scan protocol needs to
be defined. A ‘good’ scan protocol is fast, easy, robust, accurate, and
provides all the information necessary for reliable CFD simulations.

Another issue, is the output format of images. This is important if
the images are to be processed in further steps. The aspect of data
transmission has been thoroughly studied by the Digital Imaging and
Communications in Medicine  (DICOM) Standards Committee .78 It
exists to create and maintain international standards for communica-
tion of biomedical diagnostic and therapeutic information in disciplines
that use digital images and associated data. The goals of DICOM are
to achieve compatibility and to improve workflow efficiency between
imaging systems and other information systems in healthcare environ-
ments worldwide. Every major diagnostic medical imaging vendor in
the world has now incorporated the standard into their product design
and most are actively participating in the enhancement of the stan-
dard. Most of the professional societies throughout the world have
supported and are participating in the enhancement of the standard
as well. In short, a DICOM-file always consists of 2 parts: a header
and the image. The image can be a matrix of greyscales represented
by values ranging from 0 to 100. The header contains information
about the scan, e.g. name of the patient, age, date of imaging, name
of operator, position of the imaging plane, resolution, etc.

2. Carotid images are usually acquired to show 2D cross-sections of a
subject’'s neck. For the reconstruction of the lumen, the edge of the
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Figure V.1.: lllustration of the typical steps involved in constructing an image-based CFD
model of the carotid bifurcation. Following acquisition of the data, manual or computer-
assisted techniques are used to outline the lumen boundary from each slice. This series
of profiles forms the scaffold upon which a continuous surface and, subsequently, the volu-
metric finite element mesh are generated. This mesh, plus the assumed or measured inlet
and outlet flow rates or velocities, provides the necessary input for the CFD modelling soft-
ware, which solves for the time-varying velocity field data from which desired haemodynamic

indicators can be calculated.>%
vessel wall needs to be delineated from the image. This delineation is
called segmentation. It can be done either manually or automatically.

3. After the segmentation step, a series of 2D contours of the carotid are
produced. By stacking the contours in 3D space, a first approximation
of the 3D carotid geometry is reconstructed. After this, the geometry
is smoothed in order to eliminate image artefacts?.

4. In the fourth step, the 3D volume obtained from reconstruction must be
descretised into small computational cells, i.e. to generate the mesh.
In order to be compatible with the next step, the mesh needs to be
validated as explained in sectionlll.5 on page [87.

5. The previous steps yield a computational mesh of the carotid bifur-
cation, usable in a CFD software package. Before starting the sim-

?In some cases, segmentation and 3D reconstruction is done at the same time. See publi-
cation by Ladak*®* for MRI and Gill**# for US.
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ulations, certain model parameters need to be set, among them the
boundary conditions. Apart from the boundary conditions, fluid pa-
rameters such as viscosity and density should be specified.

6. When the geometry and model parameters are well defined, the simu-
lation can start. After the simulation, the software outputs results such
as velocities, pressures and shear rates, depending on the user’s in-
structions.

7. In the final step, computational results are visualised in various ways
using postprocessors, i.e. visualisation software.

See Figure V.1 for a schematic representation of steps 1 to 4.3% |n what
follows, many of the steps above are optimised and discussed. Chapters VI
and VIl explain how subject-specific 3D carotid geometries can be recon-
structed from respectively MRI and 3DUS images. Chapter VIII will discuss
(1) the boundary conditions to be used in computational carotid haemody-
namics, (2) the effect of parameters such as heart rate and viscosity and (3)
the use of viscosity laws. In the last chapter, MRl and 3DUS-based CFD
are compared in a cross-comparison study. All technical improvements sug-
gested in the following chapters are performed bearing in mind that the total
processing time, from image acquisition to final analysis, should be min-
imised.
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VI.1. The lin MRI

VI.1.1. Brief History 230

Felix Bloch and Edward Purcell, both of whom were awarded the Nobel
Prize in 1952, discovered the magnetic resonance phenomenon indepen-
dently in 1946. In the period between 1950 and 1970, Nuclear Magnetic
Resonance (NMR) was developed and mainly used for chemical and phys-
ical molecular analysis. In 1971, Raymond Damadian showed that the nu-
clear magnetic relaxation times of tissues and tumours differed, thus mo-
tivating scientists to consider magnetic resonance for the detection of dis-
ease. In 1973, Magnetic Resonance Imaging (MRI) was first demonstrated
on small test tube samples by Paul Lauterbur. In 1975, Richard Ernst pro-
posed magnetic resonance imaging using phase and frequency encoding,
and the Fourier Transform. This technique is the basis of current MRI tech-
niques. In 1977, Raymond Damadian demonstrated MRI of the whole body.
Edelstein and coworkers demonstrated imaging of the body using Ernst's
technique in 1980. A single image could be acquired in approximately five
minutes by this technique. By 1986, the imaging time was reduced to about
five seconds, without sacrificing too much image quality. In 1987, Charles
Dumoulin was perfecting Magnetic Resonance Angiography (MRA), which
allowed imaging of flowing blood without the use of contrast agents. In 1991,
Richard Ernst was rewarded for his achievements in pulsed Fourier Trans-
form MRI with the Nobel Prize (in Chemistry). In 1993, functional MRI (fMRI)
was developed. This technique allows the mapping of the function of the
various regions of the human brain. In 2002, Kurt Withrich was awarded
the Nobel Prize (in Chemistry) for his development of nuclear magnetic res-
onance spectroscopy for the determination of the three-dimensional struc-
ture of biological macromolecules in solution.14® One year later, in 2003,
the Nobel Prize (in Medicine) was again awarded to researchers in MRI,
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Paul Lauterbur and Peter Mansfield, ‘for their discoveries concerning MRI'.
Paul Lauterbur discovered that the introduction of gradients in the magnetic
field made it possible to differentiate structures that could not be visualised
by other techniques.24® Peter Mansfield showed how the detected signals
could be analysed rapidly and effectively and transformed to an image. This
was an essential step in order to obtain a practical method. Leuterbur’'s and
Mansfield’s discoveries were done in the seventies, the implementation of
their techniques became useful in clinical practice a decade later.

In this introduction to MRI, focus will be on the blood visualising methods,
i.e. on MRA: Magnetic Resonance Angiography . First, the basis of the
technique is explained (section VI.1.2). The description of the MRA tech-
niques time-of-flight, black blood and cine PC are explained in the following
sections.

VI.1.2. Principles of MRI

The principles of MRI are described here as by Mackiewich.2%' At the basis,
there is the directional magnetic field, or moment, associated with charged
particles in motion. Nuclei containing an odd number of protons and/or
neutrons have a characteristic motion or precession. Because nuclei are
charged particles, this precession produces a small magnetic moment.

When a human body is placed in a large magnetic field, many of the free
hydrogen nuclei align themselves with the direction of the magnetic field.
The nuclei precess about the magnetic field direction like gyroscopes. This
behaviour is termed Larmor precession

The frequency of Larmor precession is proportional to the applied magnetic
field strength as defined by the Larmor frequency, w,:

wo = 7B, (VL1)

where ~ is the gyromagnetic ratio and B, is the strength of the applied
magnetic field. The gyromagnetic ratio is a nucleus-specific constant. For
hydrogen, v=42.6 MHz/Tesla.

To obtain an MR image of an object, the object is placed in a uniform mag-
netic field, B,, normally between 0.5 to 1.5 Tesla, although 3.0 Tesla is be-
coming increasingly common. As a result, the object’s hydrogen nuclei align
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Figure VI.1.: Alignment of nuclei by a strong magnetic field. In the absence of a strong
magnetic field, hydrogen nuclei are randomly aligned as in (a). When the strong magnetic
field, B,, is applied, the hydrogen nuclei precess about the direction of the field as in (b).
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Figure V1.2.: Excitation of nuclei by radio-frequency pulses. a: The RF pulse, B, causes
the nett magnetic moment of the nuclei, M, to tilt away from B,. The flip angle (FA) in this
sketch is around 60°. b: When the RF pulse stops, the nuclei return to equilibrium such
that M is again parallel to B,. During realignment, the nuclei lose energy and a send out a
measurable RF signal.

with the magnetic field and create a nett magnetic moment, M, parallel to
B,. This behaviour is illustrated in Figure VI.1.

Next, a radio-frequency (RF) pulse, B, ¢, is applied perpendicular to B,. This
pulse, with a frequency equal to the Larmor frequency, causes M to tilt away
from B, as in Figure VI1.2/(a).

Once the RF signal is removed, the nuclei realign themselves such that
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their nett magnetic moment, M, is again parallel with B,. This return to
equilibrium is referred to as relaxation . During relaxation, the nuclei lose
energy by emitting their own RF signal (see Figure V1.2l (b)). This signal
is referred to as the free-induction decay (FID) response signal. The FID
response signal is measured by a conductive field coil placed around the
object being imaged. This measurement is processed or reconstructed to
obtain 3D grey-scale MR images.

To produce a 3D image, the FID resonance signal must be encoded for each
dimension. The encoding in the axial direction, the direction of z, is accom-
plished by adding a gradient magnetic field to B,. This gradient causes the
Larmor frequency to change linearly in the axial direction. Thus, an axial
slice can be selected by choosing the frequency of B, to correspond to the
Larmor frequency of that slice. The 2D spatial reconstruction in each axial
slice is accomplished using frequency and phase encoding. A ‘preparation’
gradient, G, is applied causing the resonant frequencies of the nuclei to
vary according to their position in the y-direction. G, is then removed and
another gradient, G, is applied perpendicular to y. As a result, the reso-
nant frequencies of the nuclei vary in the z-direction due to G, and have a
phase variation in the y-direction due to the previously applied G,. Thus,
x-direction samples are encoded by frequency and y-direction samples are
encoded by phase. A 2D Fourier Transform is then used to transform the
encoded image to the spatial domain.

In MR, the imaging protocols are described using a number of parameters.
Ty and T, are relaxation times, linked to the time it takes for M, the nett
magnetic moment of the nuclei in the core of the magnet, to realign with B,,.
T; is related to the relaxation time of the projection of M on the axis of B,,
whereas T5 is related to the relaxation time of the projection of M on the
plane perpendicular to B,. Tr, the repetition time , is the time between two
consecutive RF pulses. T, the echo time , is related to the time in which
images are acquired. The NEX or number of excitations is the number
of times the imaging sequence was repeated. Increasing this number will
increase signal to noise ratio (SNR), but will also increase imaging time.
The FOV or Field-Of-View is expressed as a length and a width, delineating
the imaged plane. The flip angle (FA) is the direction of the RF pulse with
respect to the B, direction, which is also the angle between M and B, after
the RF pulse. In Figure V1.2 (a), the FA is approximately 60°. The echo train

length or ETL denotes the number of ‘echoes’ used in image acquisition.
An ‘echo’ occurs when a large number of spins are aligned again after RF
excitation followed by an initial dephasing.
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VI.1.3. Time-Of-Flight

The TOF method refers to the motion of blood into and out of the plane of the
section as shown in Figure VI.3. The stationary tissues remain in the section
and are affected repeatedly by a section-selective repetitive RF pulse. If the
repetition time of this RF pulse (Ty) is shorter than the relaxation time of the
tissues, then the magnetisation of the tissues is saturated. Saturated tissue
does not emit an acute measurable relaxation, and is therefore ‘suppressed’
and appears dark.1?® On the other hand, blood coming from outside the sec-
tion is unaffected by the section-selective RF and is thus fully magnetised.
The technique is therefore often referred to as ‘flow related enhancement’.
As more unsaturated spins flow into the slice during each Tz, overall signal
strength rises and is maximised when all the partially saturated flowing spins
in the slice are replaced during each Tr. As seen in Figure V1.3, the image
will be black where the stationary tissue is, and white where the flowing
blood is found. This is why TOF is sometimes called ‘bright blood imaging’.
Figure V1.4 gives an example of TOF images acquired in the right carotid
bifurcation of a young hypertensive subject, free of any stenosis. The bright
white zones contain flowing blood. The image at the top left is the most prox-
imal cross-section in the CCA. The image right next to it is a cross-section
located 2 mm above the previous image, i.e. inter-slice distance is 2 mm.
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Figure VI.3.: Schematic illustration of the time-of-flight method. The imaging slice is mage-
tised repetitively until it is saturated (repetition time Tr shorter than the relaxation time of the
tissues). Fresh blood replaces the saturated blood and yields a white region in the image. %
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Figure VI.4.: MR images of a carotid bifurcation of a young, non-stenosed hypertensive using
TOF. The bright white zones contain flowing blood. The image at the top left is the most
proximal cross-section in the CCA. The image right next to it is a cross-section located 2 mm
above the previous image, i.e. inter-slice distance is 2 mm.

VI.1.4. Black Blood

The ‘black blood’ MRI technique is explained schematically in Figure VI.5.
The method has been described by Song?®® and consists of a preparation
period that contains two spin inversion pulses. The first pulse is nonselec-
tive, i.e. it inverts all the spins within the sensitive volume of the RF coil.
The second pulse, immediately following the first pulse, is slice-selective. It
is the 90° pulse in Figure VI.5. This pulse restores the magnetisation of the

104



VI.1. TheIin MRI
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Figure VI.5.: Black blood MRI. Two pulses, a nonselective and a slice-selective one, will mag-
netise the entire coil volume except for the imaged slice. At the time of image acquisition, the
blood in the vessel will appear white if it has not yet been replaced by inflowing magnetised
blood.

spins that lie within the slice of interest to the positive z axis. The nett effect
of the two pulses is the inversion of the spins outside the desired slice, while
those in the slice are unaffected. This is called presaturation . ‘Inverted’
blood then flows into the imaging slice, replacing unaffected blood. When
an image is made (by a 180° pulse as shown in Figure VL.5) at the moment
where the unaffected blood has flown into the slice, the blood will appear
black (hence ‘black blood’) and the vessel wall white. Figure V1.6 gives an
example of BB images acquired in the right carotid bifurcation of a young
hypertensive subject, free of any stenosis. The black ellipse-shaped zones
contain flowing blood. The image at the top left is the most proximal cross-
section in the CCA. The image right next to it is a cross-section located 2
mm above the previous image, i.e. inter-slice distance is 2 mm. These BB
images are the counterparts of the TOF images shown in Figure \VI1.4.

VI.1.5. Cine PC MRI

Phase Contrast (PC) imaging refers to a family of MR imaging methods that
exploit the fact that spins that move through magnetic field gradients obtain
a different phase than static spins, enabling the production of images with
controlled sensitivity to flow.2% Protons move along the gradients and go out
of phase. The Larmour frequency will change depending on the gradient and
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Figure VI.6.: MR images of a carotid bifurcation of a young, non-stenosed hypertensive using
BB. These images are the BB counterparts of the TOF images shown in Figure [VI.4

the spin-position. In PC imaging, a positive gradient is applied first, then a
negative one. Spins in stationaire tissue, such as the vessel wall, now have
the same phase. The phase in moving spins, such as spins in blood, will
change due to the gradient switch. The phase shift caused by the positive
gradient will not have been corrected by the negative gradient, due to the
spin movement.?2®. When the phase of the signal is measured, the vessel
wall can be clearly delineated.

PC MRl is also used for VENC or velocity encoding techniques to determine
the flow velocity of the blood. Thus, MR scanners can be used for acquiring
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blood velocities in voxels? in an entire cross-section of the artery. The V..,
or velocity encoding, is a value set by the operator, denoting the range of
velocities measurable: [—Ve,., Vene]. Velocities can be measured in all 3
orthogonal directions.

The term ‘cine’ refers to the fact that it is possible to acquire a number of
images during one cardiac cycle. When the images are sequentially dis-
played, they give the impression of a moving fluid using the same principles
of cinema, hence ‘cine’ PC MRI.

dvoxel : 3D pixel
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VI.2. Segmentation

Segmenting the raw images is necessary for separating the vessel lumen
from the surrounding tissue. The delineated contours in 3D space form the
basis of the 3D reconstruction. The method used in this work consists of the
region growing method (RGM) followed by the snake algorithm . In the
end, the operator is allowed to refine the automatically segmented contour.
The technique presented here is based on the segmenting technique used
in Dr. Long’s PhD thesis!®® and personal communications with Dr. P-L.
Cheong. The user-interface was based on work performed by Dr. D.C.
Barratt for his PhD thesis.?Y

VI.2.1. Region Growing Method

The region growing method as used in this study consists of 3 steps:

1. Aninitial guess of the vessel cross-sectional area (A4,) must be made.
This initial guess will be used as a threshold to terminate the region
growing method. In this work, the initial guess had to be made in the
proximal CCA. For each arterial cross-section, another initial guess
should be made since the CCA dilates before the bifurcation. Experi-
ence showed that the best results were reached if the initial guess was
1.5 x A, in the distal CCA. In the most distal CCA, this was increased
to 2.5 x A,. For the proximal ICA, usually the position of the bulb, the
value of the area in the most distal CCA slice was used as the initial
guess. Towards the distal ICA, this value was reduced quadratically
to half of the mean value of the cross-sectional area in the CCA. In
the ECA, the initial guess was half of A,. With this algorithm, a single
initial guess and the notion of the position of each slice provided the
values for all the slices on the carotid bifurcation.

2. In the second step, the operator needs to initiate the region growing
process. In practice, this is done by a click of the mouse in the vessel
lumen. This click denotes the position of the seed point . The seed
point does not need to be in the exact center of the lumen, its position
is in fact of no importance as long as it lies within the lumen.

3. The seed point is in a first approximation the only point in the ‘region’.
Neighbouring points of the seed point are added to the region if the
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grey-scale values of that point fulfil a particular condition. This condi-
tion can be any of the following:

» Grey-scale thresholding : if a grey-scale value of a neighbouring
point is smaller than a preset value, the point is added to the
region.

e Gradient condition : if the difference between the grey scale
value of a neighbouring point and the point in the region is smaller
than a preset value, the point is added to the region.

In both conditions a ‘preset value’ is required. It is initially very small.
This initial value or threshold will create a region with a certain area
Aram- If Argar lies within A+ A, ¢, the region is stored as a potential
output of the RGM. A,..r is 10% of A, in the proximal CCA, itincreases
guadratically to 30% in the bifurcation and drops back to 15% in the
distal end of the carotid branches. As long as Argys is smaller than
Ay + A,cp, the threshold will be increased by a certain increment and
the region is grown again using the new threshold. The output of the
RGM is the region found with the largest threshold yielding an area
smaller than A, + A,.;.

From experience, it was clear that RGM was more successful with TOF
when a gradient condition was used, whereas the grey-scale thresh-
olding was preferable in BB images.

In order to increase the effectiveness of the RGM, the images were interpo-
lated and filtered beforehand. This was intended to increase contrast and/or
reduce image noise. Interpolation was bilinear, increasing image size from
an mxn matrix to (2m—1) x (2n—1), thus also increasing the computational
requirements. In this context, ‘filtering’ meant replacing the grey-scale value
in a certain pixel either by (i) using the values of the neighbouring pixels (lo-
cal filtering) or by (ii) calculating a new value for the grey-scale using only the
initial grey-scale value and a mathematical formula (global filtering). Median
filtering is an example of local filtering: the grey-scale value is replaced by
the median value of the neighbouring grey-scales. The ‘neighbourhood’ can
be defined differently depending on the application, in this work a 3 x 3 neigh-
bourhood gave good results for both TOF as BB images. Gamma filtering
is an example of global filtering: the grey-scale value is increased (y < 1) or
decreased (v > 1) by a percentage depending on the individual grey-scale
value and the value of v. For details on bilinear interpolation, median and
gamma filtering, see the MATLAB imaging toolbox manual 32
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In the end, the RGM yields a ‘region’ for each image. The circumference
of this region, a ‘contour’, will be saved for further use. This contour is not
necessarily smooth, therefore the snake method is implemented in order to
adjust the contours.

VI.2.2. Snake Method

The Snake Method attributes an energy to a closed contour or snake. It
was originally introduced by Kass.?®3 It considers contour nodes (points)
as masses connected by springs. The nodes of the contour are then moved
around in the image until the energy of the contour is minimised. The energy
is the consequence of both internal and external forces:3%3

1. The internal forces are the snake’s tension and rigidity. Tension is
related to the first derivative of the contour, while rigidity is related to
the second derivative.

2. The external forces relate to the grey-scale value of the nodes. Sev-
eral functions can be used to model the external force, such as the
grey-scale values themselves or their gradient, possibly blurred using
a Gaussian function 372

For a detailed description of the Snake Method as used in this study, see Dr.
P-L. Cheong’s PhD dissertation.®? Figure VI.7 gives an example of the auto-
matic segmentation of TOF images acquired in the right carotid bifurcation of
a young hypertensive subject, free of any stenosis. The white contours sur-
rounding white zones are automatically segmented luminal cross-sections
of the CCA or ICA, while the grey contours delineate the ECA. The image
at the top left is the most proximal cross-section in the CCA. The image
right next to it is a cross-section located 2 mm above the previous image,
i.e. inter-slice distance is 2 mm. Figure V1.7 is analogous with Figure VI.4,
where the raw images were given. Similarly, Figure V1.8 is the segmented
Figure VI1.6.

VI.2.3. Manual Corrections

As seen in Figures VL.7/ and V1.8, the segmentation does not always work
for various reasons. The most frequent reason is poor image quality, very
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Figure VI.7.: MR images of a carotid bifurcation of a young, non-stenosed hypertensive using
TOF as shown in Figure VI1.4. The white contours surrounding white zones are automatically
segmented luminal cross-sections of the CCA or ICA, while the grey contours delineate the
ECA.

common around the bifurcation apex. Another reason for poor automatic
segmentation is an inadequate initial value for the cross-sectional area A,.
In Figure V1.8, the side branches of the ECA are included in the ECA contour
because of this. An operator always needs to confirm and possibly change
the automatically segmented contours. This is done by running a program
on a MATLAB platform (The Mathworks Inc., Cambridge, UK).3?® The visual
interface is shown in Figure V1.9. It shows every contour superimposed on
the matching image to the operator who is allowed to add, delete or move
around points on the automatically segmented contour. Because editing
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Figure VI.8.: MR images of a carotid bifurcation of a young, non-stenosed hypertensive using
BB as shown in Figure VI.6. The black contours surrounding black zones are automatically
segmented luminal cross-sections of the CCA or ICA, while the white contours delineate the
ECA.

single points can be time-consuming, the program also allows the operator
to move around, shrink or expand a contour if necessary.

As an example, Figure VI.10 (a) shows the raw BB MR image acquired in
the right CCA of a healthy subject. By using the region growing method to-
gether with the snake model, a contour is obtained as is shown in Figure
VI.10 (b). Figure VI.10/ (c) illustrates an example where the semi-automatic
segmentation technique failed. This was due to the presence of the white
signal at the bottom left corner of the image, caused by slow, recirculating
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Figure VI1.9.: Manual segmentation interface, called in MATLAB. The slider at the top is used
to choose the image to be viewed, from the most proximal image (image 1, proximal CCA)
to the most distal one. The image viewed here is a TOF image shown in Figure V1.4l
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Figure VI.10.: BB MRI segmentation of the right carotid arteries for a healthy subject. a:
Raw image. b: Segmentation of image (a). c: Unsuccessful image segmentation. The white
signal at the lower left corner consists of both the vessel wall and blood. The dotted white
line is a manual correction. Images (a) and (c) were taken from the same subject, but at

different slice locations.

blood particles. The segmentation program treated the white signal as the
lumen border, hence giving the contour shown in Figure VVI.10/(c). An opera-
tor would then have to replace part of this contour, as shown in Figure V.10
(c) by the dotted line. For this purpose, the generated contour is drawn on
the original image and shown to the operator. By keeping the correct parts

of the contour and replacing the spurious parts by operator-fitted splines,
the final contour was obtained.
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VI1.3. Reconstruction

V1.3.1. 3D Smoothing

At the end of the segmentation procedure, a series of parallel lumen con-
tours can be lined up in 3D space. Due to potential errors in segmentation,
it is necessary to adjust the contours in order to obtain a smooth 3D recon-
struction.??* In this work, based on methods suggested by Moore,??% the
smoothing consisted of 2 parts which were conducted at the same time.

» Area smoothing . Cross-sectional areas were calculated for each lu-
men contour. For the example of a CCA, this results in a plot such as
the one shown by the black dots in Figure VI.11/(a). A cubic smoothing
spline is fitted using these points, as shown by the grey line in Figure
VI.11 (a). This is performed for each of the arteries (CCA, ICA and
ECA) separately. The cross-sectional areas of the most proximal and
most distal contours cannot be altered to avoid a potential mismatch
between the preceding or following artery.

» Centreline smoothing . For each of the contours, a centroid can be
defined as explained by Barratt.?® These centroids, or ‘centers’ of the
lumens, form a line in 3D space: the centreline. This centreline is also
smoothed using a cubic smoothing spline. Figure V.11 (b) shows the
centroids as black dots and the smoothing spline as a grey line.

With the knowledge of the new position of the centroid, C,,..,, and the re-

quired enlargement of the cross-sectional area, a0, the new points on a
—

contour P,.,, can be calculated as

= - () _

Pnew Pold - C'old X/ Qratio + Cnew (Vlz)

using ITld) and CTld), which are the original corresponding points on the con-
tour and the old centroid respectively. Note that the square root of the area
ratio is used as a scaling factor, in contrast to using the area ratio as such.
This is because the value being changed with a shift to Poe,, and Cpew, iS in
fact the local cross-sectional radius ratio, which is equal to the squared area
ratio.
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Figure VI.11.: Three-Dimensional smoothing. a: Smoothing cross-sectional areas: the black
dots represent cross-sectional areas of the 2D equidistance contours acquired after manu-
ally correcting the automatically segmented images. The grey line is the new cross-sectional
area of the contours. b: Smoothing centrelines. The black dots represent the position of the
centroids of the 2D equidistance contours acquired after manually correcting the automati-
cally segmented images. The grey line is the 3D smoothed centreline. Note how there were
important shifts in the distal end of one of the branches.

Cubic smoothing splines are calculated using the original points in need of
smoothing, weighting factors and a smoothing parameter p. The weighting
factors can be used to prevent the points at the extremities from moving.
The smoothing parameter determines the relative weight placed on the con-
tradictory demands of having a smooth cubic spline vs a spline close to the
data. For p = 0, the spline is the least-squares straight line fit to the data,
while, at the other extreme, i.e. for p = 1, the spline is the variational, or ‘nat-
ural’ cubic spline interpolant. As p varies from 0 to 1, the smoothing spline
changes from one extreme to another.

In order to determine the optimal smoothing parameters, 9 carotid bifurca-
tions were reconstructed using the same basic set of data acquired from a
healthy 28-year old male. For the smoothing parameters, values of 0.1, 0.5
and 0.9 were chosen for both the area and the centreline smoothing, thus
resulting in 9 different carotid bifurcations. The predicted OSI distribution in
each of these bifurcations is shown in Figure VI.12. It is important to note
that the difference in smoothing parameters was the only difference in im-
age treatment between the results shown in Figure VI.12. The smoothest
reconstruction (p values of 0.1) is illustrated in Figure VI1.12/(a). Each row of
images has the same area smoothing parameter and each column has the
same centreline smoothing parameter. Clearly, the main features of the OSI
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distribution, namely the two peaks of high OSI on both sides of the bifurca-
tion area, are preserved throughout the images. High-frequency changes in
the OSI distribution of Figure VI.12 (i), i.e. the roughest reconstruction, are
filtered by both the area as well as the centreline smoothing. This can be
illustrated by two examples. In a first example, consider the scattered peaks
of high OSI in the CCA of Figure VI.12| (i). Bearing in mind that healthy
CCA’'s are generally smooth, such scattered and high peaks should not ex-
ist. The smoothing implemented here managed to eliminate the scattered
OSI peaks without influencing the OSI distribution. Consider, for the second
example, the high OSI region found in the ECA of Figure VI.12| (i). This is
very probably due to segmentation complications with ECA side branches.
The ECA cross-section proximal from the side branch may widen similarly
to what happens in the distal CCA. Since the side branches of the ECA are
neglected when simulating carotid blood flow, the operator may have chosen
to draw a smaller contour at the location of the widening or at the location of
the branch itself. This operator-dependent guess of the contour could have
been too small or slightly shifted in comparison with the distal ECA, giving
rise to zones of recirculation after the considered contour. This effect has
been compensated for by smoothing.

In conclusion, smoothing is necessary and does not result in loss of impor-
tant information. It is therefore recommended to set the smoothing param-
eters to 0.1. This is how the most ‘physiologically realistic’ geometries are
obtained, based on this subject. Note that this smoothing study has been
performed on a healthy subject, thus the results retrieved from this study are
only applicable to healthy subjects. It is very likely that these smoothing pa-
rameters may not be appropriate for the reconstruction of stenosed carotid
bifurcations, where both the centrelines and lumen areas can change more
dramatically.

VI.3.2. Spline Fitting

After segmentation and 3D smoothing, the available data consists of 2D con-
tours, smoothed and readjusted in 3D space, which allow the reconstruction
of a smooth 3D surface. In order to fit a volume to the surface, longitudi-
nal splines are fitted through the contours. This is performed by taking N
equally spaced points on two consecutive contours. There are 2 x N possi-
ble ways to connect the points from each contour with a counterpart on the
other contour: point i on the first contour can be connected to point i on the
second contour, point i+1 to point i+1, etc. But point i can also be connected
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(a) 0.1/0.1  (b)0.1/0.5 (c)0.1/0.9
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Figure V1.12.: OSI distributions for one particular subject, using different smoothing parame-
ters in the 3D reconstruction. The area smoothing parameter (p;) and centreline smoothing
parameter (p2) are reported as (p1)/(p2)-
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to point i+1, i+1 to i+2, etc. Finally, point i can be connected to point i just as
in the first case, but point i+1 could be connected to point i-1, etc. The best
way to connect two consecutive contours is the one where the cumulative
distance between the connected points from two different contours is mini-
mal. The lines connecting the points from different contours are considered
boundaries between vessel wall and lumen.

The above operation decides on how two consecutive contours can be con-
nected. This procedure is initiated in the distal ICA and repeated until all ICA
contours have been connected. At that point, the most proximal ICA contour
is connected to the most distal CCA contour. Similarly, the ECA can be con-
nected to the CCA. Thus, the carotid bifurcation is how represented as the
integration of two parts: one connecting the CCA to the ICA (disregarding
the ECA), the other connecting CCA to ECA (Figure VI.13/(a)).

Note that the splines connecting the contours are in fact piecewise linear
segments. This ensures that no neighbouring splines will overlap with each
other, without compromising smoothness owing to the 3D smoothing per-
formed in the previous step.

VI.3.3. Artery Splitting

In order to split the two parts shown in Figure VI.13, the following procedure
was performed. First, a point M was defined as the center of the shortest
straight line that connects the first distinguishable ICA and ECA contours
distal from the apex (See Figure VI.13 (a)). This plane is located at z=1 mm
in an orthogonal reference system where the z-axis coincides with the infe-
rior/superior axis (or I/S-axis). In second step, all 360 lines (uniformly radi-
ated from M with a 1° interval) that are perpendicular to the Inferior/Superior
(I/S) axis (or z-axis) were calculated. Of all lines, only a few did not cross
the ICA or ECA lumen. The average of these lines was the ICA/ECA sep-
arating line M (the thick dashed line in Figure VI1.13| (b)). The third step
was to determine the bifurcation apex. This was achieved by treating the
carotid bifurcation as the integration of two parts, one connecting the CCA
to the ICA (disregarding the ECA), the other connecting CCA to ECA (Figure
VI1.13 (a)), as explained in section VI1.3.2. The two parts were separated by
an intersecting plane going through M and defined by the directions M and
z. In Figure V1.13/(c), the intersections of this plane with the CCA-ICA vessel
are depicted as black points at -1 mm < z < 1 mm (the intersections with the
CCA-ECA as grey points). The intersection point closest to M was chosen
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(c) Separating CCA, ICA and ECA

(b) Separating the ICA from the ECA

(d) Final mesh

Figure VI.13.: Generation of a computational mesh from cross-sectional contours. a: The
carotid bifurcation represented as the integration of the CCA-ICA (thick black contours and
thin black longitudinal splines) and CCA-ECA (thick grey contours and thin grey longitudinal
splines). b: Thick black line: first ICA contour after CCA; thick grey line: first ECA contour;
white point M: center of the shortest straight line connecting ICA and ECA contours; grey
lines: lines through M uniformly radiated with a 1° interval; thick dotted line: line chosen to
separate ICA and ECA. c: Definition of the bifurcation apex A, points By and Bs, and points
Ci and C¢; (see text for details). d: The final surface mesh; the black dots represent the

locations of points By and Bs.
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as the apex A. In step four, two additional points B; and B, were defined
as the intersection of the separating plane and the most distal CCA contour
(at z=-1 mm in Figure VI.13 (c), i.e. 2 mm below the ICA and ECA contour
in step 1). The parabola with its maximum at the z-value of the apex A and
going through points B; and B (and thus lying in the ICA/ECA separating
plane), created a part of the lumen border. Apart from the plane separating
the ICA and ECA, two other planes need to be defined in the fifth step: a
plane separating the CCA from the ICA and another separating CCA from
ECA. These planes were defined by points By, B, and a third point C (C;
and C., for resp. ICA and ECA) at approximately 4 mm below the bifurcation
apex (i.e. at z=-3 mm) and on the CCA wall. Every point on the CCA contour
at z=-3 mm was a candidate for points C,., but only two of them resulted in
a plane (formed by By, By and C,) intersecting with the CCA contour at one
point only. These two points C;; (ICA) and C,; (ECA), are shown on Figure
VI1.13/(c), C; (ICA) and C, lie 0.1 mm above C;; (ICA) and C., respectively.
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VI1.4. Accuracy and Reproducibility

An important part of this research has been dedicated to finding the ac-
curacy of the WSS and its related parameters when derived using image-
based CFD. Accuracy is traditionally determined using phantom studies:
the root mean square difference between the measured value and the cor-
rect value is then regarded as the accuracy. There are, however, a number
of reasons why in vivo image-based CFD is expected to be less accurate
than in phantoms: the geometry is more complex and unknown. Further-
more, imaging is hampered by motion artefacts: both due to respiratory
motion, subject movement (swallowing, sneezing, etc.) or arterial deforma-
tion. However, since the technique needs to be validated for use in human
subjects, the accuracy in vivo should be quantified. For in vivo cases, how-
ever, the true values of the geometry parameters are not known, thus the
accuracy cannot be evaluated. The ‘reliability’ of the technique is therefore
expressed by its reproducibility .

In what follows, the accuracy of TOF-based CFD is quantified on a carotid
phantom. The subsequent section (V1.4.2) deals with in vivo reproducibility.

VI1.4.1. Accuracy in Phantoms
VI.4.1.1. Methods

An anthropomorphic carotid artery phantom (R.G. Shelly Ltd., London, On-
tario, Canada) was scanned under static conditions using both BB and TOF
MRI. The phantom consists of silicon tubing moulded to the shape of a
carotid bifurcation and embedded in agar. The process used to fabricate
the phantom vessel is based on a novel technique using the low melting
point metal Cerrolow 117.%2%> It had been previously shown by Smith?24295
that the phantom had an RMS fabrication accuracy of 0.160 mm in lumen
radius, estimated by comparing the input CAD dimensions with those mea-
sured from a radiograph at 100 locations.??® Details of the phantom geom-
etry have been described elsewhere 22429 |n short, the phantom is planar,
has a CCA lumen diameter (LD) of 8 mm which enlarges distally and splits
into an ICA and ECA. The bulb has an LD of 9 mm which decreases gradu-
ally to 5.5 mm in the distal ICA. The ECA LD is 4.5 mm.
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The phantom was filled with tap water, which remained stationary during
the scan. This involved some changes to the TOF imaging protocol. Two
imaging sequences, both for which a 2-element phased array carotid surface
RF coil was applied, were performed on this setup. Each scan produced
images at 28 slices of 2 mm. The TOF MRI sequence had T / Tr | FOV
/ FA / NEX set to 6.9 ms / 100 ms / 134 x 100 / 50° / 1 yielding an in-
plane resolution of 0.52 mm. The BB MRI sequence had Ty / Tr / FOV /
FA / NEX / ETL setto 11 ms /655 ms /120 x 24 / 180° / 1/ 11 yielding
an in-plane resolution of 0.47 mm. Both sets of images were segmented
and reconstructed using the techniques explained in sections VI.2 and VI.3.
The smoothing parameters used in this study were 0.5 for both area and
centreline.

VI1.4.1.2. Results

The results of this study are summarised in Table VI.1. The column labelled
CAD contains the true values for mean cross-sectional areas (A,,:), area ra-
tio (Ag), individual shape factor (S F;..¢), tortuosity (7y,:), bifurcation angle
(aprr) and centreline distance (zprsr). See section 11.3.2.2) for definitions
of these parameters. Next to the true values, the measured values are pre-
sented. In order to appreciate the influence of the 3D smoothing performed
during reconstruction, the results of the unsmoothed data are presented as
well.

The accuracy of cross-sectional areas is further detailed in Figure VI.14,

Parameter [unit] CAD TOF BB TOF smooth ~ BB smooth
Acca [mm?]= 5272 53.60 (1.7) 51.98 (-1.4) 53.61 (1.7) 52.93 (0.4)
Arca [mm?]= 3817 3542 (-7.2) 3391 (-11.2) 35.10 (-8.1) 34.32 (-10.1)
Apca [mm2]=  17.04 15.88 (-6.8) 16.47 (-3.4) 15.90 (-6.7) 17.07 (0.2)

Ar[-]= 0.80 0.72 (-9.9) 0.67 (-16.6) 0.72 (-9.9) 0.69 (-14.0)
SF,ccal-l= 09557 0.9702 (1.5)  0.