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8.2.4 Matching IVUS and histology 

TIu-' <'Ilignnwnt of t.he IIltrasound data alit! histologic cross-sect ions was performed \I sing 
!.he !VUS erllog-ram and histology. J\'Iany groups ;.-drea.dy demonst.rated th e rela t.ion be­
tweell IV US ccbograms alltl histologic sec:t. iol1s , especially the geom et. ry of t.he vessel wall 
awl plaqup (Nishimllra et. al. , 1990; Po t-kin ct aI. , 1900; vall der LlIgt et al. , 1995) . Ollly 
cross-sect iolls with an exact match bCLWCCli hi stology a lit! IVUS ecllOgram were takcll for 
the st.atist. ical analys is (n=35). Tile m<ltdlillg was performed wit.hout knowledge of the 
c1astographic reslllts . 

The cross-sed-jolls were segment.ed int.o reg io ns based Oil the st.ra ill. Regiolls were 
sl-d c('teci wit,h a s imilar s train vallie ill the clastogram (see Figs . 8 .3 and S.4) . Regiolls 
with unreliable strain infonnatioll Wl'!re rejected. In t.hese regions t.he es timat ed st.rain was 
no t. ill accordallce wit.h the peak vallie of the c:rosscolTela t.ion fun ction uscd fo r the' s train 
estimat.ion as described in previous chapt ers (4 and 7). Next, the average strain (cuPy) 
ill this region was determilled. Finally, in the correspondillg rcgioll ill t he cchogTa m, t.he 
averagf-' int.ensity was calculat.ed. Sillce the eclioilltensity is taken from t.he em'ploj)p 
t ha t is ca lcula ted frolll t.he rf-signal (digi t.isl-'d in 8 hits), the values will be bet.ween a 
and 128. For corre lat.ion with histology, t.he dominant. t.iss lle ty pes in the sclected regions 
were deterlllilwd by two resparcilers nnaware of t.hc c1astograpllic resuits (HA'V ami GP ). 
Thp regions were suhdivided in fi ve t.i ssue types: 

1. Fihrolls t.issue. fi·lore t.han 80% of the area cOllsists o f fibrous matprial. 

2. Fihro-fatt.y t.issue. If 20%-50% of the area was fatty material and tllP relllailling 
arpa contained fihrolls material t.he dOl llilla llt t iss lle type was fihro jfatty. 

3. t.issIiP. fi,fore t.han 50% of t,he area cOlls ists of fa tty Illateriai. 

'""'. Fi bro-calci fi cd t.iss lle. If 20%-50% of t.he arpa was ('alcitied mat erial and t.he remain­
illg area (olltained fibrous Illaterial t,he dominant t. issue type was fibro /calcificd. 

5. Vessel wall. If t.he ecbogralll revealed IlO plaque in t.he region rlllri t,he main contf-'llt 
was fibrou s lIIaterial t.he regioll was dassifipri as vpssel wa ll. 

8.2.5 Statistical analysis 

Since ill t.WO cross-sections fihro-calcifi ed maj erial was foulld , t,llis tissue typc was 
excluded frolll the statistical analysis. First., the dist.ributioll of I,he average straitl a nd 
average pcho-illtellsity \w'rp tes ted fo r normalit.y. These t.est revealed that. the straill 
(p < (Ull ) and the pcho-illtpllsity (p < 0.01) were lIot lIol'llla lly distributed. Next, thc 
llledian , upper a,nd lower quartilcs of the average strain and t.he pcho-int,ensit.y in 
t.he regions was deterillined for t.he fOllr groups. The incremental pressure si.rain modulus 
was calcul atcd lIsing t.he rcla t ioll Eps = D-.P/2cfl!l!l (Dohrin , 1978),(Chapt er G). Since in 
ge lleral the stress straill ratio is lloll-linpar, t.hi s e lasti e mod ulus is a fUll ctioll of the IIlca ll 
of t,}w s t,rpss. 

A Kruskall- 'Vallis test. be t ween the t.hree plaqne types a wl t.ilp strain was Jwrforllled 
using SAS (SAS Instit.ute 1I1C. , Cary, NC, USA) to invpstigate if t.he st.rain in t.he t.hree 
plaque g roups was difrel'ell t. Fillally, diH'prelH'ps bet,\YePIl two plaque groups (fibrous 
versus filJro-fa tt.'y, fibrous versus fatt.y and fibro-faU y versus fatt.y) were tes t cd lIsing a 
\Vilcoxon t,pst.. Va ilws of}J < O.O LGG \\"crc cOllsidered significant (llonfplToni COlTPctioll). 
A Kr1lskall - \Vallis test- was also pC'rfortlled to tes t t.}w diH·prPll('p of t,llP p('ho-intpllsity for 
I he I IIrce pla que t.y pes. 
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Figul'e 8.3 Illt.raYa::;c.; uiar Cl:hogralll (a ) and clas togram (b) of a diseased human fellloral 
llrlel'Y wit,1l t.he (,OlTP5 pnllr\ill~ his tology: (. ) Picro-Sirills- l'('(! , (el ) polarisf'd light, mic.;roscop.v 
of pirro-Sirius red (e) anti-Alpha actill ami (f) anti CD-G8 antibody. Tlte edJOgrfllll rc \'pa!s 
,HI (',centric }1la'11l(, hel\\,f'f'1I 9 alld 3 o 'dork. Tlt f' f'1<l s togl'fllll [('veals lo\\' s t.rain in the plaque 

(0.24%) , a siltlili11" straill ill the IlOll-diseased vessel wall bet,ween 3 ami 7 o 'clock (0.32%) ami a 
high s t,rain in t.he ,,('sse! wall be twecll 7 and !J o 'dock (0.96%) . The histology reveals a fibrou s 
composition of the plaque (e,t! ~ e). The region with high s traill contains fatty fO(ll1l ('plls al 
t. he lUlllcn-\'t,sscl wall boundary and an iU(T{'ased macrophage activity (f) indicatilLg thi s r~gioll 
<ts <til ('rosin' plmplp. region. 
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Table 8.1 
\'('ss('1 willi 

Straill ilud Pressure s t rain llIoclnills for thp differe llt plaque ' Y!)PS allel 1I0nll<ll 

Strain [%] Pressure-Strain N11Iulwr 
?dcdiull modulus [IIPa] 

Fihrous tissue 0.27 493 48 
F'ibro-fally tissue 0.41 324 25 
Fatty tiss lle 0.66 202 7 
Norlllal w.lssl-' l wti. 1I 0.44 302 16 

Total number 
of reg-iolls 95 

8.3 Results 

In this s tudy) 35 cross-s(~L: tioll s were uualyse<i from 9 arteries. The cross-sect iolls \,"ere 
segJllented ill l"Pg iolls (11 = 95). The majori t.y o r regions (Tabh~ 8.1) conta ined fibro us 
IIwtf' rial (51 %) , t he Ill illori ty fatty mat erial (7%) . 26% was mixed ribro-fatty lllat(~rial 

aw l 17% of the reg iOlls cOlltH illf~d non-diseased vessel wall matt'riai. 

All IVUS pchogralll ami elastognull arc presented ill figure 8.3. The ecliog-ralll n~ \,pal s 

all (~ccentric plaque betweell 9 and 3 o 'clock (regioll I ) . The e las togralll shows t.hi-\t t lw 
stra in ill the p laque is low. The strain ill the vpssel wall was sil llilar to the s t rain ill the 
pl aque except for the rf>gion bc tweell 7 ami 9 o 'clock (region IH): ilHTef-tsed strain va lues 
were fOllnd in th is region . T he his tology revealed tha t t.he dOlllimlllt plaque COtli POlH:'lIt 
Wrl S fibrous ma te rial. T IH:! vf>ssel wall wi t h illcre<lspd s t.ra in va lues has fatt.y ti ssup com­
pOIwnl s at t.he IUlllen vesspl-wall boun da ry wi t.h tibrous t.issue cOlllponents lIlore dis t <'l lly. 
AdditiOilally, all ilH..:n~a spd macroplwge COllcPlltration was fOUIH I i(I<"llt.if~ying th is reg iOi l 
(IS a n erosive plaque region. Notc that t. IH~ f>ch()g(~ llicity alllong tiJesp regions was sim­
ilar ililplying that. the difrerellce ill cOlllpositioll between this n .. g ion and the rell1ainiug 
arteria l wall could not be JIlade IIs ing t he IVUS echogram. 

Allot llPr example is presented in figure SA . The IVUS edlOgram (Fig. SAa) shows it 

ClHlcf>nt r ic plaque wit h (IiH(.>rf>n t. echogellicities . T he elastog ram revcals two reg ions wit h 
low st rain values and two regions wit.h increased straill va illes. T he histo logy revl-'als t hat 
t he regions witii illl:r(~ (\ s (~d strain corrcspoJ1(I to lipid rich rcg iolls and t,!u·! rl-'gions wit. h low 
sl ra in va lu cs to fibrou s plaq11e compollcuts . The diHe rence bctwccll t ill-' diH'prent regions 
could not be obsl-'rvl-'d w;in~ t he echog,T(l1l1 since the eciloiutellsity i)l-'t.weell regiol1 III nud 
regioJl IV is simi lar but the dom inant tissue typc is lIOt. 

TIll-' hox-,wel-whis ke r plot shows the me<iiau , lower anel lIpper qua rtiles ami till-' pxt(~nd 

of the data ror the fOllr tiSS1J(-' types (Fig . 8.5) . T Ill-' s train ill fibrous t isSlH-' is lower Iha ll 
the strain in fibro-fa tty t iss lI l:' . Fatty tiSS llP compollent s arc soft er t han Hhr()-fat.t~' Cln d 
fibrou s tissue COIIl)lOlll-'llt S. A highly significant. difrcrcllcc fur tlw st,rain a mong t. hc fOllr 
groups is observed {/} < 0.001 ) . Table 8 .2 H'veals t.hat differenn~s het.ween fibrou s a lld 
fa tty and het.ween fibrous awl tihro-rat.t.y a rc sig llifinlllt. Tahle S. 3 reveals t.hat. t hl-'re is 
ItO diH'erence ill echogenkity for the three ditfl-'rl-'Ilt plaquc types (p = II.922). T he ccho 

Table 8.2 DifrC'I'Pll ces between s tl'<l iu va lllf's (p-villut's rro lll \Vikoxou IPst ) 

F ihrolls - FibroFatt.y Fibrous - Hitt.y F ibroF .. '1UY - Fatty 

p-valuc 0 .01 2 0.00 12 
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Figure 8.4 Inll'i\\'i\s(' niar l'ChogTalll (a) <lIlt! elas tognllJl (I» of a di:"w{l sed lllluwn feillonli 

artery with the correspullliing ilisto lol,;,Y: (c) PiCTo-Siri ns-rcd , (e1) Jlolarised light Illicros("opy 
of pi(To-Sil'ill s H'd (p) anti-Alpha adin Ullt! (f) iwti CD-GS fl lltihody. T Il{' ('ChogTalll s hows a 
COIICf'lItl'ic pir.qllP wit h diffel'PIit. pchogl'uicil,it's for the regions. TIlt.' dastogr.ull i'm'(';lis two soft 
('('giolls (n('g ion r a nd region III ) and two Imrdl'r n'gioJl s (n'gioll II flud I V). The histology n?W'il!s 

1II<It t lw IwO so ft l'f'gioll s cO ll lain fatly matl'l'iai allel t ill' t.wo ilHrc ll'l' n~gioll s IIlaili ly COlllaill fibrow; 
Inatl'r ia l (e,d ~v. c). The lII<1lTUI )ilage COIICP lllratioli is abo ill{'l"l'as('(1 ill the soft regi o ll s (f ). 
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Figure 8 .5 Bux a nd whish·!" plut of t il(' four I iSS IH:' types . Thl' \)OXPS hm'c lillt' :-I at tite 10w('1' 
qUill'! ile, Illediall , and HPJH'!' quartile \';liIiPs. The whiskers an' liu ps pxt~'lldillg [mill roach pud of 

Ill(' hox to show the cX II'Il<1 o f !IIP data . The' plot l"P\,pal s II difll'n'IlIT bl'twPl'U the three plaqu(' 
' ), IIPs. A highly l'igll iiicil ii t dificH.' IlU' llt'l "'PPII t he g rolilis is iOllWI II s ill g the Kl'Ilskall- \ VHlii s t ('SI . 

i llt (~ lI s il y did 1I0t <I iff"(· .. hpl\\"cC'1l fihro1l s and lipid rich t issllt" implyi llg: t ha t n -'giow; that 
c01l ld Iw delllarcatl,d wi! hill' he ciastogra lll could lIot be idplltifi"d ill t he s till frallll:' IV US 
('dlO~ral ll by PYP)lal lil lg. A tt-'miPIH"Y 1'0 ], ili p;11CI' (·du)£;t-'lIi('it.y wit,ilill t.IH~ normal artprial 
wall is o\JsPl'vpd. 

8.4 Discussion 

Tla- ('omposit ioll alld lJl()rpholog~" of tla- a!.lH'rosderotic les ioll rat her thall the (h-'gL'(~p 

(I f s te nosis is Cll lTPllt ly cOlls i(lt'l"pd f-lll impol'tallt (Iptprmin<lnt, fo r <:Iillieal nllllpli('ali()lls 
( I.ee & Libby, 1907; Richardsoll et. aI. , IDSD; Lorp.p pt, aI. , 1902; LPlldoll ct a l. , 1991; 

i\ Jorcllo ct aI. , 10D4). IlIlag ing modalit ies (,Clpabh-> of dwrnctc l'is ill g: the t.isslie o f I he 
ntiwroscif--'l'ot.ie lesioll Ili ay Iwlp liS to IIll(jprs tand ils Il at.ura l history <llld de tect lesiolls 
wit h hig h r isk for anl tp (,Vl'lIt S. T la- ill('n~ ;l sed des ire fo r kllowlt'dgc 0 11 t h e (,01 lrS(~ awl 
II IPdJall is lll o f aCllf(-' {"ol'ollar.\' occlusion has l'lll r rgcd sinn> pha rmaceu tical lip id lowl--'ring: 
s l.ral egirs han> showlI 10 illlpair tlIP inri <i l' lI ce of card iac relat ed cn~lI ts (Jllkema 1--'1 al. l 

1990; Cobb"ert pt aI., 1997). 

Table 8 3 CeliO illlpll s it y for til(' difl'l'n'lIt phque 'vp!'s '\lId !lorllnl ,'('sst'! ,nil .. 
EdlO-illtClls ity Upper & Low(-'r N HI III H'l' 

quart ii rs 

Fihro1ls 1 iss llc 22. 6 17.8-32 .3 48 
Fihro-ratty t iSS1H~ 26A 17.4-3 1.9 25 
Fatty tiSSlH--' 23.0 13.6-n1 7 
Normal n -'ssf-'I wall 33.8 27.0-30.1 10 

I cs t p~ 1J.992 tot a l 11l11ll1JPr of J'( 'gioll s 95 
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III this s tudy. til(' cliaracterisal ion capahilitips of iutravasc1IIar (~Ii-\st()graplty WI'I'('> ill­

\'('s l.iga tpfl. 95 l'(.>giolls \\TrC scict:tcd frolll 35 rross-sl:-'ct. iu lIs ill !J arlprips based 011 tlll.>i r 
e lns t0l;raphic (s train ) vflllws. After IIltrasoulId illlilg ing , t.iH' d OJ llill<lllt t iSSliP ty pe ill 
t lH.lSI-' [Pg-iOllS was dl'tcrJ ll illcd h~' illllllllllo-s taiuillg. The prillcipal tillCiiugs ill this st ndy 
WPl"P; 

I. III humall felllora l artpry SPCCiIlICII , t he l' iastog ralll is capable of dC'lllarca t iug rCj!,io lis 
wit hill I,he plaq11l'> rl-'pn-'sPllt,iug difrel'l'lu"PS in s traill wiI('l'{·"ls ill I he s t.ill frallle J V US 
illlage thl'!w regions ('oll lrillot lw disnillIillatcd. 

2. TllPse d iH<'I"{.' Il<':cs ill st rai n i-\S OhSPITPd within the elast ogralll ,n'>l"e assodatpd wit h 
diHpl'I-'!lcpS ill t i:-;s lIP ' ,\' pes: lipid rkh n~gi()n~ n>ypalt'd sig llificallt higllPr st ra in \ ,tlhlP~ 

("OIl1parpd with fihrous rieh n'g i oll ~. 

Tile r(,sult o r this Sillri y dPlIloll stratcs tll a t charil('tp.!'isati(lIl o f differcnt pia(jllC COIII­

POIlCllt s is reas ihl (, with int.ravascuiar c ia s tography, A g rpat. ad"Hl1tagc of t.his teci lltiqllP 
is t hat it is h a sl'd a ll clinical ;-\\,i-lilahh~ ills trll lllc lltS. This ill contrast. to ot ilPr illlag:­

iug- tp("hniqlU-'s capahlt~ o f characteris ing plaqllPs ~mcil as optic' ll ("OllP I'PIH'I-' tOlllop,raph,\' 
(Bn~z ills ki pt aI. , 1997), allg i oscop~' (Fplri pt il L, HJUG ; T hic ll lC el aL, H19G) ami Ha m a ll 
spectroscopy (HOllH'l' I~t al. , 1908) that s t ill havp to 1)(-> dp\'P)Opl'd for i n lIillo applica­
! iOIlS, The dal a pro('l~ssi ll g: !lOW perfo rlJlcd afr-lim> s till has to be illlplt' llll-'ntpd ill t hc eellO 
apparatus , Fo r an c lns tognlll1 , on ly two IVUS cc \Jog ralll s an" I'Pqnircd, obtailwcI a t t \\'o 
(lim-'n-'Ilt illt,raillluillal pressures , /1/. /JiIlO, diH'(-'l"l'lIt pressur(,s arp a lrpady presellt, (h1l-' to 
thp. plIlsatioll of hlood, T his illlpli('atps that with o llly a pl'('SS IlI'l~ s l~ n s()r alld an IV US 
('al hptpl' all tools for ifl /1 ; /10 intravascular (~la s to!!..ra phy art' avai lahle. Thlls, I VUS illltlgi ll g: 
is a lechlliqlle capahll' of prm'idillg both quali tat i n~ as \\,pl! a s quantita! ivp illforllla t ion 
of I he al hel'Oscil'l'Ot ic h~s ioll, 

The illfo rJ llatiOiI il l Il le pia~ t()g:ralll is ill pri llciple i lld ppPlldl~ l l t uf tile C:'chograJ')li c 

illforillatioll (de Kort e (' I rll. ) 1998l'L(Chnptel' 3), This is ;HI important rpatll re, s ince 
dlaracterisatiol1 of fibrous) fibro-fat.t.y alld fatty plaques has('d Oil tllf' echog ram ollly is 
limil",,1 (Pot.kin et ill. , 1990; Yoek & Link .. r, 1990), In t,liis stlld.\', 11 0 sign in('illlt. difr< 'n"n('p 
Iw l \H'Pll t.he avpragp (.>dlOiIltt' ll s ity lo r tIll-' t.hn.>p tisslIP t.yP l'S was a hsl-'rvpd , III figurp 8.4; 
region III and I V hi1\'(~ s imilar ed lOill tt'li s it ies but ti lP plas tog l'HIIl rcvea ls t.hat region I V 
is ha rd a nd rcgion II [ is soft , The his tology ('orrohoratps these c la s t op,raphic filld illgs 
s illn-' rcgiOll III is lIlainly fal ty alld n ·gioll IV is fibrous , 

T he Illeasurcd average s train vahws \\'l're cOl\vert ed 10 a pn~ss llrc s train lIIodlllus 
(ChaptPl' G). TIlf' prl-'ss ll rl!-st raill modu lus of fihrous t iss llc (l1!J3 kPa ) is approximatl-'iy 
t wo times the p\,(~ss lln.>-s traill lIlodulus of f;ltt.y t.issllP (211:l kPa), T he prpssu)'c-s train 
Illodulus or mi xed pla(jlH~s has a va lue ill bct.ween tllPsp. two values (324 kPa ), AlLbol1gh 
tiI('st' values a re iIig her tha n tilP sta tic ~ti H'Il l'sS as lJleas lired hy L(~ (~ t' t al. ( I !J02L the ra l io 
IWI\\'PPIl the modllill s of the two g roups is s illl ilar. It. has t o be llot (.>d t hat t he r1itt("n~ llt 

plas t iC' Illoduli arp highly dep elldellt 0 11 t IlP d iH'pren t. Illeasurin g: tt'dllliqucs (sta tic , dy­
IImllic, cirClllll rel't' lIlial , til ngPlltial l'tc) a lld exp('rinlPntal IIIPtlwds, For ratty t issuc, tl lP 
IllcciIa llicai p roper! it'S an~ rpiatpd to the cho iesl ('1'01 monohydrate concentratioll ( l.on~ 1-' 

pt "I. , 199c1h), 



S.· I. DISCUSSION IUD 

8.4.1 Detection of vulnerable plaque 

TIll' prilllary aim of thi s st.udy was to ('valuate tlu' capahility of illt.ravasclllar I-' ias togl'a­
phy to cliar<l( :tl-'ri s(-' dim'rellt. plaCJIH~ component s . III patil-'Ilt s s uffe rillg frolll canliovf-lsclilal' 
Ilisea sp: plrlqllc Il lorpilOh)gy is I'Pialrti wit ll dilli<'al preSl'l ltatiull . At l lPl'Osdcl'Olic 1>laqllC's 

o bsPI'\'(-'d ill patil'llts slIff"prin !!,: frolll 1I11stahl(·' angill a alHl lIlyocardia l illrarctioll han" [pa­

t ll l'l-'S a sso ciated with lonl. l I hrolllbm; [orma l iOIl due to plaqm'> l'11pt lire. The cla ssical 

nill1crablp piaqllP ('olls is ts of a thin fibrous cap oH-'riying a large at IH,>wlll<-l wit h local 

illfla lllillatory [{-'spo nse belleath I,hl-' surface of tl u-' ('ap. The PI'CSl'Jlt s tlld~' shO\rs that 
IVUS f' ias log raphy is "hll-' to ci ifrcl'c lltiaf(.· lwt\\'C'(, 1l lipid riel! allel fihrous tiSS li C'S withill 
tlu'> plaquc. III addit,ioll , it t hill fihroll s cap is Ir5s ahlp to lWill' the cirClIlIlfpl"Plltial st rpss 

appJipd 011 it with snhsPCjllc llL s train illcJ"{.>ase 0 11 tlie plastogram. Dest m ction of tht.> ("olia­

g('11 fibers hy loca l illflullllllat ioll may fu rt hel' \\"Pil kpn t he cap alltl H'Hpc t additiona l s l rai n 
illcn 'asp (Ill I hc clastOt;ra ll l. T hlls, Ill eor(-'tkall~· no t o nly t ile Iil)i<im'lss hll t a lso cap t Ilick­
II(.'SS ilnd loca l i1 IAalllllla tor,\· response (Figlln.>s 8.3 a nd SA) lIIay Iw re flC'c tcd withill the 
e1astograll l whi('h lIlilk(.>s il potclltially a powcrful tool to v is llalise the nlillt'rablp h.>s ioll , 

F llt.ure vai idat iu ll st lldi (~s a re IIccpssar,r 10 support this )los tllia l iUII, 

8.4.2 Limitations of the study 

TIl<' cla s tographi(, (-'xperill ll' lIts arp l)(-'rlo l'll1cll ill a watpl'tank al 1'0011 1 tl'lIIppra t lirp. TIIP 
illll'alillllillal prpSSII H> is applied with a wal c)' COllllllll systPIll ( 'Ol ll lc c: t e d t o tilE-' proxilllal 
s idc of tlip artpr iC's. T he pr(-,SSllrt' is 11I0 liitol'pd at. the dista l sid(' , A s tahlp prpssure \\",IS 

o il ly a('hip\'C'd if all s i(ltAJnlll('lies of tilt' arf(~ ri (.>s were pcrfcct l~- l'hIS(.>d . III SOllll' SPCcil ll (' II , n 

lolal closnre of all bralldws was lIot pussihh~ . L(-'a l.;a~c of the ill t rahllllinal salillc sol utioll 
J'( 'slllt,ed ill a prpsslln~ drop a mi fillall~· ill f\ pressure differPlltial h'ss thall 20 IlIIII Hg. A 
IJl ' ( 'SS l1l'(~ diAcrcntial Slllidlpl' tha ll 20 IIII1lHg Ipads to s lIlallpr straills. This illcreases tlu' 
\,ilriallce of tlw s tra in ('s i illiatl' for all I hrct' plaque t.ypp groups, 

Till·' plas tograpllie IJlPi-1SIIl'f' II IC'lIt s Ii ,wp I )(-,(~ II perlOril lcti il l a watpl'la ll k a t 2 1° C \\' l len~as 

i ll ninn 1llC'<.1SUreIlH'>lIts iH P bei llg: perfornwd al 37°C. Sin(,e tlw Ille('hanical prOI)(:'rt.i(~s o f 

tlw lissue ill the artpria l wall is likplr to he di ffcrent at. 2 1°C a s conlpa rcd wi th 37°C, 
\\"hich is particularly I he Ci.1SC for li pid (,O I'CS, this tpmpprat Ul'l' d rop llIay hrillg fOI' t. h 
illit<: ('Uracy of thc Itl Ca Slll'( ' ll w nts PI'C'SC llt C( I, H()\\'(~\'(:'r , above 2noC fatt.y tiSSlll-'S tend 10 
IllPlt (LII!l(IIH-'rg , 1085) nlH l this will ilt C'l'cas!' tiJ(~ ciiHpI'PIl('l' hctw(I(11l this tissllP t,"lw alld 
fibru u s ti ssuC's. 

The l'iastograms W('I'C IllatdlPd 10 t he histology w.;ing Ihc IV US l'('liogralll, Although 
t ile (,(HTI-'Ialion bctw('('11 his t(Jlogy all(1 IV US (-'('liog ra ili s was all'l-'<I( I,\- dPlllollslral ed by 

m a llY s tll(li ps C~ i s hi ll lllra I-'t <'1 1. , I!J!JO; Potldll p I aL , 1990; nil I c/pl' Llig i p i aI. , 1!J!J5; 
G lIsspnhO\'C II c t a l. , IU9G , 1989), lIIa tching o r 11 1(' lV US awl his tolog ic scc tiolls was Hot 
possihle ill a ll ('asps, Espccia lly lIIa tching o r Cl'Oss-spctiollS wil Ii ('o ll cC' lItric pla(!11P \\·it h 1-1 

lack or calcifipd ;m~as WilS illipossibip in SOlIll' ('ases. III tllP s t a illill ~ process I tltp positioll 
of I he Illarl~:pr WflS 1I0 t. a lways idl-'lIt iriablc ill tlu,' histologic se("t.ions, Ho\\·pvpl' , PXdllSioll of 
S(-'g III ClltS (H'(-lllTed wi lilOllt klHJ\\·lpdgc o f tl\(' pias t( )gl'illll. T illiS til(' IH'pspnt ()h sprvi-lt i( lllS 

IIIH.\· lIot he a rC'sult of spipct iOIl bias . 

Th is stlld ~· was pel'fo l'lIlPd Oil C'xci s ('d f( 'Jlloral <ll'lpries. T he S IU'd Il IPIl S \\·prp f'rozPll 
at't('r px(' is iOII niH) t II(l\n.>(ljlls1 helore t lIP 11II raS(ll ll ld IllcaSUn'lllPllt S. FI'I 'l'z illg alld t ha\\' illg 

I i ss1H~ Ii' ls 110 sigll ific<lnt inHllencC' 011 tllP ;.t('ous l kal propert ips of t.1w t iss llc (vall dcr Steell 
(-,t a I. , L!J!Jl). Go\\' a nd Hadfield (1!J79) clearly showpd t,hat hoth t.hc s tati(, i-Illd d,Ymllllic 
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e last iC' Illod llii o f artl-'rips WI-'1'1-' eil-'vat,pri aftp,rl-'x('isioll awl that fllrt,llPl" ilHTPlISCS II lay OCClir 

followi ng cold s to rage . However, excision of t.lw artprips and fnl(-'z ing tllP SIH-'c iIllCIIS bC'forc 
t.}H:' uit.rasoli lld ('XPCri lllCllts wil l efrect the results bad ly when it. has diffel'(-'nt inHm-'llcl:' 011 
t IH--' riifiPH-'llt ti ss uE-' (,OIl1]HJIlPnts. S in(,e this lllethod ",ill ] H-' ('va luate d iii /lioo , t.h e pH'pct 

o f (-'x('isioll and fn-l (-'zing: ('f-1Il lw inw.>stigatHI. 
T he study was pcrfortllcd ill a therosclerot ic [{-lllloral arlpries. It is lI11kllO\\,ll whether 

these findings arc applicable to the coronary circulatioll. Howevpl', pn-'v iolls st.11dies 
shc)\\'pd tlia t, piacjlw lllorpiu)iogy wit. hill t he fplllora l artery rest'lllblcs atilcrosc \el'ot.ic']E-'sielll 

types as ohsPl'vpd in coronary artpries (Past,prkamp pt. al. , 1998, 1999), 

8.4.3 Advancing intravascular elastography to in vivo applica­
tions 

As alrl'<Hly discussed , diffcrcll t pressure levels arc l10rma lly p resent, in huma n circulatory 
system. III this stll d~r, t! iC two eciIogral1ls arc acquired a t 80 a nd 100 IllmHg. Thesc 
pn'ssllrps an~ ill t.IlP range of thp norlllal coronary pressure. Usi ng t,il1le gatp ri data 
acquisitioll , datasets at diH'pl"Pllt prpssure levels call be acquired , which call he lISpr\ to 
clet erminp plastograms, 

Especiall y ill coronary arteries, IVUS cat.heters will move in t.lH-~ lumen due to t he 
cont ractio ll of the hcart.. Not ollly movements in t.iw plane of the <TOSS-SPct.iOIlS ,,,ill occur 
but a lso 1l1{Welllellts <dollg tilp IOllg axis of the vessel. This 1I100'CIIICllt. along t IH-' axis of 
t. he vPssl-'1 wi ll int.rodll(,{~ errors t hat can not he ('OlTPcted for since data frail I difl'erent, 
p;uts of tlw artpry will he a('quirpd, Ho\\"pver , initial IllpaSllre llH-mts ill Inllllan coronary 
arter ics in /Ji/lo, revea led t.h a t, t,be Illation or t,iw ('at,iwter in t he itllllen is Illillillla l IIcar 
cnd diast.ole' while maint a ining a presslln-~ difiPH-'llt,ial largp PIH)llgil to strain the tissue, 

8.5 Conclusions 

Int.ravascular e lastography is a new te('hniqlH~ that asspssps tlIP localme(' ilanic:a l proper­
t.ies of t he vesspl wa ll and plaque, T he t.hrpe plaqm~ ('omponents fihnm s, fibro-fa t.t.y and 
fatty tisslle result ill diA"erell t Ilicall strain valucs. Fibrous t.i ssue has lower st.raill valucs 
t,hall fibro-faUy tiss llc alld t he la tter OIlC has lower strain levels thall falty !.iss lie. Idpll­
t.incat.ioll of t.l w three t.isslle types based 011 the aye l'a~c echo intcllsity was not possihle. 
TIH-'sf-' rpsilits dPlIlollst,rat.e tlIP potplltiai of IVUS clastog-raphy to idell tif~y rupt.ure prone 
plaques . 



Chapter 9 

IVUS Elastography of Human 
Coronary Arteries ~n vivo 

abstract 

IJlIcJ.:g1"Olmd. Tlw ('(JII//wsitio ll of 1Itt: pitH/lit! i.~ (J lIIajor delerlfli1HlIIl of wlOfwry related clinical 
s,IJlldrolll!:S, 111 vi/IV cJ;/JCrill/{!IIt ... lJfl IWUW1/ femoral ((rl r- ric , .. I/fl ue dClIw1/stmlctl thaI dilJi:"clIl 
tIff/q ue. I.ypes were tieif:/!/flbl.! /l)ilh i,dHlllflSCU !Ol' IIUn/Mll/ud eltu; loYHlJlhlJ. TIll! a im of fit i ... sfllrly is 

10 ifl/ll!,'i / iylll r: flu! / i>.usiUil i fy 10 flJlply illtnW(lScll /or e/fl s/O!lf'{tpli!l tll/rifl!/ htfen Jc llti01wf jI/'{/ccdun's 

ill fil e wille/erisa/iotl lubomlory. 

lHc tlwds and l'esllUs. D(da wen: fl cljllin 'd il/ IImx flafienls wilh 8/rdJ/e ( 11 =2) flful III/srl/lilf; 

(1/=1) 1I11yilw jJf:t:!o,. is lIJith fill E1II/OSOllif:.'i In Vh,j 011 fxhOII]lPIll'flt118 (llllliPlled wilh (/1/. 'foll/pllf. 
Tiff! .~!J.~I. I ! lIIh: lln~SS Il,.e 11/(1 .~ 118 f,d 10 ,~tmill tlte /.isslle, Th is s fl'll ill lUll S rl r.tcrllli ,w IJ Il ,~i l/,II 1; "(1,~S I ;(I" · 

fell/lirm IIl1lliysis oj St!lJllt::lltilll Jmmcs, A l ikdi ll/)/JI/ Jllllclioll uJt/ ,~ t1dcl'llfilfct! 10 oMain the Jmflws 

wi lli fIIin i lllo/lflot i on 0/ til e mlhda ill the IUruCII , Mot i ou oj fill : ('lItllder IlI'fwerl/s reli uuif: sl miu 
I :S/illlllti01l, Mill i malwolioll /liti S ouserllcfJ / WIII' C. fld· d i os/olt.:, /{t~prO/JlI ciUJc .~ tra i lt c,~tillltl/ l:.~ 1/1/ : /'1 ; 

ou loilll,t/ wi /hil l mil.:! pressu re I;yde tllltl (Jve,. st!. llcnd IIf'CSS III'C I;ydt~.~, VoUt/llf i ofl oj fh e re.'wit !'> /IItIS 

limited /0 Ill e iTi/orllla/ioll IlI'twilled uti tlt e cellO.flIW/1. 

Conclusion. III uil/o i /I/I'O/!(lsf: lliar e/astO!}I'Il/Jit.ll is Jcasiuk Atidifi(Jfw/ si,q/lui prO/:r:s, .. il/,f/ oud 

fI("Jlli sifiolt schemes flrr: f't' /fllirt:tl 10 w'Ted 1/1/: /I rk/ods ,jue 10 fhe /I/O/iOlI of Ilt/: Clt/II/du. 

9.1 Introduction 

Tlwn~ is a grpat variat i011 ill s tal)ilit.y o f ('o rOilary atl lcrosciPl"()ti(' plaqucs. \ Vllell corOl lary 
How is lilllitpd hy plaquc, patients dp.vt-'Iop <.tllg illa, which Gill hp s t ahle fol' years. However, 
disl'1Iption of COl'O lI 'U'," pl<lcplPS with s llpcritlll)()s(~d thromhosis is t,hc lIlaill ('<-lUSt-' of aCllt(~ 

('oronaI'.\' events, such as llllstahle allgilla pectoris, slI(ldt'11 corollary death 
IIlyocardial illfardioll (Fa l),; , ID!)l ; Fuster pt, ai. , 1992; Fuster, 1994; I<rag:t'i (~ t 

TlJcn~ (Irt-' t\'"O major IIlc('hallisllIs IIlldt'riy illg plaque disrllp t ioll (Bu rke ct 
Davit-'s, 1996): rllpture of a fibroll s ('ap o f' a li pid- rich plaqll(.> (Fal k c t aI. , 

awl aCl1t(~ 

aI. , 199 1). 
a I. , 1997; 
1995) alld 

h:l sc<i 0 11 t he jJuul it:atiun ; "CoJlihill~d :lSSl'SSllle I11 of morphologic a lld /IIed/anit: informatio ll of ('01'0-
uar," att!ril's : a feasihilit y stlldy i" IIiI/O" b," C hris L. ti(' Kortl' , S tephall e G. C arlil'I', Prits ~ Iastik , ;-\ ut OIl 
F. \V . \,;m dl'r SIf'<'II , Patrkk W. S,·rrllYs allli N icol,lilS BOlli. CircIIlfl fiol/: to hp s llulIlittl::'d ; 19!)9 

III 
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denuda tion a nd Pl'osioll of the cmiothcliai surfan .. (Farl> t't al. , 1996; Fishlwin &. Sighcl , 
l DDG) . 

It is ItOW widel~· accept ed that t llP propeJisity of a les ion 10 rll ptnre is poorl ~' pn-'ci ictpd 
h~· <:orollar~t Hllgiography (Lee & Lihhy, 1997; Fa lk ct aI. , 1995). A lIlajor p rohlplll is 
lhal vuhwra hility of plaque is Hot di rec tly I'elatt>r\ to plaque size (Topol & NissCIl , 1005 ; 
Amhrosp (.> t aL , 1988; Fishbein &. Sighel, 1!)9G) hilt tha t the pl aque composition is a 
lIIajor dctCrJllill<lllt (Davies , 1996; Lee & Libb,v, 1!J97). Using intravascular ui t rasotlll(i , 
t il(-' g(-'oilletry of 111111('> 11 , plaque and v(:'sspi-wall ('(\II he obtained and is dosely corrcia lt-'c\ 
I() clini( 'a i al1gilJa (HmigsOI l ct al. , 1993) . Howp.\,pl' , idclltillcation o f the diffcrc llL pla(tlll:' 
compoIH:'nt s is s till limited (<Ii :Mario CL al. , 1992; Potkill et. a l. , 1992) £l lt.hough somc 
prolllising ul t rasound based tecimi(l'lI:'s a re ClilTCllt.!y being developed ( Ban~ il a i et al. , 
1987; Brida l et a i. , 1997a, 1997h; Landini ct· aI. , W8G; Spl:'1I('l:'r et. a l. , 1997; \Vilsoll 
e t ,, \. , 1994). 

Tlwn" is a wid l:' ra nge of techniques t.hat have potent ia l to visua lise or characte rise t lw 
plaque. Usillg sci nt igraphy, cletectiOl I of plaque instahil ity n"ma illet! confined (V;lliabha­
.iosula Pt al. , 1988; Lpps pt a l. , 1088; i\ liller et al. , 1991) . O ther potential tpcimiqllcs may 
be lIlagllct ic rCSOlla llce imaging (l\ Iprickei c t a l. , 1993) or optkai cuherence tomography 
(Drpzillsld Pt a l. , 1997; Tearnc~' e t a l. , 1997), ' Vith spect roscopy, ("prtain p laque compo­
IIplitS ili a,\' Iw detectable (Toussaint et. a l. , 199..J ) as we ll as with angios{'opy (Feld e t aI. , 
199G; T hipllIl:' et a I. , 1996) alld Ra ma n spec· tros('opy (llrelllla n III et aI. , 1997; Rome!' , 
1999). Promising new techniqucs arc elec t rica l impeda lH'e i1l1aging (Boullla, 1998) and 
thc rlllal examina tion (CHss('ells et aI. , 1996) of plHqlle sllr faces sillce positive correla­
tion betweclI plaque vulnerahility Hnd paramcters obtained using these tcchnic(lJPs were 
foulld . 

T ltp JIIain disadv<llltage o f t.he t. e{'hni((Ilps cipsnibcd above is thRt. plaqnc vulncrahili ty 
is associated to indirec t parameters lib .. plaqne geolllct. ry, cont ent. , colour or temperat.ure 
although pla(1I11:' vnluerability is main ly H IllPchankal phClloll lcllon: using ('olllpute r sim­
ula tions , ('()Jlcent ra tions of ('ircllllli'crcll t ial tensilp s tn~ss were lIIorc frequent.ly fOli lld ill 
ulls ta ble plaque than ill s tahle plaques (Chcng pt. al. , 1993; Riclia rdson et, a L, }D89). 
For cXHl lI p le , a t hill nhrolls Glp shielding a li pid tore from t. he blood may rup t.ure sincc 
it is ul1i.lble to bear t lw high ('i lTlllllferCi ltial s t ress elite to t.he IHilsati ng b lood pressure, 
These high stress regions ca n be (';-\1Isp<I by the geolllc try of the plaque (Loree e t aL , 
1992; Richardson et a I. , 1D8D) or by lora I weakening or t he plaqlle d lle to lIlacrophage 
illHltratioll (Lpll<iull or aI. , IDD I). 

In 1991 , a IWW tl:'l'imiqne was proposed to di rp(' lly 1I1eaSure meC'h;m i('a l propert.ies 
of , isS1\(" hy Il ltn-IS01111d ('a lled clastography (Ophi r pI a l., 109 1), T his tedll lique was 
dc \'c ioped us ing phantom studies (Cespedes, 1993a) and eva luated ill lIilla (Cespedes 
et a L, 1903b). 'L' IIP ullderlying principle is that t.issllP is s traillct! and t. hHt the s trai n 
rate is related to the local mechanical propcrties . T hc lo('al strain of the material is 
ohtailwd hy IIl P(l Il S of COlli paring scveral ul t.rasoulld i1nagcs, C urrPIlt.l y, this techn iqllp is 
devplolwd for illtravascular purposes (Chaptprs 3 and 7) ,(I1 Y<111 & Foster, 1997b; Shapo 
ct a1. , 199Gb) lind was l'(-'( 'Pllt.Iy applicd on human 1'("II I01'a l arteries in lI i1.m (Chapter 8). 
T hese ex pcrilllcilts rcvea led t ha t the lo('al s t ra ill as ItlCilStll'(.>d wit.h illtravascular plastog­
rapiJ)' is sig ll ifica ll t ly diffe rent i( )r Hlmms ami fatty pl aql ll:' (,Ol llponellts. FIII' t.llPri liore, 
this tp('illliqlw sho\\'l:'d potcllt ial to ident ify plaql1P vulnerabilit y, Since th(~ radia l s train 
is oh tailwcl , the tp('hniq llc nlaY detect, l'f-'gions wit h plpvatcd stress: an illneased cir('ullI­
ferent ia l s tress will I'pslIit. in a ll increased radia l s t.l'ain of till:' lIIa terial (de Korte c t aL , 
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199810). 
In this study, the fcasibiljt ~· to obtain piastographic illlagps in uillo has beell invest i­

gated. Using data obtained fro lll coronary arteries, t>lastograms \yen~ determined. T he 
pulsa tile int racorollary pressure was IIsed t.o o btain different. levels of st.rain in the art.eria l 
wall. Since t he catheter was lIIov ing ill t.he llllllen due to the ('olltradion of t.he heart , an 
algorithlll to determillc t.he echo fralll es wit.h miuima l llIot.ion <ll' tc rfncts was applied a ll 
the data . 

9.2 Patient description 

Intrava:-;nllar ultrasoulld (] VUS) data was obtailled in th ree paticllts rpfplTed for pcrcu­
ta llcOllS corOllary intt'rv(-,Ill io ll wit h stahle (11 = 2) o r unstahle a ngilla IH-'ctoris (n= I). All 
ti lP pat ients s igm'<i an inforillcd n .Hlsenl. T he ntiprit, les iOl ls to lH-' tn.>ated ,n~re Sitl1<ltp( i 
in the left. all tprio r dcsccllciing art ery (11 = 2) and t.he riglit ('oronary a rte r,\' (n = I ) . Aftt'r 
illtraveHOllS adm inistratioll of 10,000 IV iu·'parill allti 250 illS acety lsa licy li c: acid , a G 17'1". 
g uiding cat he ter was advanced lip to t lw ostiulIl of t ill-' involved artery. After coronar.v 
injPction o f a bolus of 3 11115 isusorhide d iuit ra te , p rp- inl cl"velitioli IV US assesslllent of 
t,he les iOil was Jwrfornwd wit,11 a l\ IegaSOIlics® (EndoSoni cs, Rijswijk , T he Nct llerln IHls) , 
it combillat.ioll device consist,ing of all a llgioplast.y balloon (3.5 1111ll dialll(~ter, Ipl1g t,h 
2U.OIllIll ) alld a G4 FIX array IV US transdu('er pl'oxinlnl to thp. halloon. Lesiolls \\"PI"(-> 
(Tossed and imaged wit.holl t complication . \Vhile tllc nOll-inHaled balloon was (Tossing 
t hc lesions, t ile absellce of iscileillia and angina penlli U(.>d t he searcil for a sf a.ble posit. io ll 
of the t.ransd ucer ill ti ll-' ("ente r of tlip IUIl ICIi o fie ring t.he visualisatioll of a significa nt 
plaqlle. The rf da ta were acqllin~d as dcscrilwd Iw low. T he prpss l1n~ was Ilicasul'('d a t 
t.he level of ('oronary ostiulll via the guidiug ('athetc r COI IIH~(·tpd to a stawiani HlIid-line 
system (Ohllled" , Biltl,o\·ett , T he Ncthcrl1lttds). (O llillcda). 

9.3 Methods 

T hp. G4 CICli lCIlt phaspd <l lTay cat lwtpl" with balloon was cOllnectpd to an ElldoSollics 
IIlVision s.\'st t->!ll. The system is equipped with an a llalog radio freqllcllcy (rf) data 
OIlt.P1lt. T his 01ltpu t. p l'Ov i<ips t he da ta lIsed for ma king a Cliro maFloTM flow lIlodp 
image, III t,his Illode, the cathe ter opcratps in linear in s t(~ad of phase a lTay lIl()dt~ t.hlls 
provid i IIg low n~sollll . ioll illlagps (Borsboolll et al. , 199!)). Ea('h fram e cont ained 64 <-lllglps 
('ontailling a ll I"f-signal of JO/I S (colTPsponding to 7.5 1II1l1). Thesc data ",pre digitiscd 
ill a ('Ils to ill- lilade acqllisit io ll S.\'St(->Ill , ('o ll ta illillg a P tm tiullI COIIIIHltpr with a acquis itioll 
board (S ig llatcc, Corona , CA, USA) with 12Sl\ Ihy tp to sto re the rf data at. a sa iliplillg 
nlte o f 200 IdH z in 8 bits . 

10 frall)(-,s jwr secolld W('> l'P acquired at. <Toss-sect. iolls \\"hprp. the IVUS ccliogralll rp­
,·ea led disP(1 s(.>d v(,ssel wall and plaque. For de tc l'lnillatioll of the st.ra in , <Tossc()rn~ l a tion 

tcclllliqlles wcre applied to the da ta . First the lIlOVPl1 wnt of the tiss lle a long t.he ultra­
SOllll(llw<l1ll W(tS (Iptermincd . The local sl.l'a ill was ohtaincd fl"OII1 this d isplacelllel it. 011(' 

to t.he cOllt.rac tioll o f t he h('art'l t.he cat heter will movC' ill the hlllwn . For I(l rgc Illot,ion , tlw 
fram es acquired al. t.he diH·('J'(.> nt. int.l'aluluillal Pl'PSSUI'(,S IIlay he lIIisalig llcd thus hinci(.>rillg 
adelJuate displaCCIl leIlt pst.imat es . 
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F igul'e 9.1 Erliogralll (m.:qllircd ill illmgp <llId ChrolllaFlo 1I10Ih') ami clasto~r<Hll of cross· 
SP(' t iOIl in t he LAD. T IL e f::'c itogl'am (left.) rc\"e<l ls rcck iliC'd l1late rial be t.\\w'll 1 a nd 90'dork. T he 
('ias togralll shows lo\\' cOlllprl'ssion ill this <ll'f'a and high cOlllprf'ssioll ill the reltlain ing rcgio ll 
(hpt,\,'c'(,l1 9 and 1 o'clock). 

All a lgoritlllll to determine t Ill-' s imila rity between seqllt'lltiai ccho fraliles is lIsed as 
a figu re o f IllPl' i t for t he lIIotion of tilt:' catheter ilJ the lumPI)' T he lJorma lispd a lJsol lltl.> 
di ffcl'(,lJcc \wlwPPII two :·wquell t ial ccho fra lllPs is dctel'milH:'d IlSillg t he like lihood bc twc('> 11 
t h t> frallles. Next tllPsf' values ,ycre scal l-'d lwtwccll 0 and 100%. nex COITPSPOIlds to 
110 xilllilari ty be twPPIi tlw frames a lld 100% IIlP,IIIS t hat, both fram es were pX<I('tiy t he 
same. Seqllelltia l rra mes with a high like lihood a nd a prCSSlln ' ciiH't->rt-'nt.iai larg(~ PlIollg iI 
to result s in st l'aill Icvels Oil the ol'(ipr of 1% arc I <:d~pn to n tlclil a te tlw eias tograllls. 

9.4 Results 

In fig urc 9 .J 1 two P('h OgrclillS alld a ll e1as t ()gralll arc presentpd . T ile (lata is <t('(plirc(l llca r 
Plld-diastolc frolll patif'nt 1. The left cchogram is the origillal ('chog ra lll as procill(,pd t1s illg 
t,lie Enr\oSonics III Visio ll s.\'s tPI11. The echogral11 I'Pvp;-ilx a highly ca lciHpd wall bel WP(~ 11 1 
nlld n o)clo('k. The region het.wpP'1l 9 ali(I 1 o 'clock ('ontaills HO caicifit-'r\ llIaterial. T he low 
reso lut.ion (-'(' hogralll ill tile middle is t lw ccilogrClm dptpl'lll ilw<i dircc t.l y from the rf-data. 
Sillce thc rf-da ta is a ('quired ill C hromaFloTM lIIodc) olli~' G4 <lug les arc availahle al, low 
n~sulu t i oll. The elas togralll (Fig. 9.1 left) shows vcry low strai n v(llues bet,\\,f-'f-'II 1 a nd £) 

o )do('k ('orrespo nd ing to tlw calcificd a rea. Tlw rf-'gioll be twet'H £) and 1 o 'clock has hig h 
s train leyels) ilillicali ng soft. lIlaterial in t.his n~gi oll. 

T hf-' n~prodllcibili ty of' t he tp('hniqllc ill villo is illllst.rated il l nglln> 9.2. The cchogralll 
of this cross-SPCt.iOll of paticnt 2 shows it ('('ce llt ric plaq\lP l)(~ t\\'ccll 3 and 90'clock. At. 8 
o 'dock , a caicifipr\ d (~ p()s it. is vis ible in t il(-' plaquc. The l)],{-,SS Ill'P (,UI'VC is plot.ted toge t Iwr 
wit h the like lihood curve. Relat.ing t.l H:' Iil{(~ iihuod curve to t.lw pressure CIIl'\'P revea ls 
Iha t. tlw spqllentia l I'nllllC'!j haw~ tl!p best 11Ial ('h IW<-lr Plld-d ias to le whi('h corrC'sponds \\'('11 

10 tlw a hsPll('c of 1I1Q\·C lll e n t. a nd ('ollt ract io n in thix phasc o r tlw hpar t. cycle. As n lll 
he apprecia ted , tlu-! pressure dHferPlltial h etwee n franws at, this point in the prcssnl"f'> 
n ll' VC is in the order of 5 llllllHg. T his prpsslIl'c diffe rential is large e nough to stw in till:> 
v(~ss{-' l wall ami plaq llP lw t\\'Pf-' Il 0 alill 1%. Oypr the fi ve cyclps the elastog rams havc a 
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simi lar app('aralln~ . The arh>rial \\"(111 1)('1 WCPli 9 ellld :~ d d ock has Illodcratp to hig h s tra ill 

1I·"v(::'18. At 3 o 'dm'k , CITOIH~Oll S strain (lsi illla tps call la-' oilsen 'pel callsed hy not IH'()Jwrly 
workillg: t.rallsducer eiPIlH::'lll s. This artifact was also visiblp Will'lI tlJ(~ Chl'OlllaFlo JlH lflC' 
was H(' I.ivatprl. TIll-' plaqUl-' an'a betm"'Pl1 3 ami 7 o\'io("k hilS low strain est ima tes . Tht-' 
[ l'gioll corn-'spollllillg to the ('alcifiP(1 spo l. (as idl'llt itipd wil li tl lP IVUS cdiogra lll ), has 
\'pry low st rain valut's. 

OatH from path"1l1 3 is presented in rigUH-' 9.3. TIH~ prcssnl"P clln'e sho\\'!-i a dias tolic 
preSS II H' of 105 !lUIIUg rind systolic prcsstlrt-' of 135 mmHg. TIll:' p rcssnn .> curve is piotipd 
togctlll.>r wit Ii the CIIlTP repres{'nting til e rpsPIlI I)iallCP het \\T'P II I he 5C<l1)(..1111 ial cello-fra mes. 
Again it can hc o\)sprvpci , t,hat dllrillg systole tll(..1 n ..lSl' lllblall(,(.' hc t.wPPli the frrlllll-'s is slIlali 
a ud tha t. up,u clld diastole tlU-' similarit y het.wl-'l-'ll fralllPs is high. 

TI"..1 IV US p('hogram (upp('r righl COl'llPl' ) rcv(..I;-ds a COlI('Pl1lric p laqm..l ill thi s ;H'tl"'r~' . 

Thp P('llOgPll icily of t he plcHlll(.> is low(-' I' than tlip (..I("liogeni('it y of t.l lP wall dista l to it . A 
s trong I'pHpct.ioll of t hc IlllllPIl - plaqm' bOllmlal',Y is ohserved lJl-'t\\"C(,11 '-1 ilnd 8 o'clo('k, 
Dt-'t\\·cclI 11 awl 1 o 'clock tlH-' edJOgPllif'ity is lo\\' and tIH·~ I hiciwpss of t hc plaqlU:' is s Jllall, 

Threc frames II l'ar Pild d iastole wcn' t akl'1I to tl pl (,l"Il1illP two elastog ra ills. The prt'~S llI'C 

different ial hctw(..Ipll ~equellt.ia l rralllPs is 3 - 4 IlIIllHg, Dot.h i ll lClgl-'s indicate that I.he I'CgiOll 
iJpIWl'(..I l1 I L and 2 o 'clo('k has high s tra in valucs iudkat,illg soft, ti ssue. The rcgioll ill 3 
o'd ock is rclativply hard . The region bl't.wt-'en 3 ami G o 'c1o('k has illtpl'mcdiatl' st rain 
,'a lm's at till·' Iuuu 'li vessel wall bOlllldary awl high strain I(' \'cls dista l to this rl'~ioll. 

Thp rcgioll hct,\H' ('>1I G alld 11 o 'clock hilS 10\\· st,r;lill valilt's, T he sim ilarity IJPt\\"cell t ill-' 
2 fralll es is high, illdicatillg; t.hal, t,he (h~tl'rlllillatioll of t.he s t.rain vailles ill OIW prcssurl-' 
(' ,\"('Ie is n'>,)I'oli ll("ihll' . 

~ ::: If , 
i. 1111 
~ , 
i: I! ~ I 

I ,ll 

11.1 1 

Figure 9 .2 Rpprod nr ihi lit .. v of till" l'Iaslog l'<l plii l: acquisition OW'I' scvc!'a l pubatioll s. T he 
likelihood C IIlTP. rcv(,,,ls that till' f'at.llCtCl" lIlot,iOIl is lIlillilllallH'ilr (~lld d iastole, At thi s phase of 
flip hearl ('y(' le rllf'l' t:> i ~ st ill a pl'l'~S Ill'P diffl'l'cn lial bet\\'f'PII sequent ial fr<lllil's. T Ilf> re~ioll al 3 
o 'dock produces l 'lTOIlPO li S s traiu f's ti llla l('s due to llI<llfullC.: tio llillg c.:at llf'tp), pll' lIl l'IlIS. 



116 H UMA N CORONA RI " ARTERIES IN \"IID 
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Echogram 

Strnin [%J 
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ii' ig m 'c 0.:3 Reproducihilit y of the elas lographic arqlli~itio lL ill Olll ' pl'l'!"sure eyc'h-. 3 fnlll lf'S 

lIear 1~lId -diilSto l l' with a large likelihood \\'(' I"e takf>11. T he pn:'ssHrf' dilf('l'l' llti al lH'twet'1I !wqu l'lItial 
Ii:allll's is 3 to <1 Llllllllg. '1'111' IYUS ed logrill ll rl'n~a ls .... rOIH'l'lltric plaq ll l'. The f'laslogl'ill ll rI'\'l'ilb 
son rf'gioll s 1)(Jlm'l'll 12 iHIII 2 o 'dock ilud h f' l w{'(' 1I ., fIIlt l G o 'd ock. Th is i llforllllllioll WClS 1101 

fOllnd fro lll I he l'dlugnllli. 

9.5 Discussion 

Idl'lItifica t ioll of plaquc"> nillll'raiJilif,y is nucial. Currcnt ly , flIP H-' is 11 0 dinicall ,\" avai lable 
t (H )i f (lr a reliahl p. (ll' t cc li()JJ ()f v llili cra l ) h~ plaque. El l1st()grapliy is a 1)l'Olllising tcdll1iqlle, 

capahll-' o f fl ssl's si ng tilt' luca l nw('ilaJlicalj)l'o]wrt.i t's o f t he vpsse! wall and plaqllP (Cilnptpr 
8): i ll nitro CX]WrilllPllt s delllolls trat ed t hat. :-;traill "alm.>s oblailwd with intravascular 
('ias tography diAe r si ~lIifkalltly for fihrulls and fat.t 'y plaqup (,OI IlIWIIPlltS. Jt was eH'1l 
shc)\\'l l t ha l. rat t.~T regio lls ,y itll all iIHT(.>as(-'(1 111<lnopliagc act i v i t~, ("Olll<1 I)e iciPl lt i lied Il s ilig 

tlH-! c la s tugram. 

In t. hi s study, ill lIillO l'Ias log r<-llu :-; or dise<lspd hlllllan corollary al' t (.>r ips arc prp:-;c lllcd. 

Contrar," to <l pn'"iolls ill /Jif,rn s tlld y (C haptpr 8), a d y na lllic ius f(--'a cl of stat ic )H'C'ss ll rp 
diffe rC'lItia l is usC'd to s t rain the t.i ss llP. T ile a{h'Cllltagc is t hat this {'xci t at io ll SOllrce is 
already pn"sPllt ill t hI' art(.>r ial sys lt'>lIl. Using gatpd acquisitioll , diffpn>lIt 1e,,!'ls of ill ~ 

Irav<lsnilar pn--'ss lln ~ wcre ohtailled. T h('sp pre lilllinary n --'sld! s indicate that rpp J'ocilll"ihle 

eias tog rillll s call b t> o htaillcd using: t.his acquisit.ioll scheme. 
COI liptH'(.>d to t he in lIil,1'O study, 1,Iw preSSllre di H('> l'c lltia l IwtwcC'1l t hp. t.wo f"nmws is 
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smaller: 3-4 mmHg instead of 20 mmHg. A smaller pressure di ft'erential will immediately 
resul t in lower straill values. However, t.he strain values fonnd in this in vivo study were 
in the same range as t.he stra in values found in t he "itt vitro study indicating that the 
t issue in this study is softer. A possible explanation is t hat the elast.ic moduli of t issue 
will be elevated after t he t issue is excised (Gow & Hadfield , 1979) and mal' even fur ther 
increase after cold storage. Addit ionally, since t.he in vitro study was performed at room 
temperature, fatty ti" ues will be harder than at body temperature (Lundberg, 1985) 
resul ting in decreased stra in values. 

Another potent ial source to strain the tissue is a compliant angioplasty type of balloon 
wi th the t ransd ucer in t he balloon as proposed by Shapo et a l. (1996b). Although the 
Illotion art ifacts due to the contract ion of the heart are minimised , t his technique has 
several disadvantages (interruption of the blood Row, non-radial expansion of the artery 
when t he lu men is not ci rcular, movement of the transducer in the balloon due to in Ra tion 
of the ba lloon). 

Contrary to the in vit ro validation study, a phased alTay transducer, used every day 
in our catheterisation laboratory for clinical pu rposes, was lIsed for t he data acquisition. 
T his monorail catheter presents better manageabili ty t han a single clement ca theter and 
no artifact from the guide wire. ~'IOl'eover, t he use of an array cat.heter removes the 
a rti facts d ue to nOll-uni form rotation. T herefore, 2-dimensional instead of I -dimensional 
crosscorrelation techniques might be applied to determine the strain values. These tech­
niques are currently being implemented . In principle 2-dimensional crosscorrelat ion tech­
nique are more robust and should lead to more reliable strain estimates. 

9.5.1 Limitations 

A major problem of advancing int ravascular elastography to cardiac in vivo applications 
is t he acquisition of data in a pulsating artery located near a t:ont.rad ing muscle of the 
heart . T he catheter willmoyc in t he lumen and t his will re:mlt in a mismatch of t.he data 
acquired at the low and high pressure. Correct stra in estimates are only obtained when 
t he two echoframe:; (at. low and high pressure) image the same cross-section. T his study 
revealed that t he moLion of the ca theter is minimal near end-diastole in t he relaxed phase 
of t he card iac cycle. Howevcr, useful data was not. obtained duri ng all mcasurements. In 
some cases the motion was still to large even near end-diastole. A possible solut ion for 
this problem is to obtain data during t.he inRation of t he angioplasty balloon at t he t.ip 
of t his newly available catheter containing an IVUS transducer proximally. By inHating 
the balloon t he position of t he transducer is fi xed in the artery. Addi tionally, improved 
signal processing tools can be applied to increase t he robustness of t he method . 

T he elastograms presented in t his study could not be validated using histology. T here­
fore, t he elastographic findings were compared wit h the echographic findings. For detec­
t.ion of t:a ld fi ecl regions and revealing t he geometry of the plaque and vessel wall , IVUS 
echograms has proven to be a useflll tool (Nishimura et a l. , 1990; Potkin et a1. , 1990j 
van de l' Lugt e1, a I. , 1995). However recen't s tuci ic:; revealed t hat the correla t ion between 
echogenicity and fibrous, 6bro-fat ty or fatty plaque com ponents is low. (Potkin ct a I. , 
1990; Yock & Lin ker, 1990),(Chapter 8). Addi t ionally, l VUS echogram, present limi ted 
informat.ion for the detection of microca lcificat ion accumu lation (Friedr ich et al. , 1994). 
T herefore, no validat.ion of the high strain regiolls ill the elastograms was performed. 
Vali dation of the clastograph ic findings could be per fo rmed IIsi ng a directional at.herec-
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tom), device. However , t.he resolut.ioll of Stich a device is low, implicating that ouly large 
plaque areas could be validated . Validation of small spots would need a system t ha t is 
able to cictcrIniue the t issue type with a higher resolut ion . T he current developments ill 
optical coherence tomography (OCT) (Brezinski et aI. , 1997) and Raman spectroscopy 
(Homer et aI. , 1998) may allow to perform snch validation of in travascular c1astogrnphy 
111 'VIVO. 

9.6 Conclusions 

It is feasible to apply intravascular eiastogl'aphy in vivo. Using t he pulsatile pressure as 
a mechanical sti mulus , different st,rain levels were measured for diH"erent t.issue compo­
nent.s. Additional signa l processing techniques and validat ioll are needed to improve the 
rel iability of t he tecltlliqlle 



Chapter 10 

Discussion and Conclusions 

10.1 Discussion 

Intravascular ultrasound elastography is a Hew imaging technique that allows visuali­
sation of the mechanical properties of vascular tissues. The technique is based on the 
principle that the response of tissue to a mechanical excitation is a fUllction of its mechan­
ical properties (Ophir ct al., 1991). During intravascular experiments, the mechanical 
stimulus can be applied from within the lumen. The systemic pressure continuously 
strains the tissue and thus can act as mechanical stimulus. Another potential source 
can be an angioplasty type balloon (Shapo et aI., 1996b). The latter source has the 
advantage that the stimulus is more controllable, however, the blood flow is interrupted 
by this device. 

For intravascular experiments, the radial component of the strain (i.e., the component 
along the ultrasound beam) is measured. The softer the tissue under investigation, the 
higher the st.rain will be. This strain is measured using ultrasound. Pressures applied on 
the tissues arc in t.he range between 80 and 140 mmHg and are large enough to strain the 
tissues on the order of 0 to 5%. It is extremely challenging to measure these strain levels 
using conventional echograms. Therefore, high frequency rf-signals are used to determine 
the strain. 

10.1.1 Phantoms 

As an initial phase of this study, the feasibility of the technique was investigated by 
phantom st.udies. In ult.rasound imaging, agar and gelatin based materials are often used 
since these materials have similar acoustic properties to biological tissue. However, little 
knowledge ,vas present of the mechanical properties of these materials. Therefore, a study 
was performed to determine these properties. It was concluded that the compression 
modulus of these materials could be easily adjusted by varying the agar concentration. 
The 'gelatin concentration was fixed since increasing this concentration increased the 
acoustic attenuation of the material dramatically. The compression modulus of these 
materials was highly dependent on the temperature and age. Since the temperature is 
of large influence, it has to be well controlled during the experiments. 

The feasibility of intravascular elastography was tested using vessel-mimicking phan-

119 
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toms. The results of these experiments revealed that hard and soft material could be 
identified independently of the echogenicity contrast. In other words, lesions that could 
not be detected in the echogram were identifiable in the elastogram. Although the results 
of this study demonst.rated that intravascular elastography is feasible, some limitations 
became apparent. The strain in a vessel wall decays radially. Since this decay can be 
described theoretically, correction for this artifact is possible. Another phenomenon that 
was found is the )'mechanical shadow)). Soft tissue distal to hard tissue is difficult to 
detect using the elastogram. Correction for this type of artifact could be feasible using 
finite element modelling. 

10.1.2 Femoral arteries in vitro 

The first intravascular elastogl'ams of human femoral arteries in vitro were acquired 
with a modified IVUS catheter: the original flexible axis was replaced by a rigid tube 
to minimise rotational artifacts. These experiments revealed that the strain in fibrous 
plaque was smaller than the strain in calcified plaque. This finding was in accordance 
with literature, since reported compression modulus values for calcified tissue are 3 to 4 
times higher than the compression modulus of fibrous material. 

Encouraged by the results of this preliminary study, an in vitro study on a larger scale 
was performed. This time, t.he original Du?vIED Princeps® catheter ,,,it.h flexible axis was 
used since the performance of the motor unit. responsible for the rot.ation of the transducer 
was increased. This study revealed that significant differences for t.he strain are present 
in fibrous, libra-fatty and fatty plaque components (I' < 0.001). The echointensity in this 
three plaque types was not different (I' = 0.992). Although differentiation between fibrous 
and fatty materials seems feasible wit.h elastography, t.he sensitivity and specificity of the 
technique have'not been tested yet. These results indicate that intravascular elastography 
has the potential to detect plaque vulnerability since vulnerability of plaque is highly 
associated with a large lipid core and a thin fibrous cap. Fmthermore, vulnerability of 
plaque is highly related to high stress concentrations: a thin or locally weakened cap is 
unable to bear the stress of the pulsatile pressure imposed on it and will rupture. A 
high stress concentration results in increased strain values that may be detectable with 
elastography. 

10.1.3 Coronary arteries in vivo 

The technique was advanced to in vivo coronary applications. In these experiments the 
systemic pressure was used as the mechanical st.imulus. Using time gated acquisition, 
frames at different intraluminal pressures were acquired. Dedicated algorithms ·were 
developed to overcome motion artifact.s that were associated with the contractioll of 
the heart. Preliminary results demonstrate that the developed acquisition scheme gives 
reproducible strain estimates. Validation of these in vivo elastograms ,vas performed 
using the IVUS image that could only identifies regions as being calcified or non-calcified. 
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10.2 Limitations 

This study revealed the potential of intravascular elastography to characterise differ­
ent plaque components in vitro. Additionally, the technique in vivo was demonstrated. 
However) the results identified sev€l'allimitations of this study. 

10.2.1 Motion artifacts 

A major problem to be solved during the whole project was to minimise motion arte­
facts. The described technique correlates two frames, acquired at different intraluminal 
pressures. Reliable strain estimates are only obtained when signals from the same region 
of tissue are correlated. During the in vitro studies and especially during the prelimi­
nary in vivo studies, motion related phenomena were ahvays present. The first phantom 
experiments used the Princeps® catheter. A single element transducer in this catheter is 
rotated by means of a flexible axis. This axis consists of two counter-winded springs. Due 
to the resistance of this axis in the catheter, rotational artifacts at the transducer can be 
present (ten Hoff et aI., 1989). These rotational artifacts resulted in a misalignment of 
the echoframes and concomitant decorrelation effects. Angle matching algorithms had to 
be developed to cope wit.h this artifact. During the in vitro studies on diseased femoral 
arteries, motion artifacts occurred ,vith t.he pressurisation of the specimen. An increasing 
intraluminal pressure often resulted in a rotation and/or translation of the artery with 
respect to the transducer. Again, angle matching algorithms were applied to correct 
for t.he rotation artifact. However, correction was only partly feasible when a combined 
translation and rotation artifact was present. In these cases, the tissue moved to anot.her 
part of the beam resulting in decorrelation effects. 

Especially during the in vivo experiments in human coronary arteries, motion artifacts 
were present. Due to the contraction of the heart, the catheter was moving along the 
long axis of the vessel. Since different cross-sections were acquired due to this mot.ion, 
correlation of the signals was not possible. Therefore, echo frames representing t.he same 
cross-section had to be identified while st.ill having a sufficient large pressure differential. 
Preliminary experiments revealed that. useful frames could be acquired near end-diastole. 
In this phase of the heart cycle, the catheter is at a relatively stable position while the 
pressure differential between frames is in the order of 5 mmHg. However, not in all 
experiments sequent.ial frames, imaging the same cross-sections, were found. Additional 
experiments and dedicated signal processing techniques have to be developed t.o advance 
intravascular elastography to a more robust. and reproducible technique. 

10.2.2 Real-time implementation 

Intravascular elast.ography is still an off-line technique. Currently it takes 5 to 10 minutes 
to compute an in vivo elastogl'am. For evaluation of the technique, t.his time is reasonable 
but for dinieal evaluation t.he processing t.ime has to be reduced. Intravascular palpation 
determines the strain in a significant part of the vessel wall and plots the strain informa­
tion at the lumen vessel wall boundary. Since only 1 st.rain value per angle is determined, 
the technique is computationally less demanding and due to the limited informat.ion is 
also more robust. In other words, t.he t.echnique has more potential to be implemented 
in real-t.ime on short notice. The lise of a phased array transducer diminishes rotational 
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artifacts and allows the use of 2-dimensional correlation techniques. Although these tech­
niques arc computationally more intensive, the robustness of the technique will increase 
significantly. As a result, the need for correction algorithms is reduced. Since the algo­
rithms used for calculating the strain information are closely related to the algorithms 
to determine the flow, real-time implementation should be possible. Currently, InVi­
sion echo equipment (EndoSonics, Rijswijk, The Netherlands) is already equipped with 
real-time flow imaging (ChromaFlo™), although this technique is computationally less 
demanding. 

10.2.3 Quantification of mechanical properties 

Using the strain values measured with the presented technique, the compression modulus 
of the tissue can be determined. However, the compression modulus is highly dependent 
on excision of the tissue, method of storage (freezing 01' at 4°C) and the temperature 
(20°0 or 37°C). In this way, it is difficult to determine accurately quant.itat.ive values for 
the compression modulus using in vitro experiments. The in vitro study was performed 
at room temperature on excised tissue after freezing of the specimens. The only way 
to measure the true compression modulus is measuring in vivo. Since validation of 
the preliminary in vivo experiments is not performed yet., quantitative values of the 
compression modulus of vascular tissue are still unknown 

Additionally, the compression modulus is dependent on the way it is measured. The 
stat.ic compression modulus is different from the dynamic modulus. Since the in vitro 
experiments were performed using a static pressure differential and the in vivo experi­
ments used the dynamic systemic pressure, different values for the compression modulus 
were expected. According to studies of Lee and co-workers (1992, 1991), higher values for 
the dynamic compression modulus (measured in the frequency range 0.5 to 2 Hz) than 
for t.he static compression modulus were expected. In the experiments described in this 
thesis, similar strain values were found in the stat.ic and dynamic experiments, although 
the pressure differential was 4 to 5 times lower during the dynamic experiments. This in­
dicates that in our experiments the dynamic compression modulus has lower values than 
the static compression modulus. However, since excision and freezing the specimens 
increases the compression modulus (Gow & Hadfield, 1979), quantitative comparison be­
tween the compression moduli acquired during in vivo and in vitro experiments remains 
limited. The dynamic compression modulus also depends on the frequency of the force 
applied on the tissue: Lee and co-workers (Lee et aI., 1991) found a significant positive 
correlation between frequency and storage modulus of atherosclerotic lesion lipid pools. 
The storage modulus increased 10% when the frequency went up from 0.1 to 3 Hz. This 
in cont.rast to our phantom experiment.s (Fig. 2.2) where we found no dependence of the 
compression modulus on the frequency of vibration. This contrast may be associated 
with tissue viscosity. 

However, in all studies (Lee et aI., 1992, 1991), the ratio bet,veen the compression 
modulus of fibrous and calcified tissue had the same value, independent of static or 
dynamic excitation and independent of t.he excitation frequency. The different moduli 
measured wit.h elastography are useful since the ratio between different. materials can be 
used to characterise different plaque components. 
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10.2.4 Inverse problem 

In principle, a strain elastogram gives a artifactual image of the Young's modulus distri­
bution. Therefore, the elastogram cannot directly be converted to an image representing 
the Young's modulus. Especially in intravascular applications were boundary conditions 
are sparsely defined (for example the moving and contracting heart) J reconstruction of 
the Young's modulus is challenging. However, since the thickness of t.he arterial wall is 
relatively small, reconstruction of the Young's modulus lllay not be necessary. 

A difficult geometry is soft tissue behind hard material: mechanical shadowing ,vill 
occur (de Korte et al., 1996). The hard material is bearing all the stress that is applied 
on the tissue and, consequently, the soft tissue will strain less than expected. Addition­
ally, imaging behind hard tissue like calcified material is already difficult since normally 
the ult.rasound signal can hardly penetrate through calcified material. When fat.ty tis­
sue is covered by a fibrous plaque, the strain in the fatty tissue is 100ver than expected. 
However, in relation to plaque vulnerability this mechanical shadow may reveal impor­
tant information. If the fibrous cap is able to bear the stress, low strain values will be 
measured. H the cap is unable to bear the stress, high strain spots will appear. This 
information can be useful for the detection of vulnerable plaque. 

10.3 Future directions 

10.3.1 Minimising motion artifacts 

Intravascular elastography has proven to be a technique capable of characterising different 
plaque components. However, the sensitivity and specificity of the technique have not 
been identified yet. An in vitro study on a large scale has to be performed to investigate 
these parameters. A phased array cat.heter would be the best. choice for such a study 
since rotational art.ifacts are precluded and 2-dimensional crosscorrelation algorithms 
can be applied. The use of 2-dimensional crosscorrelation algorithms will improve the 
robustness of the technique. 

For in vivo applications, motion artifacts can be minimised by using a balloon catheter. 
'Vhen the balloon is inflated, the position of the transducer is fixed with respect to the 
arterial wall. The j\'legaSonics catheter (EndoSonics, Rijswijk, The Netherlands) is a 
combined catheter with the balloon distal to the transducer. 'Vhile the balloon is in­
flated, the systemic pressure is still straining the tissue, making this catheter suited 
especially for elastographic purposes. Additionally, inflation of the balloon results in 
a less eccentric position of the transducer in the lumen. This position will reduce the 
number of erroneous strain estimates. It has to be noted that the balloon only needs to 
be inflated with a low pressure to stabilise the position of the transducer. 

In this study, t.he balloon was not inflated to stabilise the position of the catheter. 
The experiments revealed that motion of the catheter is minimal near end-diastole. Ad­
ditional studies are required to investigate the use of these frames to obtain reproducible 
strain estimates. An advantage of a phased array transducer cat.heter as compared to a 
mechanical IVUS catheter is the possibility to use different firing schemes. In this way, 
scanning schemes can be adjusted to minimise the influence of motion of the catheter. 
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10.3.2 Potential clinical applications 

The technique described in this thesis is evaluated in vitro and preliminary experiments 
were performed in vivo. Although the technique has proven its potential to identify 
different plaque components, the clinical usefulness in vivo was not demonstrated yet. 
In the future, IVUS elastography may be useful with regard to the following phenomena. 

• Elastography to choose the proper interventional technique. The initial 
goal of this study was to determine the feasiblity of intravascular elastography 
to identify different plaque components. Knowledge of the composition and the 
mechanical properties of the plaque may be useful for the physician to choose the 
proper interventional technique (Baptista et aI., 199G; Linker et aI., 1991; Tobis 
et al., 1991). :Moreover, since all interventiollal techniques are predominantly 
mechanical in nature, the outcome of the intervention is not only determined by 
the chosen technique but also by the mechanical properties of the vessel wall and 
plaque. Unt.il now, mechanical information was not available. Studies have to 
reveal the usefulness of this information during cathetcrisation interventions. 

• Elastography in relation to vulnerable plaque. Elastography certainly has 
potential to visualise vulnerability of plaque. A vulnerable plaque can be described 
by a large fatty pool with a thin fibrous cap overlying the fatty material or erosion 
of the intima by macrophage infiltration (Davies, 199G; Lee & Libby, 1997). Both 
these morphologies may be detectable with elastography as already demonstrated 
in chapter 8. The power of elastography is that the strain is measured and not a 
parameter related to the size (OCT, (Brezinski et aI., 1997)), chemical composition 
of the material (Raman spectroscopy, (Romer et aI., 1998)) etc. For example, it 
may not be necessary to know the thickness of the cap to determine if a plaque 
is vulnerable or not. The strain may be a direct indicator of the possibility of a 
plaque to bear a stress imposed OIl it. The potcnt.ial of elastography to identify 
plaque vulnerability in vivo still has to be determined. 

• Strain huaging during PTCA. A major problem of angioplasty and stenting 
is the development of restenosis in the artery: the arterial wall is responding to 
the intervention by forming new plaque that is obstructing the free lumen area. 6 
months after the angioplasty, 20-40 % of patients develop restenosis and clinical 
angina (Serruys et aI., 1998). G months after stent placement, 10-30 % of the 
pat.ients develop restenosis (Serruys et aI., 1998). Elastography may be a useful 
tool to investigate the relation between the chances for restenosis and the applied 
strain in the tissue during angioplasty and stent placement. For this application the 
transducer has to be placed in the balloon (Shapo et aI., 199Gb). Consequently, the 
balloon material must be transparent for ultrasound. Additionally the influence of 
the circular balloon on geometries with a non-circular lumen has to be investigated. 

• Elastography to guide brachytherapy interventions. In brachytherapy (King 
III et aI., 1998), the radiation interaction and the radioact.ive decay is related to 
the mechanical properties of the tissue. The attenuation of the radiation depends 
on the density of t.he material, and its composition (Coursey et al., 1998). Using 
intravascular elastography, the dose could be adjusted to the mechanical properties 
of the material. 
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10.4 Conclusions 

Intravascular elastogl'aphy is a new technique capable of providing cross-sectional images 
of strain within the vessel wall. From this information) it is possible to identify tissue 
stiffness: soft and hard materials. Since tissue stiffness is generally independent of tissue 
echogenicity, this ne\" information is unavailable or inconclusive from the IVUS echogram 
alone. 

Different strain values are found for librous, libro-fatty and fatty plaque components. 
Consequently, identification of different plaque types could be performed using IVUS 
elastography. Furthermore, IVUS elastography has the potential to identify vulnerable 
plaques. Initial trials in the catheterisation laboratory demonstrate the feasibility of 
intravascular clastography in vivo. Additional signal processing techniques and validation 
are needed to improve the robustness of the technique in vivo. 





Appendix A 

Stress, Strain and 
Displacement • In a Tube 

Expressions for the stress and the st.rain (radial strain cr and circumferential strain EO) 

ill a long, cylindrical, isotropic and homogeneous tube, when submitted to a uniform 
pressure on the inner and outer surfaces, were first derived by Lame (1866) (Fig. A.l). 
In discussing stresses, strains and displacement in a tube, it is advantageous to use polar 
co-ordinates {ar I (TO and CTz for the stress in the radial, circumferential and longitudinal 
direction resp. and E r I EO and £ z for the strain in the radial, circumferential and lon­
gitudinal direction resp.). The stress-strain relationship for polar co-ordinates are given 
by (Noordergraaf, 1969) 

.•... 

............ , ................ . 
" ", ....... :~\ .• :: ................. . /i \.\ 

\\_<J J 
........... :.::.:' ................. .. 

E 

Figure A.1 Schematic drawing of tube with inner pressure Pi and outer pressure Po. a and 
b are the inner and outer radius, respectively. E = Young's modulus; II = Poisson's ratio 
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1 
Cr E(<Y" - v(<Yo + <Yz)) 

1 
cO E(<YO - v(<Yr + <Y,)) 

1 
(A.l) Cz Jij(<Yz - v(<Yr + <Yo)) 

where E Youngs modulus 

v Poisson's ratio 

The expressions for t.he stress in a thick walled tube are derived in Timoshenko and 
Goodier (1970), considering the stress functions are only dependent on r ; 

A.1 

<YO 

where Pi 

Po 
a 
b 

Plane stress 

a2b2(po - Pi) 1 Pia2 - }Job2 

b2 - a2 . ,.2 + b2 _ a2 

a2b2(po - Pi) 1 Pia2 - Pob2 

- b2 -a2 ',.2 + b2 -a2 

pressure inside the vessel 

pressure outside the vessel 

inner diameter 

outer dianzetcl' 

(A.2) 

In this case, the stress in the longitudinal direction (al;) is assumed to zero. Considering 
plane stress in the tube wall, the stress-strain relations are given by, 

c,. 

£0 

1 
-(<Yr - v<Yo) 
E 
1 
-(<Yo - v<Y,.). 
E 

(A.3) 

\Vith the above equations, the displacement in the tube call be calculated, since the 
strain is related to the displacement (assuming only a radial displacement VI' in the tube) 
by (Timoshenko & Goodier, 1970) 

SUI' 
C, 

01' 
11,. 

(A A) co ,. 
The radial displacement l.l r can be obtained using one of the above equations A.4, 

leading to 
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'1' 2 2 22 1 
U,. = E(b" _ a") ((Pia - Pob )(1 - /I) - a b (Po - Pi)(l + II) . ,.") (A.5) 

In t.his study strain profiles arc determined using two different levels of endoluminal 
expansion. The differential displacement in the tube due to the low pressure PI and the 
high pressUl'e Ph can be obtained by subtraction of the displacements. The displacement 
and strain expressions for a differential pressure are given by 

'U1',dif f 
a"(Ph - Ptl (_b2.o...(1_+_II-,-) (1 ) ) + -11 ''1' 
E(b2 - a2 ) ,. 

Cl',diff = 
a

2
(Ph - Ptl ((1 _ II) _ b

2
(1 + II)). 

E(b2 - 02) ,.2 
(A.G) 

A.2 Plane strain 

In this easel the stress in the z-directioll is not zero. By eliminating (J z in equation A.I, 
the stress-strain relations are given by 

(A.7) 

Using the boundary condition for plane strain (0. is 0) and the equations A.2 and 
A.4, the expression for the displacement as a function of r becomes 

u,. = E(b2'~ 02) ((Pi a2 - pob2)(1 + 11)(1- 211) - a2b2(po - Pi)(l + II)' ,:2)' (A.S) 

Next, the relation for the radial displacement and st.rain as a function of two levels 
of endoluminal expansion can be derived 

1l r,di/ f 

CI',diff (A.9) 





Appendix B 

Derivation of the Low-Pass 
Filtered Autocorrelation 
Function 

Using the signal model of equations 4.5 and 4.6 and equation 4.10, the crosscorrelation 
function is obtained from the expected value of t.he estimates for finite observation time 
T as 

T(2 
, 1 J E{RdT)} = T E{Sl(t)S2(t+T)}dt (B.l) 

-T(2 

Expressing the crosscorrelation function as the inverse Fourier transform of the crossspec­
trum (Bendat & Piersol, 1986, page 120), we obtain 

T/2 00 

E{R12(T)} = ~ J J G12(f)ej2rr!Tdjdt 

-T/2 -00 

where the cross-spectrum G12 (f) is given 

= 
G'2(f) = J E {S,(t)S2(t + T)} e-j2rr!TdT 

-= 

(B.2) 

(B.3) 

Using the definitions of S2(t) in equation 4.6, we can \vrite the cross-spectrum ex­
pressing S2(t) in terms of its components, that is 

00 

G'2(f) = E{s,(t) J s(o:(t + T) - to) * p(t)e-j2rr!TdT}. (BA) 
-00 

"'e can express the delayed scattering function in equation BA as 

s(o:(t + T) - to) = slIt + aT) + (0: - l)t - toJ (B.5) 
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and rewrite the Fourier transform of the scattering function as 

00 00 

/ s(o:(t + T) - to)e-j2rrjr dT --) ej2rrj[(n-l)t-tO] / S(t + QT)C-j2rrjr dT (B.6) 

-00 -00 

Substituting equation B.6 into equation BA and with the change of variable T' = aT, 
,ve obtain 

00 

G ,2(f) = E{sl(t)ejhj[(a-l)t-to] / ,,-I S(t+T') *p(t)c-jhjr'/u,!T' (B.7) 

-00 

From equation 4.3, a: - 1 = c and rearranging the integral and expectation operators 
in the above equat.ion, we obtain 

00 

G ,2 (f) = ej2rr f[et-to] / ,,-1 E{ S, (t)s(t + T')} e- j2rrjr' /udT' (B.8) 

-00 

(B.9) 

where G,,(f) is the autospectrum (auto spectral density function). Equation B.9 
demonstrates the nonstationary nature of the cross-spectrum of the signals in equations 
4.5 and 4.6, since the cross-spectrum is a function of the autaspectrum and a function of 
time. Replacing equation B,9 in equation B.2 yields 

T/2 00 

E{RI2(T)} = ~ / Jo:-IGll(f/o:)ej2rrjete-j2ITjtoej2ITjrdfdT 

-T/2 -00 

Exchanging the order of the two integration operators, we obtain 

00 

E{RI2(T)} = / ,,-IGll (f/a)e-jhjtoejhjer 

-00 [ 

T/2 ] 
~ / ej2rr jet dt elf 

-T/2 

,,,here the term in square bracket.s reduces to a sine futlction yielding 

00 

E{RI2(T)} = ~ / a-1G" (f/a)e-j2rrjto sinc(fcT) ej2rrjrdf 

-00 

(B.IO) 

(B.ll) 

(B.12) 

Using the cOllvolution theorem and t.he scaling property of the Fourier transform, the 
spectral product in equation B.12 can be expressed in the time domain as the following 
convolution, 
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E {R12 (r)} = Rll (ar) * h(r) *o(r - to), (B.I3) 

where 

h(r) = {I, 
0, 

Irl S ~' 
e/sewil€l"e 

(B.I4) 





Appendix C 

The Fisher-Z Transform 

The distribution of correlation coefficient estimates deviates from Normal when p is not 
zero. To better describe the statistics of such skewed estimates, Fisher (1970, page 185) 
proposed the transformation 

z = 0.5 x [in(l + p) -in(l - p)], (C. 1) 

a transformation that leads to approximately Normal distributed estimates. This 
transformation is ·well suited for our application where the region of interest is 0.5 < p < 
1. 1\'lcan and standard deviations are computed in the transformed variable z. Then, the 
inverse transform, 

(C.2) 

is applied to obtain the average deCOlTclation, and lower and upper bounds, which 
are expectedly asymmetric, corresponding to the 95% confidence interval. 
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Summary 

Intravascular ultrasound (IVUS) is a technique that provides real-time cross sectional 
images in vivo of the geometry of the vessel wall, plaque and lumen. However, charac­
terisation of different plaque components st.ill remains a problem. Although other Hew 
imaging techniques show promising results, characterisation of atherosclerotic plaques 
in vivo remains difficult. An even more challenging problem is identificat.ion of plaque 
vulnerability. 

Elastogl'aphy is a Hew imaging technique that visualises mechanical propert.ies of tis­
sue. The underlying principle is that the response of tissue to a mechanical excitation 
is a function of its mechanical properties. The technique was evaluated in vitro, and 
experiments in vivo demonstrated the potential to apply elastography in a clinical envi­
ronment. In this thesis, the usefulness and additional diagnostic value of the technique 
for intravascular purposes is investigated. 

In intravascular applications, the intraluminal pressure can act as the mechanical 
stimulus to strain the tissue. Using the systemic pressure that is already present in the 
body, different strain levels can be achieved. The strain is determined using data ob­
tained ''lith an intravascular catheter. Since the strain levels are on the order of 1%, 
analysis of high frequency rf-signals was used. In vitro experiments on vessel-mimicking 
phantoms and diseased artery specimens were performed in a water tank. A water col­
umn system was used to pressurise the vessels at different levels. A modified IntraSound 
(DuMED /EndoSonics, Rijswijk, The Netherlands) and a commercial In Vision (En do­
Sonics, Rijswijk, The ~etherlands) echoapparatus with custom rf-data output were used 
to acquire the data. The data was digitised and processing of the data was performed off­
line. First, the time delay between gated signals was determined using cross-correlation 
analysis. Next, the finite difference of the time delay was used to determine the strain. 

The potential of the technique to identify soft and hard plaques in a vessel wall was 
invest.igated by phantom studies. First, the mechanical properties of agar-gelatin based 
phantom materials were determined. These materials are often used as tissue mimicking 
material in ultrasound experiments. The hardness of these materials was directly related 
to the agar concentration. By adjusting the concentration of Carborundum (SiC) parti­
cles, which were acting as scattering particles, hyper- and hypo-echoic materials could be 
constructed. The experimental results on phantoms, with the geomet.ry of a vessel wall 
with a soft or hard plaque, revealed that characterisation of the different plaques was 
feasible. Identification of hard and soft materials was independent on the echogenicity 
contrast between t.he vessel wall and plaque. 

The vestiel phantoms were up-scaled versions of human femoral and coronary arteries. 
As a consequence, the resolution of the technique had to be improved. The signal-
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to-noise ratio of the system was increased by improving the data acquisition system. 
Additionally, the mechanical scanning mechanism was upgraded. Finally, a filter was 
developed to determine the reliability of the estimated strain values. This filter uses the 
peak of the correlation function as a figure of merit for the strain estimate. It is based 011 

decorrelation properties of compressed tissue. 'Vhen tissue is compressed, the peak value 
of the correlation function decreases. The peak value can be determined theoretically and 
is a function of the center frequency of the transducer, the window length and the rate 
of compression. Since the strain is determined using the cross correlation functioll, the 
peak value can directly be used to check if t.he determined st.rain value is in accordance 
with t.he peak value. 

The influence of t.he position of the catheter on the strain was also investigated. 
Theoretical relat.ions between the position in the lumen and the measured strain were 
derived: the measured st.rain decreased in certain regions in the vessel wall when t.he 
catheter was not posit.ioned in the center of the lumen. The error in the measured 
strain increased wit.h t.he distance of t.he catheter to the center. Since this error could 
be described theoretically, correction for this artifact is feasible. However, for catheter 
positions close to the vessel wall correction is not possible. Also the influence of a tilted 
catheter in the lumen was determined. For known tilt-angles correction for the resulting 
art.ifact is possible. 

A robust compound imaging technique was developed t.hat will be easier t.o imple­
ment. for in vivo applications: intravascular ultrasound palpation. This compound imag­
ing technique presents the mechanic and acoustic information in one image. The strain 
information is plotted as a colour coded line congruent. with the lumen vessel wall bound­
ary. In t.his way, the mechanical information can directly be linked to the conventional 
IVUS echogram informat.ion. Since only one strain estimate per angle is determined 
corresponding to a substantial portion of the vessel wall, this method is faster and more 
robust than elastography. The technique was validated using vessel phantoms and dis­
eased human arteries: soft and hard material were identified using the strain palpogl'am. 
Additionally, fibrous and fatty plaque components could be differentiated with the infor­
mation provided by the palpograms. 

Diseased human femoral arteries were measured with the upgraded elasticity imaging 
syst.em. Data was obtained at. intraluminal pressures of 80 and 100 nlluHg. Preliminary 
experiments revealed the feasibility to obtain elastograms from diseased and normal 
parts of the vessel wall. The resolution of the technique (300 /lm) was sufficient to 
determine several st.rain estimates per angle in the vessel wall and plaque. Calcified 
regions were ident.ifiable on t.he elastogram by their low st.rain. Normal vessel wall regions 
had moderate to high strain levels where fibrous regions showed st.rain values in bet.ween 
t.hese two. 

Encouraged by the preliminary results, a larger scale in vitro study was performed. 
35 cross-sections in 9 diseased human femoral arteries were scanned. Elastograms were 
determined and the IVUS cross-sections were segmented based on t.he strain value. The 
specimens were processed for histology and staining techniques to ident.ify fibrous, fatty 
and calcified material were performed. Additionally~ a staining technique to indicate the 
presence of macrophages was performed. The presence of macrophages is a marker for 
plaque vulnerability. Correlat.ion of t.he elastographic results wit.h the dominant tissue 
type present in the plaque, revealed a significant difference bet.ween t.he strain values for 
the plaque types (p < 0.001). Especially, the strain value in fibrous and fatty material was 
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significantly different (1'=0.0012). The results of this study demonstrated the potential 
of the technique to characterise different plaque components and to identify vulnerability 
of plaque. 

Finally, the feasibility of the technique to be applied in vivo was investigated. During 
in vivo experiments the systemic pressure was used as mechanical st.imulus. However, due 
to the contraction of the heart, the catheter is moving in the lumen. Especially motion 
along the long axis of the vessel wall is a problem since data from different cross-sections 
are acquired. In this case, the strain in the tissne cannot be determined. The results of 
the experiments revealed that mot.ion of the catheter in minimailleal' end diastole. Two 
frames could be acquired at this point in the pressure cycle with a pressure differential 
in the order of 5 mmHg. Preliminary results indicate that reproducible elastograms can 
be obtained in one and over several pressure cycles. 

In conclusion, intravasular elastography is a technique capable of providing Cl'OSS­

sectional images of the mechanical properties of the vessel wall and plaque. Soft and 
hard material can be identified independently of the echogenicity of the materials. The 
potential to characterise different plaque components using this information was demon­
strated in vitro. Additionally, the potential to identify the vulnerability of the plaque 
was shown. Preliminary experiments demonstrated the feasibility of the technique to be 
applied in vivo. 





Samenvatting 

Intravasculair ultl'ageluid (IVUS) is eell tcchniek \vaal'mee real-t.ime dwarsdoorslleden 
van vaten gemaakt worden zodat de geometric van de "aatwand, het lumen ell de laesie 
afgcbceld kUllllen worden. i\·Iet dezc techniek is het echter mocilijk om de vcrschillende 
SOOl'ten laesies te kal'akterisercn. Hoewel er niemve technicken worden ontwikkeld blijft 
YDoral de in vivo karakterisatic van de verschillende laesics moeilijk. Een nog grotere 
uitdaging yormt de detect.ic van instabiele laesies. 

Elastografie is cell llicuwe afbeeldingstechniek, waarmee de mechanischc cigcnschap­
pcn van weefsel kunnen worden bepaard. Deze techniek is gcbasecrd OJ) het principe 
dat de vervonnillg van weefsel, als gevolg vall eell mechanische stimulus, een functie is 
van de mechanische eigenschappen van het ,veefse!. De techniek is gevalideerd aan de 
hand van in vitro experimenten. In vivo experimenten hcbbcn aangetoond dat elas­
tografie van toegevoegde waarde kan zijn in een klinische omgeving. In dit proefschrift 
wordt de toepasbaarheid en bruikbaarheid van deze techniek in intravasculaire applicaties 
beschreven. 

Vaal' intravasculaire toepassingcn kan de pulsatie van de blocddruk gebruikt worden 
als mechanische stimulus. De vervofllling wordt bepaald aan de hand van data die 
wordt verkregen met cen intravasculaire echo catheter. Omdat de vervorming van het 
weefsel klein is (in de orde van 1%), wordt gebrllik gemaakt van de radio freqllcntie 
(rf-) signalen. In vitro experimenten met vaatfantomen en aangetaste arterien werden 
uitgevoerd in een waterbak. Eell waterkolom systeem werd gebruikt om verschillende 
druk lliveaus in de vaten aan tc brengen. Een gemodificeerd IntraSound echoapparaat 
(DuMED /EndoSonics, Rijswijk) en een commerciccl verkrijgbaar InVision echoapparaat 
(EndoSonics, Rijswijk), met een speciale rf-signaal uitgang, werden gebruikt om de data 
tc verkrijgen. De data werd vervolgens gedigitaliseerd en off-line verwerkt. Allereerst 
werd de tijdsvertraging tussen segmenten van het rf-signaal bepaald met behulp van 
cross-correlatie technieken. Vcrvolgens wen} aan de hand van de afgeleide van deze 
tijdsvertragings fundie de mate van vervorming van het weefsel bepaald. 

l\{et behulp van cell vaatfantoom studie werd de mogelijkheid van de techniek om 
harde ell zachte laesies in een vaatwand te identificeren onderr.ocht. Eerst werden de 
mechanische eigenschappen van materialen, gemaakt van agar en gelatine, onderzocht. 
Deze matel'ialen worden in ultrageluids experimenten vaak gebruikt als weefsel llaboot­
sende materialen. De hardheid vall de materialen bleek direct gerelateerd te zijn aan 
de agar concentratie. Carborundum (SiC) deeltjes werden gebruikt om het geluid te 
reftecteren. Door de concentratie van der.e deeltjes te varieren konden, hyper en hypo 
echogene materialen worden gemaakt. De resultaten van de experimenten met de vaat­
fantomen, toonden aan dat ident.ificatie van harde en r.achte laesies met elastografie 
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lllogelijk was. Dezc resultaten waren onafhankelijk van eell al dan niet aanwezig contrast 
in echo-eigellschappen van de vaatwand en de laesie. 

De gebruikte vaatfalltomen waren vergrote versies van humane femoraal en coronair 
arterH~n. Om de techniek toe te kunncn passen op humaan materiaal moest de resolu­
tie verbeterd worden. De signaal l'uisv€l'houcling van het systeem we1'(1 vergroot door 
het data acqnisitie systecm te verbeteren. Verder we1'(1 het lllcchanische scan mecha­
nisme verbeterd. Als laatste werd een filter ontwikkeld om de betrouwbaarheid van de 
berekcllde vervormingswaarden te bepalen. Aan de hand van de piekwaarde van de COl'­

l'elatie fUllctie wordt de betrouwbaarheid van de vervormillgswaardc bepaald. Dit filter 
is gebaseerd op decorrelat.ie eigellschappen van gecomprimeerd weefsel. 'Vanneer het 
weefsel gecomprimeerd is zal de piekwaarde van de correlatie fundic afnemen. De piek­
waarde kan theol'etisch worden bepaald en is een functie van de centrale frequentie van 
de transducent, de segl11entgrootte en de mate van cOl11pressie. Omdat de vervorl11ing 
wordt bepaald met behulp van de correlatie fundie kan de piebvaarde direct \vorden 
gebrllikt am te controleren of de bepaalde vervorming in overeenkomst is met de waarde 
van de piek. 

Vcrvolgens is de invloed van de positie van de catheter in het lumen op de berekende 
vervorming onderzocht. Theoretische relat.ies tussen de positie in het lumen en de geme­
ten vervonning werden afgeleid: de vervorming werd in bepaalde gebieden in de vaatwand 
onderschat. De onderschattillg van de deformatie nam toe naar mate de afstand van de 
catheter tot het middelplInt toenam. :~vIet behulp van een theoretisch beschrijving kan 
vaal' deze onderschatting worden gecorrigeerd. Echter, wanneer de catheter tegen de 
vaatwand ligt is correctie niet meer mogelijk. De invloed van een gekantelde transducer 
wenl aak onderzocht. Vlauneer de kantelhoek bekend is kan deze fout worden gecor­
rigeerd. 

Een afbeeldingstechniek die ecnvoudiger ge'implementeerd kan worden werd ont.wik­
keld: intravasculaire ultrageluids palpografie. Deze gecombineerde afbeeldingstcchniek 
prcsentcert de mcchanische en echo infarmatie in 1 afbeelding. De mate van vervormillg 
wordt in de echoafbeelding weergegeven als een kleurgecodeerde lijn op de overgang 
tussell lumen en vaatwand. Op deze manier kan direct een relatie tussen de mechanische 
informatie en het klassieke IVUS echogram worden gelegd. Omdat per hoek maar 1 
waarde voor de vervorming wordt weergegeven, is deze methode sneller en robuuster 
dan elastografie. De techniek is gevalideerd aan de hand van I'aatfalltomen en aangc­
taste humane artericn: zachte en harde materialen kondell worden geldentificeerd met 
het palpogram. Venier kondell met behulp van deze informatie vette cn fibrellze laesie 
componenten worden geidentificeerd. 

Aangetaste humane femoraal vaten werden gemeten met een verbeterde opstelling. 
Data wcrd verkregen bij int.raluminale drukken van 80 en 100 mmHg. De eerste re­
sllitaten lieten zien dat. het 1l10gelijk is om elastogrammen van aangetaste en llonnale 
vaten te makell. De resolutie van de techniek (300 /lm) was voldoende am een aantal 
vervormings\vaarden per hoek in de vaatwand en laesie te bepalell. Gekalcificeerde re­
gio's werden met het elastogram ge'identificeerd door de lage vervonningswaarden. Niet 
aangetaste gebieden in de vaatwalld haddcn cen gemiddelde tot hoge vervormingswaarde 
en fibreuze gebieden een vervormillgswaarde tussen die van normaal en gekalcificcerd 
wecfsel in. 

Een in vitro validatic studie met een grater aantal vaten is uitgevoerd. 35 dwars­
doorsneden werden opgenomen in 9 aallgetaste humane femoraal vaten. Elastogrammen 
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werden bepaald en de IVUS echograllllllcn ,verden verdeeld ill gebieden, gebaseerd op de 
vervormingswaarden. Histologische analyse van de vaten ·wenl verricht \vaarbij specifieke 
kleuringstechnieken werden gebl'uikt 0111 fihrens, vet en gekalcificeerd weersel tc idcnt.ifi­
cerell. TeV€llS wenl een kleuringstechniek gebrllikt am de aanwczigheid van macrofagcll 
aan te toncn. De aanwezigheid van macrofagcll is cen kcnmerk van illstabiele laesies. 
Correlatie tussen de clastografische resultaten en het dominante weefseltype in de laesie 
toonde aan dat cr cen sig11ificant verschil tllsscn de vervormingswaardc van de vcrschil­
lende weefsel typen bestaat (p < 0.001). Vaaral de vervarmingswaarden in fibreus en 
vet wccfscl warcn significant verschillend (p = 0.0012). De resultaten van deze studie 
tonen aan dat elastografie mogelijk een tech nick is om verschillende laesie componenten 
te karakteriseren en instabiele plaque te detecteren. 

A1s laatste werd intravasculaire elastografie in het catheterisatie laboratorium toege­
past. Voor deze experimenten werd de pulserende bloeddruk als mechanische stimulus 
gebruikt. Door de samentrekking van het hart had de catheter geen vaste positie in het 
lumen. Vooral bewegingen langs de lengteas van vat veroorzaakten problemen omdat dan 
data van verschillende dwarsdoorslledell wordt opgenomen. Dam'door kan de vervorming 
van het wcefsel moeilijk worden bepaald. De resultaten toonden aan dat de be\veging 
van de cat.heter minimaal is aan het eincle van de diastolische cyclns. In clit deel van 
de hartslag konden twee opeenvolgende dwarsdoorsncden worden opgenomen met een 
drukverschil van ongeveer 5 mmHg. De eerste resultaten laten zien dat reproducerende 
elastogrammen worden verkregen in 1 en over meerdere hartslagen. 

Concluderend is aangetoond dat intravasculaire elastografie een tech nick is waarmee 
afbeeldingen van de locale mechanische eigenschappen van de vaatwand kunnen worden 
gemaakt. Zachte en harde materialen konden, onafhankclijk van een verschil in echo­
eigenschappen, worden ge'ident.ificeerd. Aan de hand van een in vitro studie werd aange­
toond dat verschillende laesie componenten kunnen worden gekarakt.eriseerd. Verder 
werd de mogelijkheid van de techniek om instabiele laesies te detecteren aangetoond. 
Voorlopige experimenten laten zien dat de techniek ook in het catheterisatie laborato­
rium kan worden toegepast. 
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