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INTRODUCTION: WHY IN-VITRO
MODELS ?

Endoyasctrlar therap)' using balloon clilatalion, ste'[
applicatic'rn, or both appear currently to be

interesting therapeuric alternatives to surgical

CEAl l i-r,5,('r. Neyertheless, âS state d b)' different
Councils, this ettterging new endovascular
technologies should be further developed and

standard ized prior to u'idespread useT'8. In-r'itro
rnelhodology rt'ith realistic hun]an vascular rnodels

exhibit reproducible test coltditiolls for llledical
device evalulttion and compai'isoll as u'ell as for
rnedical training and provide therefore an ideal
enr,'ironnleltt for preclinical exilt-ritnentation . The

lack r-li l-tiolc-rgicerl conditic'rus exclucles of course

crlrnilliiiltility' testiltg, ltou,eve t-, for the benefit clf

ayc-lidiTtg u1necessât-1: and e.\lle'sir.e animirl use a'd
the advrmtage of providing clean and directll' r'isible
"enclovascttlttr'' coltclitions, itt-r'itro nlodels are

u,elcc-lnre tr) crvercorlre initial clinicril leat-tring cllr\-es

u'hilc trait'ting for endovilsclllrlr trcetttteltt.

METHODS OF MODEL
CONSTRUCTION

An ex:-tct reproduction of the vascLtlirr lultten \\/i1s

obttrinecl using a corrosiotr ll'letht-rciq. Aftcr
cannLrlrrtic-rr-r, thc cen'icarl vesse ls trf trtrtr fixccl hLllTtatt

specinren \\/cre injectecl u'ith utethvllllclhztcr1'late to

creat e tl norntal cast ttf thc caroticl Llrte r\r ilncl its
branches. This \\'i1s ctbtained ltv using lr nlixtt-tre of
methr'lnrethacn'lirte (Berilcrr'l, TroIIer., Su'itze rlancl)

and ltilrinnr sulfate porvder (HD-2t10 pllts, Lltfa)'e lte.

USA)" The nrirtLlre \\'Lrs injecte cl uncle r fluoroscctpic

control rrfter flushing r)f the arterirrl tre e u'i[h a 5"/,

glucose sttlution. Potcnliirl alteration of the vASCLtlrlr

morphrrlogy' due tr) excessive injectir)n pressure \\/rjls

avorded ltv using cr)ntinuolls flur-lt'r-lscctpic contrr)I tc-l

interrupt the filling procedure prir-rr to vrtscular c)\'er

dilatatir-lnItr. Once fillecl., the spe cinre n \\ras iurtnet-se cl

in a ii% solutir-rtr of prttitssiull hydrt)xide at

40 degrecs Celsius., Lurtil comple te dissolutir-rn of the

surrrlllncling soft and bony' tissttes \\'its achieved. The

remaining solid con'r)sion cast (Fig. 1) wlts thetr
simplified b)'ren-lr)\'ing stnall bntnchcs. Itr a next
step, using derltistrlr ct)]))/ te chpiqlle s, \\/L1x collies çf
the casl \\rere obtrritred (ELASTR{T, Stvitzerlancl)
Such \\'itx copies exhiJtited dinrensions u,hich are

identical to the initial corr-r-rsion 10. ,\ \\,11x crrp)' was

then Llsccl as a fornr to nlttlcl soft t)r'r'jilicl ., rlr'tt-nral or
pathrrlogicirl \'rrscul:.rr Iltrclelsl l. Fttt- soft lnoclels,
siliconc \\'rrs appliccl in thin llrvcr-s lr)'pititrtins
rrurnuallv t)n thc \\'lrx copics. Dttring tlre cl t'y'ing

prr)cess, thc lltt)clcls \\'crc plaeccl irt 11 3-D rotatt)l'
macfii1c tt-l rrr-oicl Lltù\-C]t clistr-ilt1ttitrr-t t-rI t]re $-ct

silicorlc ctrrltirig. Itt-rr solicl lnoclcls. thc \\'l1.\ ct)1lics

\\:ere inrnicrsccl irr e lttrr lillcrl u rth lrcltricl silicortc
Cnce thc silict)ne \\';.ts conllllctcll' clricti . thc ltttrclcls

\\'el'e hcrttccl (Stl C') in trrclcr to clt-rritt titc ri'rt\ itl'tcl t.-r

free thc vlrsctririr- ltulcn ;.rcr'()r'clin,{ ttr thc ltticicttt aticl

u'ell knt)\\:n pr-inciltlc trl "lost \\'r't\ tcehrricltlc

SIMULATION OF CAROTID
ATHEROMATOUS DISEASE A MODEL
STENOSIS TO MATCH THE PLAQUE
MORPHOLOGY

N4odels ll;.ltchttrg ltl.rtlLlc lttrrr'llhtrlogv clltl ilc
obtilinccl lt)' \\-il\ clrl)ics t)l cliscl'rsccl ill'l crics t'rt- ltv
mocliff irtg \\'rl\ etlltics ol' ltot'tttrtl el'l.crics. Strch

models, r'igicl t)l- sol-t. l)l-trviclc c\llct copics t [ ;.1

specific stcnt'lsis. hr)\\'cvcl'. \\'hcn trscd ftrt-

end ovasclrl a r cl i l el ;11 i 1-l l1 |) l'rrcc cl Ll l'cs . l-c lll lti tr Il ot

dilatecl ch-rc tr) Lhcir clestic rrtcl'nt)r-r'. 
-l-hct-cft 

t'c., tltcsc

nr(-)dels irpl)ci.rr uscfuI {'or- r ttrirginq tcchrri clttcs rrtrcl

hertrocly'nrulic str.rclics t)nly'. r.tttcl .u'c ol'iintitccl ttse l'trt'

endr-lvllscular- t l'clll n-lrlllt sttllltlltt jtrll .

SIMULATION OF CAROTID
ATHEROMATOUS DISEASE A MODEL
STENOSIS TO DILATE

Bcst r-csults

t hinu'rt llc rl lllt)clcl:
t'l l't'it llt t

Figure l. Strlitl t'.'t't'trSit)1.1 t';'lSI t)f htrllltll t'ct-cl'lt-;tl llt'tct-ics
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breakable thread tied arouncl the lrt)del at fr. le'el

of desirecl slenosis, created a more r)r less cxce ntric

and irregular slenosis. The lllorphologic aspt-ct 
-of

the stenosis *,as c-rbse^'ed to be i' relirtion u'ith the

type of ligrltLtre,, lhe luuren surface chrrracleristics

arrd the llloclel u,all thickrless (fig 2) strch

simulatic-rns .[ ste'osis allorv lor release of the c)utcr

constrain br- pre- or post-dilatatior prr)cecltrres or b;'

introdtrcriori 'f 
self-expandable stellts in

dependence of the qualitl' of the threacl r-rsed'

SIMULATION OF NORMAL
VISCOELASTIC WALL PROPERTIES

To CreaIe biolllec]rauicallr', llht'sicelll' arid

anato'ricrrlly. accrlrate i.-r'itrr) rlocicls erhibitr' g

wall proiler-,i.r oI nonnirl hunrilr cirroticl rrrte rics, \\'c

mixed silictrlle u'ith t'eriable clegrccs of uritrct'rrl

porvcler rtclcliti'es (titall, talc, silicc) Thc t'ixtttt-cs

,.,ara appiiccl i1 Lu'c-l tt) seve u la;'ct-s, i)rocltrcillg tl thill

silico'e crrrlt. The visco-elastrc 
'.';.rll Pr-trPcr-tics t)f thc

models \\-crc the'c'al*atecl a'cl co'rPrrrecl *'ith

values 1i111-r\\'11 frolr nornllrl Itrllltlll Cltt't-lti c1 ar-t e t'i cs'

For e\rr-rlr-r.rtior-r., the l-nodcls \\':cI-c ç1)llllcctcd tt-l i1

systolo - Lliastolic plrlrlp p]'ocltrcrns {lou'lilrcl

pressureCLlr\'esirrplrl,siologicall.l.lllgeSTircr'irscttlltr
fluid prcsslrre \\ras nr.rnit.-,r.lcl rurcl thc c\ict-tral 

'csscl
diarnetcr *-;.rs nrerrsllrecl nsi'g Pic:trclcct'ic PrOltcs.

The 
'hi-sical 

r.rcl biol'rcchrr'icrrl lla'a[lcters
(ptrlsarrlitr.. raclirrl [ol'ce ., coulirlrancc. cIrrsticit1' atrcl

stiflness) ..l tIc c|ffe IeIlt l]-lt)c]cls \\'cl-c crrlctrlatccl ll I i

ancl co'l).rrccl to rcslrlts .btair-rccl i' ;.i' crirlicl' stttch'

from rt)r-nr.rl htrrnan cirrotid arte r-icsl{ Lrsilg thc Sill'llc

methocl trf cVlrluatiotr otr ft'e sir. nt)'11-irxccl httt.'.'iltr

caroticl 
'r;.itcr-ial. 

T\r,c-r ciiffc'cnt t)'pcs oI urr]cle ls. Ihc

1l ,w ffil$,

RTV- 121(3 lal',e .s) a'cl silgarcl- l8+ ('rixccl u'ith

Tira', 2 l,,y,.rs) exhibite cl 
'iscoelastic 

properttcs

close r-o i.,rrr,.,,l htturirn caroticl artcries rrt

p[)'siplpgical pre sstlre rzlllges of 140/8t) nrnrl{g

if lg f l iheir .i all., htl*/e'er, wlls 
'er)' 

thi' rrtrcl t6e

.t.de ls Ilro'ecl to be tOo fragile [.r use \vith 
'rost

e'do'asc'lar cle'ices. There r.le nla)' be i.te resti'rg

for spccific stLldies snch as e.g.e'irltrati.'.f
henrodl'natlic inrpact o[ a stent'

SIMULATION OF THE CIRCULATION

AII the .tocle ls c.ut lte coltile cte cl tct auy circr'rllitit-rtr

s).sterl trsins llurrcls .f differert'iscosities rr'cl

it-IvolYing a plllllp s)'ste ll-Is t o producc {ltlu' :'rud

1)ressLlre chalrges tt) si'r*irrte'ariirble trr cotlstilllt

il.*, çe11clitio,i_. i'the i.-\,itro urr)deI Chanqes itr

clistal rcsisrrr'cc crlr be obtainecl b' trsir-rg acialttaillc

t)Llt fl tl$' ctrll sL t-l-lt tl t S.

COMPATIBILITES WITH MEDICAL
IMAGING

..,111ç1'trlltrlt()LlS cliSCltSc ol fIc lttttttrttl C:'11.t)titl llilltrltctitrtl'

-fhc,.'rr)cieIs cxhibirccl eNccIIcnr conrPetil-'Iit' *'ith

alI cLrn.cnt urcclicirI inrirgine nrcthrrcls, ir-rcIr-rcling

llilgpCtrc restrll:.1llCC ttllaging' Ct)llllltrtCcl

torrî'r-rgr-Lrphy,, cligitrrl subtractit-ltr rrtl{i1-r{1-i1i)ltt".

trltrasr-,tr1cl tttrci itttt-i1t'asCttlllr trltltlsOtttrci t)l

';.1I'ticr.riitr 

illtel-cSt ll'li1)'be th:iq:ocl tl-r1l-lsltrcctrcl't'rl-

ccrriri' ltlr)clcl ,. p., (ELASTRAT. S\\',it;c'la'cl) '

all tt*'ilt g l. r' cl i rC C L'i sr-rlrl C t)lltrtll lr'oi cl i. g tir c tt c c cl

tr I trsi r q,.,r c cl i c rrl i nr .rgc c c|,r iPnr e n t cl ri ri n g c'rr] .i ;1t i t)11

r-lr. tr.rrinin g. phr)tograPhic clOcuurelrtation r)t' r'i clctr

rcct-rrclirg of clcr-icc, .,lithin the nroclcl nrrt)' c;-rsill' llc

obt rtitrccl.

r.i(

1..

>'j

tntrtlcl trlFigtrrc 2. :trl't rttrd clilrrtrrlllc I ll - \'l t l'() Stctltlt it'
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(..<-rtr rt>e pressir-rn rl iltntèt t-e .trtert: Liu'(-rt itls in tertre

(.otil-trt' Ilt'('ssirlrt tli.ttttt'lt-('.u'l('r(' r..tr(tlitlt' inlt'rItt'
:l l)t'('\.siurt grltl sitrlr rgiqttt:
(-.ottrlrt' lrrt'ssiorr tli:tnti'lr(' nrotlt'lt' N' -15

.r prt:ssiort 1>lt-t'siologitl trt:

Figure3. \lcchanicill propertics o[;1 sof't rnodcl u'itl'r
si rn r.r l a t i t-r n r-r l- lt r) l' nt l'r I u,a l I c h ;.r rire t c ri st i cs .

PRECLINICAL EVALUATION FOR
REGULATORY PURPOSES

The nroclels ]rave been usccl ilnd ilccepted for
preciinical device cvaluation for Ce -nrarking.

AN EXAMPLE OF ENDOVASCULAR
TECHNIQUE EVALUATION: CAN USE
OF A DISTAL PROTECTIVE BALLOON
AVOID POTENTIAL EMBOLIZNTION
TO THE INTERNAL CAROTID ARTERY
TERRITORY?

To evillnate Ce-rlttroversial argLtlltents in lavor or
against rlse of clistal prtttcctic-ln. \\'e evalulrted the
distal protection technique ltv tenrporar): balloon
occlttsion of the ICA usir-rg a triple coaxial s1,51ent6

and qllantified the potential to relnove emboli
positione d u'ithin the dilated ste notic area of an
internal carotid artery (lCA) on in-r'itro rrodels.
Using a triple coaxial sy51sm, a self expandable stent
(Wallstent, Schneider, Su'itzerland) wrts d.ployed
belorv the tenrpol'âryz protective occlusion of the ICA
(Fig . 4). Subsequentllr, emboli were introduced
thror-rgh rnicrocatheters into the proxirnal aspects of
the ICA belo\\/ the proteclive balloon to simulate
plaque debris. A range oI sizes and nunrbers of
particles \\/ere used for this purpose. To evaltrate the
efflcacy of the different elemenis of the cleani.g
procedlrre, aspiration and flushing at different levels
belor,r' the occlusion balloon pl'otection s)'steln \\/ere

perlrrnned. For this purpose, t]re aspirated, fh-rshed

or remaining irnrollnt of particle emboli were
counted after collection in separirte filters. Aspiration
or flushing occured rrt a range of pressllres and fluid
volunres, rrnd u'ith the tip of the coaxial 9F catheter
positioned trt a varie t1r crf leveis. To evltlr-rate the
itnpact of flushing fluicl volunres :.rnd [r-l Ar:oid reflux
tc-r the ac-rrtic arch, a nloclcl of lrortic arrch inclucling
the cervicai vessels \\'lrs cc)nstrllcted (Fig. 5,

ELÂSTRAT. Su-itzerland). Sinrulating lrulsatile flou'
atrcl blood viscosi[)', circulating fluicl consisting of
2/3 \\'ater ancl I/3 of gl1'cerine \\'as Llse cl at average
pressllres of l2Ll nrnrHg. The flou' \\,ils regLllatecl at

10t) cclnrin in the e xternal caroticl irrtcrll sirnilar to
nornral ph1'sittkrgical conditic-rns l t. The potentirrl of
debris refluN \\'ils evalllated usins an ICA prc-rtective

c-rcclusirln rrt tttidccn'ical level and aipplving clifferent
flush rates tltrough the 9F corrxial catheter u'ith the
catheter tip positionecl at le vels I ) close tc-r the
balloon (hieh-H), 2) at the or-igin o[ inte nrzrl carotid
arter)' (lou,-L), irncl 3) in an iltte nnediate position
(nridclle-lt4). The (rptirnarl [lush lltrrv \\/as clbsen'ed tc'r

be irt 2 cc/se c (Fis 6), u'i[h reflLlx occuring tt-r the
vertebral ar[er)' (Fig 7) for flush rates supe rior tc]

2.5 cc/sec injected for a tr)tal volullte of 40 cc.

n
:--i
l._J

r

i

rr I' usethc cliffercnl. stclts ftrr rlistlil I)r()tcctivc ltrrllttt'rn

t

Figure 4. Sccltrcncc
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Figurc 5. DS.\ trl .t tttrrricl trl

realizcd lts ;.1 ct)lt.rl..it'tlil,i(rlt
(EL\ST[i.{l-. Su'it :c t'l.t ttrl )

;'itrl'lir' ltttrl r'l'.1t1 itr-cCt'r'it.tl
rrl Iu tt s(]lirl trr-r ttrrr

vcssc l s

ttt rrtlc ls

Elficicnc;, eviilu:ttitrl"l rtl asl)it'rititlt ((rt) cc) and
flushinq (2ccl-*cc l.t.rr i1 totrtl ol 20 scc) at clifferen[
lcvels ltelou' thc clistrrl ltallt)on |))'trtcctjlrtl l'evealed,

that usc of a distal l)rolcctivc b.tllotm u'ith flushing
et tlre ltifr-rr-crttirrtt lcvel allo\\:ccl tr) 1'cc'()\'cr-B3o/o to
1tl0% ol-thc cnrbt-rli ri'rth an evcrirsc ol. 9 2.2 %. With
thc tiir ttf the 9l- cethcIcr ltlrrccd eloSe to the

l)rotccLive balltrt)n. thc c1{icee\. ol' thc cleaning
proccclllr-e \\'its llci.tsure cl 93.79o tt'r 100% rvith a

rrver-rrgc of 9.9.)')i'. Ljsing [\\/o fltrshcs at clifferent
ievels follorvinq nrcr.lsur-cnrcnts \\'cr-c nlilcle With a

l'irst flr,rsh thror-rqir the 9['crrtlictcl'ri'jL]r its tip next
Lt-r the l)rolectivc ballootr rtttci the sccr,nd at the
rrr-ignl oi the clu't)ticl rn[crnel ru'tc]-\. 93.3'),, to 99.3o/o

ol' the particlcs \\'cl'c t'clnovcci . L'siltg iul itrr,ersed
scclLlcr'rcc ri'ith r i-irst prtrrirtiril rtrtci rl scctrrd distal
llrrsh, tirc ciebrrs r-c1'y11'rvi1l u'rts r'llcrisur-e cl to lte 99.8o/o

[t-r 10t)9ô. this c\.cn n'hcn hrgh nLlnrbcr-oi prlrticle
(201 tr) 42tl) \\'crc usccl . Irr ct)nt'lusioti, thc iu-r'itro
lltt)clcl allrtu'eci It) clcnrt)nstrlrtc thc l)r)tcntiatl to

l)l't-rtcct thc ltrein I'r-t,nr ilistal nrigrrltrr)r') of plaque

t
I
:

I
a

I
:
I

I
I
I
I
t
.t

,
I,

/' tî
it\iltl--'r

2\5- li{ i

Figr.rrc 6. Lle:ming thc sp:rcr hùlo\\'ir protcctivc hrrilrron svstcnr in rr rnr.rclcl rrs in Fig. I riith thr c()rr\iirl çl:
trttlrelt'r tip irt high tll). rnitltlle 1\l);urtl lori (1,) position in lesrrrcl t(r thc prr)ttctivc hirllottt.t.'fhc l-igurc

shoss rr D:.-\ ol {lLrsh visurrli:crl
o[ a ltr cc t()till ilt ] .c/sec erhihitccl ntr lcllux t() thc :rrrrtic rrrch uhcrcas injcetion r':rlcs (rl f .5 cc/s.'e sh,rs'ttl
bctinning rcllr,rr int,. thc crrrlrr'tr,.t1 cllh)ti(l .lrtcr\:

ltigttt'c 7 . 5.tntc ('(')rrtliiion: ltS tlt'St'l il.t'tl irr l:igrrrt'
rcf'ltrr tl..rrrn ltr lltt'ler.'l t,l tltù.itrrlit .rrtlr

ri illr f'ltrsh irrlt'r'tiorr

545
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debris by using a distal
(Theronrr), u,hen correct
rates are used.

CONCLUSION

protectirre balloon system
catheter position and flush

Transparent \rascular in-r'itro models made of
silicon e are highly reproducible and are anatornically
correct in their dimensions, u'hen copied frorn
human vascular systems. The wall characterisrics
can be constructed rigid, soft and even equivalent to
viscoelastic properties of normal human carotid
arteries, what might be of interesr for hernodynarnic
studies. Stenotic lesions can be sirnulated in their
morphologic and rnechanical aspecrs. The nrodels
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