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Prevention of Coronary Restenosiswith Radiation Therapy: A Review
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Summary: The problem of restenosis after percutaneous
tranduminal coronary angioplasty remainsthe major limit-
ing factor of the procedure. Over thelast 10 years, investige
tors have been studying the use of radiation therapy for pre-
venting restenosisafter angioplasty or stent placement. Since
radiotherapy hasbeen provenin other casesto be effectivein
disrupting the cell cycle regulatory proteins and thereby
dowing or stopping growth, it was decided to apply the same
principle to neointimal hyperplasia. To review the data that
have emerged regarding vascular radiation with an emphasis
onirradiated stents, 65 articleswere reviewed and both pre-
clinical and clinical experiments were included. Overal,
studies with gamma and beta radiation show promising re-
sults. Endovascular gammaradiation has been shown effec-
tivein randomizedtrials, even at 3-year follow-up. Betaradi-
ation ispreferred because of greater safety and localization,
and because it has a so shown encouraging resultsininitial
clinical trias, aswell asin larger randomized studies. Con-
sequently, the Federal Drug Administration hasapproved the
use of both. In both types of endovascular brachytherapy, it
seems the greater the dose, the better the initial response.
Safety concernsincludean increased incidence of latethrom-
bosisand greater restenosisat margins. With irradiated stents,
however, thesituationisnot asclear. At times, anima models
have presented confusing results. These have ranged from
significant suppression of hyperplasiato outright adverse ef-
fectsof radiation on the vessel wall. While someclinical tri-
alshave been encouraging, othershave not. Follow-up of up

Address for reprints:

Nabeel Hafeez, M.D.

645 Belle Terre Rd.

Apt. 23

Port Jefferson, NY 11777
e-mail: nhafeez@hotmail.com

Received: September 7, 2000
Accepted with revision: October 17, 2001

to 1 year has been disappointing so far. Many issues, such as
the* candy wrapper” effect and rebound hyperplasia, must be
dedlt with beforethisbecomesaviableform of therapy. It has
become clear that radiation therapy in this setting, while hav-
ing potentially great benefits, can cause deleterious effectsas
well. However, the mixed bag of positive and negativeresults
seen <o far, and the attractiveness of stents or percutaneous
trand uminal coronary angioplasty being“ restenosis-proofed,”
eventually iscausefor cautiousoptimism.

Key words: brachytherapy, stent, radiation, angioplasty, en-
dovascular radiation, irradiated stent, neointimal hyperplasia

Introduction

The problem of restenosisafter percutaneoustrand uminal
coronary angioplasty (PTCA) remainsthemajor limiting fac-
tor of the procedure. Thisproblem hasplagued interventional
cardiologistsfor the past two decadesand requires additiona
treatment, including repest angioplasty or bypasssurgery in
about 25% of patients.! Restenosisrates of ashigh as60%% 3
at 6 months post angioplasty have been commonly reported.
Evenwith stent placement, restenosisoccursup to 30% of the
time:* A variety of pharmacol ogic agentsto combeat thisprob-
lem have been tried unsuccessfully in variousclinica trials.
Over thelast 10 years, investigators have been studying the
use of radiation therapy in preventing restenosis after angio-
plasty or stent placement. One advantage of radiation over
more specific drugs isthat its response is nonspecific and it
stopspraliferationincellsevenif therearemultiplestimuli to
proliferation.® Initial experiments with animal models sug-
gested that radiation to the vessel wall, by placing irradiated
stentsto stenoticlesionsor exposing thevessd toradiation via
catheters, seeds, liquids, and soforth, after angioplasty, al re-
duced restenosisrates significantly. These studieshave stimu-
lated intenseinterest and haveled to currently ongoing clinical
tridlswith variousformsof vessd irrediation. Thefollowingis
areview of the data that have emerged regarding coronary
artery radiation with an emphasis on irradiated stents. Both
preclinica and clinical experimentshave beenincluded.
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Background

Percutaneoustrand uminal coronary angioplasty entailsad-
vancing acatheter balloon system to the point of occlusionin
acoronary artery and then inflating the balloon to dilate the
artery, thereby enlarging the lumen. In many cases (>50% at
present),® astent isapplied tothesameareato give more stabil-
ity to the dilated segment (theindicationsfor stent placement
are multiple, ever changing and increasing). This procedure
causesinjury to the vessd wall and reactswith inflammation,
elagticrecail, neointimal hyperplasia, andlatearterial remode-
ing.” Theprocessof neointimal hyperplasiaiskey totheirradi-
ation theory. After injury, a wound-healing phase begins,
which includes smooth muscle cellsand fibroblasts migrating
from themediato theintimain responseto variousstimuli and
mediators. A course similar to scar formation isinitiated, and
smooth muscle cells begin to proliferate toward the center,
eventualy causing restenosis. It has been recogni zed that this
processissimilar to other proliferative disorders secondary to
injury, such aspterygium, kel oid, and heterotopic ossification
following total hip arthroplasty. Since radiotherapy has been
provenin other casesto beeffectivein disrupting thecdl cycle
regulatory proteins and thereby dowing or stopping growth,
it was decided to apply the same principle to neointimal hy-
perplasia. Thisparticular vascular responseto PTCA or stents
isseen as* scar or tumor” formation. A porcineanima model
aswell asrabbit and, morerecently, caninemodels, have been
developed and studied extensively.8-10 In these models, a
coronary vessel isoverstretched to provideballooninjury and
variousinterventions, including stents and radiation, are ap-
plied. After varying periodsof time, the vesselsareexamined
to assessresponseto different therapies. Therapiesthat have
been used include external radiation, endovascular radiation
with temporary implantsthrough catheter-based techniques,
and radioactive stentswith avariety of radioactive isotopes.
External radiation has had results that, in some studies
(Schwartz et al.), have shown it to be worse than stenting
aloneand, inothers, evento cause myocardia necrosis.!! Bet-
ter results have been obtained with thel atter two methods.

Catheter-Based Radiation

Two types of radiation have been studied extensively inre-
gardto thisapproach: gammaand beta.

Gammalrradiation

Multipleanimal (porcine) experimental models, using 19|
delivered to the vessel wall via catheter, have demonstrated
positiveresults. Mazur et al 12 showed that 1921 r suppressedin-
timal thickening at 4 weeks post PTCA when using 10to 25
Gy a 1.5 mm. Wiedermann et al.13 14 aso found similar sup-
pression of neointima hyperplasia at 4 weeks and later at
6 monthswith 20 Gy at 1.5 mm given after angioplasty. The
first significant clinical trial took place in 1994 with a study
in Venezuelaby Condado et al., 1> using 20-25 Gy at 1.5mm
with 192|r wire. Results showed arestenosis rate of 28% and

latelossindex of 0.19 at 6 months, both better than after angio-
plasty aone, which has higtorically shown rates of 30-60%
restenosisand a0.40-0.50 latelossindex. Although there has
been some aneurysm formation in select patients, the patients
haveremained stableover at least thelast 3 years.

IN1998, Teirstein et al.16 published thefollow-up results of
thelandmark Scripps Coronary Radiation to Inhibit Prolifer-
ation Post Stenting (SCRIPPS) trial on catheter-based radio-
therapy toinhibit restenosisafter coronary stenting, adouble-
blind randomized trid. This demonstrated a reduction in
target lesion revascularization in vesselsirradiated with 19|y
withadoseof 8to< 30 Gy. Target leson revascularization at 6
months was 44.8% in the placebo group and 11.5% in those
treated. After 2 years, target lesion revascul arization remained
44.8% in the placebo group and 15.4% in those trested with
radiation. Theangiographic restenosisratein treated subjects
showed a69% reduction and the late | ossindex showed 80%
reduction, both at 6 months. Significantly, at 2-year follow-up,
the composite endpoint of desth, myocardid infarction, or tar-
get-lesion revascularization was significantly lower in the
group that received radio therapy (51.7% for placebo vs.
23.1%, p = 0.03).1” Three-year follow-up has shown contin-
ued suppression of necintimal proliferation.18 Thefirst place-
bo-controlled multicenter trial of intracoronary radiation for
in-gtent restenosis, the Gammal Tria, hasd so shown positive
results. Gamma | enrolled 252 patients versus 50 in the
SCRIPPStrid. Here, Leon et al .19 used 192 with amean dose
of 1351 cGy. In 6 months, in-stent restenosiswas reduced by
58% (52% for placebovs. 21.6% for radiation), and therewas
a 43% reduction of in-lesion restenosis (56.4 vs. 32.4%).
Waksman et al.2° have a so reported encouraging resultswith
192|r &t 15 Gy inthe Washington Radiation Forumfor In-Stent
Restenosis (WRIST) tridl. Inthisstudy, target lesion revascu-
larization wasreduced 79% (67.7% for placebovs. 26.2% for
radiation) and restenosis by 67% (48 vs. 16%), both at 6
months. SaphenousVein Graft (SVG) WRIST showed reduc-
tioninrestenosisinirradiated vein graftsaswell.

It isimportant to note that there have been no significant
sdeeffectsreported in the SCRIPPS study. Whiletherewere
four deathsreported, two werein the placebo group. However,
the WRIST study has shown prolapseinto thelumen through
intravascular ultrasound. Although all thesetrias have used
192, the SCRIPPS, WRIST, and Gammal tridlshaveall used
irradiated seeds, whereasthe Angiorad Radiation Technology
for In-Stent Restenosis Trid in Coronaries (ARTISTIC) trid
and that of Condado et al.1> used irradiated wire. In ARTIS-
TIC, restenosisrateswere 19.0%in-stent and 23.8%inlesion,
indicating that intracoronary gamma radiation with source-
wireiseffectivein preventing in-stent restenosis 2!

Betalrradiation

The advantages of using a beta-emitting radioisotope are
thefollowing. Fird, itismoreeasily integrated into catheteri-
zation laboratory procedures. In addition, penetration of the
isotopeiswesker, S0 no specia protective clothing or devices
not aready available in the catheterization lab are required.
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Beta radiation does not extend to great distances, so thereis
lesspotentia for radiation reaching areaswhereit isnot want-
ed. For example, 1%2Ir, agammaemitter, for 2minat 10 Gy, is
about 10,000 msv whereas 10 Gy of 9Sr, abeta-particle emit-
ter, isonly 5 msv. These propertiesindicatethat betaradiation
may be more suited for localized irradiation. However, these
advantages can a so be disadvantages. It can be more difficult
to achieve ddlivery of therequired doseto deeper layersof the
arteries (medialadventitia) with the beta emitters. On amore
mundanefront, they will be moredifficult tofind if lost inthe
catheterizationlab or during procedure. Variousisotopeshave
been experimented with, including Y, SR/Y, and 1%8Re.

In 1996, Verin et al.2? released results of a pilot study to
evaluatetheclinical feasibility and safety profileof delivering
18 Gy of radioactive®Y tothevessd wall viaapurely metal-
lic source. Results at 6 months showed a restenosis rate of
40% and alatelossindex of 0.50. These resultswere disap-
pointing, but they did show that this approach was feasible
and that no side effects attributable to the radiation were pre-
sent a 6 months. It isthought that the poor resultsweredueto
inadequate dosage. The study aso demongtrated the use of a
segmented balloon-centering device to deliver theradiation.
In animal models, the plaque, which istargeted, isgenerally
singular and uniform. In clinical models, there are multiple
“bumps’ inthe arterial wall because of extensive disruption
of the mediaand adventitia. Thisrequiresadelivery system
that can achieve an even distribution of radiation and thisis
what the segmented balloon attempted to do. The search for
an adequate system has resulted in multiple types of cails,
wires, and seeds. Robinson et al .22 have shown that aliquid-
filled balloon catheter system resultsin ddlivery of homoge-
neous amounts of radiation to thetarget area (in pig coronary
arteries). For asignificant response, however, higher doses of
the1%Reliquids (20-30 Gy) than thosein more conventional
systemswererequired.

Verinet al. havesince published additiond studiesthat have
had moresuccesswith Y %, Onedealt with 130 patientsunder-
going PTCA without stenting, who received 9, 12, 15, or 18
Gy of radiation. Upon follow-up, both restenosisat 6 months
and repest revascul arization were lessfrequent in the higher-
dosegroups. Therewasd so adose-dependent enlargement of
thevessd lumen, most commonly inthosereceiving 18 Gy.

The Beta Energy Restenosis Tria (BERT),2* results of
which were published in 1998, employed Sr/Y seedsusing
12,14, and 16 Gy & 2 mm after angioplasty. At follow-up, this
study showed alatelossindex of 4% and arestenosisrate of
15%. In addition, the use of a beta emitter was shown to re-
duce radiation exposure to the operator and aso resulted in
lesstreatment time required compared with 192Ir. The experi-
ment was extended to more patients in Montrea and
Rotterdamwith similar results. InMontredl, resultspublished
showed alate lossindex of —0.09 £ 0.46 with restenosis of
about 10%. In addition to the fact that these studies demon-
strated a positive response to beta radiation post angioplasty,
they are also significant for comparison with gammaradia-
tion. Both the percentage of restenosisand thelatelossindex
arelesswith betaradiation. The higher the dosage given, the

better theresults (12 Gy showed alatelossof 0.16 vs. —0.10
with 16 Gy). Also, with theexception of the study of Condado
et al.,1> gammaradiation studies have been concerned within-
stent restenosis. The BERT study consisted of patients post
angioplasty. Thisis significant because restenosis after stent
placement isrecognized asbeing almost entirely secondary to
neointimal and tissue hyperplasia, while restenosis after an-
gioplasty aloneisdueto neointimal hyperplasiaand vascular
remodeling. The Montreal and Rotterdam cohorts were fol-
lowed by intravascular ultrasound in addition to angiography
(theoriginal BERT study group follow-up waswith angiogra-
phy only). Intravascular ultrasound (IVUS) in this case, as
reported by Meerkin et al.,2 in addition to providing infor-
mation on minimal lumen diameter (ML D), wasaso ableto
show an absence of decreaseintheexterna elastic membrane
(EEM) area, ameasurement not available with angiography
alone. ThelVUSresults, theoretically, indicated not only de-
creased neointimal hyperplasia, but also suggested decreased
lateremodeling.

Additional clinicd tridsarenow pending, open, or resulted.
These include the BETA-CATH? System (Novoste Corp.,
Atlanta, Ga) tria, whichisalargetriple-masked study that in-
cludesprovisiona stenting, and the Stent versus Angioplasty
Restenosis Tria (START), which istesting betaradiation in
stent restenosis. Factorsthat must bekept in mind with vascu-
lar radiation are type of isotope, dose, delivery and centering
systems, timing of dosage, and vascular reperfusion during
procedure. Various isotopes are being tried, since one of the
reasons for the testing of betaradiation is that 192Ir was felt
to beagreater health hazard. Thedelivery and centering sys-
tems, as mentioned before, are difficult to devel op because of
theirregular and multiple“ centers’ of plaguesinhumans. The
BERT, BETA-CATH, and START trialshave used radioactive
D051/Y seeds. Inthecaseof BERT, thesewere2.5mmlong and
0.61 mmin diameter. A total of 12 seedswere used to cover a
length of 30 mm, whichweredelivered viacatheter.

The BETA-CATH triad 26 wasthefirst and largest prospec-
tive, randomized, blinded, placebo-controlled multicenter
study that evaluated the use of vascular brachytherapy in de
novo lesionswith PTCA a one or combined with stent place-
ment. Inthistrial, the primary clinical endpoint of target ves-
s failure (TVF) was not shown to be significantly lower in
theradiation armsthanin the placebo arms. Thiswasthe case
despite the fact that in the PTCA branch there was a 37.6%
reduction in in-lesion restenosis rate and a 34.6% reduction
in TVF/major adverse coronary events (MACE) rate. Thein-
vestigatorsexplainthisby therestenos sinthe combined stent
branches where, despite a 28.9% reduction in the in-lesion
segment restenosisrate, therewas a30% increasein the actu-
al analysis segment (radiation + injury + 5 mm at each end).
The authors suggest that “geographic miss’ may have con-
tributed to the negativeresults of ©°Sr. Therewasaso ahigher
than expected rate of latethrombosiswhen radiation wasused
with stentimplantation.

The Proliferation Reduction with Vascular Energy Trid
(PREVENT)?Z used a®2Pwire sourcewithin ahelical center-
ing balloon. Angiography at 6 monthsshowed atarget Sitelate
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lossindex of 11%in radiotherapy-treated patientsversus55%
in controls, restenosisrates of 8 versus 39% at thetarget site,
and target les onrevascul arization in 6% of radiotherapy-treat-
ed versus 24% of control patients. The BETA WRIST trid
at Washington Hospital isfollowing in-stent restenosiswith a
OY coil with 18 Gy (similar to the Verin tria). The BETA
WRIST tria has shown a22% restenosisrate at 6 monthsfol-
low-up.28 The Columbia University Restenosis Elimination
Safety Trial (CURE) (which has shown clinical restenosis
with need for target vessdl revascularization at arate of 17% at
6 months?) isexploring thefeasibility of using balloonsfilled
with radioactive 18Re fluid. A study by Hoher et al.® has
shown that irradiation with an 18Re-filled balloon is techni-
cally feasible. At 6 monthsfollow-up, thelatelossindex was
0.57 and target lesion restenosisrate was 12%. Aspreviousy
mentioned, this is thought to deliver a more homogeneous
dosetotherequired area.

It has been suggested that the radiotherapy be given at least
48 h efter injury to potentiate the effects of thetreatment. This
was demonstrated by Waksman et al 31-32 and showstheim-
portanceof timingin vascular responsetoinjury and radiation.
Thecatheter-based delivery systemsof vascular radiation aso
havethe problem of transient ischemiaduring radiation ddliv-
ery in systemsthat requirean inflated baloon. Inthe Verin tri-
a, thedosagewasddivered over 400 sbut ischemiadid devel-
opin27% of patients. Radiation therapy, asawhole, hasbeen
shown to be most effective in well-oxygenated cells, and the
search for a centering device that alows adequate perfusion
during procedure continues. Findly, the appropriate dosageto
beappliedisstill not clear. Although most tridlshaveindicated
that the higher the radiation dosesin endovascular radiothera-
py, the better the response, the issueis still far from decided.

Smooth muscle cells and fibroblasts that move to the intima
originate and also proliferate in the media and adventitia.3*
Theresponsetoinjury isregulated to alarge part in these lay-
ersof thevessel wall. Inacacified, diseased coronary artery,
thethickness can exceed 2 mm.

Overall, both gammaand betaendovascular brachytherapy
show promise, and clinical trialswith both have had positive
results (Table ). The FDA has approved both gamma and
betaintracoronary radiation for use after initiad mechanica
treatment of in-stent restenosis;3> however, two safety con-
cerns have arisen. Sometrials have shown greater restenosis
at the stent margins.36 Also, as mentioned above, ahigher in-
cidence of late thrombotic eventsand myocardia infarctions
has been seen. Theissue of restenosis at the margins, or the
“edge effect,” is dealt with further in the section concerning
stents. As noted in the Gamma-One tria %7 |ate thrombosis
occurredwithirradiation only if oral antiplatel et therapy with
ticlopidine or clopidogrel had not been given or had been dis-
continued. Further, it occurred only in those patientsinwhom
anew stent had been placed at thetime of radiation treatment.
Similar findings were seen in BETA-CATH. With this in
mind, the FDA suggeststhat antiplatel et therapy (aspirin plus
clopidogrel) begivenfor at least 6 months after brachythera-
py. Although the FDA a so suggested avoidance of placement
of new stentswhen brachytherapy isused, if oneisimplanted,
antiplatel et therapy should continuefor aminimum of 1 year.

Stents

After an occlusion isopened by angioplasty, thefollowing
factorsaffect retenosis: thrombosis, elagtic recoil of theartery,

TaBLE |  Sdected clinical triasof gammaand betaradiation delivered viacatheter
Resultant Lateloss
Radiation source Dose restenosisrate index Type
Gammatrias
Condado?® 192 wire 20-25Gy 28%2 1992 Post PTCA
SCRIPPSP 19| seeds 8—<30Gy 16%? 12962 In-stent
(53.6%in controls) resenosis
GAMMA |b 19| seeds 8-<30Gy 21.6%2 <than In-stent
(52%in controls) controls resenosis
WRISTb 19| r seeds 15Gy 1692 <than In-stent
(48%in controls) controls restenosis
Betatrias
Verin? DY cail 18Gy 40%32 50962 Post PTCA
BERT® D0y 12,14,16 Gy 15% 4% Post PTCA
Hoher® 188Reballoon 15Gy 12%2 at targetlesion 57%2 Post PTCA/gent
(46%2 tota restenosis)
PREVENT® 2Pwire 16, 20,24 Gy 8%2 112 Post PTCA
aAt 6 months.

PFull titleof trial ismentioned inthetext.

Abbreviation: PTCA = percutaneoustrand uminal coronary angioplasty.
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proliferation of cells (from the intima, media, or adventitia),
late remodeling, and inflammation. With the beginning of
stenting in 1986, it became possibleto control two major fac-
torsinrestenosis. A stentisessentially alatticework of metal
that, after placement to adil ated segment of artery, expandspe-
ripherally to an acceptable diameter. It can either continueto
expand until a programmed diameter ismet or it can expand
until the radial forces are overcome by vascular tissue tone.
Either way, theissue of early eladtic recail isresolved, asthe
stent doesnot alow thevascular wall to exert itselastic forces.
The fact that the stent isin the vessel, maintaining a prede-
signed shape, reducesthepossibility of remodelingaswedl. As
mentioned before, it hasbeen seenin many studiesthat inves-
selsthat havereceived only angioplasty, vascular remoddling,
morethan necintimal hyperplasia, isprobably themost signif-
icant factor causngrestenosis. Stentsalsoallow for moresafe-
ty, asan aggressive approach regarding how muchto dilateis
taken by many interventionalists. Many believethat obtaining
a better result is directly proportiona to obtaining a larger
lumina diameter after angioplasty. The resulting responseto
dilation and injury isgreater than in proceduresinwhich less-
er gainisacquired. Inthese situations, stents, with their ability
to stabilize the treated area, are obvioudy better than angio-
plasty aone. With regard to thrombosis, variousclinical trials,
the Chimeric 7E3 Antiplatelet Therapy in Unstable Angina
Refractory to Standard Treatment (CAPTURE) trid, the Eval-
uationin PTCA to Improve Long-Term Outcomewith Abci-
ximab GPI1b/l1laBlockade (EPILOG) trid, and the Random-
ized Efficacy Study of Tirobifan for Outcomesand Restenosis
(RESTORE) have shown the platel et thrombusto bethe prin-
cipa cause of subacute stent thrombosis.38 3% The use of pow-
erful antiplatel et inhibitors, such asticlodipine and glycopro-
tein b/l llareceptor antibody, in addition to aspirin done has
markedly reduced the rate of stent thrombosis. In procedures
in which aspirin, dipyrimidole, heparin, and coumadin were
used, the rate of thrombosis remained at 4-5%. After using
stronger platel et inhibition, such asmentioned above, therate
droppedtolessthan 1% in some cases. New drugsto suppress
platelet function even more effectively are still being devel-
oped. In addition, stentsthat are coated with 11b/I11ablocking
agents are being tested. The Belgian Netherlands STENT
(BENESTENT) 1190 randomized trial demonstrated the effec-
tiveness of heparin-coated stents. Subacutethrombosisinthis
trial was< 0.2%. Withtheabovein mind, it can besafdly said
that whilethrombosi sremainsaproblem, significant improve-
ment in therates of subacutethrombosis post-stent placement
have been made.

Therate of restenosis after angioplasty aloneisbetween 30
and 60%, as mentioned above; with stent placement, thisrate
can bereduced to 20 to 30%—dtill avery high rate of resteno-
sisthat requiresrepesat proceduresin about 6 months. The ef-
fectsof astent on el astic recoil and vascular remodeling along
with the greater platelet inhibition now available means that
upto 30%, or half of restenosisafter angioplasty, and virtualy
all after stent placement can beattributed to neointimal hyper-
plasia. In the context of an irradiated stent, the fact that the
stentisameshwork or lattice of meta dlowsfor the® eectron

fence” theory with regard to smooth musclecdl migrationand
proliferation. Smooth muscle cells and fibroblasts migrate
fromthe adventitiaand mediato theintima. Ascellsreach the
level of themetd inastented artery, they areexposedtothera-
diation emitted by anirradiated stent. At thispoint, cell growth
toward thelumen should stop and shoul d not exceed the barri-
er set by thestent.

Irradiated stents theoretically have advantages over en-
dovascular radiation other than just the prevention of dastic
recoil and late remodeling. Anirradiated stent is physically
placed against thevessd wall and would be much more effec-
tivein delivering adose—and amore homogeneous dose—
of therequired radiation to the vessel wall. It isbelieved that
restenosisisaprocessthat occurs between Weeks 1 and 8 &f-
ter angioplasty or stent placement. Anisotopethat canradiate
the vessel wall for thefirst 2 months or less and then decay
would be an excellent choice. 32P, for example, isaradiation
sourcethat hasahalf lifeof about 2 weeks, whereas exposure
timeislimited to acertain number of minuteswith endovas-
cular radiation.

In 1993, a Heidelberg University, Hehrlein et al.*2 im-
planted radioactive stentsin nondiseased rabbit iliac arteries.
Thiswasthefirst report of radioactive stent usage. The proce-
dure used in thisinitial study resulted in the production of
both beta and gamma radiation from the stents. The stents
used had various activities with 3.9, 17.5, and 35 mCi. In
these models, areduction in smooth muscle cell counts at 4
weeksdemonstrated the ability of radiationtoinhibit neointi-
mal hyperplasia; however, only the 17.5 and 35 mCi stents
showed theseresults. In addition, whilethe rate was sl owed,
reendothelialization was otherwise unaffected. In addition,
the method used to create the radioisotopes was to place a
stainlesssted stent inanuclear reactor. Inadditionto creating
both gamma.and beta radiation sources, radiation wasemitted
by multipleisotopesincluding cobalt, magnesium, andiron.

Inlight of these encouraging findings, investigators began
to look for more precise and safer formsof radiation delivery.
The advantages of betaover gammaradiation have been dis-
cussed earlier. Inaddition, with fluoroscopy during angioplas-
ty, the patient receives 10,000 times the radiation dose deliv-
ered by anirradiated stent. Theradioisotope 32Pwasfound to
have many attractive propertieswith the aboveinmind. First,
32pisexclusively abeta-particleemitter. It hasashort half life
(14 days), and its activity reducestoinsignificant levelsby 6
months, providing asourceof radiation only inthetimeframe
most important to suppressrestenosis. 32Pis cheap and easily
available. Itsmaximumrangeof dosedelivery isin 6 mm, and
95% of the dose is ddlivered within 4 mm of the edge of the
stent. Laird et al.*! were among the first to describe 32P im-
plants on a radioactive coil stent. Their study investigated
whether low-dose radiation from abetaparti cle-emitting stent
would inhibit necintimal hyperplasiain a porcine model. A
gent withanactivity of 0.14 mCi wasused, and sevenanimals
with beterirradiated stents were matched against seven con-
trals. At Day 28, angiography and histomorphol ogic exami-
nation were carried out on the iliac arteries used. Results
showed asignificant reductioninneointima area(1.72 mmin
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treated stents vs. 2.81 mm in controls), reduced neointimal
thickness (0.10 vs. 0.26 mm), and decrease in percent area
stenosis (24.6 vs. 36%). Thislow-doseirradiation, however,
did not inhibit endothelialization. Unfortunately, the process
by which the stents were made radioactive (nonradioactive
32p was firgt implanted on the stent and then the entire stent
wasexposed to radiation) resultedin theformation of isotopes
other than only 32P

Hehrlein et al.,*2 following up on their earlier work, man-
aged to produce amuch more specific isotope emitter by first
subjecting reduced amorphous3Pto neutron radiation, form-
ing 2P, and then implanting it onto astent. Again rabbit iliac
arterieswere used. Activity levels of 4 and 13 mCi with con-
ventional stents were used in control animals. At 4 and 12
weeks, histomorphometry showed significant necintimal sup-
pression only with 13 mCi compared with controls. Thisfur-
ther supported theinitid findingsindicating adose—response
relaionship. Maxima response was shown a 13 months.
Again, while endothelialization was less dense than in con-
trals, by 4 weekstherewas significant recurrence.

Carter and Fischell®® undertook a porcine study with a
broader rangein radiation dosage. The stentsused (known as
the Fischell | so-stent) were modified Palmaz-Schatz typewith
ionimplantation of 32P, as described earlier. Stentswith activi-
tiesranging from 0.15-23.0mCi wereplacedin 39 pigsalong
with control stents. Theresultswere divided into those of low
activity stents (0.15-0.5 mCi), 1.0 mCi, and high activity
(3.0-23mCi). At 28 days, the necintimal areainthe0.15-0.5
mCi group was reduced to 1.63 mm in the treated group vs.
2.40 mm in controls; percent areastenosisin this group was
26% versus 37%. In the high-activity group (3.0-23.0 mCi),
the neointimal areawas reduced to 1.73 mm and percent area
stenosisto 26%. Medial cellularity decreased aswell, but less
than it did in the necintima (40 vs. 60%), an expected re-
sponse, as the radiated isotope is closer to the neointima.
Cdlularity el so showed greater reductionwith higher dosime-
try; however, while encouraging resultswere seen with these
two subsets, the group treated with 1.0 mCi showed amuch
poorer response. Neointimal areameasured 4.67 mm, almost
doublethe control value, and the percent areastenosiswasas
high as 64%. Thisunexpected outcome may have been dueto
thefact thet, a thisdose, delayed endotheliaization set about a
sequence of events that led to smooth muscle proliferation.
The delayed endothelialization in this group may be much
more severe than at lower doses, but when it does occur, it
needs higher doses such asthoseinthe 3.0-23.0mCi groupsto
prevent it from leading to neointimal hyperplasiaand matrix
protein-rich cells. Another reason postul ated for the outcome
isthat theremay bea* stochastic” effect on extracdlular ma-
trix protein; theremay al so be different responsesby different
pecies to similar doses of radiation. A much simpler cause
could be that there was more injury in this subset due to the
procedure. Inany case, thereisevidencethat aU-shaped curve
inregard to the dose—responserel ationship may exist.*3

In addition to theabove, a6-month follow-up of the higher-
dose group (3.0-23 mCi) has actually shown an increasein
neointimal area.** Thesefindingswere e ucidated by follow-

up angiography and histomorphometry. Stent thrombosisoc-
curredin 7.7% of theirradiated study group but did not occur
at dl in controls. Therewas adose-dependent increasein late
lumenloss (r = 0.72). Mean neointimal areawas 3.56 for the
radiated group. Percent in-stent tenosiswasr = 0.64. Both of
these values were higher than those in controls. The neointi-
mal proliferation consisted of smooth musclecells, calcifica
tion, cholesteral, and foam cdlls, leading to formation of the
so-cdled “aheromatous’ neointima. Theeffectsontheneoin-
tima were dose dependent, with greater hyperplasiagathero-
sclerosiswith higher doses.

It also must be remembered that speci es-specific endothe-
lid regeneration and fibrinolytic activity exist and must be
takeninto account with variousdos metry responses. Taylor et
al. experimented with acanine mode studying the effects of
32p-@mitting stentsin normal caninecoronary arteries. Oneof
the most attractive reasons for this study was the fact that,
compared with the porcine modd, the canine modd hasin-
creased intrinsic fibrinolytic capacity and should therefore
have alesser tendency for thrombusformation. It wasbelieved
that thiswould provide results that would be more similar to
the human vascular reaction to irradiated stent placement.
Stentswith activities of 3.5-14.4 mCi wereused. Theresults
showed outright adversevascular effectsat 15 weeks. A 25%
increaseinlumina stenosis(32.7%in controlsvs. 44.6%inir-
radiated stents) and an increasein neointimal thickness (0.28
vs. 0.35 mm) were seen. There was also delayed neointimal
hedling that worsened with higher doses.

Obvioudy, theanima models have shown significant vari-
ationswith regard to dosimetry and eventual response. Trids
with radioactive stentsin porcine, rabbit, and canine models
givedifferent results. Thishas generated debate regarding the
responseof thevessdl totheinitia injury, itsresponsetoradia-
tion, and theresponse of thewall to various doses of radiation.
It may bethat lack of neointimal healing resultsin aplatelet/
fibrin-rich necintima. In addition, radiation may actually in-
crease exposuretimeto various growth factors (e.g., TGF-B).
To complicate mattersfurther, it isnot yet certain which ani-
mal mode!’sreaction would bemost similar tothehuman vas-
cular response.

Clinical Trials

Fortunately, as studiesin animal models continue, clinical
trialsare also underway with afew results reported. In 1996,
the feasibility phase of the | sostents for Restenosis I nterven-
tion Study (IRIS)* was started. In this study, Palmaz-Schatz
stents had 32P embedded under the stent surface. These stents
were used on 32 patients (22 with denovo lesionsand 10 with
restenoss). Theinitial stents used were designed toimpart a
radioactivity of 0.5-1.0 mCi, with an average stent activity of
0.71 when implanted. After implantation, the patients were
treated with both aspirin and ticlodipine. After 1 month, there
were no cases of target vessdl revascul arization, non-Q-wave
myocardia infarction (MI), MI, emergency coronary artery
bypassgraft (CABG), stent thrombosi's, neutropenia, or death.
With these encouraging results, it was decided to expand the
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original study (IRIS1A) toaclinica trid usng similar coro-
nary stents, but with ahigher radiationlevel. Thesegtentsinthe
IRISIB trid used thesame32P but tested radiation level sof be-
tween 0.75 and 1.50 mCi with amean of 1.06 mCi at implan-
tation. Twenty-seven sentswere placed with 22 indenovole-
sionsand 3inrestenaticlesions. ThelRISIA trid took placeat
three centerswhilethe IRIS 1B added an additional five cen-
tersto its study. The IB results of follow-up at 1 month also
showed no resultant M1, vessel closure, degth, or other adverse
complications. The 30-day follow-up for both of the abovetri-
aswascorvincing and showed promise.

However, 6-month follow-up has, so far, shown unexpected
results. Therestenogisratein thegroup with lower activity lev-
elswas31%. Thisisasgood asor dightly worsethan therate
achieved by nonirradiated stenting. Thelatelosswaslessfor
restenosiscompared with denovolesions. InHeidelberg, stud-
ies have shown target vessel revascularization of 36% with
sentsemitting 1.5-3.0mCi. Doseescalation trialsusing stents
with activitiesof >3mCi arein progress. 6

Results published by Albiero et al 47 at 6-month follow-up
in The Milan Dose-Response Study complicate matters fur-
ther. Indl, 122 stentsrangingin activity from 0.75t0 12.0mCi
were used in 82 patients. This was a single-center, nonran-
domized, doseresponse study. Palmaz-Schatz stents were
used inthe 0.75-3.0 mCi group; BX stentswere used for the
3.0-6.0 mCi and 6.0-12.0 mCi groups. More than 90% of the
lesonstreated were de novo. The patients were followed up
with both angiography and IVUS. Pure intrastent restenosis
decreased from 16% in the 0.75-3.0 mCi group to 3% inthe
3.0-6.0 mCi and 0% in the 6.0-12.0 mCi groups (Fig. 1).
Thesevaluesare dl lower than restenosis seen with stenting
aone Thereare, however, interesting resultswith regard toin-
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traesional restenosis (Fig. 2). Restenosisrates of 52% in the
lower, 41% in the higher, and 50% in the highest groupswere
seen. Late-lossindex ranged from 0.71-0.57. Theexplanation
for theseresultsisbelieved to bethefollowing. According to
thed ectron fencetheory, there should be no neointima hyper-
plasiain areascovered by theirradiated stent; however, astent
doesnot cover theentirelength of alesion. Those areas of the
lesion not covered by the stent, or thosethat are adjacent to ar-
ticulating areas, will demonstrate neointimal hyperplasia.
Theseareasareusualy at theproximal or distd edgesof thele-
sion, resulting inthe* candy wrapper” effect on follow-up an-
giography. Thisisnot seenwith conventional stenting because
the hyperplasia occurs in the stented area as well as at the
edges and therefore presents a smooth outline on angiogram.
Similar “edgeeffects’ have been seenin other sudiesaswell.
Fectorsthat may be responsiblefor these effectsarelow-dose
radiation, whichispresent just beyond the stent edge and may
actualy stimulate noninjuredtissueto proliferate; injury tothe
irradiated segment during an aggressive procedure; or acom-
bination of thetwo. Follow-up studiesby Albieroet al.,*8 how-
ever, have shown that with higher radiation dosage (12—
21 mCi), and anonaggressive stent implantation strategy, the
problem of edgerestenosispersistsat 6 months. Atthesehigh-
er dosages, the problem wasaattributed to negetiveremodding,
whereasti ssue growth wasthe mechanisminthelower dosage
studies. Possible solutionsto this problemincludeamixture of
radioactive stent- and catheter-mediated delivery of radiation,
hot-ended stents, cold-ended stents, self-expanding nitinol ir-
radiated stents, or asquare-shouldered balloon. 4

A similar edge effect has been noticed after catheter-based
betaradiation. For example, Hoher et al.3° noticed atarget le-
sion restenosis of 12% but a totd restenosis rate of 46%.
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However, astudy by Kozuma et al.®0 suggests that low-dose
radiation may not be responsible for this phenomenon, and
that nonmeasurabledeviceinjury may instead betheculprit. In
thisstudy, asimilar increasein plaguevolumewasseeninal
segments compared. Theseincluded noninjured edges of the
irradiated group (19.6% increase), noninjured edges of the
placebo group (21.5% increase), and theirradiated segment it-
sdf (21.0% increase). Inthe WRIST tria of patientswithin-
stent restenosis, edge stenosis was found in 10% of patients
with radiation versus 4.7% with placebo. It was believed that
geographical misswasthe cause—that, inthisstuation, thera:
diation did not cover the entire segment of artery injured dur-
ing PTCA.

Recently, areport by Kay et al 51 hasshown alate progres-
sion of in-stent neointimal hyperplasiabetween 6 monthsand
1 year post implant that has caused concern. Of those patients
who were event free at 6 months post implant, 19% required
reintervention by 1year. Theevent-freerateat 1 year inthepa
tient group was 53% (worse than with conventiona stenting).
The authors of the report believe that theirradiated stent in-
hibits necintimal hyperplasiawithin thefirst 6 months (asre-
ported by Albiero) and especialy intheinitia 3 months. After
this, however, it isfelt that a“rebound” phenomenon occurs,
causing cellular proliferation between 6 monthsand 1 year. In
nonradiated stents, this same time period shows very few
changesin lumen diameter. Also, stenosis progression from
the edgeswashot seen, whichindicatesthat the candy wrapper
effect isashort-term response. Overall, thereport suggeststhat
“irradiated stents delay but do not prevent neointimal hyper-
plasia” whichisasetback intermsof irradiated stent efficacy.

New Developments

Thereareafew new experimental developmentsin stents.
Li et al. experimented with a position-emitting 48V nitinol
stent. Thisparticular type of stent emitsboth gammaand beta
radiation. The betacomponent can beuseful for providing the
means by which alocalized area of tissueisirradiated. Onthe
other hand, the gammaemissionswill provide asafety net, as
gamma radiation is more easily picked up if the stent islost
during the procedure. There are no human trialsyet with this
typeof stent. Alt et al.52 have been experimenting with sents
coated with gold. 198Auwas created by placing these tentsin
anuclear reactor. Various dose activities have been produced
(0-20 Gy). Thesewereimplanted in mini-pigs, and no acute
complicationswereinitially reported. At 4 weeks' follow-up,
IVUS showed agrester reductioninneointimal growththanin
controls, aswell asbetter reponsewith higher doses. A report
by Schulz and Alt et al.,52 53 however, hasshown 18Autoin-
duce neointimal proliferation rather than inhibit it (this dealt
with activity levelsof 10.4-55.4 mCi). Changesin the actua
gent design arebeing studied aswell. The standard stent used
today isthe Palmaz-Schatz stent. Thisstent hasacentra artic-
ulating areamade up of aseparate 1 mm piece connecting two
larger metadl hemistents. This design was intended to afford
greater flexibility. A drawback isthat, whenirradiated, thisde-

sign cannot distribute an even dose of radiation to the tissue
throughout the stent length. Because of irregular dosimetry at
thearticulating aress, theresponse of neointimal hyperplasais
much grester in areaswith lessradiation. The BX stent, men-
tionedintheMilan Dose-Response Study, isanew generation
of stent designed to be confluent, but, because of itsuniquede-
sign, isalso flexible. Thiswill allow more equal distribution
and therefore more even suppression of hyperplasia. Other
new radiaion delivery systemsthat are proposedincludegam-
mastents and the previoudy mentioned stentsto hel p combat
the candy wrapper effect.

Conclusion

Radiation therapy hasthe potential to be avery useful tool
against restenosis after PTCA and/or stenting. Studies with
gammaand betaradiation show promising results. Endovas-
cular gammaradiation hasbeen shown to be effectivein ran-
domizedtrids, even at 3-year follow-up. Betaradiaionispre-
ferred because of grester safety andlocalization, andit hasaso
shown encouraging resultsininitia clinical tris, aswell asin
larger randomized studies; consequently, the FDA has ap-
proved the use of both. In both types of endovascular brachy-
therapy, it seemsthat the greater the dose, the better theinitia
response. Safety concerns include an increased incidence of
latethrombosisand greater restenosisat margins. Withirradi-
ated stents, however, theSituationisnot asclear. Anima mod-
elshave presented confusing results at times. Thereisagreat
ded of variation in neointimal response to radiation between
different species, ranging from significant suppression of hy-
perplasiato outright adverse effects of radiation on thevessd
wall. Whilesomeclinicd trial shave been encouraging, others
have not. Follow-up of upto 1 year has been disappointing so
far. Many issues, such as the candy wrapper effect and re-
bound hyperplasia, must be dedlt with before this becomesa
viable form of therapy. The questions of dosimetry are com-
plex and require more study. In addition, delivery of radiation
ishot just aquestion of catheter versus stent. There are many
different formsof ddivery, each of which till needsto beade-
quately studied. In fact, thereis till not even consensus on
which ion should be used. On a more long-term note, more
timeisneeded for further follow-up studies. Overal, thereisa
great amount of work to bedone, and clinical studiesconcern-
ing thisform of neointimal hyperplasiaprevention aretill in
an early phase. It has become clear that radiation therapy in
this setting, while having potentially great benefits, can have
deeteriouseffectsaswell. However, themixed bag of positive
and negative results seen so far and the attractiveness of stents
or PTCA eventualy being “restenosis-proofed” is cause for
cautiousoptimism.
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