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Introduction

Overview of the Thesis






The purpose of this thesis was twofold; firstly, to assess the pathophysiology of restenosis
following percutaneous transluminal coronary angioplasty (Part I); secondly, to explore the
potential of a novel technique, intravascular beta-radiation therapy, to prevent the recurrence of
coronary stenosis after percutaneous treatment (Part 1I).

The first part of this thesis represents an attempt to add further insights into the complex
mechanism of restenosis. As will emerge in this first section, our hypothesis has been that vessel
remodeling, watched as a continuous process, will ultimately determine lumen loss after balloon
angioplasty but not after stents. The pathophysiology of restenosis was addressed in the second
chapter, which describes the relationship between inflammation, i.e. activated neutrophils, and
angiographic lumen renarrowing afler coronary stenting and balloon angioplasty.

In the third chapter, the local vascular response to balloon injury was assessed by means of
sub-segmental analyses of the entire target coronary segment using three-dimensional
intravascular (IVUS) reconstruction. This chapter also introduces a new methodology to
investigate the magnitude and mechanism of the restenotic process by assessing this
phenomenon at the site of maximal lumen loss, which actually represents the location of
maximal arterial wall response to injury.

In chapter 4, neointimal proliferation and potential stent recoil (remodeling) were assessed in
coronary segments treated with two second-generation tubular stents using three-dimensional
TVUS volumetric quantification of the entire injured segment. As three-dimensional IVUS
imaging is the most refined technology currently available, it has aiso been applied in the second
part of the thesis {chapters 8-10, 12}, which assesses the vascular wall response to intravascular
radiation therapy; an emerging therapeutic modality to prevent restenosis,

In the chapter S, we described recent clinical applications of intracoronary radiation therapy.
New methodological and procedure-related concepts mainly derived from the vascular effect of
this new therapy are described in chapters 6 and 7.

In chapters 8 to 10, morphological changes of vessel structures after intracoronary radiation
therapy using either catheter-based systems or radioactive stent were assessed. Special attention
has been given to vascular remodeling, which appeared to be highly influenced by radiation.
Also, the “edge-effect” phenomenon, ie. lumen loss observed in the edge of the irradiated
segment, has also been explored in chapters 7 (by means of quantitative coronary angiography),
9 and 10 (by means of three-dimensional IVUS analysis).

Finally, the potentially deleterious effects of this new therapy have been critically analyzed in
the last 3 chapters (11-13). These chapters report an alarmingly high incidence of sudden
coronary occlusion late after intravascular radiation therapy (chapter 11), and intriguing TVUS
findings occurring late (6-month follow-up) after treatment, late stent matapposition {chapter
12} and persisting unheaied dissection (Chapter 13},
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CHAPTER 1

Restenosis: the problem and how to deal with it

Marco A Costa, MD; David P Foley, MB MRCPI, Patrick W Serruys, MD, PLD

In: Grech ED and Ramsdale DR (eds). Practical Interventional Cardiology 2nd edition,
Martin Dunifz, London, in press.
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Introduction

Facing the new millennium, the costly problem of restenosis after percutaneous transtuminal
coronary angioplasty (PTCA) remains unresolved. Indications for angioplasty as well as the

number of percutaneous interventions performed each year! have been expanded considerably
since the early days. In 1994, a total of 224 722 coronary angioplasty (PTCA) procedures were
reported in Burope, an increase of 52% compared with 19922, and the latest Furopean statistics
estimates that the annual need for PTCA is 739 per million inhabitants3 In view of these
consideration, clinicians may realize why researchers are spending so much time and money in
attempts to finding a solution for this “iatrogenic disease” originated from the geniality of et al4,
The aim of this chapter is to summarize the current data regarding pathophysiology and
prevention and/or treatment of restenosis,

Pathophysiology of Restenosis

The biological aspects of restenosis are nuch too complex for a clinical article; thrombosis,
inflammation, smooth muscle cefl (SMC) migration/proliferation and extra-cellular matrix
formation/degradation represent the fundamental sequence of healing and ultimately lumen
reduction after catheter-based vascular intervention 9-11. The interplay between these factors is
coordinated by multiple intra- and extra-cellular elements (growth factors, cytokines, hormonal
factors, nitric oxide, protein kinases, etc)!¥ 2. Local mechanical stimuli, chronic shear and/or
tensile stress!3 14, 15 may further influence the restenotic process.

Based on experimental studies, platelet aggregation and thrombus formation have been
suggested as the foremost process leading to restenosis’> 8, 16, 17 At the site of injury, platelet
aggregation, so-called white thrombus, may represent the major source for attractants and
mitogens for smooth muscle cells. The platelet derived growth factor (PDGF), which may also
be secreted by endothelial cells and macrophages, has been considered as the major promoter of
SMCs migration!8-21, Tn addition, thrombin may stimulate SMC proliferation?2 and precipitate
endothefial dysfunctionZ3, The hypothesis that thrombus represents the core of the restenotic
process has been supported by studies using angioscopy providing clinical evidence of early
thrombus formation after PTCA24, 25,

Inflanimation has also been implicated with restenosis, since leukocytes have been found early
and abundantly at the site of vascular injury26-28. The inflammatory cell component of the
restenotic process appears to play a greater part following stent (foreign body) implantation
than balloon allgioplasty29'32. Whether the association between enhanced inflammatory
response and vessel enlargement, as observed in a recent experimental study33, represents a
potential beneficial effect of inflammation34 on vessel remodeling remains to be elucidated.

The smooth muscle cell has long been implicated in the restenotic process?>: 30 due to its
ability to migrate, proliferate and synthesize extra-cellular matrix upon stimulation20, 29, 37-41
After shifting from the contractile to the synthetic phenotype, SMCs may proliferate from 24h to
2-3 months after vascular injury, returning to the contractile phenotype after this period.
Through fracture of the internal elastic membrane, these cells migrate into the intima, where
they may continue to proliferate and synthesize extra-cellular matrix, which will ultimately
constitute the bulk of the restenotic lesion,
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Recent experimental data have suggested that adventitial myofibroblasts (an ci-actin staining
cell) also proliferate and migrate into the neointimad2, Therefore, the adventitia has been
proposed to play an important role in supplying the intima layer with proliferative cellular
elements for new lesion formation. The adventitia may further be implicated in vascular

remodeling33, 42-44_ since myofibroblasts are capable of collagen synthesis and tissue
contraction as seen in wound healing®>,

Last but not least, extra-cellular matrix (ECM), composed of various collagen sub-types and
proteoglycans?0 actually constitutes the major component of the restenotic lesion; neointimal
hyperplasia has been shown to be predominately a low cellular tissue?’. Constituents of ECM,
such as hyaluronan, fibronectin, osteopontim and vitornectin also facilitate SMCs migration?8-
50 1n addition, reorganization of the ECM, replacing hydrated molecules by collagen, may
result in retraction of vesset wall1,

A New Paradigm of Restenosis: Vascular Remodeling

The ultimate clinical consequence of the above described puzzling processes is Jate fumen
renarrowing. The relative contribution of each of the phenomena, vascular remodeling and
neointimal hyperplasia, to the occurrence of restenosis may vary considerably from one patient
to another and even from one site to another in a same vessel>2,

Elastic recoil has been characterized a decade ago by means of quantitative angiography>3 to
occur immediately after balloon angioplasty>% 35 as a consequence of the natural elastic
property of blood vessels to respond to stretch, Thus, this phenomenon is of doubtful utility for

the process of late lumen renarrowing.
Neointimal proliferation was originally described as the most important mechanism of restenosis

based on extensive experimental and autopsy works as described above36-38 Based on this
assumption, several clinical studies were conducted in attempts to prevent restenosis using
pharmacological antiprofiferative agents, but results have been largely disappointing39-72, We
now know that only half of late lumen loss following PTCA procedures is due fo intimal
hyperplasia®® and a new paradigm of restenosis has emerged: vascular remodeling 14 63, 73-76,
The chronicle change of coronary artery dimensions was first described in 1972 by Mann et
al”7, who observed that African Masai tribesmen maintained lumen dimensions despite
substantial atherosclerosis. Later, Glagov et al78 demonstrated that vessel enlargement
compensates for atherosclerotic plague increase, maintaining lumen dimensions. In this elegant
autopsy work 78, up to 40% increase in plaque volume was neutralized by vessel enlargement;
after reaching this threshold, lumen reduction was directly proportional to plaque growth.
Subsequently, similar compensatory mechanisms have been proposed to explain the restenotic

process!4: 74 and vessel shrinkage has been observed as an important determinant of fate lumen
reduction’3, 76,

Intravascular ultrasound (IVUS), due to its ability to image structures of the vessel wall 79, 80
in vivo, has played a central role in clarifying the relative contribution of new tissue growth and
vessel constriction to restenosis. IVUS studies have provided clinical evidence that neointimal
hyperplasia accounts to less than 50% of lumen reduction in non-stented coronary segments81-
84

The term remodeling has been applied largely to deseribe either vascular shrinkage or
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enlargementS>. The definition proposed by Schwartz et al3, in which remodeling is
characterized in a continuous spectrum by any change in vascular dimension, may better
describe this compensatory phenomenon, Quantitative angiographic studies showing that
changes in lumen diameter after PTCA present a near-Gaussian distribution 86, 87 gyggested
that the response to PTCA is a generalized phenomenon rather than the previously held notion
that restenosis was an “all or nothing” event. Subsequently, IVUS studies showing good
correlation between changes in plaque and vessel cross-sectional areas have determined the
compensatory aspect of the remodeling process after PTCASL 83, 84 1n this regard, our group
carried out a detailed three-dimensional IVUS analysis of the local processes of restenosis. We
observed, albeit preliminarily, that local changes in plaque volume correlated with changes in
total vessel (external elastic membrane) volume, although both patterns of remodeling
{enlargement and shrinkage) were found in individual balloon-injured coronary segments
{unpublished data). Similarly, individual variability of the remodeling process has been reported
by Pasterkamp et al in atherosclerotic femoral arteries>2,

The restenotic process was reputed by our group to be a device-specific phenomenon 88 which
has been recently supported by IVUS studies 89, Studies using volumetric TVUS analysis have
further confirmed that remodeling is almost absent after stenting whereas it plays the major role

in late lumen reduction after directional coronary atherectomy or bailoon angioplasty?9-92.

Detection of Restenosis

Gruntzig et al. first observed that most clinical ischemic events related to vessel renarrowing
occurred between 3 and 9 months after PTCA, mircoring the appearance of angiographic
restenosis®3-95 Considering that up to 30% of asymptomatic patients may exhibit angiographic
restenosis (diameter stenosis > 50% at follow-up) 96 and that exercise electrocardiographic
testing has limited value to detect “silent” restenotic lesions, other non-invasive tests such as
thallium scintigraphy and stress echocardiography have been used to improve the sensitivity and
specificity of non-invasive assessment of restenosis®7-9%. In clinical trials testing the effect of a
given therapy on restenosis, objective angiographic criteria of restenosis have been preferred.
When clinical outcome is also taken info account, repeat target vessel revascularization has been
proposed as the most specific clinical restenosis end-point among other clinical markers (i.e.,
death, myocardial infarction, symptoms recurrence or combined major adverse cardiac events —
MACE)!00. Conversely, for clinical purposes, non-invasive assessment of recurrence of
stenosis (symptomatic status and stress tests) in patients treated with PTCA appears an
appropriate approach. This latter recommendation is based on a serles of previous observations:
1) Routine angiographic follow-up may have increased, albeit small, morbidity and
morta[itymi. 2) Asymptomatic patients with non-functional angiographic restenosis experience
a benign course 102104, 3) The so-called occulostenotic reflex!05 leads to a higher rate of
repeat revascularization with no clear clinical benefit at 12 months after the initial
intervention!00, 4) Late lesion regression at the dilated site may occur after both stenting and
balloon angioplasty 107-199 Undoubtedly, these data warrant a practical strategy of “watchful
waiting” until recurrence of symptoms or non-invasive detection of ischemia ocours, If repeat
angiography is carried out without clear clinical evidence of ischemia, sensor-tipped guide wires
for measurements of distal flow velocity or pressure may be useful to assess functionat status of
restenotic lesions in the catheterization faboratory and assist physiologic-based decision making
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regarding the need for reintervention!02, 110, In fact, many clinical trials include the
requircinent for such testing at follow-up angio in patients with asymptomatic restenosis.

Coronary Angiography for Detection and Quantification of Restenosis

Angiographically detected lesions of 50% diameter stenosis or more at follow-up has been

historically considered as representing “restenosis”t 1L, This apparently arbitrary cutoff point
was, in fact, founded on good scientific evidence, being based on physiological experimental
studies which demonstrated that when the arterial lumen diameter is reduced to 50% or less,

coronary flow reserve becomes impeded! 12, For purposes of scientific studies, many definitions
of angiographic restenosis have been used!13, The classical binary definition based on
percentage diameter stenosis has not been universally accepted since it does not depict the
concept of degree of deterioration in stenosis severity since angioplasty and does not convey a
measure of the vessel response to injury?4: 100, 114 The yse of the term percentage diameter
stenosis itself carries with it the assumption of normal-appearing reference segments, which is
known from IVUS studies to be an erroncous assumption?% 80, 115, 1t seems unlikely that, in
clinical practice, the pragmatic angiographic binary view of restenosis will be replaced by a less
practical scientific perspective of a continuous phenomenon, although true progress in this area
can only be made through the adoption of such scientific approach, particularly by the use of
TVUS analysis!16, In view of these considerations, clinical restenosis studies have been
adopting a more comprehensive approach in reporting findings from both perspectives
(categorical and continuous), to determine whether the agent under investigation had restraining
or inhibitory effect and whether the ultimate clinical/angiographic outcome has been improved
by the use of any new therapy. Quantitative coronary angiography (QCA) has been largely used
to determine lesion severity and define restenosis in the clinical context 117-120, gince visual
assessment may lead to overestimation of the degree of narrowing in “severe” lesions and
underestimation of the severity in “mild or moderate” lesionst21-123, Furthermore, digital
systems now permit on-line QCA in the catheterization laboratory, providing fast, easy and
clinical relevant information for patient carel24. Although, angiography has been widely used
as the guiding tool for coronary discase management, the clinician should also consider
functional, invasive or non-invasive, assessment of the restenotic lesion before referring the
patient fo additional coronary revascularization.

Is Restenosis Predictable?

Identification of factors associated with higher risk of restenosis may be vseful in counseling
patients whether to select a percutaneous intervention or other therapeutic strategies (clinical
treatment or by-pass surgery), Unfortunately, there have been inconsistencies in linking
restenosis to baseline demographic and clinical characteristics!25-128, Diabetes mellitus and
unstable angina have consistently been demonsirated to be important clinical risk-factors for
restenosis! 25, 126, 129132 preliminary results from the Arterial Revascularization Therapy
Study (ARTS) have further confirmed that diabetes mellitus is an important independent
predictor of late clinical events in patients treated with multivessel PTCA133, Some anatomic
characteristics have also been implicated with increase likelihood of restenosis; left anterior
descending coronary ariery, saphenous vein graft, small vessel diameter, lesion length and
chronic total occlusion represent important anatomic characteristics that have been associated
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with higher incidence of angiographic restenosis126, 134-139 Others have reported higher
incidence of restenosis for lesions located proximally 140 and restenotic lesions141, 142,
Although, prior knowledge of the subset of patients at higher risk of restenosis may be useful for
clinical decision making, angiographic and TVUS studies have extensively demonstrated that the
principal determinant of restenosis is the lumen size achieved at the end of the procedure!37,
143-149 " The amount of residual plaque burden has also been considered as an important
predictor of restenosis 143, 150, Conversely, the PICTURE study investigators!3] did not
identify any IVUS parameter related to categorical anglographic restenosis. The use of long or
multiple overlapping stents have also been associated with increased risk of restenosis144, 152,
whereas the influence of balloon inflation pressure and residual dissection on vessel renarrowing
has yet to be clarified153-155,

To help in predicting restenosis in the cath lab at the end of a procedure, our group has
constructed simple reference charts, based on serial QCA and IVUS studies. These charts,
derived from large cohorts of patients enrolled in prospective trials, provide useful information
for patient care, considering that QCA and/or IVUS analysis may be performed online and that
such parameters are partially operator dependenllﬂa 144 Functional parameters derived both
from post-procedure coronary flow velocity reserve (CFR) or fractional flow reserve (FFR) in
combination with morphological (angiography) have been shown to predict restenosis after
PTCA156-158 In the DEBATE sludy157, distal CFR > 2.5 associated with angiographic
residual stenosis <35% identified lesions with low restenosis rate (16% versus 41%). Similarly,
another non-randomized study 158 has shown that patients with both FFR >0.9 and angiographic
residual stenosis <35% had high event free-survival rate at 12 months (92% versus 69%). The
combination of these parameters must be thus considered a relevant practical approach in
interventional therapy and day to day practice.

Luminal Geometry and Restenosis:

The Importance of Interventional Effectiveness

The “bigger is better” philosophy159, in which the lumen size obtained after PTCA will
ultimately determine the occurrence of restenosis, has been largely accepted. One may question
the beneficial effect of optimized intervention since neointimal response has been shown to be
proportional to the magnitude of vessel injury 47, 160, in other words “the more you gain, the
more you lose”. Both concepts, apparently contradictory, are fundamentally correct, and the
ultimate determinant of late lumen size witl be the balance between acute gain and late loss. It is
now clear that the “the bigger, the better” principle holds true for any interventional device,
afthough the favorable relationship between late loss and acute gain appears to be a device-
specific phenomenon®8. Recent studies applying the concept of optimized intervention have
reported lower restenosis rates as compared to their “old brothers” studies using similar devices
105, 157, 161-172 Ajthough TVUS is unequivocally useful to guide and confirm the
achievement of an optimal lumen gain, particularly in stented segments, the risk of restenosis
still remain clinically relevant}48, 1n addition, the cost-effectiveness of IVUS guided optimized
stent deployment has yet to be demonstrated, In the MUSIC siudy, applying a strict IVUS
criteria of optimal stent deployment in a selected population, impressive long-term results were
observed (binary restenosis rate of 8,3%)165_ The CRUISE study investigators have also shown
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favorable results after IVUS guided stenting: reduction of target lesion revascularization from
14.9% (IVUS documented group) to 8.9% (IVUS guided)!48. On contrary, final results from
the RESIST173 and preliminary data from the AVID and OPTICUS trials have not confirmed
the benefit of IVUS guided stenting on late outcome,

Provisional Stenting and Direct Stenting

The strategy of “stent-like” balloon angioplasty with a stand-by stent to be implanted whenever
needed (so-called provisional stenting) has emerged from the impressive good long-term results
observed in the cohort of patients treated by BA and with a post-procedure diameter sienosis <
30% in the BENESTENT trial174. Although others have not confirmed these results! 75, 176,

provisional stenting has become an attractive strategy!57, 158, 177-180  gince it may represent
reduction in costs and good long-term outcome when a “stent-like” result is obtained with
balloon angioplasty alone. Additionally, the treatment and the long-term outcome of patients

with in-stent restenosis remain a matter of concern181-184,

Before unconditionalty applying the strategy of provisional stenting in daily practice, one should
consider that routine stent implantation was cost-effective in the BENESTENT II trial, and that
the sub-group of patients with “stent-like” result after BA had a clinical outcome still 6%
inferior to the stented patients105, 164, Reduction in both costs and restenosis rate may be
further obtained by applying a stralegy of direct stenting (without balloon pre-dilatation),
although such benefit needs to be confirmed in randomized clinical trials 185, 186,

It is unlikely that stent-like results will be achieved by BA without adjuactive IVUS or
physiological assessment, which may ultimately increase the cost of the procedure! 93 Indeed,
preliminary data from the DEBATE 1l trial, in which optimal results were guided by QCA
(residual diameter stenosis <35%) and Doppler Flow wire (CFR >2.5) measurements, showed
that both primary (unconditional) and provisional stenting strategies had similar one-year
clinical outcome and primary stenting was more cost-effective. Interesting and somewhat
puzzling was that an improvement in event-free survival at one year was further achieved by
stent implantation after an initial stent-like balloon angioplasty. In view of these considerations,
a strategy of provisional stenting will not improve clinical outcome or reduce costs of PTCA
pracedures, but it may postpone stenting in up to 50% of the patients, which may have some
benefit, considering the insidious and “malignant” problem of in-stent restenosis.

The role of “New® Infervention Devices in the Prevention of Restenosis

Over the past decade several new devices (stent, directional, rotational or extractional
atherectomy devices, excimer laser angioplasty, cutting balloon, etc) and strategies have been
developed to limit the occurrence of restenosis, but no therapy has consistently achieved a single

digit incidence of restenosis,
Intracoronary stents have unequivocally been shown to result in superior acute and late outcome

as compared to balloon angioplasty!95, 157, 161-164, 187-191 Therefore, these metallic

prosthesis are being used in >50% of all intervention procedures worldwidel 7% 192 1t is
nevertheless important to note that stents do not inhibit, but rather enhance, the proliferative
vascular response and that this metallic prosthesis diminishes restenosis as compared to balicon
angioplasty by achieving a larger residual lomen and preventing vessel shrinkage (elastic recoil
and negative remodeling).
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Debulking devices (DCA, TEC, rotablator, laser angioplasty) have been reported as conferring
no superior long-term results as compared to conventional balloon angioplasty and somewhat

less than stenting168-171, 193-196 payorable results after directional atherectomy studies using
a strategy of aggressive debulking guided by IVUS have been reported recentlyl66, 167 But

these were obtained by operators experienced with the technique of DCA and such a strategy is
more costly, so that the use of DCA should be restricted to non-calcified lesions proximally

located in the left descending anterior coronary or bifurcation lesions!33, 197, 198 The SOLD
registry199 has suggested a potential benefit {11% angiographic restenosis) of aggressive plaque
debulking followed by stent implantation in such selected lesions. The synergistic hypothesis of
debulking prior to stenting199-201 although not yet validated in large randomized trial, is
supported by recent IVUS study from the same group of investigators involved in the SOLD
registry showing that the amount of residual plaque outside the stent correlates with long-term

outcome! 50,
Preventive Therapies
Pharmacelogical Prevention of Restenosis

The focus of the prevention of restenosis over the past 2 decades has been through the
application of pharmacological agents. Unfortunately, the great majority of clinical studies have

not reproduced the promising results observed in the experimental laboratories®?-72,
Data from the EPTC study suggested a reduction in the need for second intervention in high-risk

patients treated with monoclonal antibody against the platelet glycoprotein 1Ib/Ia292, However
this hypothesis was not confirmed in subsequent trials using either a similar medication

(abciximab) or other antagonists of GP TIb/Tla®% 203 A potential anti-restenotic effect of
abeiximab on diabetic patients has been observed in a sub-analysis of the EPISTENT study204,
but these results have yet to be validated295.

A small number of studies on pharmacological intervention to prevent restenosis have shown
satisfactory results206-211, Before sweeping changes in clinical practice these findings should

be further confirmed.
Local drug delivery devices, including drug-coated stents, and even more sophisticated cell-

based vascular gene-delivered systems have been developed!92, 212 however the clinical
application and efficacy of such therapies remains to be demonstrated.

What about brachytherapy for prevention of restenosis?

A new therapy, intracoronary gamma-radiation, has been reported to significantly reduce re-
restenosis after successful re-stenting of in-stent restenosis2!3, Preliminary data from
prospective studies, using either beta (BETA WRIST) or gamma radiation (WRIST,
GAMMAL), have recently confirmed the good results of catheter-based radiation therapy for the
treatment of in-stent restenosis: 40-70% reduction in restenosis as compared with placebo.

Brachytherapy, either by means of catheter based-systems or radioactive stents, has also been
used for prevention of restenosis in less “malignant” de novo coronary lesions 214-218,
However, the long-term safety of this novel therapeutic modality has been argued?19, and
before incorporating intracoronary radiation in daily clinical practice some problems must be
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solved: stent and/or radiation edge restenosis219, late thrombotic occlusions220 and potential
delayed restenosis221 ~224,

How to deal with restenosis if we failed to prevent it?

Restenotic lesions have been associated with an increased risk of re-restenosis as compared with
“de novo” lesion. However, satisfactory results {18% restenosis rate) have been observed by

treating restenosis after balloon with stent implantation 191,

Conversely, treatment of in-stent restenosis represents the new challenge for the interventional
cardiologist! 33, 182, Treatment of diffuse in-stent restenosis has been associated with high (45-
80%) rates of target lesion revascularization, regardless of the device used (balloon angioplasty,
stent, rotational atherectomy or laser angioplasty)181, 183, 184, 225, 226 A5 discussed above,
intracoronary radiation, is the sole therapeutic approach that has proved clinically its efficacy for
the treatment of in-stent restenosis,

Future Directions

Researchers are still seeking solutions for restenosis, but the cure has not yet been found. Taking
advantages of the accumulated knowledge in the past 2 decades, many innovative approaches
have been developed. Biodegradable stents, which “dissolves™ 9 months afier implantation, have

recently been implanted in humans with promising results227, Sophisticated energy-based
therapeutic modalities (phothodynamic therapy, sonotherapy, cryotherapy) have also emerged as
potential solutions and clinical studies are already underway.

Undoubtedly we have come a long way in the last decade. More patients with complex coronary
disease are being treated percutaneously using innovative strategies, many as an out patient
basis. PTCA is safer acutely than ever and bypass surgery is progressively being reserved for
patients when percutaneous techniques appear impossible or inappropriate.

The frequency of significant clinical recurrence of treated lesions is certainly less than 20 years
ago but still represents the Achilles heel of the percutaneous approach. We have not founded the
“magic bullet” or the “Holy Grail” and maybe we never will since the search seems to reveal
more and more the complexity and multifunctional nature of the pathological process leading to
the blockage we see in the angiogram. Nevertheless we and our patients take heart from the
progress already made and the commitment shown to find a selution for restenosis,
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Abstract

Aim: Leukocytes have been implicaied in the restenosis process after percutaneous transluminal
coronary angioplasty. We investigate the association of the activated status of circulating
neutrophils and restenosis after angioplasty.

Methods and results: The population consists of 108 patients treated for single, de novo lesions
located in native coronary arteries with elective balloon angioplasty (n=44) or stenting (n=64).
Pre-, post-procedure and at 6-month follow-up angiograms were analyzed by an independent
core lab. Blood sample was collected immediately before treatment and the antigen CDé6,
which is specifically expressed by activated neutrophils, was measured. Overall, the average
expression of CD66 was 6.4+3.6 mean fluorescence intensity. In the stepwise linear regression
model, which included biological, clinical and angiographic variables, absolute gain showed a
direct association {p<0.001) with relative late loss (Relative late loss = absolute late loss + pre-
procedure reference diameter), whereas CDo6 expression was inversely associated with relative
late loss (p=0.004). CD66 expression also showed an inverse association with relative late loss
in the balloon angioplasty treated patients (p=0.002, 3=-0.49). In the stent subgroup, only
reference vessel diameter and acute gain were independent predictors of relative late loss,
Conclusion: Qur results confirm the beneficial role of pre-procedure activated status of
neutrophils in the restenotic process after balloon angioplasty. The lack of relationship between
CDD66 expression by neutrophils and relative late loss after stenting supgests that this leukocyte
may be involved in the remodeling process.

Introduction

The technique of percutaneous transluminal coronary angioplasty has undergone tremendous
improvement. However, the recurrence of coronary stenosis is still a major problem i
interventional cardiology. Some years ago, it became clear that dlfferences in vascular
remodeling play a major role in the restenotic process after balloon angioplasty!”

The understanding of the biochemical mechanism of the restenotic process is of clinical
relevance, since specific therapies could be developed to reduce the unsolved issue of restenosis
after percutaneous coronary mterventxons Therefore, the contribution of leukocytes to the
restenotic process has been investigated®®. Recently, it has been suggested that granulocytes do
not contribute fo the occurrence of intimal hyperplasia® confirming the findings of Rogers et al.
about the central role of monocytes in that process'®

Further, we have found that pre-procedure expressmn of the CD66 receptor by neutrophils is
associated with a better angiographic prognosis after balloon angioplasty’. While many
activation markers were studied, the activation status of the neutrophil relevant for the
angiographic outcome was besl characterized by the magnitude of CD66 expression®, Although
inflammation feading to weaker adventitial layers has been suggested to induce positive
remodeling in experimental model'” '2, the exactly mechanism (neointimal formation or
remodeling) involved in the potential beneficial effect of neutrophils on restenosis is still
unknown.

The neutrophil CD66 amlgen differently from the CDI11b/CD18 receptor, 1s exclusively
expressed by granulocytes and is considered to be an activation marker as well', The CD66
family members expressed by granulocytes have been found to be associated mtracelluiarly with
tyrosine kinases like Lyn and Hck that mediate signal transduction from the receptor!® It is not
kinown if CD66 could serve as a marker for a subpopulation of neutrophils that play a specific
role in the mechanisin of restenosis. Neutrophils express four different CD66 members
belonging to a group of highly glycosylated proteins of the carcinoembryonic antigen family,
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i.e.. CD66a, Cd66h (formerly known as CD67), CP66e, and CD66d'*, CD66a and CD66b are
stored in the secondary granules, while CD66c is present in the primary granules of the
neutrophil’®*%, Upon ligation, these molecules may regulate CD11b/CD18-mediated adhesion
without the functional activation of that receptor and potentiate the production of reactive
oxygen species'?!, To our knowledge, the variation in CD66 expression in humans has not yet
been extensively studied.

The aims of the present study were first to validate the unexpected finding of our pilot study®
conceriting the inverse association between relative late lumen loss and the pre-procedural
expression of the neutrophit activation marker CD66, and finally to discriminate in which of the
two components of restenosis (neointimal hyperplasia and/or remodeling} activated neutrophils
expressing the specific receptor CD66 may confribute. Thus, we determined the association of
the expression of CDé6 before the procedure and late luminal renarrowing in an independent
group of balloon angioplasty patients, and in a population treated with stent implantation.

Methods

This study consists of a cohort of 108 consecutive patients successfully treated with elective
batloon angioplasty (11 = 44) or stent implantation (n = 64) at the Thoraxcenter. All patients were
treated for single-vessel, short (< 20 mm) and de novo lesions located in native coronary
arteries, Patients treated during the acute phase of myocardial infarction as well as those with in-
hospital complications after the procedure (myocardial infarction, repeat revascularization or
subacute thrombotic occlusion) were excluded. The protocol was approved by the Medical
Ethical Committee of the Erasmus University Hospital, Rotterdam and all patients provided
written inform consent.

Protocol

Sheaths (7 or 8 French) were inserted info the arferial and venous femoral vessels. Thirty
milliliters of blood was collected from the venous sheath immediately before treatment,
anticoagulated with 0.2% EDTA, and kept at 4°C. The method of revascularization, balloon
angioplasty or stenting was based on operator’s preference as well as the type of stent to be
implanted. The devices (balloon or stent) were sized according to the reference vessel diameter
and lesion length., The procedures were performed according to standard clinical practice, with
high-pressure (at least 12 atmospheres) post-stenting balloon inflation, All patients received
aspirin (250 mg/day) at least 24h before the procedure, whereas stented patients also received
ticlopidine {250mg twice a day, maintained for a period of 30 days after the procedure).

Quantitative Coronary Angiography

Coronary angiograms were obtained in each patient pre-, post-procedure and at 6-month
follow-up. All angiograms were analyzed using the CAAS system (Pie Medical BV, Maastricht,
The Netherlands) according to previously described methodology”. Measurements were
performed in multiple (= 2) matched angiographic views after intracoronary nitrates were
administered. The contrast-free guiding catheter was selected for calibration and interpolated
reference vessel diameter at the computer-defined minimal lumen site was automaticatly
calculated. All measwrements were performed off-line by an independent Care Lab (Cardialysis
BV, Rotterdam, The Netherlands) which was unaware of the biochemical analysis results.

Continuous angiographic criteria of lumen change has been largely used in clinical trials and
more closely reflect the magnitude of the reactive intimal hyperplasia, compared to dichotomous
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variables such as > 50% diameter stenosis”™ *', Thus, in accordance to our pilot study, we
choose relative late loss as the dependent variable. Relative late loss was calculated as absolute
late foss (minimal lumen diameter post — minimal lumen diameter at follow-up) divided by pre-
procedure reference diameter. In taking the reference vessel size into account, this parameter
may better address the impact of vascular lumen reduction compared to absolute late loss. For
comparison, we used other angiographic variables loss index (absolute late loss divided by
minimal lumen diameter post} and net gain {(minimal lumen diameter at follow up — pre-
procedure minimal lumen diameter) as well,

Reagents

The monoclonal antibody (mAb) used in the flow cytometric analysis of membrane antigen
expression was mAb CLB-granl0 directed against CD66acde (the Central Laboratory for Bleod
fransfusion, Amsterdam, The Netherlands).

Flow Cytometric Analysis of membrane Antigens

To prevent any staining-procedure-related activation the leukocytes were kept on ice during
the entire procedure to inhibit their normal metabolic processes. Furthermore, the reagents were
endotoxin free. Erythrocytes in the blood sample were lysed with a sterile ammonium chleride
solition consisting of 155 mM NHyCl, 10 mM NaHCO; and 0.1 mM EDTA at 4°C. This
procedure does not alter the expression of CD66(b) and of various other membrane activation
markers of the neutrophil”®. Next, the leukocytes were washed two times with sterile, ice-cold
phosphate-buffered saline (PBS; in mM: 140 NaCl, 1.5 KHyPQ,, 8.1 NapyHPC4.2H,0 and 2.7
KCI; pH 7.4), and finally resuspended at a concentration of 2 x 107 cells/ml sterile PBS
modified according to Becton Dickinson (PBSBD; in mM: 43 KoHPO,, 10 NaHPO4LH,O, 123
NaCi, and 0.02% NaN, and 0.5% bovine serum albumin; pH 7.2) at 4°C. Next, 5 x 10°
leukocytes were incubated with the mAbs or mouse IgG| (negative control) for 30 min at 4°C,
washed two times with ice-cold PBSP® and then incubated with fluorescein isothiocyanate
(FITC) conjugated rabbit F(ab'); anti-mouse IgG; (STARY; Serofec) for 30 min at 4°C in the
dark. The cells were washed two times and fixed with 1% paraformaldehyde in PBSP”, The
duration of this procedure from the time of collection until fixation amounted to 3-4 hr, Until the
cells could be analyzed (< 1 wk), they were stored at 4°C in the dark, The binding of mAb to the
cell surface was quantified by fluorescence-activated cell sorting (FACStar, Becton Dickinson,
Etten-Leur, The Netherlands). Five thousand events were acquired after live gating of the
neutrophils with the use of forward versus sideward scatter. Antigen expression is presented as
specific median fluorescence intensity.

Statistical Analysis

Variation in duplicate measurements (intra-assay variation) did not exceed [0%. Univariate
linear regression analysis was performed to determine the association between relative late loss
after treatment and each biological, clinical, angiographic, and procedure- related variables. In
order to establish the independent risk factors, each variable that proved to be statistically
significant (p<0.05) were entered in a stepwise mullivariate linear regression model with “p”
values for inclusion and elimination sef at 0.05 and 0.10. We also performed separate analyses
for each different therapeutic population, balloon angioplasty and stent. The correlation between
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pre-procedure variables (clinical, angiographic) and the level of CD66 expression by neutrophils
was also tested using univariate linear regression.

Results

Baseline characteristics are shown in table 1. Pre-, post- and follow-up angiographic results
are summarized in table 2. The expression of the neutrophil membrane receptor CD66 ranged
from 0 to 22.42 mean fluorescence intensity (average value of 6.4 + 3.6). No relationship
between the biological markers and clinical (including unstable angina, Braunwald classification
class I-ITTA) or angiographic pre-procedure variables was found in our study. The mean CD66
expression was 5.5 + 2.1 mean fluorescence intensity in the stenl group and 7.6 + 4.7 mean
fluorescence intensity in the balloon angioplasty group.

Table 1. Baseline clinical characteristics

Variables Total (n=108) BaHloon Angioplasty (n=44) Stent (n=64)
Age, years 57493 55+8.3 59+9.6
Gender, male, % 51 38 60
Diabetes, % 5 I 0
Hypercholesterolemia, % 14 11 15
Smoking, % 33 3 33
Hypertension, % 39 40 39
Previous myocardial infarction, % 18 3 28
Previous bypass surgery, % 7 0 2
Unstable angina, % 27 22 29

Lefl anterior descending artery , % 43 45 40

Predicters of relative late loss in the fotal population {n = 108)

We identified several univariate predictors of relative [ate loss: expression of CD66, the use of
stent, minimal lumen diameter post, and absolute gain (table 3). No clinical variable was
correlated with relative late loss, By stepwise linear regression, only absolute gain and CD66
remained as independent predictors of refative late loss (table 3). Absolute gain showed a direct
correlation with increase relative late loss, whereas the expression of CD66 showed an inverse
association with relative late loss.

Predictors of relative lafe loss affer balloon angioplasty

In a separate analysis, we found some umivariate predictors of relative late loss in the
population treated with balloon angioplasty (n = 44): expression of CD66, target site in the LAD
and diabetes (table 3). In the multivariate regression model, target site located in the LAD and
the expression of CDG6 remained as independent predictors of relative late loss. Treatment of
LAD was directly related with relative late loss after balloon angioplasty, whereas the
expression of CD66 remained inversely associated with relative late loss. The pre-procedure
expression of CD66 was also statistically significant inversely related to the conventional
variables absolute late loss and loss index, but directly related to net gain {not shown).
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Table 2, Off-line Quantitative Coronary Analysis

Parameters Total (1=108) Balloon angioplasty (n=44) Stent (n=64)
Pre-procedure

Reference Diameter, mm 2,84+ 0.5 2.7610.5 2.89+0.6

Minimal Lumen Diameter, mm (0,99 + 0.44 0.99+0.41 0.9910.46

Diameter Stenosis, % 6571133 64.5£12.5 66.6+13.9
Post-procedure

Reference Diameter, mm 3.1+0.57 2.85+0.6 3.210.5

Minimal Lumen Diameter, mm 2,36 + 0.61 [.97+0.52 2.610.52

Diameter Stenosis, % 23.6+112 1347 1848
Acute gain, mm 1.32 £ 0,63 0.9710.5 1.620.6
Lollow-up

Reference Diameter, mm 2.83+0.58 2.78+0.54 2.85+0.59

Minimal Lumen Diameter, mm 1.7 + 0.68 1.6+0.6 1.7+0.7

Diameter Stenosis, % 42,1 +£20.1 42,515 41.9+22
Late Loss, mm 0.66 +0.73 0.2840.53 0.9+0.74
Relative Late Loss 0.2210.26 0.140.2 0.3+0.25

Predictors of relative late loss after stenfing

No biological risk factor was associated with relative late loss in the stent population (n = 64).
Scatterplots showing the association of the expression of the membrane antigen CD66 and
relative late loss in the balloon angioplasty and stented patients are illustrated in figure. Two
angiographic variables were independent predictors of relative late loss: pre-procedure reference
vessel diameter and acute gain ({able 3),
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Scatterplots showing the association between the expression of CD66 antigen by
neutrophils and relative late loss (RLL) after 6 months according to the population
investigated: A — in balloon angioplasty patients this association can be described by the
equation: y = 8.97 — 11.67x (n=44; p=0.001, R?=0.232) and B — in stented patients this
association can be described by the equation: y = 5.58 + 0.1 7x (n=64; p=0.9, R2=0.000}.
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Table 3. Predictors of Relative Late Loss after percutaneous intervention

Variable Total (n = 108) BA(n=44) Stent (n = 64)
Univariate Multivariate Univariate Multivariate Univariate Multivariate
Clinical p p b B P p b B P p b [
Age NS NS NS
Sex, male 0.08 NS NS
Diabetes NS 0.051 NS NS
Unstable angina NS NS NS
Previous MI NS NS NS
Previous angioplasty NS NS NS
Left anterior descending NS 0.002 0.002 02 049 NS
Angiographic
Pre reference diameter NS NS 0.06 0.01 -0.17 -0.38
Pre minimal lumen diameter NS NS NS
Procedure-related
Post reference diameter NS NS NS
Post minimal Jumen diameter < 0.001 NS 0.07 NS NS
Absolute gain < 0.0001 <0.0001 0.159 0.375 NS 0.03 0.03 0.16 0.32
Stent < 0.0001 NS
Biological markers
CD66 0.002 0.004 -2.18 -0.278 0.001 0.002 -2.19 -049 NS

pre = pre-procedure, post = post-procedure.
CD66 means the expression of this antigen by circulating neutrophils before the procedure.



Discussion

The present investigation corroborates the results of the pilot study® showing that activation
status of circulating neutrophils, as demonsirated by the expression of the CDG6 antigen, is
inversely related with late coronary lumen loss atter percutaneous coronary intervention. The
standardized regression coefficients (§) of CD66 were similar in both the presend study (balloon
angioplasty group) and the pilot investigation® (-0.49 and -0.47, respecnvely) However, the
expression of this antigen did not show any relationship with vessel renarrowing atter stenting,

This could be relevant for the understanding of the role of neutrophils in preventing luminal
renarrowing after angioplasty, since stent almost abolishes the coutribution of remodeling to the
restenotic process and has been considered as a pure model to investigate neointimal
hyperplasia®™ ¥, Thus, the finding that activated neutrophils expressing the CDD66 antigen may
prevent vessel renarrowing after balloon angioplasty, but not after stenting, may encourage us (o
speculate that circulating phagocytes play a role in the mechanism of vessel remodeling after
injury. Indeed, inflammator ; mediators have already been shown to promote vessel enlargement
in experimental model'" ", However, limitations of angiography to directly assess vascular
remodeling after angloplasty should be taken into account before drawing any definitive
conclusion. Further, the study population was not randomly divided to be treated with plain
balloon angioplasty or stenting, which may have introduced an unwanted source of bias,

In the process of geometric remodeling of the vessel upon vascular injury alterations in
extraceliuiar matrix metabolism, specifically collagen redistribution, appears to be an important
factor®®, Tn restenotic lesions total collagen content and collagen organization are significantly
less in comparison with nonrestenotic vessels. While smooth muscle cells and fibroblasts
produce various matrix profeins upon stimulation by cytokines secreted by monocytes in the
lesion, these proteins on their turn could be degraded by matrix metalloproteinases. Neutlophlle
can release a soluble factor that activates endothelial cell matrix metalloproteinase-2%%. On this
basis, a negative role of neutroplils in the remodeling process would be expected. On the other
hand, while the exact function of CDG6 is currently unknown, il is noteworthy thal gonococei
expressing distinet opacity outer membrane proteins enter granulocytes via this receptor without
sllmuhtmg their bactericidal repertoire using the phagocytes as an intracellular niche to
survive’!, Can this particular subpopulation of neutrophils prevent the change in phenotype of
the myoﬁbloblasts and smooth muscle cells, or the activation of the metalloproteinase cascade?
Presenily, no adequate mechanistic answer can be given However, if CD66-expressing
neutrophils '1ccumuiate at the site of injury and this receptor is stimulated properly, its distinct
signaling pathway® may lead to the beneficial action as indicated by this study. Clearly, the
underlying mechanism of the beneficial effect of CD66-expressing neutrophils on late lumen
rentarrowing after balloon angioplasty requires further investigation.

Monocytes appear to be an important coniributing factor 1o neocintimal formation after
vascular injury. Accordingly, the administration of antibodies to the CDitb or CD18 receptor
subunits was shown to p;event intimal hyperplasia upon angioplasty or stent implantation in
experimentat animal models'® *?, However, granulocytes also express the CD1Eb/CD18 or Mac-
1 adhesion receptor and are recruited early to the traumatized vascular wall™?. Thus any
intervention directed to the Mac-1 receptor would prevent the entry of both monocytes and
granulocytes into the lesion site, in fact revealing the net effect of the separate actions of each
individual cell type. In a number of experimental models of vascular injury, in which
neutrophils predominated in the lesion, the administration of monoclonal CD18 antibodies have
failed to inhibit neointimal formation”** %, This indicates that neutrophils may not be involved
in this process. However, prevention of the local accumulation of neutrophils by using of
antibodies blocking the granulocyte-specific CD66 receptor should demonstrate that the action
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of granulocytes does not contribute to, or even may compensate, the stimulatory effect of
monocytes on intimal hyperplasia.

Other well-known angiographic risk factors, such as target lesion located at the left anterior
descending coronary artery in the balloon population and reference vessel diameter and acute
fumen gain in the stent group, were retained in the multivariate model, Left anterior descending
artery has been associated with higher restenosis rate after angioplasty™®. Greater acute gain has
already been shown to stimulate proliferative response™, which may reflect the higher degree of
vessel wall injury in this situation™ *! Finally, reference diameter was inversely associated with
late lumen renarrowing, which may highlight the importance of vessel size in the outcome of
patients treated with stents’2, However, it should be considered that, by definition, vessel size is
inversely correlated with relative lumen loss {relative lumen loss = late loss divided by reference
diameter). No correlation between CD66 expression and unstable angina was cbserved, however
it should be considered that all treatments were carried out in an elective basis. Thus, most of the
patients were actually stable at the time of the procedure when the blood samples were
collected.

Taken together, this study confirms that pre-procedure activation status of circulating
neutrophils expressing the CD66 antigen exerts a protective influence on late vessel renarrowing
after percutaneous coronary intervention and further suggests that these leukocytes may be
implicated in the mechanism of vascular remodeling.
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Abstract

Objective: To assess the mechanism of restenosis after balloon angioplasty. Design: Prospective
study, Patients:13 Patients treated with balloon angioplasty. Interventions: 111 coronary sub-
segments (2-mm each) were analyzed after balloon angioplasty and at 6-month follow-up using
3-dimensional IVUS. Main owtcome measures: Qualitative and quantitative IVUS analysis.
Total vessel {external elastic membrane), plaque, lumen volume were measured in each 2-mm
sub-segments, Delta values were calculated (follow-up — post-procedure). Remodeling was defined
as any (positive or negative} changes in total vessel volume. Results Positive remodeling was
observed in 52 sub-segments, whereas negative remodeling occurred in 44, Remodeling, plaque
type and dissection were heterogeneously distributed along the coronary segments. Plaque
composition was not associated with changes in IVUS parameters, whereas dissected sub-
segments had greater increase in total vessel volume than those without dissection {1.7
mm’versus -0.33 mm®, p=0.04). Change in total vessel volume was correlated with changes in
fumen {p<0.05, r=0.56) and plaque volumes (p<0.05, r=0.64). The site with maximal lumen loss
was not the same site as the minimal lumen area at follow-up in the majority (n=10) of the
vessels. In the multivariate model, residual plaque burden had an influence on negative
remodeling (p = 6.001, 95%CI: -0.391 to -0.108), whereas dissection had an effect on total vessel
increase (p=0.002, 95%CL: 1.168 to 4.969). Couclusiens: Restenosis after balloon angioplasty
appears to be determined by unfavorable remodeling. However, different patterns of remodeling
may oceur in individual injured coronary segment, which highlight the complexity and influence
of local factors in the restenotic process.

Recurrence of stenosis is still an important drawback of percutaneous coronary interventions.
The restenotic process is multi-factorial and several elements have already been identitied:
thrombosis, inflammation, smooth muscle cell proliferation and elaboration/degradation of
extra-cellular matrix.{1][2] The clinical consequences of these processes are acute recoil,
neointiinal hyperplasia and vascular remodeling as determined by angiography and intravascular
uitrasound.

The classical binary definition of restenosis is based on coronary angiography (> 50%
diameter stenosis). Although clinical decision-making is in essence a “binary” process, the
restenotic phenomenon cannot be comprehensively analyzed by luminographic methods.[3] In
this regard, intravascular ultrasound (IVUS) has become an essential tool due to its ability to
image structures of the vessel wall.[4] Furthermore TVUS assessed vessel wall remodeling has
been proposed as an important factor in the recurrence of stenosis after balloon
angioplasty.[5][6]

The issue of restenosis has been scrutinized over the last years, but some questions persist.
The refative contribution of remodeling and plaque growih to the restenotic process is still
debatable. [SYOH7IBI[QIf 1O 11][12][13] To assess the mechanism of restenosis, previous
studies selected the cross-section with the narrowest lumen area pre-procedure[5], follow-up[6]
or both.[7) Although these specific sites have unquestionable validity in the clinical context,
they may not represent the location of maximal arterial wall response to injury (maximal lumen
loss). Further, whether the pattern of arterial wall response to injury is homogeneously
distributed along the entire target segment has yet to be investigated.

Three-dimensional intravascular ultrasound imaging with volumetric quantification allows us
to address these issues.[14] Therefore, the present study incorporates this new technology to
assess the mechanism of restenosis after balloon angioplasty.
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Methods
PATIENTS

During 1997 and 1998, patients with de novo lesions in native coronary arteries, treated
successfully with conventional balloon angioplasty, enrolled in prospective clinical studies were
eligible for the present investigation. Only patients with scheduled 6-month follow-up and
complete serial three-dimensional IVUS acquisition were included. Patients treated with any
other percutanecus device (ie., cutting balloon, direct coronary atherectomy, rotational
atherectomy, laser ablation, stents, or radiotherapy) or those taking any specific medication
under investigation were excluded. Angiographic inclusion criteria applied in the original
studies consist of a reference vessel diameter > 2.5 mm and < 4.0 mm and a lesion length <
20mm.

Patients received aspirin (250 mg/day) and heparin 1V (10,000 IU) before the procedure. Heparin
was given to maintain the activated clotting time >300 sec. Aspirin was maintained after the
procedure in all patients. Balloon angioplasty was performed according to standard clinical
practice, and the selection of the balloon was left to the operators preference. In this cohort, the
mean balloon artery ratio was 1.1, Post-procedure (after optimizing the results of balloon
angioplasty) and follow-up TVUS imaging were acquired using the same motorized pullback
system and after intracoronary nitrate infusion. The Medical Ethics Committee of University
Hospital Rotterdam approved the protocol. All patients gave written informed consent.

THREE-DIMENSIONAL [VUS ASSESSMENT

Coronary segments were imaged with a mechanical IVUS system (CVIS, Boston Scientific
Corporation, Maple Grove, MN) with a sheath-based TVUS 30 MHz catheter. ECG-gating image
acquisition and digitalization was performed by a workstation designed for the 3-D reconstruction
of echocardiographic images (EchoScan, Tomtec, Munich, Germany}. Description of this system
has been reported in detail elsewhere.[15] In the case of image acquisition using the motorized
pullback without ECG triggering, the complete 1VUS run was recorded in s-VHS tape for off-
line three-dimensional reconstruction.[16]

A Microsoft Windows™ -based contour detection program, developed at the Thoraxcenter,
was used for off-line volumetric quantification.[I7] Briefly, this program constructed
tongitudinal sections from the data set and identified the contours corresponding to the lumen
and media boundaries. Checking and editing of the contours of the planar images were
performed by two experienced analysts (MAC, KK). Intra-observer variability assessed by
analyzing IVUS volumetric studies at least 3 months apart has been reported:-0.4 £ 1.1% and -
0.65 & 2.66% in lumen volume, -0.4 + 0.6% and -0.19 + 0.67% in EEM volume, -0.3 + 1.0%
and -0.95 + 2.81% in plaque volumes using motorized pullback with and without ECG-gated,
respectively.[15][16]

Three-dimensional. IVUS image reconstruction and quantification has been validated
previously.[15][16} This IVUS technology may confer some advantages over conventional
TVUS assessment: 1) Visualization and quantification of the entire coronary segment {not only a
single cross-section) allowing longitudinal assessment of the restenotic process.j6] 2) In a
coronary segment of 20mm length, 100 cross-section areas may be measured which permit
accurate tdentification of the sites with minimal or maximal lumen, plaque and/or EEM areas.
Since the computerized contour-detection software automatically identifies these locations,
comparisons between serial IVUS images can be performed in an “unbiased fashion”, after both
post-procedure and follow-up measurements have been completed. 3) Besides the use of
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motorized continuous pullback {with or without ECG triggering)[18], precise location and
matching of each cross-section can be further assured by comparing the multiple longitudinal
views displayed by the three-dimensional reconstruction {figure 1). 4) After matched
comparisons, the site with the maximal lumen loss may be readily identified, which may be
essential for a mechanistic interpretation of the restenotic process.

The methodology to define the segment of interest has been previously described.[19}[207 By
the use of the Rubo DICOM Viewer (Rubo Medical Imaging, Uithoorn, The Netherlands), each
angiographic sequence showing all balloon inflations may be displayed simultaneousty on the
sereen and the location of the injured segment and its relationship with anatomical landmarks
{aorte-ostial junction and/or side-branches) can be determined. Thus, the target segment injured
by balloon inflation (20 mm long segment) was defined. These coronary segments were divided
in 2 mm tong sub-segments (each of them presenting [0 IVUS cross-sections) as described
previously.J21] in this manner, the local pattern of the arterial response to imjury can be
investigated.

Matched Cross-section

MLA

]

[ ) « [0 ) o a

Post-procedure _ Follow-up

Figure 1. Standard display of ihe sesults by 3-D longitudinal reconstruction of the 1YUS cross-sectional images using an ECG~
gated pullback. Upper catside panels: Longitudinal reconstruction images a1 post-procedure (left side} and follow-up (dght side)
White arrows indicate the anatomical landmarks (sidebranches and calefum), Upper lnside panels: Matched cross-sections
immediately after the procedare {lef side) and at follow-up (right side). Lower panels: Chang @splay the subsequent volumetric
quantification at post-procedure (Jefl sidey and follow-up (rght side).

The area vatues of the lumen (lower line) and total vessel (upper line) form the boumdaries of the gray zone, which represent the
plaque-media complex, and a single line depicts the absolate area vatue of plague-media complex, Black amows indicate the site of
the minimal lumen area at follow-up (AMLA).

QUALITATIVE ANALYSIS

All individual cross-sections were analyzed qualitatively by 2 independent investigators blinded
to the volumetric results. Thus, the type of plaque was defined in every cross-section, as intimal
thickening, soft, fibrous, mixed (soR-fibrous, sofi-calcific and fibrous-calcific) and diffuse calcified
as proposed by Di Mario et al.[22](23} ADDINEach sub-segment was categorized as nonnal (< 0.3
mm intimal thickening), soft, hard (fibrous and mixed) or diffuse calcified, when at least 80% of
the cross-sections within the sub-segments were of the same type, as described previously.f21] In
those cross-sections containing up to a 90° calcium arc, the contour of the external elastic
membrane was interpolated from the contours of the slice immediately proximal and distal to the
cross-section in question. Those sub-segments with side-branches involving >90° of the
circumferential arc in more than 50% of the cross-sections or those categorized as diffuse calcified
were excluded from the quantitative analysis, The presence of dissection, defined as a tear parallel
to the vessel wall{22], was also noted in each sub-segment.
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QUANTITATIVE MEASUREMENTS AND DIFINITIONS

Total vessel volume determined by external elastic membrane boundaries and lumen volume
were measured. Plaque volume was automatically calculated by subtracting lumen volume from
tatal vessel volume. Delta values for each measurement were calculated (delta (A) = follow-up —
post-procedure). Relative (percent) changes of IVUS parameters (delta volume / post-procedure
volume) were also calculated in order to correct for differences in vessel size.

The location of the cross-section with the narrowest lumen area at follow-up was
automatically reported. Retrospectively (after all measurements were performed), the sub-
segment encompassing this specific cross-section (minimal lumen area site) was identified and
the matched sub-segment of the post-procedure analysis was selected for comparison.
Furthermore, the site with the maximal lumen loss was defined after the calculation of the delta
values.

Remodeling was defined as a continuous process involving any (positive or negative) changes in
EEM volume as proposed previously.[24] In the present study, enlargement or shrinkage of the
vessel wall was considered when total vessel volume increased or decreased, respectively,
compared to post-procedure measurement by at least two standard deviations (X 1.3%) of the intra-
observer variability for repeat total vessel volume measurements.[15][16] In this manner, the
potential intrinsic error of the method may be avoided [25][26]

STATISTICAL ANALYSIS

Quantitative data are presented as mean + standard deviation, whereas qualitative data are
presented as frequencies. Continuous variables were compared by the use of unpaired Student’s t
test. Categorical variables were compared by means of Fisher’s exact test. Linear regression
(Pearson’s regression coefficient) was performed to assess the correlation between changes in
IVUS parameters. Multivariable linear regression models were built to identify predictors of
changes in plaque volume and total vessel volume among qualitative and quantitative post-
procedure IVUS parameters. A value of p<0.05 was considered statistically significant,

Results

In thirteen coronary segients injured by balloon inflation, 111 sub-segments were analyzed
using three-dimensional IVUS volumetric quantification, Baseline characteristics of the patients
are shown in Table 1. Nineteen sub-segments were excluded from the final analysis due to either
diffuse calcified plaque (n=10) which precluded the quantification of the total vessel volume or
side branches which involved >90° of the circumferential arc in more than 50% of the cross-

sections (n=9).
QUALITATIVE ANALYSIS

Table 2 illustrates the variability of both type of plaque and presence of dissection distribution
along the entire target segments. Only 3 patients had the same type of plaque distributed through
the analyzed segment, whereas the presence of dissection detected in at least one injured sub-
segment was noted in 9 patients.

Forty sub-segments (36%) were defined as soft, 53 (48%) as hard and [8 (16%) as
normal/intimal thickening, Plaque composition was not related to changes in quantitative IVUS
volumetric parameters. Sub-segments with hard plaques showed greater incidence of dissection
compared with those with soit plaques {(49% versus 23.7%, p < 0.001}.
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Overall, dissection was observed in 35 sub-segments (31.5%). Sub-segments with dissection had
greater increase in total vessel volume as compared to those without dissection (1.7 mm’versus -
0.33 mn’, p=0.04}.

Table 1, Baseline and demographic characteristics.

Variables
Age (years) 62,1 +5.96
Gender, male 13 (100%)
Diabetes mellitus 2 (15%)
Smoking 4 (29%)
Hypercholesterolemia 7 (54%)
Hypertension 4 (31%)
Previous MI 5 (39%)
Angina Status, CCS 3/4 10 (77%)
Treatment Site:
Left Anterior Descending 5 (48%)
Circumflex Artery 4 (31%)
Right Coronary Artery 4 (31%)

MI means myocardial infarction, CCS means Canadian Class Society.

QUANTITATIVE ANALYSIS

Table 3 shows the mean values of changes (deltas) in IVUS parameters for all sub-segments of
the entire target vessel, at the minimal lumen area location and at the maximal lumen loss site.
The correlation between remodeling, changes in plaque volwme and late lumen loss are shown in

figure 2.

All
, Subseq,

at Max.
Lumen
4 " Loss
R=0.40: - R=-0.38 slites
-2 -12 dLV i) ™ -3 =10 dvaﬂ
Figure 2. Cormelation between remodeling (dTVV), changes in plaque velume {dPV) and
changes in lumen volume (dLV).
Upper panels: Correlations in all sub-segments (n=111). Middle panels: Correlations at the sub-
segments of minimal [umen area at follow-up (n=13), Lower panels: Coreelations at the maximal
late lumen loss sites {n=13), * = significant correlation (p < 0.01), ATVV = delta total vessel
volume, dPY = delta plaque volume, dLV = delta lumen volume.
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Table 2, Number of sub-segments with specific IVUS parameter in each patient.

Patient  Number of sub- IVUS Parameters
Scgments
Tissue characteristic Balloon-induced Pattern of remodeling
dissection

Hard Soft Normal + - 0 + -
1 8 0 4 4 1 7 i 2 5
2 8 4 2 2 4 4 0 0 8
3 10 0 10 0 0 10 0 7 3
4 10 1 7 2 5 5 4 5 1
5 10 4 2 4 6 4 3 1 6
6 5 0 2 3 0 5 0 2 3
7 6 5 i 0 4 2 2 4 0
8 10 4 4 2 4 6 3 3 4
9 H 9 0 0 2 7 0 3 6
10 10 3 6 1 0 10 0 2 8
11 5 5 0 0 0 S 0 5 0
12 10 9 i 0 4 6 1 7 2
13 10 9 1 0 5 5 1 3 6
Total 111 53 40 18 35 76 15 44 52
REMODELING

Positive remodeling was observed in 52 sub-segments (46,8%), whereas negative remodeling
occurred in 44 (39.6%). Both patterns of remodeling were observed along the entire injured
segmnent in the majority of the patients (n=10) (table 2). Although sub-segments showing
negative remodeling had a greater amount of residual plaque volume post-procedure, the
increase in plaque volume was greater in those sub-segments with positive remodeling (figure
3). Indeed, sub-segnmients with negative remodeling showed a decrease in plague volume.

%
P=0.001
100
A
P<0.601 P<0.001
g0 - ° ) 4 , 3 Positive
B Negative
17 38
3 -5
-50 -

RDTVV RDLV RDPV

Figure 3, Comparison of relative chanpes in TVV, LV, and PV between sub-segnients with negative
{n=44) and positive (n=52) remodeling.

TVV =1otal vessel volume, PV = plague volume, LY =lumen volume, RBTYV = relative delta tota
vessel volume, RDPY = relative delta plague volume, RDLY = relative delta lumen volume
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Table 3. Changes in IVUS parameters after 6 months,
Sub-segments ATVV Relative APY Relative ALV Relative

mm’ ATVV mnr® APV m’ ALV
All 0.31+4.9 (.02840.18 1.9+4.25 0.175+0.38 -1.643.92 0.06640.25
{n=111)
MLA site -0,1745.4  0,007+0.18  4.07+4.55 0321031 -4.2544.25 0.25810.26
(n=13
MLL site -2.8645.5 -0.06840.19 3.24+547 0,35440.55 -6.08+43 0.32+0.21
{n=13)

MLA = minimal lumen area, MLL = minimal lumen loss, TVV = total vessel volume: PV =
plaque volume; LV = Lumen volume

MULTIVARIATE ANALYSES

Post-procedure IVUS predictors of both changes in total vessel volume and plaque volume are
shown in table 4. Residual plaque volume had a negative influence on remodeling, whereas the
presence of dissection had a positive effect on total vessel volume increase. Post-procedure
lumen dimension volume was directly associated with plaque increase (table 4).

Table 4, Post-procedure IVUS predictors of changes in plaque volume and total vessel volume
after 6 months.

Dependent variables

IVUS parameters Delta plaque volume (n=111)  Delta total vessel volume {(n=111)
p-value  Beta 95%CI p-value Beta 95%CI
Hard plaque composition NS NS
Presence of dissection NS 0.002 0.288 1.168: 4.969
Post-procedure PV NS 0.001 -0.316 -0.391.-0.108
Post-procedure TVV NS NS
Post-precedure LV 0.002 0.291 0.052:0.225 NS

PV = plaque volume; TVV = total vessel volume; LV = Lumen volume

Discussion

This study, assessing the local mechanism of restenosis by means of sub-segmental volumetric
quantification of the entire injured vessel, shows the wvariability of both qualitative IVUS
parameters and patterns of remodeling within the same target segment (table 2), as observed by
Pasterkamp et al. in human femoral arteries.[27] Furthermore, in the majority {(n=10) of the
cases the site with maximal lumen loss was not the same as the site of the minimal fumen area at
follow-up, and the mean distance between these two specific sites was 5.3 + 4.8 mm, These
findings may highlight the importance of analyzing the entire injured segment for the correct
determination of the mechanism of restenosis in the future TVUS studies.

Our results also confirm that unfavorable remodeling is the major determinant of lumen loss
{figure 2). Based on average values of changes in IVUS parameters (table 3}, lumen loss after
balloon angioplasty appears to be determined mainly by an increase in plaque volume, Similar
results were found in two recent prospective studies.[7][28] The mean lumen loss in the balloon
angioplasty group of the SURE trial(7] and the placebo group of the MVP study[28] were
mainly due to an increase in plaque areaz. Contrasting, pioneer retrospective studies have
described vessel shrinkage as causing 50-70% of lumen loss.[5][6] It should be taken into
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account that average values may not represent the relative contribution of each component,
remodeling and plaque growth, to lumen loss. Using linear regression, as suggested
previously[24], we observed that lumen loss was actually determined by changes in vessel size
{figure 2), Whereas change in total vessel volume was highly correlated with lumen loss in all
analyzes, delia plaque volume was weakly related to delta lumen volume (figure 2).

Whether remodeling is an independent process or an adaptive response to compensate plaque
growth is still debatable.[8][10] The correlation between changes in vessel size and plaque
volume observed in the present investigation (figure 2) suggests that remodeling after balloon
injury may represent an adaptive phenomenon as described by Glagov et al. in atherosclerotic
plaques.[29] In fact, this correlation is both directions; segments with positive remodeling
showed an increase in plaque volume, whereas those with vessel shrinkage had a plaque
reduction (figure 3). Similar findings have been reported previously.[30] These studies may
support the hypothesis that plaque retraction may be the ultimate determinant of negative
remodeling [31] However, it should be considered that other factors, such as inflammation[32]
and shear or tensile stress{33], may exert an influence in both remodeling and plaque
progression,

Local tensile stress, which is determined by lumen radius, may have stimulated plaque
progression in sub-segments with large residual lumen maintaining the baseline shear stress, as
suggested by Glagov et al.{33][34] Similarly, shear stress may be implicated in the negative
correlation between residual plaque volume and vessel remodeling, and in the positive influence
of dissection on vessel enlargement (table 4).[33] However, direct measurements of both tensile
stress and shear stress in vivo are exceedingly complex and require sophisticated and laborious
technology to draw any definitive conclusion.[35]

Dissection was detected by IVUS more frequently in sub-segments characterized as hard {36].
The previous hypothesis, based on angiographic studies, that non-occlusive residual coronary
dissection has a favorable long-term outcome may be supported by the present IVUS
study[37][38], since a positive influence of residual dissection on vessel enlargement was
observed (table 4).

Plaque composition as characterized by [VUS was not correlated with any changes in IVUS
parameters as reported by others [5][6] Conversely, hard or calcific plaques have been
implicated with negative remodeling in both atherosclerotic and restenotic lesions,[21]{26]{39]
Methodological differences may explain diverging results, since these latter studies[21][26]{39)
did not assessed the influence of plaque composition on changes (delta) in IVUS parameters
over time as performed in the other studies[5][6] and in the present investigation.

In summary, the findings of the present investigation, using 3-dimensional IVUS
quantification of local changes in the vessel wall volumes, illustrates the complexity and
variability of the arterial wall response to balloon injury and the importance of local factors
(shear stress, growth factors, inflammation, degree of injury, ete) in this phenomenon.[2]{40]

Limitations

The number of patients, similarly to all previous IVUS investigations[5][6], is a limitation of
the present study. However, this is the first study employing a unique methodology to assess the
local process of restenosis in [il matched sub-segments injured exclusively by balloon
inflation.
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Three-Dimensional Intravascular

Ultrasonic Volumelrie

vantificalion of

Stent Recoil and Neaiﬁma! Formation
of Tweoe New Generafion Tubular Stenis

Marco A. Costa, mb, Manél Sabate, Mp, |. Patrick Kay, ms, che,
Pim J. de Feyter, mp, phd, Ken Kozuma, b, Pedro Serrano, mp, Vincent de Valk, o,
Mariano Albertal, Mp, Jurgen M.R. Ligthart, Clemens Disco, David P, Foley, ms, MRch,
and Patrick W. Serruys, MD, phD

Currently, several different designs of coranary stents
are available. However, only a few of the new genera-
tion stents have been invesligoted in large randomized
trials. Mechanical behavior of first-gencration stents
{Palmaz-Schakz, Gianturco-Roubin} may not be applied
to the new designs. We investigated the chronic me-
chanical behavior [recoil] of 2 stenls recently approved
by the Feod and Drug Administration [MULTILINK ond
NIR). Forty-eight patients with single-stent implanialion
{23 MULTIUNK and 25 NIR} were assessed by means of
volumetric 3-dimensional intravascutar ulrasound anal-
ysis after the procedure and at 6-month follow-vp. In
addition, volumetric assessment of necintimal formation

was performed, No significant chronic stent recoil was
detecled in both groups {A MULTILINK slent volume:
+5.6 = 41 mm® Ip = NS| and A NIR stent volume +
2,1 + 26 mm® [p = NS}, A similar degree of neoinfimal
formation at 6 months was observed between the 2
stents (MULTILINK 44 = 31.9 mm® vs NIR 39.9 = 27.6
mm?, p = NS}, In conclusion, these 2 second-generalion
tubular stents did not show chronic recoil ond appeared
to promote similar proliferalive response after implon-
tation in human corenary arferies, ©2000 by Excerpta

Medica, Inc.
{Am J Cardiol 2000;85:135-139)

t has been shown that stent design may influence the

degree of neointimal formation in animal models.!
Thus, the slow chronic expansion associated with self-
expuanding stends may yield a greater neointimal in-
growth in human coronary arteries.>® Likewise, the
negative clinical and angiographic results of a coil
stent observed in a recent randomized study* compar-
ing Cook GRII and Palmaz-Schatz stents may be
influenced by the inability of this type of coil stent lo
prevent vessel remodeling.® Whether in vivo mechan-
ical properties of the first generation of tubular stents
(Patmaz-Schatz) could be applied to the recently de-
signied tubular stents remains to be clucidated. Two
second-generation balloon-expandable tubolar stain-
less steel stents, MULTILINK (Guidant/Advanced
Cardiovascular Systems, Santa Clara, California) and
NIR (Boston Scientific, Maple Grove, Minngsota),
have recently been upproved for clinical use in the
United States.® The aim of our study was to investi-
gate the polential of chronic slemt recoil and the degree
of neointimal proliferation after implantation of these
2 stenis.
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METHODS

From January 1998 to December 1998, 48 consec-
utive patients receiving either single MULTILINK or
NIR (9-celi) stenting with intravascular ultrasound
(IVUS) analysis after the procedure and at 6-month
follow-up were eligible for this study. For 3-dimen-
sional reconstruction, only patients investigated with
IVUS imaging systems incorporating motorized trans-
ducer pultback at a constant speed of 0.5 mnys were
selected. All patients signed a written informed con-
sent form. Before the procedure, clinical and angio-
graphic characteristics (Table I) were similar between
groups.

Stent deployment technique: Stent selection was
based on operator preference. Stent size was selected
to reach a 1.1 to 1.2 stent/artery ratio by quantitative
coronary atalysis, Stent length was chosen based on
lesion length measured by quantitative ecoronary an-
giography to achieve complete leston coverage. Thus,
the distribution of stent lengths in the MULTILINK
groupwas 8mm (n = 1), ISmm{n = 9}, 25 mm(n =
12), and 35 mm (n = 1}. In the NIR group the
distribution of stent lengths was 9 mm {n = 2), 16 mm
(n = 13), 25 mm (n = 7}, and 32 mm (n = 3). Stents
were delivered throngh 6Fr to 8Fr guiding catheters
using 0.014-in puidewires. After predilatation of the
target lesion, stents were deployed with subsequeni
high-pressure (14 to 20 atm) balloon pestdilatation.
All patients received aspirin (325 mg/day continu-
ously) and ticlopidine {250 mg twice a day, main-
tained for 30 days) at least 24 hours before the pro-



) . a given cross-sectional ultrasound
TABLE } Basefine Chorocteristics image, H = thickness of the coro-
. MULTIENK NiR nary artery slice that was reported by
Variables =123 =25 pVale | ypig digitized cross-sectional 1VUS
Age {yrs} &Y £ 9 63+ 9 0.39 image, and n = the nuniber of digi-
gieg ) 2; ﬁyf; 23 ggg%} :‘g tized cross-sectionul images encom-
iabetes mellilus %, % J ks ol b s 10
Unstabls angina pectorts 10(44% 14 (56%] 047 K;f;“_"?“"e ‘{"_ “‘;.‘e o ‘: o e
Multivessel coronary diseass 13 (57%| 10 [40%) 0.39 CISUFEMEINS OF nReolntinmul yper-
Left avterior descending coronary artery 9 [39%) 11 [44% 078 plasia volues have been previously
Saphenous vein grafl 1 {4%) 1 [4%} 1.0 validated " Yolumetric analysis al-
Anglographic cotcification (moderala or heay] 6 (27%) 3{13% 028 lowed the imvestigution of mechani-
g"“".'ﬂ?e B2/C (ACC/ARA) 14 (64 18172) 054 cal performance and neointimal pro-
uanlifalive coronary angiography . . I
Reference diamaler [mm] 249 £ 048 278 + 0.9 039 liferation of the entire stented scg-
Lesion langlh [mm) 87437 82229 06l ment {Figure 1)7 The following
Minimal lumen diometer [mm} 0.94 » 0.40 092037 0.83 postprocedure  and G-month  fol-
Dlameter stenosts (%} 6713 712 0.95 fow-up measuremenis were com-

cedure, Before the procedure, minimal lumen diame-
ter, reference diameter, and percent diameter stenosis
were calculated olf-line in 2 orthogonal projections
using an automated edge-detection system (CASS 11,
Pie Medical Imaging B.V., Maastricht, The Nether-
lands).

Three-dimensional infravascular vlirasound analysis:
The use of a constant pullback speed at 0.5 mm/s
during TVUS image acquisitions and 3-dimensional
reconstruction with longitudinal viewing facilitated
carrect matches between postprocedure and follow-up
images.”® Precise identification of stent borders was
also facilitated by the high echogenic characteristics
of the slent struls.

Immediately after (he procedure and at G-month
foilow-up, IVUS was performed afler administration
of an intracoronary nitrate bolus. A single-element
mechanical transducer (CVIS, Sunnyvale, California)
was used in 70% of the patients in the MULTILINK
group and in 64% of the NIR group, whereas a 64
multi-element electronic transducer (Endosonics Cor-
poration, Rancho Cordova) was used in 30% and 36%
of the patients, respectively (p = 0.8). Afier imaging
acquisition, a complete 1VUS run was recorded in
s-VHS tape for off-line 3-dimensional reconstruction,
AH analyses were performed by an indepesndent core
lab (Cardialysis BV, Rotterdam, The Netherlands).

Three-dimensional IVUS reconstruction and quan-
titative volumetric analysis was performed using a
Microsoft Windows-based contour detection syslem
develaped at the Thoraxcenter,® which permits analy-
sis of up to 200 IVUS cross sections (slices). This
program has been previously validated.!® The system
constructs 2 longitudinal sections from the data set
and identifies the contours corresponding 1o the lu-
mien, intima, media, or stent boundaries. Two longi-
tudinal and 1 cross-sectional views are displayed, and
corrections can be performed interactively by forcing
the contour through visually identified poimnis. Given
the slice thickness of 200 um, a tolal segment of 40
mm in length can be analyzed.

Volumetric data were calculaled by the formula:
V = E%_, A;+ H, where V = volume, A = area of
external elastic membrane (EEM) ar flumen or stent in
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pared: (1} stent = volume, symmelry
index, and meun areq; and (2) tu-
men = volume, mean area, and minimal cross-sec-
tonal arca, and diameter. The volume and mean ared
of neoimtimal hyperplasia after 6 months were also
calculated, Quantitative chunges (& = follow-up—
postprocedure measurements) were also cateulated.
After the procedure ind follow-up, stent lengths were
catcutated by multiplying 200 g (thickness ol cach
IVUS image slice} by the mumber of slices {cross
sections) within the stented segment.

Definitions: Stent syninetry index was caleulated as
the average ol all stent symmeiry indcxes of each
cross-section, which is defined as the ratio of minimal
divided by maximal dimmeters.'?2 A normat index is
defined as a value =0.7.12 Mean stend, luminal, and
ncointimal hyperplasia areis were automatically cal-
culated as the average of all cross-gection mean areas,
Recoil was defined as a decreuse in the stent volume at
6-month follow-up compared with postprocedure
measurement. Neointimal hyperplasia was calcuiated
as the differénce between sient and luminal volumes at
follow-up,

Statistical analysis: Statistical anulysis wus per-
formed using the SAS 6.12 system. Continuous vari-
ables arc expressed as mean = SD. Comparisons
between postintervention and follow-up measure-
ments were performed witl a 2-tailed paired 1 test.
Comparisons between groups were performed using
unpaired Studentl’s ¢ lest. A p value of <0.05 was
considered stadistically significant,

RESULTS

IVUS measdarements are listed in Table 1L Both
stents achieved similar postprocedural and follow-up
volumes. No differences were observed in the mean
stent or lumen ureas. In addition, the symmetry index
was simifar between groups, with no deterioration of
this index after 6-month follow-up in both stents,

Changes in the stent and lumen dimensions are
illustrated in Figore 2. There were signiticant differ-
ences between postprocedure and follow-up fumen
volumes in both MULTILINK (p <<(,001) and NIR (p
<0.001) groups. However, no recoil (postprocedure
vs follow-up stent volumes) was demonstrated afler 6
months in either group (Table 1), The average stent



100y - o
[: %110 XA
5.0 . . l
40§ :

?.u'A

ek T

16 . . |

e E;'\Eil iy

IR
softifbii ¥
&0 4. . 3 i Ke

zia;B‘

Steatvofums: 114 mm®
Heolntimal hypérplasla: 3¢5 mim*y

FIGURE 1. Standard disrluy of the resulls by contour detection method. Charts on the wpper left panels display the volumetric quanti-
fication of stent {?Jper inej, lumen {middle fine, chart 8}, and necintimal hyperplasia flower fine, chart B} imme&éule!ﬁeuher steat im-

plontation (A} an
[A", A"} and at follow-up (B, B}

ot follow-up [8). Longitudinal reconstruction and minimal cross-sectionol areas are depicied after t

procedure

TABLE Il Three-Dimensional tYUS Measurements strating a homogenenqs diyribution
MUTIINE NR of the radial force. Radial stifiness of
Measuremants In=23) n = 25) Valus MULTHT'INK and NIR stents h‘?s
p y also heen shown o be equivalent in
Alter procedure an experimental (in vitro) study.!?
Symanelry inex 0.9+ 002 0.9 = 0.03 0.89 No chronic stent recail at
Mean stent/lumen area {mm? B5+ 2.1 85x20 0.95
Minimal lumen area (mm?) 7019 7119 oigs | G-month follow-up was demon-
Stent length {mm} 22,2 £ 10.2 18584 0.18 strated in this 3-dimensional IVUS
; Sl*len'/l'men volume {mm?) 187 * 96 155 £ 73 0.20 | volametric invesligation. The sym-
O -OW-UP N ' .
Meaintimal formation {mm?] 460 £319 39.9 £27.6 0.49 "l"f“y d‘“(}e" 6“'50 ]re'f“?;“e‘? un
Symmetry index 0.9+ 003 0.91 = 0.02 024 | changed afier G-month follow-up In
Mean stent area [mm?) 875+23 87120 0.5 | both groups (Table 1I), which sug-
Hean lumen area {mm?) 646 £2.6 66£17 095 | gesis (hal no localized stent recoil
g‘:i"*]ﬂ;t" T‘:IT?" ﬂ;]eu {mim?) 233 * ';’-1| ) 13‘3 * ;g g-gg occurred. Because some studies us-
ent fenglh {mm 0+ 17, 49, R : )
Stert volume {mm?) 193 + 110 155 + 74 oqs | M8 ‘ﬂ““{{r IYUS {]lle"*s"re‘]“e“_ts
Lumen voleme {mmd} 147 £ 100 116 + 52 .20 showed 1t late recoil of Palmaz-
Schatz stemt rarely occurs,' tubular

fengths measured with IVUS are also demonstrated in
Table I, and no difference between postprocedure and
follow-up was observed in both groups. Although, the
averuge stent length was slightly longer in the MUL-
TILINK group {p = NBS) than in the NIR group, no
difference in necintimal formation was observed be-
tween groups (Table 1l, Figure 1),

DISCUSSION

MULTI-LINK and NIR, 2 second-generation (ubu-
lar stemts, demeonstrated similar postprocedural [IVUS
dimensions, which indicate equivalent radial force to
actely support the vessel wall resistance, Both stents
had a good postprocedure symmetry index, demon-
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steats are believed not o recoil

chronically. The inability of angiog-
raphy to detect actual stent expansion may explain
discordant results of previous studies concerning
chronic recoil of Palmaz-Schatz stents.’> For the first
time, 3-dimensional IVUS with volumetric quantifi-
cation, a new tool to investigate in vivo mechanical
behavior of coronary slents, was used and confirmed
the previous hypothesis that tubular stents do not
recoil chronicalty.

Differences in designs and composilions of new
tubular steats should be considered before grouping
these stents in the same class, Investigations of the
first-generation (ubnlar stent (Palmaz-Schatz) should
not be translated to the new tubular stent designs. A
previous report has shown that Act-One (Vascular
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Therapies, Norwalk, Connecticut), a tubular nitinol
stent with a design simitar 1o the Palmaz-Schatz stent
and with greater strut thickness (0.18 vs 0.065 mm),
had higher recoil than the other tubular sients,6

Furthermore, in vitro studies have shown that some
coil stents may have high radial stiffness, which con-
tradicts the concept that coil stents have poor radial
support,'317 In contrast, clinical investigations com-
paring the radial force of tubular and coil stents have
shown contradictory results.®'® The mechanical be-
havior of coronary stenis may differ belween in vivo
and in vitro situalions because of elastic properties of
the arterial wall, especially when diseased vessels are
being investigated, Thus, further IVUS investigations
should be encouraged to assess in vivo mechanical
properties of new stent designs, because these may
have an impact on vessel remodeling and neointimal
formation afler percutaneous interventions,

Lumen loss after either MULTILINK or NIR stent
implantation was mainly caused by neointimat prolif-
eralion because both stents did not recoil afier 6
months, In the 48 segments analyzed in our study, no
difference in either neointimal hyperplasia volume or
percentage of neointima formation was observed be-
tween the 2 groups. Neointimal formations observed
with these tubular stents were comparable to those
previously reported using different stengs, 2

The stainless steel tubular steats investigated in cur
study, MULTILINK and NIR, differ with respect lo
design (linked tubular wavy rings vs multiceltular)
and strut thickness (0.05 vs 0.1 mm}."® Importantly,
the neointimal proliferative response appears to be
similar between both groups despite the theoretical
rheologic advantage of the thinner strut thickness of
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the MULTILINK stent over the NIR stent. In con-
trast, botlt steats were able to maintain their volumes
without change after 6 months (no chronic recoil),
even though NIR stents have thicker struls than
MULTILINK stents. In cosclusion, these 2 second-
generation tubular stents did not recoil chronically and
appeared to promote an equivalenl proliferative re-
sponse after implantation in human coronary arteries,

Study limitations: IVUS imaging was performed
after stent implantation, which limits the ability to
detect coronary calcification, Thus, (he assessment of
coronary calcification in our study was made by an-
giography, which has some limitations. However, the
influence of calcium on chronic stent recoit has not
been demonstrated.

The assessment of acute recoil was not performed,
Previous reports have investigated this issue using
either angiography or conventional IVUS.20.21 How-
ever, a small inaccuracy in these metheds to detect
acute sfent recoil cannot be completely ruled out,
Ideally, new systems incorporaling the IVUS imaging
element on the balloon/stent catheter would be helpful
for assessing acule stent recoil.

Clinical and angiographic characteristics were sim-
ilar between both stent groups. However, a random-
ized study may be required to eliminate any possible
bias in the selection of stents, and to draw a more
definitive conclusion aboul the proliferalive response
promoted by these stents,
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24. EUROPEAN CLINICAL TRIALS

Thoraxcenter, University Hospital Dijkzigt, Rotterdam, The Netherlands

Manel Sabate, Marco A Costa and Patrick W Serruys

The pioncering work in the field of intravascular radiation therapy was originally
carried out in Burope, In 1992, Liermann et al performed the first four cases of
brachytherapy afier femoral percutaneous angioplasty.! Subsequently, animal
experiments carried out in the USA?? and Ewrope! demonstrated the reduction
of neointimal hyperplasia after endovascular radiotherapy, The insertion of a
radioactive delivery catheter in human coronary arteries was performed for the
first time by Condado et al in Venezuela.® As a result of these pioneering
investigations, the first clinical trials were reported in 1997: in the USA,
Teirstein et al demonstrated the effectiveness of gamma therapy for the
treatment ol in-stent restenosis,® whilst in Europe, Verin et al reported the
fcasibility of using beta sources after balloon angioplasty.”

In Europe, most of the trials have been carried out using beta-radiation
sources, cither with catheter-based systems or radioactive stents, Overall, the
initial target has been the treatment of de novo coronary stenosis. However,
recent design trials have included patients with restenotic lesions. This chapter
summarizes the clinical trials carried out in Europe either as a part of larger
trials desipned in the USA or primarily designed in Europe.

Intracoronary radiation clinical trials using
catheter-based systems

The clinical trials with catheter-based systems are summarized in Table 24.1.
Initially, these trials were aimed at demonstrating the safety and feasibility of
beta emitters in coronary arteries. Currently, results from the dose-finding

and placebo-controlled trials are pending

The GENEVA pilot clinical experience

This was the livst feasibility study performed in Europe (Geneva, Switzerland)
and also the first in the world to use intracoronary beta-radiation in humans.”
A pure *Y bela-emitter source delivered via a centering catheter (Schneider
Endovascular Radiation System, Schneider Worldwide, Biillach, Switzerland)
was used to deliver 18 Gy at the surface of the balloon in 15 patients with de
novo coronary stenoses treated with balleon angioplasty. At follow-up the
reslenosis rate was 40%. The investigators considered these to be unfavorable
results owing to an insufficient dose administered at the adventitia (< 4 Gy).
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Intracoronary beta-radiation following PTCA for reduction of
restenosis using the Boston Scientific/Schneider system: Dose-
Finding Study

This muiti-center, prospective, randomized, non-controlled study aimed to
determine the eflect of four diflerent doses ol beta-radiation, using the ™Y
pure beta-emitting source via a centering catheter (Schneider Irradiation
Therapy System, Biillach, Switzerland) on coronary stenosis, In five
European centers, 181 patients were randomized to receive 9, 12, 15, or
18 Gy at 1 mm tissue depth. The preliminary analysis demonstrated a dose-
dependent reduction in angiographic restenosis with an extremely low
restenosis rate in the {8 Gy arm: 8.3% in all patients (stented and treated
with balloon alone) and 4.2% in patients treated with balloon alone (V
Verin, personal communication, Congress of the European Socicty of

Cardiology Barcclona, August 1999), Final results will be available by
November 1999,

BERT 1.5 (Beta Energy Restenosis Trial 1.5): the Rotterdam

experience

BERT 1.5 stands for the European arm of the BERT trial. This trial was
conducted at the Thoraxcenter in Rotterdam in 31 paticnts from April 1997
to June 1998, This feasibility study was designed to test the *Se/™Y source in
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a hydraulic system (Beta-Cath™ system, Novoste Corporation, Norcross, GA,
USA). The dose was randomized to 12, 14 or 16 Gy prescribed at 2-mm
depth from the source axis. Twenty-three patients were treated with balloon
angioplasty, whereas eight patients received a stent after radiation. Delivery of
radiation was successful in all patients but one. At 6 months, the restenosis
rate was 28% and target vessel revascularization 23%. Two thrombotic
occlusions in patients receiving a stent after radiation were observed at the

2.5~ and 10-month {ollow-up,"

Beta-Cath Trial
This prospective, randomized, placebo-controlled trial aims to evaluate the

safety and effectiveness of the **Sr/®Y source (Beta-Cath™ system) versus
placebo in de novo and restenotic lesions of native coronary arteries, Three
centers in Europe are participating in this trial, Complete 8-month follow-up
data will be available in 2000,

BRIE Trial (Beta Radiation in Europe)

This non-randomized trial is designed to evaluate the safety and performance of
the *Sr/*°Y source (BetaCath™ system) in de novo and restenotic lesions of
native coronary arteries up to two vessels. This study is being carried out only in
Europe (20 sites), Complete 8-month follow-up data will be available in 2000.
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START Trial (STents And Radiation Therapy)

This prospective, randomized, placebo-controlied trial aims to cvaluate the
safety and performance of the *5r/#Y source (Beta-Cath™ systemy) in the
treatment of in-stent restenosis of native coronary arterics. Two sites in
Europe are involved in this study. The enroilment phase will be completed by
the end of 1999. One site in Burope will be involved in the START 40-20
Trial, which is designed to assess the feasibility and ellicacy of the 40-mm
long ™81/ source for the treatment of in-stent restenotic lesions,

RENO Trial (European surveillance Registry with the Novoste Beta-
Cath™ gystem)

This prospective multi-center, multi-national surveillance registry is designed
to assess the clinical event rate of *¥Sr/™Y source (Beta-Cath™ system)
combined with approved PTCA techniques (balloon angioplasty, rotablator,
laser, and stenting) in patients with coronmary artery disease (native or bypass
gralts). This study is being carried out only in Europe (50 sites) and multi-
vessel treatment up to three vesscls is allowed.

PREVENT (Proliferation REduction with Vascular ENergy Trial)
Prospective, randomized, blinded, multi-center study aimed to determine the
safety of the Guidant (Santa Clara, CA) beta-radiation system in human
coronary arteries following PTCA or stent implantation, The system consists
of a ¥P 27-mm source wire, a centering spiral balloon and an automatic
computerized afterloader (Nucletron BY, Waardgelder, Veenendaal, The
Netherlands). The enrollment phase has been completed in Europe and 6-
month angiographic and clinical follow-up data are expected by the first
quarter of 2000,

INHIBIT (INtimal Hyperplasia Inhibition with Beta In-stent Trial)
A randomized, multi-center, double-blind, sham-controlled study started in
the USA and Europe to demonstrate the clinical safety and clficacy of the
Guidant beta-radiation system for treatment of in-stent restenosis, The
enroliment phase will be completed by the end of 1999 and 9-month
angiographic and clinical follow-up will be available by the end of 2000,

DURABLE Trial (DUtch RAndomized Brachytherapy study for
Long-term evaluation of Efficacy)

This randomized, placebo-controlled, double-blind study is aimed (o assess
the effect of brachytherapy by means of the Guidant intravascular
brachytherapy system, after optimal baltoon angioplasty (stenosis diameter

< 35%), elective stenting, and indicated stenting (bail-out and suboptimal
result) in patients with multi-vessel stentable lesions (up to two vesscls) with
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respect to MACE-free survival at 1 year, Nine hundred patients will be
randomized in nine centers in The Netherlands. The enrollment phase started

in October 1999,

MARS (Mallinckrodt Angioplasty Radiation Study)

This is the first European prospective registry to assess the feasibility and
safety of the "Re liquid-filled balloon (Mallinckrodt System) for the
treatment of de nove coronary lesions. Results at the 6-month follow-up will
be available by the end of 1999,

The GRANITE Study (Gamma-Radiation to Atheromatous
Neointima using Intracoronary Therapy in Europe)

This is the first trial utilizing gamma-radiation for the treatment of coronary
in-stent restenosis in Europe, Patients will be followed up for 3 years at 11
sites in Europe including France, Germany, Italy, and The Netherlands, as well
as one site in Australia, The: radiation system (Gamma IRT™ Delivery System,
Cordis, Miami, FL) consists of a ribbon of radioactive "*r seeds (up to

55 mm in length) that will be delivered to the target lesion via a delivery
catheter with a closed end lumen and using a hand-cranked
containment/delivery device. The radioactive ribbon will be left at the
angioplasty site for between 15 and 25 min to deliver the prescribed dose.

]ntracoronary radiation clinical trials using
radioactive stents

'The clinical trials utilizing radioactive stents have demonstrated safety and
effectiveness in preventing neointimal proliferation in a dose-related manner,
However, a new phenomenon has become evident: restenosis at the edges of
the high activity radioactive stent, coined the ‘candy wrapper’ effect.? The
clinical trials using radioactive stents are summarized in Table 24.2,

IRIS Trial (Isostent for Restenosis Intervention Study)

This feasibility registry involved three centers in Europe in which 40
radioactive stents with an activity of 0.75—1.5 WCi were implanted, This trial
demonstrated feasibility and salety with a restenosis rate that ranged between
1'7% (Rotterdam)® and 50% (Milan)."®

European P Dose-Response Study
This dose-linding study is being conducted in five centers in Europe.
Radioactive stents of four ranges of activity have been utilized: 1.5-3.0;
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3.0-6.0; 6.0-12; and 12--20 p.Ci. The Milan group (n = 82 palients) reported
a suppression of the neointimal hyperplasia in a dose-related manner (between
1.5 and 12 p.Ci). Edge restenosis (‘candy wrapper’) was observed in 36% for
{.5--3.0 n.Ci, 38% for 3.0-6.0 L.Ci, and 50% for 6.0--12-.Ci activily
levels.'® Currently, the Milan group is evaluating the use of stent activities up
to 20 LCi., The Heidelberg group enrolled 11 patients for radicactive stent
implantation of activity levels between 1.5 and 3.0 uCi, Target vessel
revascularization was 36%, mainly at the articulation of the Palmaz—Schatz
stent,” In Rotterdam, 40 patients have been evaluated after 6.0-12.0-p.Ci
radioactive stent implantation, To date, 18 patients have returned for
angiographic follow-up. No restenosis (> 50% diameter stenosis) was
observed within the stent. However, at the edges of the stent the restenosis
rate reached 55%, leading to target vessel revascularization in 30% ol the
patients (A] Wardeh, personal communication). Data from the Vienna
experience will be available at the end ol 1999,

Two trials have been designed to address the problem of edge restenosis.
The Cold End Study is aimed to determine the efficacy and safety of’ the
2P 25-mm Fischell BX stent, of which both 5-mm ends arc inactive (‘cold
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ends’), Conversely, the Hot End Study is aimed to determine the efficacy
and salety of the *P 18-mm Fischell BX stent, of which both 2-mm ends
present with higher activity (‘hot ends') as compared with the inner 14 mm,
which has a total activity ranging [rom 4.5 to 9 |LCi. These two studies are

still in the enrollment phase,

Conclusions and _ﬁ:ture perspective

The use of endovascular beta-radiotherapy in Europe demonstrated that this
therapy is safe and leasible, Furthermore, preliminary results of a dose-finding
study with the Boston Scientific/Schneider system have been very promising (V
Verin, persenal communication). This beneficial eflect of radiation in preventing
restenosis may be explained partially by the positive influence of brachytherapy
on the remodeling process.’®!* However, some detrimental clinical
consequences ol intracoronary radiation may also be recognized from the
European experience. The edge effect, also named ‘candy wrapper effect’, was
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reported by Albicro et al after radioactive stent implantation,'® Further, the
ocaurrence ol late coronary thrombosis has been associated with radiotherapy,™
This phenomenon may be the consequence of delayed endothelialization,
persisting dissections' or the inability of tubular stents to follow vessel
enlargement promoted by radiation leading to late stent malapposition, '®

Potential solutions for these problems include the use of new designs of
radicactive stents or hybrid techniques (catheter-based + radioactive stent)"”
in addition to the use of prolonged antithrombotic therapy. Also, the
avoidance of conventional stent implantation may be considered in the setting
of catheter-based endovascular radiotherapy.

There are still several unanswered questions which should be resolved
belore determining the potential of this new technique, First, the usc of beta
ot gamma sources or a combination of both. Secondly, the use of centering or
non-centering devices, Further, to determine the best vehicle for radiation:
solid {wire or train of seeds), liquid (filled-balloon) or gasecus. Equally, the
clinical effect of the dose-rate (radioactive stent—low dosc-rate versus
catheter-based radiation—high dose-rate). Finally, the target tissue must be
defined, as well as the minimal effective dose to be delivered. Hopefully, alter
the completion of ongoing trials in Europe, as well as in the USA, many of

these issues will be answered.
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Abstract

Objectives: The aims of the study were fo determine the incidence of relocation of the minimal
luminal diameter (MLD}) after f-radiation therapy following balloon angioplasty (BA) and to
describe a new methodological approach to define the effect of brachytherapy on treated
coronary stenoses. Background: Luminal diameter of coronary lesions, may increase over time
following angioplasty and irradiatation. As a result, the MLD at follow-up may be relocated from
its location pre-intervention, which may induce misleading results when a restricted definition of
the target segment by gquantitative coronary angiography (QCA) is performed. Methods: Patients
treated with BA followed by intracoronary brachytherapy according to the Dose-Finding Study
constituted the study population. A historical cohort of patients treated with BA was used as
control group. To be included in the analysis, an accurate angiographic documentation of all
instrumentations during the procedure was mandatory. In the irradiated patients, 4 regions were
defined by QCA: vessel segment {VS), target segment (TS), injured segment {INS) and irradiated
segment (IRS). Results: Sixty-five patients from the Dose-Finding Study and 179 control
patients were incladed. At follow-up, MLD was relocated more often in the radiation group
(78.5% versus 26.3%; p<0.0001). The rate of >50% diameter stenosis differed between the 4
pre-defined regions: 3.1% in the TS; 7.7% in the INS; 9.2% in the TRS and 13.8% in the VS,

Conclusions: Relocation of the MLD is commonty demonstrated after BA and brachytherapy
and it should be taken into account during the analysis of the results of radiation clinical trials,

Introduction

During the past [0 years the efficacy of percutaneous interventions in preventing restenosis
after percutaneous interventions has been assessed by the use of quantitative coronary
angiography (QCA) (1-4). This technique of analysis has become the gold standard for the
assessment of coronary angiograms in the context of sclentific research due to its superior
accuracy and objectivity as compared to visual and hand-held calfiper measurements, as well as
possessing a better inter- and intracbserver variability (5,6). Consequently, the percent diameter
stenosis has become the usual output of this analysis and the value of 50% has gained widespread
acceptance to define the presence of restenosis in the treated coronary segment (7). Intravascular
ultrasound (IVUS) studies demonstrated that restenosis afier balloon angioplasty (BA) is mainly
due to neointimal hyperplasia and vessel shrinkage at the site of the injury (8-10).

Pioneers in intracoronary radiation therapy have demonstrated that in a majority of patients the
luminal diameter at the site of the treated lesion may increase during the follow-up, rather than
decrease (11). Three-dimensional IVUS analysis has shown that this phenomenon is induced by
positive remodeling of the vessel wall at the site of the irradiated segment (12). As a result, the
minimal luminal diameter (MLD) of coronary segments treated with brachytherapy following
percutaneous interventions may be refocated at follow-up from its location pre-intervention, A
resiricted definition of the target segment by QCA could induce misleading results and make any
comparison to previous non-radiation studies unfair. This study was aimed to {1} determine the
incidence of the relocation of the MLD after B-radiation therapy following successful BA and, (2)
describe a new methodological approach to accurately amalyze and report the effect of
brachytherapy on the treated coronary artery.
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Methods
Patient selection

Patients eligible for the study were those successfully treated with BA followed by
intracoronary radiation according to the Boston Scientific/Schneider Dose-Finding Study (13),
The purpose of this trial was to determine the effect of various doses of B-irradiation on coronary
artery restenosis after BA with or without stent implantation, in patients with single de novo
lesions of native coronary arteries. The isotope selected was the pure B-emitting **Y and patients
were randomized to receive doses of 9,12,15, or 18 Gray (Gy} at Lmm tissue depth. The delivery
of radiation was carried out by the use of the Schneider-Sauerwein Intravascular Radiation
System (14). In brief, this system comprises (I) a flexible coil made of titanium-coated pure
yitrium affixed at the end of a thrust wire between proximal and distal tungsten markers, (2) a
centering catheter which is a segmented balloon consisting of 4 interconnected compartments
which allows centering of the source lumen relative to the arterial lumen, and (3) a computerized
afterloader which allows automated advancement and positioning of either the dummy or the
active source (14).

QCA analysis and definitions

QCA analysis was performed off-line by an independent corelab (Cardialysis, Rotterdam, the
Netherlands). All anglograms were evaluated after intracoronary administration of nitrates, The
analysis was performed by means of the CAAS I analysis system {Pie Medical BV, Maastricht,
The Netherlands). Calibration of the system was based on dimensions of the catheters unfilled
with contrast medium. This method of analysis has been previously validated (4,15-16). The area
of interest was selected after reviewing ail cinefilms performed during the index procedure. Any
angiographic sequence showing the lesion pre-intervention, positions of angioplasty balloon, and
radiation source may be displayed simultaneousty on the screen using the Rubo DICOM Viewer
(Rubo Medical Imaging, Uithoorn, The Netherlands). The ECG tracing is also displayed in any
angiographic sequence. By selecting frames in the same part of the cardiac cycle, we were able to
define the location of the radiation source and angioplasty balloon relative to the original lesion,
The analyst defined a coronary segment bordered by angiographically visible sidebranches which
encompassed the original lesion, angioplasty balloon and radiation source. This segment was
defined as the vesse! segmens (VS). (figure 1) The MLD was determined in the VS pre-
intervention by edge detection and was averaged from the fwo orthogonal projections. Reference
diameter was automatically calculated for the V8 by the interpolated method (4). The percent
diameter stenosis was calcutated from the MLD and the reference diameter (7). At the time of the
procedure, all angioplasty balloons, when deflated, were filmed in place with contrast injection in
the same projections as were the VS. After successful BA, intracoronary brachytherapy was
performed. Both the location of the centering batloon and the active wire in place were filmed in
the same projections as performed previously. The proximal sidebranch within the VS was used
as an index anatomical landmark. Distances from this proximal sidebranch to: (1) the inner part of
the proximal tungsten marker; (2) the proximal marker of the angioplasty balloon; (3) the
proximal margin of the obstruction segment; (4) the distal margin of the obstruction segment; (5)
the distal marker of the angioplasty balloon; and, {6) the inner part of the distal tungsten marker
were computed by the CAAS software. The farges segment (TS) was encompassed by the
proximal and distal margin of the obstructed segment. The segment encompassed by the most
proximal and most distal marker of the angioplasty balloon defined the injured segment (INS}.
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CAAS software. The targer segment (TS} was encompassed by the proximal and distal margin of
the obstructed segment, The segment encompassed by the most proximal and most distal marker
of the angioplasty balloon defined the injured segment (INS), The segment encompassed by the
inner part of the 2 tungsten markers defined the irradiated segment (IRS). (figure 1) All regions
of interest were superimposed on the pre-, post-procedural and follow-up angiograms,
Geographical miss was defined for those cases where the entire length of the injured segment
was not fully covered by the IRS (17).

Using the software of the CAAS system the anaiyst is able to perform a subsegmental analysis
within the VS. The segment is automatically divided into subsegments of equidistant lengih (on
average, 5.020.3 mm). The subsegment containing the MLD was taken as the index segment and
enabled relocation of the MLD to be defined (figure 2). Relocation pre-post was deflined as those
cases where the MLD of the VS post-treatment was located in a different subsegiment in the 2
orthogonal projections from that of the index procedure. Relocation post-fip was defined as
those cases where the MLD of the VS at follow-up was located in a different subsegment in the
2 orthogonal projections from that post-procedure. Relocation pre-fip was defined as those
cases where the MLD of the VS at follow-up was located in a different segment in the 2
orthogonal projections from that at the index procedure (figure 2).

Additionally, the analyst computed the MLD in every region of inferest and calculated the
acute gain, late loss and the frequency of >50% diameter stenosis on a regional basis. Acute gain
was defined as MLD post-treatment minas MLD pre-intervention. Late loss was defined as
MLD post-treatment minus MLD at follow-up. Restenosis was defined as diameter stenosis

>50% at follow-up.

Control Group

A historical cohort of consecutive patients treated with BA from the BENESTENT II trial (18)
presenting with matched views and correct angiographic documentation, was used as the control
group. VS, TS and relocation of the MLD were defined in this cohort as above described.

Subsegment
analysis

Computer
defined
analysis

Figure 1 PRE POST FUP

A, Target sepmest (TS} is between proximal and distal margin of the targel lesion sctomatically defined by the
quantitative corenary angiography system. Vesse! segment (VS) is bordered by visible sidebranches, which encompass
the target segment (TS), and the position of the angioplasty balloon and radiation source, A% Origina) lesion in the
middle part of the right coronary artery before intervention B, Injured segment (INS) is defined as the segment
encompassed by the most proximal and most distal mazker of the engioplasty balloon. . Amows indicate the markers
of the deflated angioptasty balloon filmed in place with a contrast injection. C. The segment encompassad by the inner
part of the 2 tungsten markers of the radiation delivery system defined as the irradiated segments {IRS). C. Arrows
indicate the inner parts of the radiation source tungsten markers filmed with a contrast injection.
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Statistical analysis

Data are presented as mean + standard deviation or proportions. To compare qualitative
variables, the Chi-square test was carried out. To compare quantitative variables, the Student’s
test was performed. All tests were two-tailed and a value of p<0.05 was considered statistically
significant.

Results
Baseline characteristics

One hundred and eighty one patients were included in the Dose-Finding study. Of these, 51
patients received a stent. The remaining 130 patients treated with BA alone followed by B-
radiation were eligible for the study. By comparing the technician worksheet with the angiograms
recorded, the analyst was able to identify those patients in whom all balloon inflations and source
positioning were filmed and all target views were matched. Using this systematical approach, 65
patients who did not accomplish these technical requirements to perform an accurate QCA, were
excluded from the study. Thus, the study population comprised the 65 patients presenting with
complete and correct angiographic documentation, All patients, regardless of the dose prescirbed
(9,12,15, or 18 Gray {Gy) at 1mm {issue depth), were pooled together.

Of 410 patients enrolled in the balloon arm of the BENESTENT 1T trial, 179 presenting with all
the above mentioned technical requirements constituted the control group. Baseline
characteristics of hoth the study population and control group are described in the table 1. No
differences were observed between the 2 groups.

Table t. Baseline Characteristics

Dose-Finding Group Control Group
(n=65) (n=179)

Age, years 6449 62+10
Gender, male 46 (70.7%) 137 (76.5%)
Treated artery:

Left anterior descending 28 {43.1%) 80 (44.7%)

Left circumiflex 7 (10.8%) 22 (12.3%)

Right coronary 30 (46.1%) 77 (43%)
Coronary risk factors;

Systemic hypertension 35(53.8%) 89 (49.7%)

Diabetes mellitus 12 (18.5%) 27 (15%)

Smoking 33 (66.1%) 123 (68.7%)

Hypercholesterolemia 38 (58.5%) 98 (54.7%)

Family history 23 (35.4%) 60 (33.5%)
Dose:

9 Gy 18 (27.7%) B

12 Gy 11 (16.9%) _

15 Gy 20 (30.8%) _

18 Gy 16 (24.6%)

All p=NS§, Gy indicates Gray.
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Figure 2

A. Subsegmental analysis before procedure. Vessel segment (VS) was automatically divided into 5-
mm subsegments by the CAAS 1T system. The original [esion is located at segment No.5 pre-
pracedure as the arow indicates. A™ Computer defined analysis pre-procedure. B, Subsegmental
analysis at post-precedure. Minimum lumen diameter is fecated at segment Na. 6 (arrow).

. Computer defined analysis post-pracedure, C. Subsegmental analysis at follow-up. Minimum
lumen diameter is located at segment No.7 (arrow). C**Computer defined analysis at follow-up.

Incidence and location of the relocation of the MLD

Relocation pre-post of the MLD was defined in 36 patiemts (55.4%) in the Dose-Finding
cohort and in 62 pts (34.6%) in the conirol group (p=0.005); relocation post-fup was defined in
37 patients (56,9%) in the Dose-Finding cohort and in 59 patients (33.0%) in the control group
(p=0.001); and, relocation pre-fup in 51 patients (78,5%) in the Dose-Iinding cohort and in 47
patients (26.3%) in the control group (p<0.0001), Geographical miss was identified in 2 patients
(3%). At follow-up, 45 patients (69.2%) presented with an increase in the value of MLD at TS,
whereas 20 patients (30.8%) demonstrated either a decrease (18 patients) or no change (2
patients) in the value of MLD at TS. The location of the MLD in cases of relocation is presented
in the table 2. This new MLD was most commonly located within the IRS and INS, followed by
those regions within the VS but outside the IRS and the INS. Typically, when the new MLD was
located outside the INS and IRS, distal subsegments were most often involved rather than the
proximal ones (88% vs. 12%, respectively).

Table 2. Location of the relocated MLD
Relocation pre-post  Relocation post-fup  Relocation pre-fup

(n=36) (n=37) {(n=51)
Within INS ~ IRS 19 (52.9%) 23 (62.2%) 24 (47%)
Outside INS - IRS 9 (25%) 10 (27%) - - 18 (35.3%)
Within IRS—outside INS: 6 (16.6%) 4 (10.8%) 8 (15.7%)
Within INS—outside IRS 2 (5.5%) 0 (0%) L (2%)

(geographical miss)
INS indicates injured segment; IRS indicates irradiated segment,

Methodological implications of the relocation of the MLD

QCA data derived from the analysis of the pre-defined regions are presented in the table 3.
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Table 3. QCA data from the 4 pre-defined segments

TS INS IRS VS8
MLD pre, mm 106402 1.06+0.2 1.06+0,2 1.0610.2
MLD post, mm 217105 1.9940.4 2.0010.4 1.9140.4
MLD firp, mm 2.3610.5 1.97+0.5 1.9740.5 1.8420.5
%DS fup 20,3+11 33.2+11 33.4+11 37.9+£10
Acute gain, mm 1.1240.4 0.93 +0.4 0.9410.4 0.8510.4
Late loss, mm -0.18+0.4 0.01+0.4 0.0340.4 0.0740.3
Restenosis rate, n (%4) 231 5(1.7) 6{9.2) 9(13.8)
Segment length, mm 5.0£0.3 18.744.2 22.943.5 36.948.4

DS indicates diameter stenosis; fup indicates follow-up; INS indicates injured segment; IRS
indicates irradiated segment; MLD indicates minimal luminal diameter; pre indicates pre-
intervention; post indicates post-intervention; TS indicates target segment; VS indicates vessel

segment.
Discussion
Incidence and causes of relecation of the MILD

This study demonstrates that the relocation of the MLD is a common phenomenon in coronary
segments treated with BA followed by intracoronary beta-radiation therapy. Although relocation
of the MLD at follow-up was significantly more frequent in the irradiated group, control patients
treated with “plain old balloon” angioplasty demonstrated also a notable incidence of relocation.
This phenomenon noted after radiation was witnessed in previous studies that showed that the,
restenosis process affected the entire vessel segment which was dilated and not just the
obstructed segment {19,20). To overcome this problem, the TOSCA group devised the concept
of target lesion work length, defined as the length of contiguous target segment exposed to
balloon inflation {21). In addition, the relocation of the MLD may explain the mismatch between
good angiographic results of previous radiation trials and the poor clinical outcome (ie., high
target vessel revascularization rates) observed in these studies (22).

Further, as changes in the reference diameter may occur during the follow-up period, the use of
the percent diameter stenosis measurements is guestioned as an accurate estimate of lesion
severity (19,20). In this regard, 2 thirds of our study population demonstrated an increase in the
value of the pre-intervention MLD. In the radiation group, increase of vessel dimensions at the
site of the index MLD may play an important role in the relocation of the MLD.

Previous three-dimensional intravascular ultrasound observations demonstrated that the vessel
wall enlarges after catheter-based radiation therapy either following conventional BA or stent
implantation: (12,23). This vessel enlargement was able to accommodate the mean increase in
plaque volume, resulting in a net increase in the irradiated tuminal volume at follow-up.

In our study, the MLD was mainly relocated within the IRS and the INS and outside the INS
and the IRS (typically at distal segments). In such regions, the presence of pre-existing plaques
which became angiographically apparent or progressed after the treatment and tapering of the
vessel may have accounted for the relocation of the MLD, On top of these causes of relocation,
we cannot exclude the influence of the natural atherosclerotic process on this phenomenon in the
conlext of patients with coronary risk tactors by inducing development of new coronary lesions in
any of the pre-defined regions of interest.
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Methodological consequences of relocation

When the analysis was restricted to the TS, this lumen gain at follow-up resulted in a negative
mean late loss and a very low restenosis rate (3.1%). The TS represents a region which was
injured by the angioplasty balloon and theoretically presented with the peak stress and vessel
stretch after BA. Further, this segment was fully covered by the radiation source in all cases.
Thus, the results of the analysis of the TS may demonstrate the effect of brachythierapy in optimal
conditions. On the other side of the spectrum, when the analysis included the entire VS, both the
late loss and the restenosis rate were significantly higher (table 3). This latter analysis was
performed in most of the historical trials aimed to determine effectiveness of new therapeutic
agents on restenosis process after BA (24-27). This traditional approach is driven by the concern
that hemodynamic effects (i.e. flow limiting lesion) symptoms and outcomes are likely related to
the location of the new MLD, irrespective of precise anatomic concordance with its location pre-
intervention. The meticulous analyses proposed are likely to give new insights on the
pathophysiology of this new therapy and we believe that these are highly recommended during
feasibility in-vivo and in-vitro studies. In clinical radiation trials, the traditional VS approach
should be the common angiographic endpoint, and further analyses of the above defined regions
of interest may complement the results of the study. In this regard, the efficacy of the therapy
itsetf would be determined by the results at the TS, whereas the effectiveness of the radiation
therapy would be defined for the entire V§, which includes both the desired (1.e, lumen
enlargement) and the side effects (i.e. edge restenosis).

Limitations

The definition of relocation of the MLD depends decisively on the accurate documentation of
all steps followed during the procedure. This was accomplished only in 50% of the cases treated
with BA in the Dose Finding Study and in 44% of the histerical control group.

The QCA data presented in this study represent only the results of the pooled cohort of patients
enrolled in the Dose-Finding study and not the entire population.

Conclusions

Relocation of the MLD is a common phenomenon after successful BA followed by
intracoronary beta-radiation. This feature may induce controversial results related to the
methodology used in the QCA analysis and should be considered when reporting the results of
subsequent radiation studies. The new methodological approach proposed may be useful to
determine the potential and limitations of this new technique.

Appendix

The participating centers and investigators of the Dose-Finding Study Group are listed with the
number of included patients under parentheses,

University Hospital, Geneva, Switzerland (57); Verin Vitali MD, Youri Popowski, MD,
Delafontaine Patrice, MD, Kurtz John, MD, Papirov Igor, PhD, Sergey Airiian, MD, Philippe
Debruyne, MD, Ramos de Olival Jose, MD.
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Cardiovascular Center, Onze-Lieve-Vrouw Ziekentuis, Aalst, Belgium (54}, Wijns William, MD,
(Principal Investigator), de Bruyne Bernard, MD, Heyndrickx Guy, MD, Verbeke Luc, MD,
Piessens Marleen, PhD, De Jans Jo, MSc.

University Hospital, Essen, Germany (26); Baumgart Dietrich, MD, Sauerwein Wolfgang, MD,
Erbel Raimund, MD, von Birgelen Clemens, MD, Haude Michael, MD.

University Hospital, Kiel, Germany (22); Lins Markus, MD, Simon Ruediger, MD, Kovacs
Gyorgy, MD, Thomas Martin, MD, Herrmann Gunhild, MD, Wilhetm Roland, MD, Kohl Peter,
MD.,

Kings College Hospital, London, United Kingdom (22): Thomas Martin, MD, Calman Francis,
MD, Lewis Niel, PhD,

Data Monitoring; Thaler Thomas, MD (Boston Scientific)

Angiographic Core-Laboratory and Data Analysis:

Teunissen Yvonne, PhD, (Clinical Trial Manager), Spierings Astrid, Van derWiel Connie, Kloek
Gitte, MSc, Disco Clemens, PhD

Critical Events Committee: Dekkers Jaap, MD, Serruys Patrick, MD, PhD,
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Geographic Miss
A Cause of Treatiment Failure in Radio-Oncology Applied to
Intracoronary Radiation Therapy

Manel Sabaté, MD; Marco A, Costa, MD; Ken Kozuma, MD; 1. Patrick Kay, MBChB;
Willem 1, van der Giessen, MD, PhD; Veronique L.M.A. Coen, MD; Jurgen M.R. Ligthart, BSc;
Pedro Serrano, MD; Peter C. Levendag, MD, PhD; Patrick W. Serruys, MD, PhD

Background—A recognized limitation of endovascular B-radiation therapy is the development of new stenosis at the edges
of the irradiated area. The combination of injury and low-dose radiation may be the precursor of this phenomenon. We
translated the radio-uncological concept of “geographic miss” Lo define cases in which the radiation source did not fully
cover the injured area, The aims of the study were to determine the incidence and causes of geographic miss and evaluate
the impact of this inadequate treatment on the cutcome of patients treated with intracoronary B-radiation.

Methods and Results—We analyzed 50 consecutive patients treated with B-radiation after percutaneous coronary
intervention. The preseribed dose runged between 12 and 20 Gy at 2 mm from tiie source axis. By means of quantitative
coronury ungtography, the irradiated segment (IRS) and both edges were studied before and after intervention and al
6-month follow-up. Edges that were injured during the procedure constituted the geogruphic miss edges. Twenty-two
edges were injured during the intervention, mainly because of procedural complications that extended the treatment
beyond the margins of the IRS. Late loss was significantly higher in geographic miss edges than in IRSs and uninjured
edges (0.84%0.6 versus 0.15%0.4 and 0.09*+04 mm, respectively; P<0.0001). Similarly, restenosis rate way
significantly higher in the injured edpes (1096 within IRS, 40.9% in geographic miss edges, and 1.9% in uninjured edges;
P<0.001),

Conclusions—These data support the hypothesis that the combination of injury and fow-dose B-radiation induces
deleterious outcome, {Circulation, 2000); 101:2467-2471.)

Key Wards: geographic miss ® radioisofopes B baltoon 8 angioplasty m stenis B angiography ® restenosis

E ndovascular radiation herapy is a novel technigue aimed
at prevenling restenosis afler percutancous coronary
intervention,'" Radiation can be delivered to the coronary
artery by means of catheter-bused systems or radioactive
stents.* A potential drawback of this treatment is the devel-
opient of new stenotic lesions at both edges of (he irradiated
sepment (IRS). This se-called “edge effect!” was originally
deseribed after high-uctivity (>3 upCi) radioactive stent
implantation.® However., this plieromenon is not exclusive
to radioactive stents and may also affect coronary segments
treated by means of catheter-based systems.” The pathophys-
itogy of the edge effect may be the result of vessel wall
injury®-1" concomitai with'low-dose radiation a4 the edges of
the irradisted area.!''? In radio-cncology, the term to define
a cause of freatment fuilure due to low dose was coined by the
Manchester Clinic as “geographic miss.” In such cases, o
smull part of the treatiment zone has either escaped radiation
or heen inadequately imadiated because the total velume of

the tumor wus not appreciated and hence an insufficient
margin was taken.!® This concept is translated in interven-
tional cardiology to define (hose coronary segments that were
injured but received low-dose radiation. Typically, this phe-
nomenon oceurs when the edges of the IRS, where, by
definition, the dose is rather low, are injured.

The aims of the study were (1) 10 determine the incidenve
and causes of geographic miss in the treatment of patients
with intzacoronary B-radiation by use of a catheter-based
system and (2) to evaluate the impact of this inadequate
treatment on the angiographic outcome of these patients.

Methods

Patient Selection

We retrospectively analyzed 50 consecutive patients treated at vor
institution with catheter-based B-radiatien by means efthe Beta-Cath
systern (Novoste Corp). Patients included in the radiztion protocol
were those with ebjective sipns of ischemia and presence of
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significant de novo lesions (n=39) or recurrent in-stenf restencsis
{n=11). A detniled description of the radiation system has been
reperted elsewhere, ™ The radiation sourve train consisis of a series
of 12 cylindrical seeds that centain the radicisetope ¥'S1/™Y sources
and is bordered by 2 gold radiopaque markers separated by 30 nim. ™

Procedure

The medical ethics commiltee of ouwr institution approved the
investigational use of F-radiation, and all patients signed an in-
formed consent ferm. Percutaneous intervention was performed
according to standard clinical practive. Typically, coranory lesions
were treated initially with balloon angiaplasty (BA). After successful
BA. the target coronary segment was irradiated. This could be
followed by additional stent implantation when clinically indicated,
Lesion length measured on average | L4*+4 mm, the mean balloon
length was 2003 mm, and the nusmber of balteon inftations was
2.9+ 1.6. Patients received aspirin (250 mg) and heparin {10 000 U
tV) at the initiation of the procedure, and an additional dose of
heparin was administered to maintain the aclivated clolting time
2300 seconds, After the procedure, aspirin was continued indefi-
nitely. In patients who alse received stent implantation, ticlopidine
was initiated and continued for =15 days after the precedure, The
radiation dose was prescribed at 2 mm from the source axis. The
prescribed dose for the treatment of de novo lesions was randemly
assigned 1o 12, 14, or 16 Gy for protocol requirements. For the
treatment of in-stent restenotic lesions, the prescribed dose was 16 or
20 Gy if the reference diameter, hy quantitative corenary angiogra-
phy (QCA), measured =3.25 mm or >3.25 mm, respectively. The
mean dwell time to deliver these doses was 143244 secomds,

Definitions

The TRS was defined as the area encompassed by the 2 gold markers
of the radiation source tzain. It was identified on angiography by a
contrast injection with the source in place. The edges of the IRS were
defined as the 5-mm-long segments proximal and distal o the
angiographic localion of the gold markers. The edges that were
touched by the angioplasty balloon or received new stent implanta-
tion during the procedure were defined as geographic miss edges,
because they represent injured segments receiving low-dose radia-
tion. Uninjured edges were those that were not traumatized during
the intervention. To determine whether the edges of the IRS were
injured, a few steps were followed: during the 'pm:edure, every
balloon inftation or additional stent tmplantation was filmed in the
samie projection, as was the radiation source. This approach allowed
us the correct matching of the cine films in the offline anafysis.
Eilher cine loop showing balloon inflation, stent implaniation, and
radiation source may be displayed simultaneously on the screen with
the Rubo DICOM Viewer (Rubo Medical Imaging). ECG tracing is
also displayed in either cine loop. By selecling those frames in the
sarne part of the cardiac cycle, we were able to define the location of
the radiztion source relative to the injured area,

QCA Analysis

The IRS and both edges were analyzed by QCA before and after
intervention and at 6-month follow-up. All angiograms were evalu-
ated after intracoronary administration of nitrates. The offlise anal-
ysis of 2 erthogonal projections was performed by wneans of the
CAAS H onalysis system {Pie Medical BV}, Calibratien of the
system was based on dimensions of the cathelers not filled with
contrast medium, This method of analysis has been previously
validated.'**7 The following QCA parameters weze compuled in the
IRS and both edges: minimal luminal diameter (ML}, which was
computer defined; reference diameter, which was obtained by an
interpolated method!™7; and percentage diameter stenosis, Binary
restenosis was defined in every area as diameter stenosis >50% at
follaw-up. Acute gain was defined as MLD after freatment minus
MLD before interventicn. Late loss was defined as MLD after
treatment minus MLD at follow-up. Relative late loss was defined as
late [oss divided by reference diameter.'®
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Statistical Analysis

To comparc continuous variables between IRS, peogpraphic miss
edges, and uninjured edges, T-way ANOVA with post hoe analysis
for multiple comparisens was performed, Unpaired Siudent’s ¢ test
was performed o compare continous variables between proximal
and distul geographic imiss eddges and between patients in whuom the
geogrphic miss was induced by baloen dilatation or stent implan-
tation. To compare the binary restenosis between greups, the X7 test
was performed. All tests were 2-tailed, and u value of P<0L0S was
considered statistically significant.

Results

Baseline Characteristics

Fifty irradiated coronary arteries and 100 edges in 50 paticots
were eligible for the study. However, 26 edges were excluded
because of the ostial location of the proximal -end of the
source in the right coronary artery (n=£F2) or overlapping of
| of the edges with side branches {(n=14}. Thus, finally, 74
edge areas and 50 IRSs were studied, Mean age wus 55,329
years, and 38 patients (76%) were mule. Smoking was the
most frequent coronary risk factor, involving 33 patients
(66%), followed by dyslipidemia in 27 paticnts (54¢) and
hypertension in 24 patients (48¢%). Eight patients (16%) were
diabetic. The left anterior descending coronary artery was
treated in 21 patients, the lefi circemflex in 10, the right
coronary artery in 18, und a saphenous vein graft in 1. Twelve
patients received a stent in a bailout situation.

Incidence and Causes of Geographic Miss
Geographic miss was observed in 22 edges {31.9%} induced
by balloon dilatation (n=123) or additional stem implantation
(n=9). The remuining 51 edpes (68.9%) were defined as
uninjured edges. The Jocation of the geographic miss was in
the proximal edge in 11 patients (50%) and in the distal
margin in 11 patients (50%). The fullowing reasons were
responsible for this phenomenon: (F) development of proce-
dural complications that extended the treatment beyond the
maegins of the IRS (unexpected geographic miss, n=9); (2)
lack of availabifity of a fonger radiation source (=30 mm) in
patients with diffuse eccurrent in-steat restenosis in whom
radiation was given on a compassionate-use basis (n==8); and
(3) tack of accurate matching; ie, the injured segment from
previous balloon inflations was not appropriately covered by
the source (n=3). An example of a patient with geogeaphic
miss induced by a balloon difatation in the proximal margin
is depicted in Figure |.

QCA Analysis

QCA data are presented in the Table. As expected, IRSs
demonstrated, on average, o higher acule pain than both
injured and uninjured edges. However, geographic miss
edges presented, on averape. with signiticantly higher late
loss and relative late loss. Restenosis was demonstrated in 5
cases (10%)} within the IRS, in 9 cases (40.9%) in the
geographic miss edges, and in | cuse (1.9%} in the uninjured
edges (P<C0.001). No diiterence in the pattern of the late Joss
between the 3 areas was observed in de novo lesions
compared with recurrent in-sleat restenotic Jesions (Figure 2),
In the geographic miss edges, 4 edge restenoses (445%) were
located at the proximal cdges, whereas the other 5 (565}



were located af the distal edges. Mean relative late loss was
comparable between those edges, with geographic miss
locded proximal or distal to the IRS (0.31+0.2 versus
0.3420.2, respectively; P=NS). Those edges in which the
peopraphic miss was due to additional stent implantation
presented, on average, higher acute gain than those due to
baileon dilatation (0.70*0.4 versus 0,21 0.3, respectively;
P=00053 However, mean late loss and mean relative late
loss were compunible between both causes of geopraphic
miss (045200 mm and 030003, respectively, after stent
versits 0.77+0.3 mm and 0.30+0.1 after balloon dilatation;
both P=NS),

Discussion
This stucly reports on the initiul experience of our center with
the use of intrucoronary SB-rudiation. By means of @ careful

Figure 1. Geographlk miss Induced by
balloon dilatation. A, Lesion located in
proximal segment of left anterior
descending corenary artery. B, Balloon
dilatation performed during intervention
{black arrowheads indicate area injured by
batioon). C, Radiation source trakn {n
place, lrradiated area is delimiled by gold
markers (white arrowheads}. D, Final
resull: proximal traumaltized edge present-
ed a resldual type B dissection. E, At
6-month follow-up: obvious reduction in
lumen at geographic miss edge.

retrospective angiographic analysis of all patients treated with
the same radiation system, we sought to define the effect of
the injury on those areas located ai the margins of the source
where the delivered dose is potentinlly rather low, Up to
31.9% of the patients presented with the predefined technical
error, called geographic miss. This concept requires the
concurrence of 2 conditicns: low-dose radiation and injury,
Any other clinical sitvations that do not irclude both condi-
tions cannol be called geopraphic miss, For instance, (1) the
effect of injury on coronary segments not being irradiated
(proximal or distal to an IRS bt in areas in which the
calculated dose is almost () should fall into the category of
normal restenotic process; (2) the effect of low-dose radiation
in areas that have nel been injured may be defined as the pure
radiation edge effeet, because in intracoronary radiation, the

QCA Data
IR§ Geographic Miss  Uninjured Edges

{r=50) Edges (n=22) (n=52} P
MLD before intervention, mm  1.20+0.3 202+06 2.10+0.6 <0.0001
MiLE after intervention, mm 202x04 2.43x058 2,32+06 001
MLD at folffow-up, mm 1.87+05 1.69+0.6 202x05 0,006
Reference diameter, mm 269+0.8 25008 2.55+0.7 NS
508 before intervention, % 54913 198214 17914 <{0.0001
%DS afler intervention, % 284+9 19.9+10 20811 0.0603
%S at fotlow-up, % 333+1 443422 24.3x10 <0.0001
Acute gain, mm 081+04 04104 001203 <0.0001
Late Joss, mm 0.1550.4 08406 0.03£0.4 <0.000t
Relative late loss 0.06+0.1 032402 0.02:+0.1 <0.0001

%:DS indicates diameter slenosts. Data are mean+8D.
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Figure 2. Difference in tate loss between IRS, geographic miss
edges, and uninjured edges. De novo lesions and in-stent reste-
nosis demonslrated sama degree of late loss between 3 groups.

edges of any IRS will ajways receive low-dose radiation; and
(3) finally, the effect of a full prescribed dose on segments
presenting with or without injury is the situation in which the
pirysician may be able to irradiate (with ful dose) the entire
injured segment and include some uninjured margin. A key
issue in the definition of geographic miss is to define those
segments receiving a low dese. These may vary between
systems and sources used. With the Beta-Cath system, the
longitudinal distance of the 10055 isodose is 26 mm. Because
the B-emitting *'St/™Y has an acute faltoff of dose related 1o
the distance,'® the last 2 mm within the markers of the source
should be considered as having received o Jower than pre-
seribed dose. In fact, the dose received at | mm from the
[00% isodose is 86% of the prescdbed dose, and at 2 mnm,
60% of the prescribed dose (inner part of the gold marker}, At
3 mm, the dose is 30% of the prescribed dose; at 4 mm, [3%
of the prescribed dose; and at 5 mam, 5% of the prescribed
dose. We defined the IRS as the segment encampassed by the
2 gold markers, which included the last 2 mm within the
markers with a lower than prescribed dose (up to 60% of
the prescribed dose). By this definition, lute loss and reste-
nosis rate were significantly lower than those of the injured
edges (analyzed from the inner parl of the g(')!d marker).
Furthermore, the 5 cases of restenosis within the IRS were
located at the site of the initial MLD. These results may
reftect the fact that the dose at these last seeds of the source
was high encugh to avoid the edge effect after the edges had
probably been injured during the procedure, especially when
a 20-mm-leng balloon was used. Thus, the region receiving a
low dose may be defined, for this system and source, as the
5-mm-long segment located 2 mm farther from the 0%
isodose boundary, that is, beyond the inner part of the gold
marker. In this regard, we believe that the injury should be
completely restricted to the segment of the 100% iscdose
curve of the radiation source (26 mm) and that the last 2 mm
at both extremities of the source and within the gold markers
may be considered relatively but probably not completely
safe. Finally, any injured segment covered by or beyond the
gold marker (up to 5 mm) must be considered to be at high
risk of failure at follow-up.

From the perspective of these findings and futvre technical
developments in the field, the following recommendations are
advisable. Filming every single balloen inflation performed
during the procedure would allow one to define the injured
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ar¢a, More than ever, tenucious attention to detail in position-
ing the radiation catheter encompassing the ealire injured
area must be mandatery. The development of longer sources
(30 mm) would allow one to treat diffuse lesions and
completely cover those areas in which an extension of the
treatment was indicated becanse of procedurat complications.
Equaly. the use of online QCA in the decision-muking would
avoid appreciation errors due to visual assessment of the
target orea and subsequent underestimation or overestimation
of balloon lengths, Finully, the selection of the most suitable
fluorescopic projections {eg, tess foreshortening, no overlap-
ping} would avoid errors in the quantification of the region of
interest.

The facts that the locations of most of the restenoses were
in geographic miss edges and that late loss in those areas was
unexpectedly high must raise an alarm about the deleterious
effect of the combination of injury and tow-dose radiation.
This hypothesis may be supported by the tact that the late foss
observed in those injured edges is higher than that reported in
recent clinical triaks after either BA or stent implantation**
and higher than that demonstraled in the uninjured edges.
Balcon overstreich injury has been used us ap cxperimental
model {0 study the restenosis procéss,*—™ The response of the
vessel wall to injury involves both reointimal hyperplasia®?
and vessel remodeling.'"222* The stimulatory effect of low-
dose radiation afler BA on stiocth muscle cell profiferation
has beent reported previously.'' In the low-dose radiation
group of this swine model (10 Gy), neoitima was composed
of smoeth muscle cetls, with a marked increase in inflamma-
tory cells and less medial and intimal fibrosis than in the
higher-dose groups (15 and 20 Gy) and the control group, It
was suggested that ot fow dose, inadequate fibrosis was
induced lo prevent effective smooth muscle cell migration
and to act as a diffuse bareler for mediators of chemotaxis,
chemokinesis, and cellular praliferstion.!! Similarly. after
fow-gctivity radioactive stent implantation (I pCi) in a
porcize model, ncointimal hyperplasia was significantly
greater than that alter nonradionctive control stents.'? If
ongeing intravascular studies reveal thal edge restenosis is
mainly due to plague inerease, the former hypothesis that at a
low dose, inzdequate medial and intimal fibrosis 1o avoid
migration and proliferation predominutes may become a
plausible explanation. Conversely, if negative remodeling is
the main contribwtor to the lumen loss, the excess of inflam-
matory cels demonsteated at low dose may be responsible for
subsequent adventitial fibrosis and vessel shrinkage. The
development of the so-called “candy wrapper” after radioac-
live slent implantation® nay represent the clinical paradigm
of the combined deleterious effect of low-dose radintion and
injury. The latler is secondary to the angioplasty batloon used
for predilatation and postdilatation of the radivactive stent. In
this regard, o higher baltoon-to-artery ralio was associated
with the presence of this phenomenon.®

Future trials must address the benefit of new technical
developments in the field (use of square deployment bal-
toons; hot-end, cold-end stents®; longer sources with smalter
radiation delivery catheters) to minimize the kmpact of injury
at the edges after either radioactive stent— or cathefer-based
systems.



Study Limitations

In this study, ondy 1 type of radistion delivery catheter using
the B-source ™Sr/*Y was evaluated. Thus, the effect of either
other catheter-bused systems using centering batfoons and
different sources or the y-radintherapy on the geographic
miss edpes cannot be extrapoluted from our results.

The actd dose at the margins of the radiation source has
ol been caleulated. A low dose at these edpes was assumed
because the isotope Sr/™Y demonstrates an acule falloff
related to the distance from the 100% isodose boundary.'¥

This angiographic study was aimed a1 defining the concept
and the clinical implications of the geographic miss. To
define the mechanism of the vnexpectedly high tate loss and
the correlation between radiation dose and plaque extent ot
the margins of the [RS, intravascular uttrasound studies must
be carried out.

The focation of the segment receiving a low dose may vary
between systems and sources, Thus, the confidence margin to
be tuken may vury accordingly.

The position of the source relative to the various balloon
inflations was assessed by compuring still frames at the same
part of the cardiac cycle from cineangiograms performed in
the same projections. However, small inaccuracies in the
definition of the IRS anc the edges, derived from the axial
movement of the radiation source during the cardiac cycle,
cannot be completely ruled out.

This study was not placebe-conteolled, Thos, the effect of
the shum source on the balloon-injured coronury segments
has not been determined.
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_ 4 Vascular Brachytherapy

The Effect of **P Beta-Radiotherapy on Both

Vessel Remodeling and Neointimal Hyperplasia
After Coronary Balloon Angioplasty and Stenting:
A Three-Dimensional Intravascular Ultrasound

Investigation

Marco A, Costa, MD, Manel Sabaté, MD, Pedro Serrano, MD,

Wim J. van der Giessen, MD, PhD, Ken Kozuma, MD, L. Patrick Kay, MBChB,
*Veronique L.M.A. Coen, MD, Jurgen M.R, Ligthart, Alex Wardeh, MD,
‘Peter C. Levendag, MD, PhD, Patrick W. Serruys, MD, PhD

ABSTRACT: hitracoronary radintion is a promis-
Ing therapy to decrease restenosis after percutaneous
intervention. The aim of this pilot study was to deter-
mine the mechanism of intracoronary bela-radiatlon
after balloon angioplasty and stenting in a doubfe-
biind placebo-controlled randomized fashion. Twenty-
six patients were randomized to cither placebo (1 = 6}
or 3 doses (28, 35 and 42 Gy) of beta-radiation (n = 20)
using the Guidant brachytherapy system (27 mm long
*P source wire}, Of these, 21 patients underwent post-
procedure and 6-month follow-up three-dimensionat
intravascular ultrasound {IVUS) assessment. Volu-
metrie quantifieation was performed by means of a
semi-automated contour detection system after an
ECG-gated motorized pullback IVUS imaging and
three-dimensional reconstruction, We compared the
volumetric changes (A) of total vessel volume (TVV),
plaque volume (PV) and lumen volume (LV} after 6
months between placebo (dummy wire} and Irradiated
patients. In addition, the volume of neointimal hyper-
plasia was quantified within the stented segments.
There was an opposite behavior of TVV and LV
change between placebo (ATVY = -24 mm?* and ALV =
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-42 mn®) and {rradiated (ATVV = +18 mm’ and (ALV
= +5 mm’) patients. The mean neointimat formation
within the stented segment in the irradiated patients
{n =7) was 1.9 mm’ {1.5%). Qur results suggest that
beta-radiation affects vessel remodeling after percuta-
neous Interventfon and Inhibit nesintimal formatien in
stented patients.
J INVAS CARDIOL 2000;12:113-120

Key words: brachytherapy, necintimal hyperplasia,
remodeling

Restenosis after percutaneous intervention has been
reduced with the advent of coronary stents.'? However,
further reduction in the incidence of restenosis appears
to be difficult using conventional approaches,

The introduction of intravascular uitrasound
(EFVUS) in the clinical practice has refined our knowl-
edge about the mechanism of restenosis, Thus, the
restenotic process cat be divided in two major compo-
nenis: vessel remodeling and neointimal formation,
The former predominates after balloon angioplasty
(BA), whereas the latter is the main cause of in-stent
restenosis,**

Intracoronary radiation is a promising therapy to
decrease reslenosis afler percutaneous intervention.
Stimulated by animal studies showing inhibition of
neointimal formation by radiation,™” two randomized
trials have shown the reduction of restenosis by treat-
ing restenotic lesions with gamma radiation,* Further,
a non-randomized study has shown the safety and fea-
sibility of beta radiation, with a satisfactory {15%) rate
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of restenosis in de nove lesion trealed with balloon
angioplasty.”

Recent IVUS investigations suggested that beta
radiation after BA may affect vessel wall remodel-
ing,""" These findings have been corroborated by some
experimental studies."" However, the relalive contri-
bution of radialion on vessel remodeling and neointi-
mal formation remains to be clarified,

The aims of this pilot study were: 1) to assess the
effects of beta radiotherapy on coronary segments suc-
cessfully treated by BA or stenting; and 2) to compate
the behavior of irradiated and non-irradiated (sham)
coronary segments 6 months after treatment by means of
a volumetric three-dimensional (3-D}) IVUS assessment.

METHODS

Patient selection. In this double-blind feasibility
and safety study, 26 patients were randomized to either
sham (placebo) or 3 different doses of beta-radiation
(28, 35 or 42 Gy, as calculated at 0.5 mm into the ves-
sel wall). The Medical Ethics Committee of the Uni-
versity Hospital Dijkzigt has approved the use of
intracoronary radiation. All patients gave writlen
informed consent,

Radietherapy system. The Guidant Brachiytherapy
System (Guidant Corporation, Santa Clara, California)
used in this study includes a 0.018" nitinol wire with
27 mm of *P source at its tips. The use of a cenlering
spirat batloon (27 mm long) allows the administration
of preseribed dose homogeneously in the vessel wall as
welk as distal vessel perfusion during balloon inflation
at a maximum inflation pressure of 4 atmospheres
(atm). Automated source delivery unit controls dose
delivery and source withdrawal, providing “hands-off”
radiation delivery." The duration of the treatrnent and
dose necessary to reach 0.5 mm into the vessel wall are
calculated using the mean reference vessel diameter by
IVUS immediately prior to radiation delivery,

IVUS nnalysis system. The segment subject to 3-D
reconstruction was examined with a mechanical [VUS
system (ClearView, CV1S, Boston Scientific Corporation,
Maple Grove, Minnesota} with a sheath-based IVUS
catheter incorporating a 30 MHz single-element transduc-
er rotating at 1800 rpm (Ultracross, CVIS). An ECG-
gated image acquisition and digitization was perfonned
by a workstation designed for the 3-D reconstruction of
IVUS images (EchoScan, Tomtee, Munich, Germany).*
[VUS irages were acquired coinciding with the peak of
the R wave, which eliminates the artifacts caused by the
movement of the heart during the cardiac cycle. Then, thc
IVUS transducer was withdrawn every 0.2 nun to acquire
the next image coincident to the R-wave."”
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A Microsoft Windows"-based contour detection
program, developed at the Thoraxcenter, was used for
the 3-D volumetric quantification.” The feasibility and
intra- and iner-observer variability of this system have
been validated in clinical protocols.™™ Briefly, this
program constructed longitudinal sections from the
data set and identified the contours corresponding to
the lumen and media and stent boundaries. Careful
checking and editing of the contours of the planar
images were performed by two independent experts
who were blinded to the treatment assignments.

Yolumetric data were calculated by the formula:
{V=73"., Ai * H], where V = volume, A = area of
external elastic membrane (EEM), lumen, stent or
plaque in a given cross-sectional ultrasound image, H
= thickness of the coronary artery slice, that was
reporied by this digitized cross-sectional [VUS image,
and n = the number of digitized cross-sectional images
encompassing the volume to be measured."

The methodology to define the treated segment has
been previously described.” Angiogram was per-
formed after posilioning the radioactive source in the
cenlering balloon and the relationship between
anatomical landmarks and the two radiopaque markers
of the radiation source were noted afler conteast injec-
tion (Figure 1). Typically, the aorto-ostial junction and
the side-branches were used as landmarks. The
anatomical landmark closest to either of the source
markers was used as a reference point, During the sub-
sequent TVUS imaging pullback, this reference point
was recognized and used for selecting the area of inter-
est: 27 mm for the irradiated segment analysis. In a
separate analysis we selected only the segment covered
by stents within the irmadiated area. This was facilitated
by the highly echogenic characteristics of the sient
struts. At follow-up, correct matching of the region of
interest was performed by comparing the longitudinal
reconstruction to that post-procedure (Figure 2),

Procedure. All patients received aspirin (250
mp/day) and intravenous beparin (10,000 1U) before the
procedure and stented patients also reccived ticlopidine
(250 mg/day). Heparin was given to mainlain the acti-
vated clofting time > 300 seconds, BA and stenting
were performed according to standard clinical practice.
In the stented patients, high-pressure post-balloon infla-
tion was performed guided by IVUS. The diameter of
the centering balloon was chosen based on IVUS mican
referetice vessel size (average of the mean distal and
proximal reference diameters). This measurement was
performed after optimization of the results of balloen
angioplasty or stenting. Thus, the centering balloon was
placed in the target segment and inflated to 4 atm. After
testing the perfusion of the distal coronary segment and
checking the correct location of the centering balloon
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Figure 1. (A} Pre-procedure angingram of the left anterior descending artery {LAD); (B} Angiogram to verify the correct position of the
spival centering batloon and souree wire, Distal perfusion is alse confirmed as well as the anatomical landmarks for 3-D IVUS reconstruc-
tian of the fradiated segment; (C) Post-procedure angiogram of the LAD demonstrates good angiographic vesult; (D) Six-month follow-up
angiograply without restenosis.

by contrast injection (Figure 1), the radioactive or
“dunmimy”™ source wire (27 mm) was placed in the cen-
tering balloon by means of the automalic delivering
systemn. Afierwards, repeat angiogeaphy and 1VUS pull-
back were carried out. A conlinuous moterized pull-
back at a speed of 0.5 mm/second was [irst carried out,
followed by an ECG-galed pullback at a stepwise of 0.2
mny/step, Intracoreonary nitrates were administered
immediately prior to each of the IVUS pultbacks. At 6-
month follow-up, further IVUS analysis of the treated

area was performed.

Quantitative 3-B 1VUS annalysis. The following
volumetric measurcmesits were obtained: total vessel
(EEM) and [umen. Plaque volume was automatically
calcufated by subtracting lumen volume from the total
vessel volume.

In stented patients, after selecting only the seg-
mend covered by stend, we also calculated neointimal
hyperplasia, which was calculated by subtracting
lumen volume from stent volume. /n vive measure-
ment of neointimal formation afier stenting has been
previously validated.” Plaque volume outside the
stent was also calculated by subtracting stent volume
from total vessel volume within the stented segments.
The assessment of EEM in stented patients has been
reported.” Although in this previous report the delin-
eation of EEM was not possible in some patients due
to the stent shadowing, in our study the delineation of
EEM boundary was possible in all stented patients,
When the EEM boundary was not visible in a single
cross-sectional view, the computer interpolated it
from the contours of the immediately previous and
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following cross-sections. In addition, the use of 3-D
reconstriction with multiple longitudinat views facili-
tates the visualization of vessel structures outside the
stent. In all cases, the stented segment was covered
by the radiation or dummy source wire.

En order lo assess the volumetric changes of the ves-
sel structures after 6 months, the delta value for each
measurement was calculated (delta (4) = follow-up —
post-procedure).

Statisticsl analysls, Quantitative data are presented
as mean + standard deviation. The comparisons
between the volumetric data of placebo versus irradiat-
ed patients and stent versus BA patieats (in the irradi-
ated group) were performed using an unpaired
Student’s (-test. A value of p < 0.05 was considered
statistically significant,

RESULTS

All patients have completed 6-month clinical follow-
up. Of these, 5 patients (I placebo) did not undergo
IVUS at 6 months: 2 itradiated patients presented sub-
acute thrombosis, cne presented late (3 months after the
procedure) thrambotic occlusion and another irradiated
palient had a severe restenotic lesion demonstrated by
angiography. The lesion was located in an area not cov-
ered by radialion, proximal te the irmadiated site where a
balloon was inflated to treat a proximal dissection. Thus,
only a manual 1VUS pullback was performed in this
patient prior to reintervention, The non-irradiated patient
was asymptomatic with a negative stress test at the time
of follow-up but refused angiographic restudy.
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Figure 2. (A} Post-procedure 3-D IVUS imaging and vohemetric quantification. Left panel: one planar cross-section view is displayed
and the lumen (inmer line) and EEM (outer line} avea are delineated. Top right panel: one longitudinal view is dishlayed with the anatomi-
cal landmark {side branch = amowhead) wsed to determine the segment for volimerric guantification. Lumen and EEM boundaries are
delineated in the segment of interest, Bottam right panel; a graphic displays the consecntive areas of the entive set of planar images — vsed
for velumetric guantification. The values of the plaque area are shoum as @ gray field betueen two lines {vessel and hunen areas). The
absotute value of the plague area can be derived from this field, but is also displayed as single lack iine. (B) 3-D IVUS imaging and volu-
metric quantification at follsw-up. The correct match is determined on longittdinal and planar views using the anatomical landmark
(arrowhead). Lianen and vessel boundaries are delineated in both planar and longitudinal views. The graphic of the vessel, lionen and

plagiee areas is alse displayed.

Thus, the results of this study consisted of a cohort of
21 patients with successful post-procedure and 6-moath
1-D IVUS assessment. Sixteen patients were actuatly
treated with radioactive source, while 5 patients received
placebo treatment. In the radiation group, 6 patients
received 28 Gy, 5 palients received 35 Gy and 5 patients
received 42 Gy, An additional stent was implanted aller
BA in 7 patients {(44%) in the imadiated group and 3
patients (60%) in the placebo group (= NS), All patients
were discharged on day 2 after the procedure without
complication. The medication at discharge consisted of
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aspiria {250 mg/day) and liclopidine (250 mg/day, only
for stented patients). The dwell time for delivering the
prescribed radiation dose ranged from 1.5-8.0 minufes.
There was no complication related (o the radiation lreat-
ment protocol. Clinical and demopgraphic characteristics
were similar between placebo and irradiated patients
{Table 1}. Post-procedure and follow-up IVUS measure-
ments are summarized in Table 2. At 6-month follow-up,
we observed a smaller minimal lumen area (MLA) and
greater percentage of plagque area in the placebo group
compared to irradiated group.
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Table I. Baseline und Jdemographic characieristics

Varizble {rradiated {n = 16} Placebo {n = 5) prvalue
Age (years) 59.2(9.6 56 (108 NS
Gender {male) L1 {79%) 4 {80%) NS
Diabetes 0 0 NS
Smoking 6 (38%) 2 (40%) NS
Hypercholesterolemin 9 (56%) 3 (60%} NS
Hypertension 5{31%) o] NS
Family History of coronary artery disease 6 {38%) 2 (40%) NS
Previeus myocardial infarction 7 {(44%:) 3(60%) NS
Canadian Cardievascular Society angina status, 3/ 12 {75%) 5 (100%) NS
Treatnent site at left anterior descending artery 7{34%) 3(60%) NS
Restenotic lesion 4(25%) 1{209%) NS

NS5 = not significant

Table 2. Post-procedure and follow-up 3-dimensional inteavascalar ulirasound measurements.

Plaque burden

TVV (mm'} PV {mm*} LV {mm!} MLA (mm?) at MLA (%)
Post FU Post Fu Post FU Post FU Post FU
hradiated
{n=106) 3854110 403+133 198+63 21474 185+ 60 190+63 48216 47+13 &3+9 6419
Placebo
(n=5) 415+i01 391+98 210258 2281469 205462 163+44 47212 33+13 60116 76+ 14
prvalue NS NS NS NS NS NS NS 0.046 NS 0.042

TVV = total vessel volume; PV = plaque volume; LV = lumen volume; MLA = mean tumen area; post = post-procedural; FUJ = follow.up

Volumetric changes {A) after & months; Placebo
versus irradlated. As illustrated in Figure 3, the volu-
metric change of the iotal vessel volume (ATVV})
occurred in an opposite direction between irradiated
and placebo patients, While the irradiated patients
demoenstrated a positive ATVV (increase of the TVV at
tollow-up), placebo patients demonstrated a negative
ATVV (decrease of the TVV at follow-up). Equally, an
opposite behavior was observed regarding the volumet-
ric changes of the lumen volume {ALY), The placeba
group demonstrated a negalive ALV, whereas irradiated
patients showed a positive ALV (p = 0.01). However,
plaque volume (APV) increased in both groups in a
similar degree (positive APV). There was no relation-
ship between preseribed doses and volwmetric changes.

Irradiated patients: Stent versus balloon angle-
piasty, In the analysis of the entire (27 mm) irradiated
segment, stented patients (n = 7) demonstrated simitar
volumetric changes after 6 months compared to BA
patients (n = 9), as illustrated in Figure 4, Tt is of inter-
est to note that in the stented patients, PV consists of
the total amount of plaque outside and inside the stent,
In addition, this analysis quantified the entire irradiated
segment including segments covered and uncovered by
steats,
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Analysis of the stented segment (Irradiated
patients). In this analysis, only the segments covered
by stent were selected for volumetric quantification,
The average stent length (segment analyzed} was 18.1
+ 6,36 mm. Post-balleon dilation was performed in all
cases al a mean pressure of 14,6 + 3.2 atm. At follow-
up, we observed a neointimal hyperplasia volume of
1.89 + 2,99 mm’ with a mean perceniage neointimal
formation of 1.47 + 2.49%. The TVV within the stent-
ed sepment demonsirated a non-significant increase
after 6 months (post-procedure TVV of 260 £ 68 mm?
versus 272.2 £ 97 mm’ at follow-up; p = NS). The
plaque volume outside the stent also demonstrated a
non-significant change at folow-up (post-procedure
PV of 31 £ 32 mm’ versus 141 + 63 mny’ at follow-
up;'p = NS}. Stent volume remained unchanged (no
recoil) after 6 months (129.5 £ 39 mm’ post-procedure
versus 131 + 39 mum’ at fotlow-up; p = NS).

DISCUSSION

This pilot investigation demonstrates that beta radi-
ation affects vessel remodeling after percutaneous
intervention. In addition, neointimal formation within
the stented segment was almost absent in our irradiated
population. However, the small size of our stented



COSTA, et al.

Figure 3. Three-dimensional iutravascular ultrasound analysis of stented coronary segments. Post-procedure longitudinal (A} and

blanar (A') views, as well as follow-up longitudinal (B) end planar (B*) views are displayed. Lumen and stent (white lines), and
vessel boundaries (black line) are delineated in the planar image and in one of the longitudinal views. At follow-up (B, B'), we can
observe the delineation of neointimal hyperplasia between the lomen and stent boundaries (white lines). The visualization of the
EEM boundary bekind the stent and neointimal hyperplasia are illustrated in the longingdinal views withotet contours as well as the
anatomical landmark (side branck with a spot of calcium in the ostium} used for correct match between post-procedire and fellow-

up analyses.

population should be taken into account before draw-
ing any definitive conclusions.

Considering that vessel shrinkage accounts for
about 50-70% of the mechanism of restenosis after
conventional BA' and radiation has been shown to
reduce the restenosis rate in the selting of BA,” the
conclusion that radiation affects vessel remodeling
seems logical. Clinical” and experimental data"" have
already suggested the influence of radiation on vessel
remodeling.

1VUS analysis of patients enrolled in the BERT irial
has also suggesied that radiation may prevent vessel
shrinkage after BA."" The use of single cross-seclion
planar IVUS images limited the study of Meerkin et al,
assessing the influence of radiation on vessel remodel-
ing. The four coronary aneurysms reported by Conda-
do et al, exemplified the extremne expression of this
phenomenon in a series of patlients receiving high
doses of gamna radiation.?

In accordance to the findings of the present study, a
recent clinical investigation from our group using the
same methodology has demonstrated thal beta radia-
tion using a **8t/Y source influences vessel wall
remodeling after BA.™ In 21 patients analyzed, there

L10

was a significant increase of the total vessel volume
after 6 months in patients envolled in the BERT 1.5
trial,” However, the exclusion of stented patients in
this previous study did not allow further insight into
the mechanism of radiation on the inhibition of necin-
timal proliferation.

The opposite pattern of change in total vessel vol-
ume between the irradiated population (positive
ATVV) and placebo (negative ATVV) observed in our
study may confirm the influence of radiation on vessel
wall remodeking. in addition, the combination of a
smaller lotal vessel volume and bigger plaque volume
at follow-up accounted for the reduction of lumen
observed only in the placebo group. Similar patiemns of
structural vessel changes have been previously report-
ed after conventienal perculaneocus intervention in non-
irradiated coronary segiments.!

On the other hand, gamma rudiation has been
shown te decrease the incidence of restenosis in stent-
ed patients freated for in-stent restenosis.™ Once again,
another logical conclusion may rise in favor of radia-
tion inhibiting neointimal formation. Clinical and
experimental reports have emphasized the effect of
gamma radiation on inhibiting neointimal formation,™?




2p Beta-Radiotherapy Afier Coronary Balloon Angioplasty and Stenting

409 [ )tradiated
(n=16)
kit m Placebo
{n=3)
2
0}
E
g -l
Brit
B!
-4
50
-6

ATVY APV ALY

Figure 4. Volumetric Changes (4) of the total vessel (TVV},
Plaque (PV), and hanen (LV) in the target (27 mm long) coronary
segments after 6 months. Comparison between iradiated and place-
bo patients. p = 0,065 for ATVV; p=:0.01 for ALV,
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Figure 5. Volunetric Changes (4) of the total vessel (TVV),
plaque (PV), and limen (LV) within the imadiated coronary seg-
ment (27 ma long) after 6 months, Comparson betaween balfoon
angioplasty and stent patients. p = NS for ATVV, APV, and ALV,

Inn our stented population, the amcunt of neointimal
formation was only 1.89 nm’, which suggests that beta
radiation also inhibits neointimal formation after con-
ventional stenting.

The assessment of plaque growih outside the stent
is a novelty in the setting of brachytherapy. A previ-
ous IVUS study has demonstrated the progression of
plaque mass within and surrounding conventional
stents.” However, a recent report investigating [5
nan-irradiated stented coronary segments did not
demonstrate plaque growth cutside the stent,” In our

1i1

study, the plaque volume outside the stent and TVV
showed a non-significant increase of 10 and 12 mm’
after 6 months, respectively. Further IVUS studies
should investigate the influence of radiation on
neointimal formation, plague growth (outside the
stent), as well as vessel remodeling in stented
patients.

This pilot study contributes to a better under-
standing of the complex interaction between radia-
tion and vaseular structures. By comparing for the
first time three-dimensional IVUS parameters of
beta-irradiated and non-irradiated coronary seg-
ments, our study demonstrates that radiation affects
vessel remodeling after percutaneous intervention.
In addition, this seminal study suggests that beta
radiation may also inhibit neointimal formation after
stenting, Ht is nevertheless of inerest to note that to
date only a few reports are available wsing serial
IVUS investigation after either beta radiation in the
setting of BA or gamma radiation in the selling of
stenting, Thus, the confirmation of these findings by
a large population study with velvmetric IVUS
assessment is required.

Study limitations. The size of the population is the
major limitation of this pilot study, which has insuffi-
cient statistic power to demonstrate some differences.
However, this is a pioneering investigation using 3-
dimensional intravascular ultrasound to assess the
effects of beta-radiation after either balloon angioplas-
ty or stenting. In addition, this is the first study to com-
pare irradiated versus non-irradiated coronary
segments by means of a volumetric assessment in a
randomized fashion. The similarity between our find-
ings and these previousty reported on either irradiated”
or non-irradiated coronary segments® may endorse our
conclusions,

The difficulty to assess patients with severe
restenotic lesions is a limitation of the methodology
used in this study. Thus, the assessment of the mecha-
nism involved in an “aggressive” vessel wall reaction
after intervention, as observed in one patient of this
study, cannot be performed.

Although the prescribed dose was not related to
any vessel structurat change afler 6 months, the acta-
al dose received by the target segments was not cal-
culated in this study, limiting any dosimetric
consideration,
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Abstract

Background: The edge effect, late lumen loss at the margins of the treated segment, has become
an important issue in the field of coronary brachytherapy. The aim of this study was to assess the
“edge effect” in non-injured margins adjacent to the irradiated segments after intracoronary
catheter-based B-irradiation. Methods and Resulis: Fifty-three vessels were assessed by means
of three-dimensional intravascular ultrasound at post-procedure and 6-8 months follow-up,
Fourteen vessels (placebo group) did not receive radiation (sham source), whereas 39 were
actually irradiated. In the irradiated group, 48 edges (5-mm in length) were identified as non-
injured, whereas 18 non-injured edges were selected in the placebo group. We compared the
volumetric TVUS measurements of the non-injured edges of the irradiated vessels with the fully
irradiated non-stented segments (IRS, n=27) (26-mm segments receiving the prescribed 100%
isodose) and the non-injured edges of the placebo patients. The lumen decreased (6-mm”) in the
non-injured edges of the irradiated wvessels at follow-up (p=0.001). We observed a similar
increase in plaque volume in all segments:; non-injured edges of the irradiated group {19.6%),
non-injured edges of the placebo group (21.5%) and IRS (21.05%%). Total vessel volume {TVV)
increased in the IRS between 3 groups. No edge segment was subject to repeat revascularization.
Conclusions: The edge effect occurs in the non-injured margins of radiation source train in both
irradiated and placebo patients. Thus, low-dose radiation may not play an important role in this
phenomenon, whereas non-measurable device injury may be considered as a plausible alternative
explanation,

Introduction

The “edge effect”, a lumen loss at the segments adjacent to the treated site, is a new
phenomenon in the field of interventional cardiology. Although, it may also occur after
conventional treatment (i.e. stent implantation}!-2, it has become an important issue after the
introduction of intracoronary brachytherapy in the clinical practice.

Recently, the edge effect has been reported in patients receiving radicactive stents with
intermediate activity (3 to 2 pCi). Neointimal formation was inhibited in a dose-dependent
manner within the stented area, but proliferation and unfavorable remodeling at the stent
margins was demonstrated. The authors dubbed this angiographic finding as the “Candy-
Wrapper” effect. Further, the edge effect has been observed in patients treated by means of
catheter-based B-radiation:3, Tn a three-dimensional (3-D) volumetric intravascular ultrasound
(IVUS) investigation, our group has observed a decrease in lumen volume at the edges of the
irradiated segment due to an increase in plaque volume not accommodated by vessel
enlargement?. In all three reports, the authors have hypothesized that the “edge effect” was due
to the combination of low-dose radiation and balloon-induced injury in the segments adjacent to
the irradiated site. Indeed, the potential stimulatory effect of low-dose radiation after injury has
been demonstrated in animal studies®7,

Considering that the coronary segments adjacent to the irradiated site will invariably receive
lower dose of radiation to some exient, an important issue remains to be clarified: Does the
“edge effect” also occur in non-injured segments? ln order to address this issue, we 1} assessed
the mid-term (6-8 months) geometrical change of the non-injured edge segments in the
irradiated coronary vessels and 2) compared these edge segments with both irradiated segments
(IRS) and non-irradiated (sham source), non-injured coronary segments by means of a
volumetric 3-D TVUS assessment,
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Methods
Study Population

From April/97 to Mareh/99, 56 de novo lesions of 50 patients were treated with catheter-based
intracoronary A-radiation using the Beta-Cath System™ (Novoste Corp., Norcross, GA). IVUS
analyses of 10 vessels (7 patients) were not included in this study due to the implantation of
multiple stents overlapping outside the irradiated area. In addition, 3D-IVUS analysis was not
carried out either at post-procedure or at follow-up in 7 vessels {7 patients): 2 had severe restenosis
(1 diffuse restenosis, 1 in-sient restenosis, not related to their edges), 3 presented thrombotic
occlusion, and 2 other patients without recurrent angina refused follow-up angiogram. The placebo
group consists of 14 patients successfully treated with conventional balloon angioplasty or single
stent implantation during the same period, In these patients, the radiation delivery catheter was also
introduced in the target coronary arteries, but a dummy source train was used instead of radioactive
source according to randomization.

Thus, the stady population consists of 36 irradiated patients (39 vessels) and 14 non-irradiated
placebo patients (14 vessels), who underwent successful 3-D ECG-gated TVUS analysis
immediately after the procedure and at follow-up. Patients were treated due to ischemic-retated
symptoms or positive stress testing. Those with myocardial infarction within 72 hours before the
treatment or left ventricular ejection fraction < 30% were not included in this study.
Angiographic inclusion criteria consists of a reference vessel diameter > 2,5 mm and < 4,0 mm
and a lesion fength <20 mm.

The Medical Ethics Committee of the University Hospital Dijkzigt approved the use of
intracoronary radiation. All patients gave written informed consent.

Radiotherapy System

The source train of the Beta-Cath™ Sgstem consists of a series of 12 independent cylindrical
seeds, which contain pure B-emitting “°Sr/*®Y, and is bordered by 2 gold markers (30-mm in
length). The longitudinal distance of “full” prescribed dose (100% isodose) coverage measured
by radiochromic films is approximately 26 mm (Novoste Corp, data on file, personal
communication). The profile of the catheter is 5 French and the source train is not centered,

Radlopaque Gold Marker— 3 mm
} Edge
2 mm
Radloactive Seeds 28 mm
Full dose segment
(IRS)

m
3 mm

d,
Radlopaqua Gold Marke ) e

Figure 1, lsodose rate contowr map and radiation source train

Left side: lsodose e contour map at a depth af 189 mm (10 mGy/s contour intervals) as descnbed by NIST
{The Nalioral [mstitute of Standards and Techrology} This depth (1.89 mm) illustares an isodose mode) o
1esemble the radius of the coronary artery wall. The longitudinal dose fall-off may be exuapolated fiom this
graphic, Right side: Radiation source train. Centrat part of the source train {26 mm}) receives appronimately full

dose,
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Procedure

All patients received aspirin (250 mg/day) and heparin IV (10.000 IU) before the procedure,
whereas stented patients also received ticlopidine (250 mg/day) for 30 days. Heparin was given to
maintain the activated clotting time >300 sec. BA was performed according to standard clinical
practice, After successtul angioplasty, intracoronary B-radiation was performed as previously
describedS, and repeat angiography and IVUS motorized pullback were carried out. If stenting was
indicated due to a residual stenosis > 30% diameter stenosis or dissection, a stent was implanted
with high-pressure post-dilatation and IVUS guidance. Finally, repeat angiography and TVUS were
carried out. Intracoronary nitrates were administered immediately prior to each of the IVUS
pulibacks, At fotlow-up (6-8 months), further IVUS analysis of the treated vessel was performed.
The prescribed doses were 0 Gy (14 vessels), 12 Gy (8 vessels), 14 Gy (9 vessels), 16 Gy (9
vessels) and 18 Gy (13 vessels),

IVUS image acquisition analysis system

The methodology of ID-1VUS image acquisition and quantitative analysis has been described
previously:9, In brief, the segment subject to 3-D reconstruction was examined with a 30 MHz
single-element mechanical transducer IVUS system (ClearView, CVIS, Boston Scientific
Corporation, Maple Grove, MN). ECG-gated 3-D TVUS image acquisition and digitization was
performed by a computerized workstation (EchoScan, Tomtec, Munich, Germany)m. IVUS
images were acquired coinciding with the peak of the R wave, which eliminates the artifacts
caused by the movement of the heart during the cardiac cycle. The TVUS transducer was
withdrawn in 0.2 mmy/step by an ECG-triggered pullback device.

A Microsoft Windows™{-based contour detection system, developed at the Thoraxcenter, was
used for 3-D volumetric quantificationt!. This program constructed 2 longitudinal sections from
the data set and identified the contours corresponding to the lumen, media and/or stent
boundaries. Volumetric data were automatically calculated by the formula: V= %"-, A; x H,
where V = volume, A = area of external elastic membrane (EEM), lumen, stent or plaque in a
given cross-sectional ultrasound image, H = slice thickness of the cross section {0.2mm), and n
= the number of digitized cross-sectional images encompassing the volume to be measured!l,
Off-line analyses were performed by three independent experienced analysts (KK, MC, MS),
who checked and edited all the contours of the planar images. The accuracy of this method has
been validated in vitro (phantom) and in vivol2, Intra- and inter-observer variability of this
system has also been determined in clinical protocols?. Intra-observer variability assessed by
analyzing IVUS volumetric studies at least 3 months apart has been reported:-0.4 + 1.1% in
lumen volume, -0.4 1 0.6% in totai vessel volume, -0.3 + 1.0% in plaque volume using ECG-
pated motorized puflback.

The methodology to define the treated segment in the irradiated patients has been previously
describedd. An angiogram was performed during contrast injection afier positioning the delivery
catheter and the relation between anatomic landmarks and the two radiopaque markers of the
radiation source were noted, Typically, the aorto-ostial junction, side branches and/or stent were
used as landmarks. During the subsequent IVUS imaging pullback, this reference point was
recognized and used for selecting the 30-mm long segment where the radiation source train was
placed and both 3-mm distal and proximal edges (36-nun long segment in total). At follow-up,
comrect matching of the region of interest was performed by comparing the longitudinal
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reconstruction to that post-procedure. The longitudinal distance of the 100% isodose is
approximately 26 mm, as illustrated in figure 1, Thus, we defined the target irradiated segments
{IRS) as the segments covered by the 26-mm full activity central part of the radiation source
train, and the edges of the IRS as the adjacent {distal and proximal) 5-mm coronary segments,
which consisted of the 2-mm inside the gold markers and 3-mm proximal or distal including the
gold markers (Figure 1). IRS containing stents {n=12) were excluded from the analysis.

The 5-mm edge segments selected in our study received low-dose radiation since B-emitting
9ePY source has an acute fafl-off of delivery dose related to the distance!3,14, For instance, the
highest prescribed dose in our study was 18 Gy, and the calculated longitudinal dose per millimeter
from the 100% isodose boundary is expected to be: 155+ 1.0 Gy at | mm, 11.0 £ 1.0 Gy at 2 mm,
55+0.5Gyat 3 mm, 2.4 £ 1.0 Gy at 4 mu, and less than 1 Gy at 5 mm.

In order to select the non-injured segments, all locations of deflated balloons, stent delivery
system, inflated batloons, and radiation source train were recorded in the angiogram. The deflated
balloon, stent delivery system and delivery radiation catheter were also filmed during contrast
injection. All angioplasty balloons used in this study had 2 radiopaque markers in both extremities.
Each cineframe of angiograms which show the position of inflated balloon, deflated balloon
markers, stent delivery system and the radiation source train can be displayed simulftancously on
the separated screen during off-line analysis, using the Rubo DICOM Viewer {Rubo Medical
imaging, Uithoorn, The Netherlands). A continuous ECG recording was also displayed, which
permitted the selection of images in the same moment of the cardiac cycle. By identifying the
relationship between landmarks and device radiopaque markers, we were able to select only the
baltoon or stent injured fully irradiated coronary segment (covered by the 26-mnm central part of the
radioactive source train), Thereby all the injured edge segments were excluded. At follow-up, it
was also possible to determine the non-injured edge segments by the same method, since all the
follow-up cinefilms were taken in the same views as pre- and post-procedure. This angiographic
analysis was performed independently by 2 cardiologists (KK, MC}, Only the edges, which both
investigators regarded as non-injured segments were finally considered as non-injured edges. There
was only 10 % disagreement in the definition of injured irradiated edge segment using this
methodology. The 3-mm stent edges were also considered as injured segments since the balloon
of the stent delivery system may protrude about 2-3 mm outside the stent,

Quantitative 3-D IVUS Analysis

Total vessel volume (TVV) determined by EEM boundaries and lumen volume (LV) were
measured. Plaque volume (PV) was automatically calculated by subtracting LV from TVV. In
order to assess the volumetric changes of the vessel structures after 6-8 months, the delta value for
each measurement was calculated (delta (A) = follow-up — post-procedure). To eliminate the
influence of the vessel size and the length of the analyzed segment, which affects volume
calculations, percent defta change (delta volume / post-procedure volume) was also calculated.

Remodeling was defined as a continuous process involving any (positive or negative) changes in
TVVLS, In the present study, remodeling of the vessel wall was considered when TVYV increased or
decreased, compared to post-procedure measurements by at least two standard deviations (& 1.3%)
of the intra-ohserver variabitity. By using this technique, the potential intrinsic error of the method

may be avoided16,17.
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Figure 2, Comﬁ jsons of the percent volume changes among TRS
and th f‘l}gﬁl}ﬁijur d edges of both irradiated and placebo patients.
PV = plaque volunie, TVV = tolal vessel volume, LY = lumen volume,

RS = fully irradiated segments, pts = patients

Statistical analysis

Quantitative data are presented as mean + standard deviation., Comparisons between post-
procedure and follow-up IVUS parameters were compared by means of paired student’s ¢ test,
Comparisons of the IVUS data among 3 groups (non-injured edge of the irradiated vessels, IRS,
and non-injured edge of the placebo group) were performed using one-way analysis of variance
(ANOVA) test. Bonferroni test was applied for comparison between each groups. The difference
between proximal and distal edge was compared by two-tailed Student’s t-test. The correlation
between percent change in plaque volume and prescribed dose, corrected by the mean total vessel
area at the edges based on 3-D TVUS measurement, were tested by Pearson Correlation. A value of
p<0.05 was considered statistically significant,

Table 1. Clinical and Lesion characteristics.

Irradiated (n=36) Placebo (n=14) p value
Age, ¥y 5749 5749 NS
Male, n (%) 27(75) 3(93) NS
Coronary Risk, n (%)
Smoking history 26 (72) 1179 NS
Dyslipidemia 21 (58) 7(50) NS
Diabetes Mellitus 4(11) 2(14) NS
Hypertension 14 (39) 2(14) NS
Family history 17 (473 7(50) NS
Unstabele Angina, (%) 13 (36) 5(36) NS
Multivessel disease, (%) 12(33) 17 NS
Treated Lesions, n 39 14
Vessel Location, n (%)
LAD 15 (38) 6 (43)
LCX 10 (26) IEH NS
RCA 14 (36) 5(36)
Stent Implantation 12 (31} 739 NS
Maximum Balloon Size,mum 3,63 + 0.6 3.63 20.5 NS

PTCA = percutaneous transtuminal coronary angioplasty, LAD = left anterior descending coronary
artery, LCX = left circumf{lex coronary artery, RCA = right coronary artery
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Results

Baseline clinical, demographic and angiographic characteristics were similar between
irradiated and placebo patients (Table 1), No myocardial infarction or death was observed in this
population during 6-8 months follow-up. Target lesion revascularization was performed after
follow-up angiogram in 6 vessels in the irradiated group (16%) and 2 vessels in placebo group
{14%). The non-injured edges were not involved in any of the restenotic lesions that required
further intervention in both groups,

Forty-eight edge segments (20 distal and 28 proximal edges) and 27 irradiated segments without
stent were analyzed by 3-D volumetric TVUS in the irradiated population. Thirty edges were
excluded from this analysis. The reasons for exclusion were as follows: ostial location of the
proximal end of the source (n=11), overlapping of one of the edge with large side-branches (2.0
mm diameter) (n=5) or stent (n=06), injury of one of the edges by angioplasty balloon (n=4), lack of
follow-up TVUS analysis using the ECG-gated motorized pull back (n=4).

In the placebo group, 18 edges (11 distal and 7 proximal edges) were examined by 3-D
volumetric IVUS. Ten edges were excluded because of the following reasons: ostial location of the
proximal end of the dummy source (n=6), overlapping of one of the edge with large side-branches
(n=1) and injury of one of the edges (n=3).

Table 2, Volumetric measurement of 3-D IVUS

IRS Non-Injured Edge Non-Injured Edge
Irradiated vessel placebo
(n=27) (n—48) (n=18)
post follow-up posl follow-up post follow-up
PV, mm’ 19656  234+09*% 32t15 36+16% 27+14 JEE1S T
TVY, mm’ 4414136  480+159F 81432 79431 65321 67124
LV, mm’ 245101 2474114 48122 424218 38+15 37+16

*p<0.001, 7 p=0.06, L p=0.004, § p=0.001, IRS = irradiated segment with full-dose,
Post = post-procedure, PV = plaque volume, TVV = total vessel volume, LV = Jumen volume

All 3-D 1IVUS volumetric measurements of PV, TVV and LV are listed in Table 2. Some degree
of atherosclerosis (>15% plaque burden} was observed in most of the non-injured edges in the
post-procedare IVUS analysis but no edge (radiation or placebo group} had more than 50%
plaque burden. Compared to post-procedure measurement, there was a significant increase in PV
in the non-injured edges of the irradiated vessels (APV = 4 min’) at follow-up. Since TVV on
average decreased by -2 mm® (p = NS), LV decreased at follow-up in the non-injured edge of the
irradiated vessels (ALV = -6 mm"), In the placebo group, there was also a tendency of plaque
increase at follow-up (APV =4 mm®) in the non-injured edge of the placebo group (p = 0.06).

Comparisons among the geometric changes of 3 groups (IRS, nen-injured edges of the irradiated
vessels and non-injured edges of the placebo group) are demonstrated in Figure 2. The percent
increase in PV was similar among IRS, non-injured edges of the irradiated vessels and those of
placebo group {+21.0% vs. +19.6% vs, +21.5%, respectively). TVV increased in IRS significantly
between 3 groups (+9.4% at TRS; ~1.0% at non-injured edges of the irradiated vessels; +3.8% at
non-injured edge of the placebo, p=0.021). The difference was observed only between IRS and
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non-injured edges of the irradiated vessels by post-hoc test (p=0.017). Percent changes in LV were
different (+1.7% vs. -10.0% vs. —2.5%, respectively, p=0.04%9) among 3 groups. LV tended to
decrease in non-injured edges of irradiated patients compared with IRS (p=0.053).

Comparisons between the geometric changes of the proximal and distal non-injured edges are
shown in figure 3, Although there was no statistical difference in geometric change between distal
and proximal edges, the percent increase in PV tended to be greater in the proximal edges
compared to the distat edges (+27.0% vs. +9.2%).

Finally, there was no correlation between the percent increase in PV and prescribed dose
corrected by mean vessel area at the edges (p = 0.76, r = -0.046).
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Figure 3.
Comparisons of the percent volume changes between proximal and distal edges

In the irradiated vessels,
PV = plaque volume, TVV = total vesset volume, LV = lumen volume

Discussion

This is the first study investigating the geometric changes of non-injured margins of endovascular
catheter-based radiation therapy. The edge effect, a decrease in lumen volume at follow-up, was
observed in the non-injured edges of the irradiated vessels (table 2). However, plaque proliferation
induced by low-dose radiation may not fully explain the occurrence of this phenomenon, because
plaque volume similarly increased in the non-injured edges of placebo group (Figure 2).

Lumen loss was observed in the non-injured edges of the irradiated group. The decrease in LV
observed in these edges was mainly due to the lack of positive vessel remodeling (ie. no

remodeling)13 to accommodate the plaque increase, which occurred similarly in all analyzed
segments. Likewise, lumen also decreased (2.5%) in the non-injured edges of the control group, but
in this case we observed some degree of vessel enlargement (3.8% increase in TVV). The

facilitation of favorable positive remodeling!3 promoted by radiation may explain the preservation
of lumen dimension (1.7% increase in LV) observed only in the IRS. Both phenomena, positive
remodeling stimulated by intravascular radiation afler balloon angioplasty and different patterns of
vascular remodeling (positive, negative or no remodeling) in non-irradiated coronary segments,

have been reported previously?s 18-20,

Although the stimulatory effect of [ow-dose radiation on plaque proliferation has been
demonstrated in injured animal arteries® 7, no enhanced plaque growth was observed in the non-
injured edges compared to placebo, Plausible explanations for the PV increase in the non-injured
edges of both irradiated and placebo groups would be the non-measurable vessel injuries; guiding
catheter (Le. deep engagement) during the procedure or the devices when crossing coronary
segment (guide-wires, stents, balloons, IVUS catheter and the SF radiation delivery catheter).
Indeed a tendency of greater plaque increase was observed in the proximal edges, where these
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types of injury may occur more frequently, although it might have been hypothesized that the 5-
French radiation delivery catheter could induce higher injury to the distal part due to the tapering of
the vessel, :

1t is nevertheless important to emphasize that this phenomenon occurred in segments not injured
by balloon inflation, which may highlight the importance of the use of less agpressive approach:
avoidance of deep catheter engagement, guide wire entrapment or rough device introduction
against resistance especially in tortuous vessels. To avoid device-induced injury, low profile and
more flexible radiation delivery catheters will be a worthy development for catheter-based
brachytherapy.

The 10% lumen loss observed in the edges of the irradiated vessels had no clinical impact, since
10 repeat revascularization was performed due to non-injured edge stenosis. However, this finding
may have important implications if plaque grows locally (i.e. 1 or 2 mm short segment) or lumen
reduction occurs in small or diffise diseased vessels in general treated population.

In conclusion, the edge effect occurs in the margins of catheter-based f-radiation that were not
injured by balloon inflation. This phenomenon was basically due to plaque growth without vessel
remodeling, Our findings suggest that low-dose radiation may notf be implicated in the cause of the
edge effect, and clinically not-assessable device injury would rather be considered as a plausible
explanation for this phenomenon. Clinically, the “edge effect” observed in our mid-term follow-up
IVUS study did not represent a drawback of the catheter-based intracoronary B-radiation.

Limitations

The number of the placebo patients was relatively small, However, the use of the “state-of-the
art” 3-D 1VUS technology in our study may overcome this limitation, since a smaller number of
patients are necessary to demonstrate statistical differences in studies using volumetric TVUS

parameters2 L

Minor inaccuracy in the selection of the segnients of interest cannot be completely ruled out,
although the methodology applied in ouwr study was the most appropriate at this time. Ideally,
intervention devices incorporating TVUS imaging elements would be the solution for this
drawback.

In a human clinical study it is not possible to quantify the degree of vesset injury (i.e. injury
score) 22, which would provide further insight about this issue.

The actual dose received at irradiated and edge segments may have some implications in the
geometric changes of the edges, and would be interpreted as a limitation of our investigation.
However, our study was not aimed at establishing a threshold of dose to be delivered to the
irradiated target site, since an adjacent coronary segment will invarably receive low-dose of
radiation.

The 6-8 months follow-up period of this study may be too short to demonstrate the long-term
arterial response to the radiation treatmeni. Increased risk of accelerated atherosclerosis
progression after radiation therapy for malignancy has been reported23-27. Further, a recent
report has shown that continuous low-dose rate irradiation delivered by radioactive stent

promotes “atheromatous” neointimal formation8. Then, one question still remains to be
elucidated: Does endovascular radiation have any influence on the progression of
atherosclerosis, especially in the adjacent non-target irradiated segments?
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Abstract

Background: Recent reports have shown that intracoronary radiation affects not only neointimal
formation but also vascular remodeling, Given the different way in which radicactive stents and
catheter—based techniques deliver beta-radiation one may expect different patterns of remodeling
after each technique,

Method and Results: We analyzed remodeling in 18 patients after conventional stent
implantation (C), 16 patients after low activity (LA) radioactive stent implantation, 16 patients
after higher activity radioactive stent implantation (HA) and finally 16 patients who underwent
catheter—based beta-radiation followed by conventional stent implantation (CBS). Intravascular
ultrasound with 3 — dimensional reconstruction was used post stent implantation and at 6 —
month follow — up to assess remodeling at the stent edges and within the margins of the stent,
Baseline, vessel and procedurat characteristics were similar between groups. In — stent neointimal
hyperplasia was inhibited by HA (neo-intimal volume = 9.0mm’) and by CBS (neo-intimal
volume = 6.9mm” compared with LA (neo-intimal volume = 21.2mm*) and C (neo-intimal
volume = 20.8mm™), p=0.008. No difference in plague or total vessel volumes was seen behind
the stent in the C, LA or HA groups. However a significant increase in plague belind the stent
(+15%) and TVV (+8%) was seen in the CBS group. At the stent edges, no edge restenosis was
witnessed in the C, LA or CBS groups. Edge restenosis was seen after HA implantation and
appeared to be due mainly to an increase in plaque and to a lesser degree to negative remodeling.
Conclusions: Distinct differences in the patterns of remodeling exist between conventional,
radicactive and catheter-based radiotherapy with stenting. Users of radiation need to be alerted
to the deletericus remodeling seen at the stent edges after higher — dose radioactive stent
implantation and behind the stent afier catheter-based radiation and stenting.

Introduction

In our enthusiasm to control vessel recoil and remodeling after balloon angioplasty (BA), stent
implantation has become increasingly popular. With conventional stenting we have eliminated
recoil and remodeling as components of the restenotic process. However this has been at the cost
of exacerbating neo intimal proliferation secondary to chronic vessel wall irritation, leading to in-
stent restenosis"”,

intracoronary radiation has been developed in an attempt to decrease restenosis after BA and
stent implantation, Two parallel technologies, one employing radioactive stents™, the
other catheter — based radiation®", have been the subject of both animal and human studies.
Given the different dose rates and total doses delivered by each method, intuitively one may
expect different patterns of remodeling subsequent to each approach.

Whereas the effect of catheter-based radiation after BA on vascular remodeling has been
described ', the response of the arterial wall to catheter-based radiation and subsequent stent
implantation is not described. Prefiminary studies have reported the effect at the stent edge afier
radioactive stent implantation®. These reports did not encompass the response behind the stent in
the arterial wall however.

The aim of this study was to describe the response of the coronary artery to radiation and
stenting, by looking at the stent and its edges after radioactive stent implantation and also after
catheter — based radiation with stent implantation.
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Methods
Patient Selection

We analyzed geometric vascular remodeling in 4 groups of patients:

- those who had undergone implantation of *P radioactive stents at activity levels of
0.75-1.5uCi {Isostent™ Inc., San Carlos, CA, USA),

- those who had undergone implantation of **P radioactive stents at activity levels of 6,0-
12pCi (Isostent™ Inc., San Carlos, CA, USA).

- those who had undergone conventional stent implantation after suboptimal BA
(clinically significant dissection or residual stenosis > 30%) and catheter—based radiation,

- those who had undergone conventional stent implantation after suboptimal BA,

Stents analyzed were from patients with single native vessel coronary artery disease, normal left
ventricular function and objective evidence of ischemia, All groups were matched for patient
baseline characteristics, vessel size, lesion and stent length. Stents placed in the ostial position or
adjacent to major side — branches, such that the stent edges were unable to be analyzed, were
excluded from analysis. Only patients who had completed 6 - month angiographic and TVUS
follow — up were included.

Implantation technigue

The same group of cardiologists, using a similar technique implanted all stents.
Predilation of the lesion was performed, followed by stent implantation using either a pre -
mounted stent or the Johnson & Johnson Intervention Systems delivery system (Johnson &
Iohnson Interventional Systems Co, Warren NI, USA). Higher — pressure balloon inflation to
ensure good strut apposition to the vessel wall was then peformed. At this time we used a shorter
balloon to ensure that the edges of the balloon did not extend beyond the limits of the stent.
Intravascular ultrasound was used to ensure optimal stent deployment,

Medication

Patients received 250 mg aspirin and 10000 international units heparin at the initiation of the
procedure and the activated clotting time was maintained at > 300 seconds. All patients received
aspirin 80mg daily indefinitely and ticlopidine 250 mg BID for 2 weeks (C} or clopidogrel 75mg
daily for 12 weeks (LA, HA and CBS), afer stent implantation.

Radioactive stents

The BX™ stent (Isostent™ Inc., San Carlos, CA, UUSA) was the only radioactive stent
implanted in this trial. Tt was 15mm in length and available in diameters of 3.0 & 3.5 mm. The
BX™ stent was made radioactive by Phosphorus-32 (**P). The initial activity of the stents was
measured and thereafter it was calculated at what date the activity had decreased to 0.75-1.5 pCi
or 6-12 pCi, snitable for implantation. The dose delivered over 100 days at [ mm from the stent
surface was calculated for each implanted stent.
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Catheter-hased radiation system

The Beta-Cath System (Novoste Corp., Norcross, GA) was used to deliver $-radiation (*"St/*"Y) at
the site of coronary intervention. Dose was presctibed precribed at 2mm depth from the center of the
source. The device consisted of 3 components: (1} the transfer device which stored the radiation
source train and aflowed the positioning of these sources within the catheter; (2) the delivery catheter,
which was a 5 French (F) muftilumen over-the-wire non-centered catheter which used saline solution
to send and return the radiation source train; and (3), the radiation source train which consisted of a
series of twelve independent cylindrical seeds which contained the radioisotope *Sr sources and was
bordered by 2 gold radiopaque markers separated by 30 nun, Other device and procedural details have
been previously published by this group."!

Definitions

Stent Edges: Stent Edges were defined as those volumes axially Smm proximal and distal to the
final stent strut. An edge restenosis was defined as an angiographic restenosis > $0% at 6-month
follow—up located at either stent edge. An edge - effect was defined as any stent-edge
renarrowing,

Patients with balloon — injured edges that failed to receive radiation in the catheter — based
radiation group were excluded. In other words no stents implanted in areas of geographical miss
were included in this study.

IVUS image acquisition analysis

After the final balloon inflation and administration of intracoronary nitrates, ECG-gated IVUS
pullback was performed. This was repeated at 6 month follow-up. The segment subject to 3-D
reconstruction was examined with a mechanical IVUS system (ClearView, CardioVascular Imaging
System, CVIS, Sunnyvale, CA) with a sheath-based IVUS catheter incorporating a 30 MHz single-
element transducer rotating at 1800 rpm, The IVUS transducer was withdrawn through the stationary
imaging sheath by an ECG-triggered pullback device with a stepping motor.”> IVUS images were
aquired coinciding with the peak of the R wave, which eliminates the artefacts caused by the
movement of the heart during the cardiac cycle. After each image acquisition the transducer was
withdrawn 0.2mm to aquire the next image coincident with the R — wave, The ECG-gated image
acquisition ‘and digitation was performed by a workstation designed for the 3-D reconstruction of
echocardiographic images * (EchoScan, Tomtec, Munich, Germany). A Microsoft Windows™-based
contour detection program, developed at the Thoraxcenter, Rotterdam was used for the automated 3-
D analysis of up to 200 IVUS images.” This program constructs two longitudinal sections and
identifies the contowrs corresponding to the lumen-intima and media-adventitia boundaries using a
minimum-cost based software algorithm, The feasibility, reproducibility and the inter- and
intracbserver variability of this system have been previously validated in clinical protocols™.

Quantitative IVUS analysis
At the stent edges the area encompassed by the lumen-intima and media-adventitia boundaries

defined the luminal and the total vessel volumes, respectively, The difference between luminal and total
vessel volumes defined the plaque volume. Within the boundaries of the stent total vessel volome
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volume (TVV), stent volume, neointimal hyperplasia (NIH), plaque behind the stent (PBS=TVV —
stent volume) and lumen volumes were obtained,

The assessment of TVV or EEM in stented patients has previously been reported". Although,
in this previous report the delineation of TVV/EEM was not possible in some patients due to
stent shadowing, in our study the delineation of EEM boundary was possible in all stented
patients. When the TVV/EEM boundary was not visible in a single cross — sectional view, the
computer extrapolated it from the confours of the immediately previous and following cross —
sections, In addition the use of 3 — dimensional reconstruction with multiple longitudinal views
facilitates the visuatization of vessel structures outside the stent,

Table 1, Clinical Characteristics

Conventional LA HA CBS§

Patient No 18 16 15 17
Age {mean) 58 (42-76) 60 (43-74) 59 (42-75) 57 (45-74)
Male (%) 70 66 70 60
Prior MI (%) 40 40 45 40
Unstable angina (%) 60 50 65 55
Smoking (%) 40 55 40 40
Hypercholestrolemia (%) 60 62 65 55
Family history (%) 33 42 30 40
Hypertension (%) 40 42 30 33
Diabeles (%) S 3 10 6

Statistical analysis

Quantitative data are presented as mean + standard deviation, Volumetric data derived from the 3-D
reconstruction of the IVUS imaging were compared immediately after treatment and at follow-up
using the two-tailed paired Student’s t-test. Comparison between groups was performed using one —
way analysis of variance (ANOVA). A value of p<0.05 was considered statisticatly significant.

The Medical Ethical Committee of the University Hospital Rotterdam approved the study and
all patients provided written informed consent before the procedure.

\me
BIA
OHA
OCBS

ALV ATVY APBS NIH

Figure I
Remedeling within the margins of the stent.
* = p < .05; post vs follow-up, § =p < 0.05 between groups.
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Results
Baseline Characteristics

Eighteen patients were enrolled in the conventional group (C), 16 patients in both the 0.75-
£.5uCi (LA) and 6.0-12pCi (HA) radicactive stent groups and finally 17 in the group employing
catheter — based radiation plus a stent {(CBS). In the conventional group 10 Multilink and 8 NIR
stents were implanted. Baseline characteristics are similar between all groups and are described in
Table 1. Lesion and procedural characteristics are described in Table 2. No statistically significant
differences were seen between groups in the parameters described in Table 2. A comparison of
volumetric data measured at the stent edges and within the margins of the stent is presented in
Tables 3 and 4,

Table 2 Procedural characteristics

C LA HA CBS
Vessel
LAD 10 9 9 9
LCx 4 3 4 4
RCA 4 4 3 4
Lesion length (mm) 9.6+33 121 +3.8 10.1 £33 11914
Stent length (mm) 146438 15.0 15.0 152+4.1
Balloon length-post 148234 144+28 4.t £26 i5.1£3.6
Final balloon size (mm) 32404 3.1+£06 3.4£05 3.2+05
Max inflation pressure’ 11.5+24 116126 102+28 122426
Max inflation pressure® 14,6 £3.2 152424 1584 1.7 154 +3.3
Balloon-to-artery ratio 1.04 £0.05 112+006 1.10 £0.06 112 +
0.05

Max inflation pressure’ = balloon at time of stent implantation
Max inflation pressure’= balloon inflation within stent

In stent inhibition of NIH

Intra - stent NIH was decreased after higher - activity radioactive stent implantation and CBS
(p=0.008, ANOVA). Lower activity radioactive stents had an effect similar to that of
conventional stent implantation (see Table 4 and Figure 1),

Behind stent

Conventional stents and both fow and higher activity radioactive stents demonstrated an
absence of remodeling behind the stent, with no significant changes in TVV or plague volumes.
This is in contrast to the CBS group which demonstrated a significant increase in plaque (post Vs
follow-up: + 15%, p=0.002) and an increase in TVV (post Vs follow-up: + 8%, p=0.003). Inter-
group comparison showed that this change was sigoificant, (Table 4, p = 0.01). Further
comparisons of changes within and between groups are demonstrated in figure I. No chronic
recoil of the stent was seen in any group.
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Table 3. Mean (SD) volumes for the edge preximal and distal to the stent (10mm length)

Edge (mm®) LV LV TVV TVV Plaque Plague
Jpost FUP Post F/UP Post F/UP

C 67.7(18.9)y S583(19.3)* 124.4(32.6) 116.5 (34.1)* 56.7(22.6) 58.2(23.1)

LB T5.2(39.0) 673(344) 1266 (58.(% 116.4(49.0)* 51.4(24.5)  49.1(2L.0)

HD 74.9(23.0) 63.0{23. 7y  126.2(44.9) 117.6 (d46.2)* 51.3(¢164)  54.6(16.1)

CBS 726 (277 61.1(26.3)  133.2(48.5) 138.9 (46.5)% 60.6(26.1)  77.8 (28.6)*t

* = p < 0.05 Post vs Follow-up (F/UP). = p < 0.05 between groups (ANOVA).

Stent edge

No significant difference between groups was seen at baseline (post stent implantation). All
groups demonstrated late lumen loss at the stent edge. At the stent edges remodeling is similar
after both conventional and low — activity radivactive stent implantation. In these groups there is
evidence of a decrease in TVV, with little change in plaque as a cause of late lumen loss (Figure
2). At higher activity levels of radioactive stent the presence of stent edge restenosis
becomes apparent. In the **P group a target segment restenosis {angiographically > 50%) was
observed in 7 patients at the stent edges. This was more common at the proximal edge (6/7). The
major mechanism of such restenosis appears to be due to an increase in plaque at the stent edge.
In non - restenotic patients the edge effect appears due to a decrease in TVV and to a lesser
degree, an increase in plaque (Figute 3).

After CBS the edge effect is largely due to an increase in plaque, with no negative remodeling
seen (plaque increase: CBS Vs LA, HA, C, p = 0.045). No patients with edge restenosis after
catheter — based radiation was seen in our series of patients,

lﬂ-t—

15

#Ac
HLA
cma
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ATVY APV

Figure 2.

Changes in valumes at the stenf edge

¥ = p<0.05, post vs follow-up, § = between groups: p < 0.05,

1 =p is not significant for ALV all groups and for A PY in C, LA and HA,

Table 4. Mean (SD) volumes for the stent

Stent LV LV* TVV TVY PBS PBS NITH
(mm®) Post E/UP Post F/up Post Frup

C H39 297 92.8(28.7) 256.1(73.2) 257.3(67.4) 1422 (54.1)  143.7{49.4) 20.8(11.5)
LA 127.3 (42.6)  105.5 (40.1)  266.6 (96.5) 264.5 (98.3) 1393 (59.1)  137.8(63.7) 21.2(12.1)
HA 1224 (20.0)  1i1.7(24.3) 267.8(66.9) 2653 (65.1} 1454 (49.1)  144.6 (45.3) 9.0 (8.0)F
CBS 128.6(41.3) 121.8(4L6) 238.9(73.6) 273.0(39.8)* 1303 (34.2) 1493 (49.8)* 6.9(6.6)F
¥ = p< 0,05 Post vs Follow-up. T =p < 0.05 between groups ANOVA,

No significant difference between groups was seen at baseline (post).
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Elrestenotic
Bl non restenotic

ALV ATVY APY

Figure .

Reslenoﬁ:a&éﬁs HéRestenolic (6.0-12.0pCi activity level stents).

Mote greater lumen foss seen in the restenotic group. This is caused by an increase
in plague (p<0.05) and a less profound decrease in TVV (p<0.05). ATVV {5 similar
ir: both groups.

A = change in volume (post vs follaw.up), * = p<0.05 post vs follow-up.

Stent activity and dose prescribed

Mean stent activity at implantation (LA) was 1.1 +- 0.3 uCi. Mean stent activity at
implantation (HA) was 8.6 +/- 1.6 uCi. For CBS mean dose prescribed was 16,7 +/-2,0 Gy.

Discussion

The development of NIH within the stent witnessed at 6 — month follow — up is well
appreciated'®, however the changes that occur at the stent edges or indeed behind the stent struts
have not been the focus of attention until recent[y". This paper is the first describing the
difference in vascular remodeling seen after radioactive stent implantation and catheter — based
radiation plus stenting, using modern conventional stents as a benchmark. The key findings are
as follows:

The degree of inhibition of NIH after the implantation of a radioactive stent with activity of 6.0-
12uCi and CBS was similar,

There was no significant remodeling behind the stent afier conventional or radioactive stent
implantation; however the CBS group demonstrated both an increase in plaque behind the stent
and TVV.

Al the stent edge three patterns of remodeling are seen at 6 — month follow - up: firstly a
shrinkage in TVV and LV after C and LD radioactive stent implantation, These two subgroups
were not associated with stent edpe restenosis in this series. After HD stent implantation a
pattern similar to C and LD is seen in those edges that remain non — restenotic, however in
restenotic edges plaque increase is the major contributor to lumen loss, In the CBS group a
similar lumen loss to the other groups is seen, however this occurs secondary to an increase in
plaque and without a loss in TVV.

Neointinmal Hyperplasia

In our study neointimal formation was inhibited after higher dose radicactive stent
implantation and after catheter - based radiation plus stenting. The former contrasts with the
recent study by Carter et al. using *P stents in the porcine model'®, but is in keeping with earlier
studies of Hehrlein® using the rabbit model and recent reports by Albiero® in which a dose —
dependent inhibition of NIH was noted.
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Mechanism of remodeling behind the stent
Catheter—based radiation

After conventional and radioactive stent implantation little positive or negative remodeling is
witnessed behind the stent. Ln stark contrast to this, is the increase in plaque behind the stent and
TVV seen after catheter — based radiation and stenting, Part of the key to understanding this
process may be acquired from understanding the healing process after BA. Wilcox and co -
workers'™'® describe the presence of early profiferation of myofibroblasts expressing contractile
proteins in the adventitia surrounding the porcine coronary artery after BA. Tracing studies have
indicated that the same cells migrate and form part of the neointima. Wilcox hypothesizes that the
adventitial myofibroblasts constrict the artery at the angioplasty site much in the same way as
myofibroblasts participate in scar refraction in dermal healing. The source of these myofibrobiasts
may be distant to the immediate site of injury including pericardial, adipose and intra-myocardial
fayers"”,

Radiation treatment of porcine coronary arteries after BA up - regulates p21 synthesis in
adventitial cells, especially myofibroblasts, Such induction is dose — dependent and sustained for
at least 7 days after radiation. Additionally radiation inhibits the expression of growth factors,
reduces proliferation of adventitial myofibroblasts, decreases the production of a - actin by the
adventitial myofibroblasts, preventing the formation of the myofibroblast scar around the
angioplasty site and negative vascular remodeling'™”. Data from Fareh and co — workers™
suggest that inhibition of migration but not of celtular proliferation may occur at lower doses of
radiation. Therefore cells may remain in situ, unable to migrate but able to grow in the presence
of a weakened external elastic membrane. After one week the effect of the radiation diminishes
and cellular proliferation, possibly as a reaction to the presence of the stent, continues behind the
stent in the context of positive vascular remodeling. In our cohort of patients no cases of stent
malapposition were seen at follow - up although our group has described this as a risk of
ongoing positive vascular remodeling®™?®.

Radioactive stent

The objective of using the radioactive stent is not to neutralise myofibroblasts in the adventitia.
Rather it is the prevention of the migration and invasion of myofibroblasts from the adventitia
through the stent strots and into the lumen. As is seen in the HA group this is accomplished due
to the continuous and low dose rate provided by the radioactive stent. Due to the range of the
‘radioactive fence’ created, adventitial cells remain intact without upregulation of growth factors
and inhibition of contractile proteins. Consequently no remodeling is seen behind the radioactive
stent at either activity level.

Edge Remodeling

Hoffman"® has previously described negative remodeling at the stent edge and of the
stent/vessel wall after conventional stent implantation. In our study we have been able to
precisely describe the decrease in TVV as the dominant contributor to non - restenotic lumen
loss at the stent edge and to confirm the absence of recoil and remodeling in modern stents at 6-
month follow — up. Recent reports suggest that the edge effect and edge restenosis may be due to
an increase in plaque at the edge and to a component of negative remodeling as one moves axially
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from the stent’. However, the edge response after catheter — based radiation and subsequent
conventional stent implantation were undefined until the current paper.

Edge restenosis: is this the result of low - dose radiation?

Radioactive stents have a limited radioactive range of effect. Whereas those cells behind the
stent struts may be well fenced at the doses discussed, cells proximal and distal to the extremity
of the stent, in injured areas treated by the balloon (up to 3mm outside the stent)*, may not be
effectively covered by the range of the stent radiation. The latter phenomenon is a further
example of geographical miss™. Whether there is a proliferative effect on tissue secondary to low
— dose radiation at the edge of the radioactive stent has yet to be proven in clinical trials.
Certainly there is evidence from animal work that low dose radiation may induce a proliferative
effect on tissue™. If the edge restenosis is the result of an aberrant response by non-injured
healthy or diseased tissue subjected to radiation, then this may suggest that low-dose radiation
has a stimulatory effect on non-injured tissue,

Implications for the future: Dealing with the edge effect

If the edge effect is the result of balloon-induced trauma and low dose radiation then limiting
the trauma outside the stent and expanding the irradiated area beyond the injured area should be
attempted. For radioactive stents conceivably the most practical approach may be to extend the
area of irradiation beyond the injured area using a ‘hot-end stent’. This involves literally
concentrating the greatest activity of the stent at the stent edges; such stents are already
undergoing multicenter trials.

If the edge restenosis were purely the result of negative remodeling induced by low-dose
radiation in an injured area, then the lengthening of the stent by a non - radioactive, cold - end
would be a logical solution to prevent remodeling at the extremities. If plaque constitutes a large
percentage of the healing process manifested by the restenosis then cold-end stent implantation is
unlikely to work as neointimal proliferation may occur at the edges of the radiation within the
stent {an in-stent candy-wrapper).

In the event that excessive vascular remodeling is present atter catheter — based radiotherapy,
then a self — expanding stent may play a useful role. The appeal here is that via direct stenting the
injury caused by balloon pre - dilation will be avoided and the self expanding stent would be
permitted to expand, minimizing geographical miss and stent malapposition®®.

Limitations

This was a retrospective, non — randomised study of individuals who had completed 6 - month
follow — up and in whom IVUS examination was possible. Individuals who had a total occlusion
or jn whom the IVUS catheter could not be passed under acceptable clinical circumstances were
not included.

No edge restenosis was seen in the CBS group, unlike in the HA radioactive stent group,
however both the CBS and the HA radioactive stent groups reflected the larger parent
populations from which they were selected in all other features,

The dosimetry (catheter — based) described in this paper relates to preseribed doses only and
does not necessarily reflect the dose delivered 2mm from the source in the adventitia. Description
of dosimetry is beyond the scope of this paper, however previous work by the authors, using a
similar radiation source and study population, suggests that delivered dose, residual plaque
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burden and tissue composition play a fundamental role on the volumetric outcome at G-month
follow-up after catheter — based B-radiation therapy and BA®,

Conclusion

Distinct differences in the patterns of remodeling exist between conventional, radioactive and
catheter — based radiotherapy with stenting. Users of radiation need to be alerted to the
deleterious remodeling seen at the stent edges after higher — dose radicactive stent implantation
and behind the stent after catheter — based radiation and stenting,

Radiation, whether it be catheter or stent — based has forced the interventional community to
look closely not only at effective inhibition of intimal proliferation but also the adverse response
of the artery to the combination of injury and radiation.
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Late Coronary Occlusion After
Intracoronary Brachytherapy
Murco A, Costa, MD; Manel Sabaté, MD; Wim J. van der Giessen, MDD, Phi; 1. Patrick Kay, MBChB;

Pavel Cervinka, MD; Jurgen M.R. Ligthart, BSc; Pedro Semrane, MD; Veronique L.M.A. Coen, MD;
Peter C, Levendag, MD, PhD; Patrick W. Serruys, MD, PhD

Backgronnd—Intraceronary brachytherapy appears to be a promising technology to prevent restenosis. Presently, limited
dati ure availuble regarding the late safery of this therapeutic modality. The aim of the study was to determine the
incidence of late {>>1 month) thrembusis after PTCA and radistherapy,

Methods and Results—From April 1997 to March 1999, we successtully treated 108 patients with PTCA followed
by intracoronury S-radistion. Ninety-one patients have completed at least 2 months of clinicul follow-up, Of these
palients, 6.6% (6 patients) presented with sudden thrembotic events confiraed by angiography 2 1o 15 months afler
intervention (2 batluon angioptasty and 4 stent). Some factors {overlapping stents, unhealed dissection) may have
triggered the throntbosis process, but the timing of the event is extremely unasual. Therefore, the effect of radiation
on ttelaying the heading process and maintaining a thrombogenic carenary surface is proposed as the most plausible

mechinisim o explain such lale evenes.

Conchesions—Late and sudden thrombosis after PTCA followed by inlracaroiary radiothesupy is o new phenomenon
in inlerventional cardiotogy. {Circitlation, 1999;100:789-792)

Key Words: thrombosis B angieplosty ® rudinisotopes
¥ Bloplosty I

hrombotic occlusion after PTCA is assoclated with
increased morhidity and mortality rates,t Current tech-
nigues of stenling followed by onfiplatelet therapy have
dramatically reduced the incidence of this event to <1.5%,2*

See p 780

Intracoronary radimiion is o promising new therapy to
prevent restennsis. Recent randemized trials demonstrated
& reduclion in the restenusiy rate aml maintenance of
benefits up to Z-year Toflow-up.t-* Presently, Hmited data
are avadlable regarding long-terms safely after intrucors-
nary brachytheropy*7 Although subacute thrombosis hay
been reported afier cadimtherapy,?*+¥ the incidence of late
thrombuotic events has not been determined.

The aim of this Mudy was to document the incidence of
late {1 manmth) thrembotic events after elective PTCA
followed by intravascutor radiotherapy.

Methods and Results

EFrom Aprl 1997 10 March 1999, 108 consecutive patients
were successfully treated with catheter-based intracoronary
B-radintion at the Thoraxcenter (Ronerdam, The Nether-
lands}. The Medical Ethical Commiltee approved the use of
radiation theripy and informed consent was oblained from

every patient. All patients presented with stable angina
pectoris and single vessel discase. Drachytherupy was per-
furined using the Beta-Cuth system (Noveste Cerporaliony”
(n=76 patients, 32 stents and 44 balloon angioplasty [BA[),
or the Guidant intravascular brachylherapy system (Guidant
Carpuration Vaseular Intervention) tn=32 patienrs, [3
Stents and 19 BA). BA und stenfing were performed accenl-
ing to standard techiniques. Intravascetar ultrsound (1VUS)
was performed after radiation with a mechanicat wlraseund
calheter (CVIS, Boston Scientific). Oft-fine quantitative cor-
onary ungicgraphy was performed using CAAS sysiem (Pie
Medical Imaging BAY, Six-month angiogrophic and IVUS
follow-up was scheduled in alk patients.

All patients were discharped without complications, Ninety-
e patients campleted al least 2-moath clivfcal follew-up, We
observed | case of subacute thrambosis occurming 13 days after
stenting. This pitient received an [-mm forg stent (posiditited
at 10 atm) with optimat [IVUS resul, Ticlopidine withdrawal (12
days after stenting) was the plausible explanation of thrombosis
in 1his case.

" Six patients (6.6%) presented with sudden Jute throm-
hotic coronary ovelusion, Two of them were weated with
BA und the remaining 4 recetved an sddilional stem after
radiation, Their clinical characieristics are summarized in
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€linical and Angiographlc Variables

Variables i 2 3 4 5 6
Ags, y 57 58 49 73 52 62
Sex Malg Femala Mate Femals female Female
Pre-procedura
Targat vassel X ACA LCX LAD RCA RCA
Typs of feston B B B A A a
RO, mm 25 248 2.67 266 284 26
MLD, mm 09 1.12 054 109 065 0355
DS, % 66 £0 76 80 7 %
Lesion fength, mm 13 15 12 1.2 96 97
Procedure
Brachytherapy system Beta-Cath Guidani Beta-Cath Beta-Gath Beta-Calh  Bela-Cath
Sourcs fanglh, mm 3 27 3 30 30 30
Preseribed dose, Gy 12 35 12* 14* 18" 14
StenVangloplasty Stent Balioon Batloon Stenl Stenl Stent
Tolal stent length, mm 41 25 25 16
Postprocedure
Pigsectiontyps No Yes/B Yes/B Ho Ho Ho
MLO, mm 247 207 215 24 234 24
08, % -1 26 29 95 17 7
Cinleal success Yes Yes Yes Yes Yes Yes
Follg-up
Event VF taferior Ml Postiateral MI Anterior MI Infedor M1 Inferfor M1
Time, mo 2 3 15 0 3 - 25
Antiplatetet medication Yes Yes Yes Ho Yes Yes
Long stent  Dissection  Dissecbion at 6-mo  Asphin withdrawal Mo Mo

Associated factors

LCY indicates feH elroumitex artery; RCA, righl coronary artery; LAD, leH anterior dastending artery, RD, reference diameter; MLD,
minimal humea diameler; DS, diameter stenosis; VF, ventricwiar Fibnitation; and M, myocardial infarction,

A1 2 mm from 1he source; fat 0.5 mm inlo 1he vesse! wall.

the Table. No clinical ar anatomic characteristic appeared
to be related 1o these events,

In patient |, overlapping - and 32-mm NIR sients
(Medinul Lidy were optimally implunted us pssessed by
IVUS. Patients 2 and 3 {BA) showed type B dissectinns
withovt compromising flow postprecedure, Patients 4
and 5 beth received a Multilink 25-mm stenl (Advanced
Cardiovascular Systems/Guidant), and patient 6 received a
NIR 16-mm stent with optimal angiographic resulls, Stent
patients were discharged on aspirin (250 mg/d) and ticto-
pidine (250 mg BID for 15 days i patients 3w 4, and for
A0 days in cases 5 and &), BA palients received aspirin
afene.

Patient | was readmitied with ventricular fibrillation 2
months after the procedure, whereas, patients 2, 5, and 6
sustained inferior myocardial infarctions (M1} between 2.5
and 3 months after Lhe treatment. ‘The brradinted segment
was occluded at G-month angingram in patients | and 2
(Figure 1). Thrombotic ocelusion was successfully Ireated
by primary angioplasty in patients 5 and 6,

In patient 3, the 6-month IVUS <conirol revealed a
persistent (unhealed) submedial dissection (Figure 2) with
no signs of restenosis. Nine months later, this patient

sustained a posterolateral M1 which was treated with
thrombolyiics. Two weeks afler this treilment, an angio-
gram performed hecause of ecurrenl angina showed the
weclusion in the irradiated arca. Simikuly, the G-month
IYUS control of patient 4 showed no neaintinwal hyperpla-
sia. Four months afler conteol. she fad a stroke and aspirin
was replaced by acenocoumarol. Ten days Juter, she
sustained an anterinr ME The thrombatic acclusion in (he
Ireated site was confiemed by angiography.

Discussion
Progression 1o total ocelusion after BA is a stible process in
the general nenirradiated population whivh avears in approx-
imately 4% of patients, leading 10 a M] in <0.5%.2 In
contenst, our sludy shows o high incidence (6.6%) of throm-
botic clinfecal events 2 1o 15 menths after PICA and
brachytherapy,

Coronary dissection after BA is associated with ubrupl
closure; however, type B dissections (NHLDBT classifica.
tion), as vbserved after BA in our patients, have not heen
reluted to thrembolic events.' The nonmal heading process,
present afler dissections, may be impaired after intracoro-

142



nary radintion,’* Whether unkealed dissections, as demon.
strated in patient 3, is related to late thrombosis remains to
be clucidated in a targer pupulation, Further, the necessity
af stenting mild dissectivns withoul compromising {Tow
after radiotherapy vhould be investipated.

The mean time of subacute thrombosis afier stenting is
approximately § to 6 days.?* In a recent study, subacule
thrombosis occurred within the Tirst 24 hours in 86% of
patients reated with aspirin and ticlodipine for 14 days,
with no case of thrombotic eveals occurring afier 15
days.** Colombo et al reporied only 2 cases (0.6%) of
thrombosis occurring 2 to & months after stenting.? In
contrast, in our suuly, 4 patients receiving a stent (8.8%)
expericnved Hirombosis e uller rdiation,

Experimentally, reendothelialization after injury takes
>4 weeks to be completed.* However, the clinical pre-
sentation af subacute thrombosis infrequenty eceurs later
than 135 days after stenting,'* when ihe reendothetinlization
pracess may still be incomplete. Deluyed reendotheli-
alization as a vigger mechanism of late slent thrombosis
after antineoplustic sherapy has been hypothesized previ-
ously,'? Furh et al reported incomplete endethedialization 3
months after placement of B-radicactive stent.’* Neverihe-
less, the same group showed no differences reganling
endreihefial cell prowih between madioactive and controf
stenls in another experimental model.' Further studies
should address the timing of stent reerndothelialization
after brachytherapy to determine its role on the pathogen-
esis of late thrombosis,
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Figure 1. Pallent 1. A, Preprocedurs
anglography shows a significant desion in
lhe mid-third of left circumilex arlery, B,
Radioactive source placed in treated sile.
C, Postprocedure anglography and WUS
images show an oplimal result {arrev-
heads). D, Al 2 menths, the proximal part
of stenl appeared cccluded.

Although multiple stents have been related to subacute
thrombosis,? the significance of multiple stent inplanta-
tion (patient 1) on late thrombotic phenomena has not been
demonstruted.

The use of joiracoremary  B-radistion is a common
feature in vur patients. However, the judgment of wherher
radintien is the key factor in the pathogenesis of late
thrambosis should await the analysis of ongoing trials.
Cancomitanly, the benefit of prelunged antiplatelet ther-
apy with the combination of aspirin, clopidogrel, or
liclopidine sheuld be cansidered.

Limitations

Our pativits weee incloded in wellventrotled  feadivtion
studies with similar baseline characteriMics and inclusion
critesia (lesion length <15 mm, treatment of single vessel).
However, 2 dilferent systenms e deliver B-nudiation were
used,

In addition, it is not possible to rule our the naturaf
histary of cosonary disease as a cause of late thrombosis,
Hawever, the incidence of total veclusion in the genersl
noniesdiated pepulation is mueh lower than that ohserved
In our study. In fzet, the incidence ef late thrombuiic
evenls woull be even higher if, in the interest of complete-
ness, we waited for 1-year follow-up in the telal patient
pupulation.

Finally, whether lale thrambosis is a generic complica-
tior of intracoronary radisiherapy or is restricted o the use
of B-sources cannot be extrupolated from our findings,



Figure 2. Palient 3. A, Postprocedure corenary disseclion, demonstrated bolh on angiography and IVUS. ded nol compromise lfow in
treated area (arowhead). B, This dissection persisted unhealed al 6-month conlrol {arrowhead). G, At 15 monlhs, iradialed segment

appeared occlided.
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CHAPTER 12

Late Stent Malapposition Occurring after Intracoronary
Beta-Irradiation Detected by Intravascular Ultrasound.
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Late Stent Malapposition Occurring After
Intracoronary Beta-Irradiation Detected by

Intravascular Ultrasound

Ken Kozuma, MD, Marco A. Costa, MD, Manel Sabaté, MD, Pedro Serrano, MD,
Willem J. van der Giessen, MD, PhD, Jurgen M.R, Ligthart, "Veronique L.M.A, Coen, MD,
‘Peter C. Levendag, MD, PhD, Patrick W. Serruys, MD, PhD

ABSTRACT: We report a case of Jate stent malapposition occurring 6 months after intra-
coronary beta-irradiation detected by three-dimensional intravascular uitrasound, in spite of
good apposition immediately after the precedure. Volumelrie quantification revealed-that stent
volume remained unchanged, whereas tolal vessel velume increased by [3% after 6 months
within the stent area. The increase of the vessel volume took place mainly in the proximat part

of the stent, where the malapposition was located.

JENVAS CARDIOL 199%;1E:651-655
Key words: angioplasty, brachytherapy, Intravascular ultrasound, vessel remodeling

Experimental studies have shown thal endovascular
radiation reduces necintima formation.'” In humans,
three randomized trials have reported a reduction in
restenosis rate afler successful reintervention followed
by intracoronary brachytherapy for the treatment of in-
stent restenosis,** Early safety of this new therapy has
been demonsirated.” * Although 2- and 3-year follow-
up of patients treated with gamma-radiation has been
reported,'” long-term safety of radiation has been
questioned.”

in humans, radiation has been shown to prevent
vessel shrinkage." inhibit neointimal fermation,™ or
induce vessel enlargement that eventually accommo-
dates an increase in plaque.™ The imporance of vessel
enlargement in patients receiving stents has not been
investigated.

We report a case of lale stent malapposition occur-
ring 6 months after intracoronary beta-irradiation
demonstrated by three-dimensional intravascular

From he Thoraxcenter, Dijkzigt University Hospital *and 1he
[Yaniel den Hoed Cancer Center, Rotterdam, The Netberlands,
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ultrasound (IVUS), in spite of good apposition imme-
diately after procedure.

Case report. 4 60-year-old male with Canadian
Cardiovascular Society cluss HI angina pectoris was
referred to owr institution for percitaneons transfumi-
nal coronary angioplasty (PTCA4). Coronary angio-
graphy revealed a severe stenosis in the proximal
segment of the left anterior descending coronary artery
(LAD) (Figure 14). Quantitative coronary aigio-
graphy (QCA) was performed off-line (CAAS 1f system,
Pie Medical, Maastrichi, The Netherlands). Lesion
lengrth measured 14.9 mm, minimal heninal diameter
(MLD) 1.20 mm, reference vessel diameter 3.10 nm,
and percentage of diameter stenosis 61%. Although he
had a previous myecardial infarction, lefi ventriculog-
raphy revealed no Iypokinesia with an estimated efec-
tion fraction of 54%.

Strategy, The patient was envolled in « study to eval-
wate safety and efficacy of beta-irradiation following
PTCA using the Guidant Intravascular P-32 Radiother-
apy System (Guidani Corporation Vascular Interven-
ton, Houston, Texas).” The Medical Ethics Commitiee
of the University Hospital Difkzigt approved the use of
intracoronary radiation, and the patient has given writ-
ten informed consemt. The strategy was to perform a
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Table 1. IVUS volumetric 3-D reconstruction anatysis

Baseline Follow-up Difference

Lumen volume (mm?) 179.7 188.1 +8.4
Stent volume {mm®) 7197 181.1 +1.4
EEM volume {mm’) 351.8 402.6 +50.8
Plague votume {mm’} 172.1 214.5 +42.4
Mean lumen area (mm?) 9.9 i0.5 +0.6
Mean stent area {mm?*) 99 £0.1 +0.2
Minimum lumen area (mm?} 7.8 8.0 +0.2
Mean EEM area (mm?*} 19.4 221 +2.7
Minimum EEM area {mm!) 18.3 18.5 +0.2

EEM = external elastic membrane

direct stent deployment without pre-dilatation followed
by irradiation of the target segnient. The Source Deliv-
ery Unit is a computer-controfled, source wire-handling
device that delivers localized beta-radiation to a core-
ntary artery at 6.5 mm into the vessel wall? The radia-
tion dose was randomly assigned to the patient. The
Guidant P32 Source Wire is a 0.018" guidewire with a
27-mm long beta-emiiting source in its tip. The Center-
ing Catheter is a multi-lumen, spiral-designed balloon
catheter with a rapld-exchange iip, designed to operale
using 4 atmiospheres of pressure (Figure | B),

Procedure, The left coronary artery was cannulat-
ed with a Judkins left 8 French (Fr) guiding catheler
(Cordis Corporation, Warren, New Jersep) using the
standard femoral approach. The lesion was crossed
with a 0.0147, 315-cot long Hanmnibal® wire (Schireider,
Biilach, Switzerland) which was placed distally in the
LAD, Subsequently, a 3.5 x 18 mm Multi-Link® stent
(Guidant Corporation, Suita Clara, California) was
directly implanted. A balloon post-dilatasion of the tar-
get lesion was performed using a 4.0 x 15 pun Tacker®
balloon (Cordis, Mianii, Florida} inflated to 14 atmos-
Pheres. IVUS tinages were then obtained using a 2.9
Fr mechanical ultrasound catheter operating at 30
MHz (CVIS, Sunnyvale, California). The size of the
centering balloon was chosen based on mean vessel
reference diameter (mean of proximal and distal vefer-
ence diameter) defined by IWUS. A 3.05 mwm centering
balloon was then placed over the wire at the target
stte. The radiation sources remained af the freatment
site in order to deliver a prescribed dose of 4200 ¢Gy
af 0.5 mm into the vessel wall (Figure 18). The deliv-
ery unit based on mean reference vessel diameler auto-
matically calewlates the dwell time. After
intracoronary irradiation, an ECG-gated 1VUS puli-
back at 0.2 mmistep was perfornted with the same sys-
tem. The stent was well-apposed with a minimal fiien
area (MLA) of 7.8 mar® (Figure 2C). No edge tear was
detected by IVUS. QCA revealed a MLD of 2.79 mm,
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Tigure 1. (A} Pre-procedure angiogram shows the stenosis in the
proximal segment of the left anterior descending artery; (B) cen-
tering balloon inflated during irradiation; (C) post-procedure
anglogram {arawhead indivates the location where stent malap-
position appeared at follow-up); (D} 6-month follow-up
anglogram {arowhead indicates the stent inalapposition site) .

located al the proximal poriion of the stent, aud resid-
wal percentage stenosis of 16% (Figure 1C). The
patient's hospital stay was wieventfid and he was dis-
charged 2 days afler the procedure on aspirin {250
mglday) and ticlopidine (2350 mg twice a day for 15
days). Six months later, the patient rvefurned to the
catheterization laboratory for angiographic and {VUS
contral as part of the protocol. The patient had no
complaints and the stress test was negative. The
angiogram (QCA} revealed no signs of restenosis (Fig-
wire 1D) with an MLD of 2.34 mm, located outside the
stent, and a diameter stenosis of 33%. Luminal diame-
fer at the site of malapposition was 2.98 wmn. Six-
month IVUS images, wsing the same system, revealed
no neointimal formation throughout the stent, However,
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Figure 2. (A} Longinutinal view of 3-D intravascudar ultrasoind (TVUS) image reconstrection at baseling; (A") schematic model of 3.1
IVUS image reconstruection at baseline; (B) longitudinal view of 3-1) reconstruction IVUS image ar follow-uh {arrouhead indicares the
malapposition site); (B} schomatic model of 3-I reconstruction VUS image at follow-tip; {C) post-procedure IVUS cross-sectional
finage at the site where stent malapposition abpeared at follow-up; (C') schematic model of IVUS crass sectional Inage at baseline; (D)
IVUS cross-sectional image at follow-up {arvawhead indicates a space behind the stent at 2-5 o'clock — stent malapposition); (D'
Schematic model of IVUS eross-sectional image at follow-up; (E) graphic of external elastic membrane (EEM) and stent areas at baseline
(upber line: EEM area, lower line: stent area); () graphic of EEM area and stent area at follow-up (upper fine: EEM avea, lower fine:
stent avea) (arrowhead indicates the local EEM area increase from nearly 20 mm? to more than 25 mm'}.

a malapposition of the proximal end of the stent with-
out compromising the Iumen was observed (Figure
2D) by IVUS. Contrast injection filled the cavity
behind the stent, confirming the presence of mulappo-
sition during IVUS imaging. Based on clinical status,
no further intervention was performed.
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Intravascular ultrasound measurements, Al VLS
images were analyzed off-line by 3 investigators in a
“blind” approach. An ECG-gated image acquisition
and digitization workstation (EcleScmz, TomTec,
Munich, Germany) was used for three-dimensional
IVUS bmage reconstruction. Volumeliric quantification
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was performed by means of a Microsoft Windows*-
based confour detection program developed at the Tho-
raveenter,’ This program constructs two longitudinal
sections from the data set and identifies the canfours of
the fumen, media and stenf boundaries. Ninety-four pla-
ntar crass-sections of the stented segmeni were carefully
checked and edited by 2 cardiologists, The feasibility
and intra- and inter-observer variability of this system
have been previously reported ™ The reproducibility of
meastirenienis of the external elastic membrane (EEM)
in stented segments has been also demonstrated.”

The results of two-dimensional and three-dimensional
analysis are shown in Table 1, Figure 2E, antd Figure
2F. Total vessel volunie increased by 51 mwr’ (132} afler
&6 months, paraifel to an increase in plague volume of 42
mar® (20%). However, the magnitude of the plague in
growth was not sufficient to completely filfill the gap lefi
beawveen stent struts and vessel wall, The calculated dif-
Sevence was 7 mim’. No neotusimal formation was found
in the malapposed sten! site, which revealed a limen
CSA of 8.0 mm?* (Figire 2D, The increase of the vessel
volume toak place mainly in the proximal part of the
stent, where the malapposition is located (Figure 2F).
Stent volume of the proximal enlavged segment (6.9 mm
in lengih) vemained similar (61 mni® at baseline versus
68 num’ ai 6 months), whereas total vessel volume
increased from 140 mmi* to 179w’ after 6 months. The
stent malapposition was also demonstrated on the longi-
tudinal view of the three-dimensional reconstruction
(Figure 2.

Discussion, This is the first case repott which
demonstrates an unexpecied late (at 6 months) stent
malapposition after intracoronary radiotherapy
revealed by three-dimensional 1VUS, despite the good
apposition of the steat post-procedure. Volumetric
analysis demonstrated a vessel enlargement without a
concomitant increase or decrease in the stent volume.

Stent malapposition has been related to an increased
risk for subacute thrombosis,® Thrombotic events late
after stenting followed by radiation have been recently
reported:??' However, the relationship between late
thrombosis and stent malapposition late afler
brachytherapy remains to be elucidated in large IVUS
studies.

Meerkin et al. demonstrated that EEM area did
not change during the follow-up period after beta-
radiation.” However, the analysis of single planar
cross-seciional images may have underestimated the
possibility of positive vascular remodeling in their
study, On the other hand, a volumetsic three-dimensional
IVUS study has demonstrated that radiation promotes
positive vessel remedeling by showing an increase of
the EEM volume (40 mm*) at ¢ months after intra-
corenary beta-radiotherapy." in addition, Condado et
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al. have reported on the occurrence of coronary
aneurysm formation, which illustrates an exagpera-
tion of vessel remodeling after high doses of gamma
brachytherapy." In this case, we also observed an
enlargement of the total vessel volume (51 mm?),

Although some previous reports showed acute
recoil of the Palimaz-Schatz stent,”™ tubular stents are
not belicved to recoil or expand chronically.?* Thus,
the Multi-Link stent used in this case is not expected to
change its volume afler 6 months.* Then, considering
the inability of self-expansion of a rigid tubular stent,
the increase of the total vessel volume may play an
important rofe in the mechanism of stent malapposition
formation late after the treatment. The use of self-
expandable stents in the setting of intracoronary radio-
therapy may be an alternative to avoid this problem
due to their ability to expand chronicaily.”

Besides vessel enlargement, we should also consider
the possibility of tissue or nen-cellular structure {throm-
bus or lipid lakes) occupying the space behind the stent
after the procedure, Such structures may not be detected
by post-stenting IVUS and may diminish after 6
months. The “killing” effect of radiation (necrosis or
accelerating apoptosis) and disselution, disruption or
embolization of these non-ceflular structures may play a
role in this phenomenon, These hypotheses should be
further investigated by large population studies,

in conclusion, this report itlustrates an unexpected
finding following coronary stenting: late stent malap-
position. Whether this finding is related 1o the combi-
nation of radiation and stent placemicnt remains to be
elucidated, Further studies with serial IVUS analyses
should be performed in order to elucidate the patho-
physiology and clinical impact of this finding,

REFERENCES

. Wiedermann JG, Marboe C, Amols H, et al. Intracoronary ima-
diation markedly reduces neaintimal proliferation after balloon
angioplasty in swine: Persisionmt benefit at 6-month follow-up, J
Ani Coll Cardiol 1995;25:145(--1456.

2. Verin V, Popowski ¥, Urban P, et al, Intra-arterial beta ircadia-
tion prevents neointimat hypeiplasia in a hypercholesteroiemic
rabbit restencsis model. Clrcufution 199592:2284-2250.

. Waksman R, Robinson KA, Crocker IR, et al. Endovascular
low-dese imadiatien inhibits neoimima fermation after ceronary
artery balloon injury in swine. A possible role for radiation ther-
apy in restenosis prevention. Cirawdation 1995,51:1553-1559.

4, Teirstein PS, Massullo V, Shirishk J, et al. Catheter-based radio-
therapy to inhibit restenosis after coronary stenting. N Engl J
Med 1997:336:1697-1703,

. Waksnzan R, White LR, Chan RC, et al. Intracorenary radiation
therapy for patients with in-stent restenosis: 6 month fellow-ug
of a randomized clinical study. Circilation 1998:98:3241,

. Lean MB, Tcirstein P8, Lansky AJ, et al. [nlzcoronary gamma
radiation 1o reduce in-stent restenosis: The mullicenter gamma 1
ragdomized clinical trial (Abste). J Am Coll Cardiol
1699;33(Supply19A.

7. King IIL SB, Williams DO, Chougule P, et al. Endgvascular

[

W

(=4l



=3

Late Stent Malapposition Occurring Afier Intracoronary Beta-Irradiation

B-radiation to reduce restenosis after coronary balloon angloplasty
~— Results of the bets energy restenosis trial (BERT), Circulation
1998:97:2025-2030.

. Condado JA, Waksman R, Gurdiel O, et al. Long-term: angio-

graphic and clinical outcome afier percutancows translominal
coronary angioplasty and intracoronary radiation therapy in
humans, Circnlation 1997,96:727-732.

. Verin V, Urban P, Popowski Y, et al, Feasibitity of intracoro-

nary [l-irradiation to reduce restenesis after baltoon angioplasty:
A clinical pilot study, Circulation 1997,95:1138-1134,

. Teirstein PS, Massulle V, Shirish I, et al. Two-year follow-up

after catheter-based radiotherapy to inhibit coronary restenosis,
Circutation 1999,99:243-247.

. Condado JA, Lansky AJ, Saucedo JF, et al. Three year clinical

and angiographical follow-up after intracoronary [92-iridium
radiatien therapy {Abstr). Girclation 1598,98(Suppl).l-651.

. Costa MA, Sabaté b1, van der Giessen WJ, et al. Late coronary

occlusion after intracoronary hrachytherapy. Circulation
1999;100:78%9-792.

. Mecrkin D, Tardif JC, Crocker IR, et al, Effects of intracoronary

beta-radiation therapy after coronary angioplasty. Circulation
1999,99: 16601665,

. Sabaté M, Serruys FW, van der Giessen W, ¢t al. Geometric

vascular remodeling after balleon angioglasty and beta-radiation
therapy: A three-dimensional intravascular ultraseund study.
Circulation 1999 (in press).

. Raizner AE, Calfee RV, The Guidant intravascufar brachythera-

py system. In: Waksman R and Sermuys PW {eds). Handbook of
Vaseular Brachytherapy. London, UK: Martin Dunitz Lid.,
1998: p, 53,

. Bruining N, von Birgelen C, de Feyter PJ, et al. ECG-gated ver-
“sus nan-gated three-dimensional intracoronary ultrasound analy-

sis: Implications for volumetric measurements, Cathet
Cardiovase iagn 1998;43:254-260.

. von Birgelen C, de Very EA, Minz GS, et al. ECG-gated

three-dimensional intravascular ultrasound: Feasibility and
reproducibility of the automated analysis of coronary limen and

151

20.

2

22,

23,

24,

26,

27

atherosclerotic plaque dimensions in humans. Cireulation
[997,96:2944-2952,

. von Birgelen C, di Mario C, Li W, ¢t al. Morphometric analysis

in three-dimensional intracoronary ultrasound: An in vitre and
in vivo study performed wilh a novel system for the cortour
detection of lumen and plaque. Am Heart J 1996;132:516-527,

. Prati F, Di Mario C, Moussa 1, et al. [n-stent neoinlimal prolifer.

ation correlates with the amount of residual plaque burden out-
side the stent: An intravascular ultraseund study. Circulation
1999,69:1011-1014,

Colombo A, Hall P, Nakamura S, et al. fntracoronary stenling
withont anticeagulation accomplished with intravaseular ulira-
sound guidance, Circulation 1995,91:1676-1688,

. Babaté M, van der Giessen WJ, Deshpande NV, ¢t al. Late throm-

batic occlusion of a malapposed stent 10 months afler intracora-
nary brachytherapy. fnt J Cardiovase Interventions 199%;2:55-59,
Rechavia E, Litvack F, Macke G, Bigler NL, Influence of
expanded balloon diameter on Patmaz-Schatz stent recoil,
Cathet Cardiovase Diagnt 1995;36:11-16.

Ttho A, Hail P, Maielle L, et al. Acute recoit of Patmaz.
Schatz stent: A rare cause of suboptimal stent implantation-
repori of twe cases with intravascutar ultrasound findings.
Cathet Cardiovase Diegn 1996;37:334-338,

Haude M, Erbel R, Issa H, Meyer I, Quantitative analysis of
clastic recoil after balloen angioplasty and infracoronary
implantation of balloon-expandabte Patnaz-Schatz stents. J Am
Cofl Cardiol 1993;21:26-34.

. Painter JA, Mintz G§, Wong 5C, e al. Serial intravascular ultra-

sound siudies fail 1o show evidence of chronic Falmar-Schatz
stent receil. Am J Cardiol 1995;75:398-400,

White CI. Stent receil: Cemparison of the Wiktor-GX coit and
the Palmaz-Schatz tuebular coronary stent. Cathet Cardiovase
Diagn 1997;41:1-3.

von Birgelen C, Airiian 8G, de Feyter PJ, et al. Coronary wall-
stents show significant fate, postprocedural expansion despite
implantation with adjunct high-préssure batfoon inflations. Am J
Cardiol 1998;82:129-134,



152



CHAPTER 13

The Outcome from Balloon-Induced Coronary Artery
Dissection After Intracoronary B-Radiation.
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Outcome from balloon induced coronary artery
dissection after intracoronary [ radiation

1P Kay, M Sabate, G Van Langenhove, M A Costz, A ] Wardeh, A L Gijzel, N V Deshipande,
S G Carliet, V LM A Coen, I’ C Levendag, W Van der Giessen, P J de Fevter, P W Serruys

Abstract
Objective—To evaluate the heating of balloon induced coronary artery dissection in individuals

who have received P radiation treatment and 1o propose a new intavascular ultrasound ([VUS)
dissection score to facilitate the comparison of dissection through time.

Dresign—Retrospective study.

Setting—"Tertiary referend centre,

Patlents—31 patients with stable angina pectoris, entolled in the beta energy resienosis trial
(BERT-1.5), were included, Alter excluding those swwho undenwent stent smplantation, the vvalu-
able population was 22 patients.

Interventions—Balloon angieptasty and intcaceronary radiation foliowed by quantitative coronary
angiegraphy (QCA) and IVUS. Repeat QCA and IVUS were performod at siv msonth fellow up,
Main outcomie measures—QCA and IVUS evidence of healing of dissection. Dissection
classification for angiography was by the National Heart Lung Blood Institute scale. IVUS proven
dissection was defined as partial or complete, The foltowing IVUS defined characteristics of dis-
section weze described in the affeczod coronary segments: [ength, depth, arc circumlerence, pres-
ence of fap, and dissection score, Dissection was defined as healed when all features of dissectivn
had resolved, The calculated duse of radiation received by the dissected area in those with healed
versus non-healed dissection was also compared,

Results—Angiography (type A=15, B=7, C=+) and IVUS proven (partiai = £2, com-
plete = 4} dissections were seen in 16 patients following intervention, At six month follow up, six
and eight unhealed disscctions were seen by angiography {A = 2, B = ) and IVUS {pariial = 7,
complete = 1), respectively, The mean IVUS dissection score was 5.2 (range 3-8} following the
procedure, and 4.6 (range 3-7) at follow up. No corrclation was found between the dose
prescribed in the treated arca and the presence of unhealed dissection, No change in anginal sw-
s was seen despite the presence of unhealed dissection. ’

Gonelusion—f radiation appears to alter the normal healing process, resulting in unleated dis-
section in certain individuals, In view of the delayed and abnormal healing vbserved, lng 1erm
follow up is indicated given the possible late adverse effects of radiation, Although in this coliort
no increase in cardiac events following corenary dissections was scen, larger populations are
needed to confinm this phenomenon, Stenting of all coronary «disscctions may be warronted in
patients scheduled for brachytherapy after balloon angioplasty.

(Hearr 2000,83:332-317)

Keywords: dissection; intravascutar ultrasound; angivgraphy; cotunary artery; brachsiherapy; angioplasiy

ment is used.” IF further anginplasty uf the
lesiogt is not undertaken, then it is recognived
that nearly atf angiogrephic dissection will heal
over a six month time frame"™ " Whether
synthesis, and negative vessel remodelling ln  intracoronary radiation will prevent thie process
tesponse 1o balloon injury have been docu- of natural healing after balicen induced dissec-
mented a5 the main nechanisms of ton has mot been <documented s Gy in
restenosis.' ! Inteacorenary radiation treatment  bumans. "L examine this, we retespectively
has recently emerged as a means of preventing  analysed coronary artery  dissections using
and treating restenusis in ceronary arteries @ngiography and IVUS, at dhe dme of meal-
treated by ballaon angioplasty, The theorctical et and at six montls Tollow vp. in paticats
benefit of radiation in preventing neointimal  eAted with intracaronacy mdintion following
preliferation resides in the destruction of more balloon aqgluplast)’. We '::lm aimed to compare
rapidly dividing smooth muscle cells.! ' 1t may  the prescribed dose received by the treated acea
not be surprising that by inhibiting the above P fndividuals ‘.V_"h non-healing dissection with
deleterious features of healing after ballpon the duse' recgned by those individuals with
angioplasty, intracoronary radiation may also healed disseetion.

alter normal healing precesses,

Corenary artery dissection s common after
balloot angioplasty. This is angiographically
visible in 20-45% of cascs following balloen
zngioplasty” and present in up 10 85% of cases
when intravascular ultrasound (1VUS) assess-

Despite excellent acute results, restonosis at six
mienth follow up after coronary artery battoon
angioplasty remains a serious problem.’ Exces-
sive neointmal formation, extracellular matrix

Methods

PATIENT SLLEGTION

Paticnts cligible for the study were  those
treated successfully with balloun angioplasty
[oltowed by intraceronary irradiation according
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Takle 1 IVUS diesection score

AAre Length Depin Flap
| =1 <5mm= Magrial =1 Yos =1
$0-180"=2 5-10mm=2 Complee=2 Mo=0
> 180°= 2 > 10mm =3
Table 2 Baschive characterisiics {n = 22)
Mean {S0) age (yeais) 55.7(9.3)
Coronary risk factors
Smakiang (n (%)) 15 (68)
Hypercholesteralagmia {n (%)) 12 (55)
Family hivtory (o (14)) 12 (33)
Mypertension {n (7)) 11 (50)
Diirbetes (n {%)) $1(26)
Treattad vevsed
LAE 0 () 12 (5%
LCX {n{to)) & (26)
RCA (a (%)) 1{(18)
Proseribad dose
(L)
2
s(3t)

LAD, left anterior descending coronary artery; LCX, left
circumflex coronary artery; RCA, right coronary ariery.

to the beta energy restenosis trial (BERT-1.5),
The purpose of this trial was to evaluate the
safety and efficacy of low dose i source jrradia-
tien following balloon angioplasty with and
without stent implantation in patients with sin-
gle “de novo” lesions of native corenary arter-
ies, The design of this tdal was a prospective
multicentre non-randomised feasibility soudy.
We used a strontium 90 ('Sr) source with
yurium as a pure B emitter, and patients were
randomised to receive 12, 14, or 16 Gray (Gy).
TFhe inclusion and exclusion criteria of this triat
have been previously reported.”!

HADIATION DELIVERY SYSTEM

‘The Beta-Cath system (Noveste Corp, Nor-
cross, Georgla, USA) was used 1o deliver local-
ised P radiation to a coronary artery at the site
of corunary intervention. "The device consists
of three components; (1) the transfer device
which stores the radistion source train and
aHuws the positioning of these sources within
the catheder; (2) the delivery catheter, which is
a 3 F muhitumen over the wire nen-centred
catheter whiclt uses saline solution to send and
return the radiation source train; and (3), the
radiation source train consisting of a series of
12 independent cylindrical seeds which con-

tain the radioisotope “Sr sources and is
bordered by wvo gold radiepaque markers
separated by 30 mm."

IYUS IMAGE ACQUISITION ANALYSIS SYSTEM
‘The segment subject e analysis was examined
with a mechanical IVUS system (ClearView,
CardioVascular Imaging System {CVIS), Sun-
nyvale, California, USA) with a sheath based
IVUS catheter incorporating a 30 MHz single
clement transducer rotating at 1800 rpm, The
transducer is placed inside a 2.9 F 15 ¢m long
senelucent distal sheath which alternatively
houses the puidewire (during the catheter
introduction) or the transducer {during imag-
ing, after the guidewire has been pulled back}.
To assure the correct identification and analy-
sis of the irradiated segment, certain steps were
followed. Firss, an angiogram was performed
after poshicning the delivery catheter, and the
relation between anatomical landmarks and the
two geld markers was noted. Typically, the
aortg-estial junction and the side branches
were used as Jandmarks. The landmark closest
n either of the gold markers was used as a
goide, During the motorised IVUS pullback,
ali side branches were counted and the guiding
landmark was jdentified. The corzect selection
of the marker was confirmed by visualising the
' position of the IVUS prebe during a contrast
injection. Once the acquisition was completed,
we selected the scgment of interest by 1aking
the digitised cross-sectional images proximal or
distal to the guiding landmatk up 10 30 mm,
which is the area encompassed by the twa gold
markers of the radiation source. At follow up,
we selected the same region of interest and
compared it with that after treatment,

PROCEDURL

The medical ethics committee of the Erasmus
Medical Center, Rotterdam approved the
study and all patients signed a written in-
formed consent form. In the BERT 1.5 trial
ballonn angioplasty was performed according
to standard clinical practice. Fallowing suc-
cesstul angioplasty, paticnts were randomised
to receive 12, 14, or 16 Gy, as calculated m
2 mm from she centre of the radiation source,
The 5 I delivery catheter of the Bera-Cath

Tl 3 lngiogrophic pavanntes pre- and postintertentton and @t six month follote up for patients ecith disseciion
Pre- provednry Rinsprocedre Folote py
Ditpignt Dose presnbed - MLD Digsectiog grade RD DS (%) M Bty grade RO DS ) AILD L
] 12 077 c 258 10 156 - 241 n 163 -0.09
2 3] 1.23 A 272 17 2.15 - 284 a 260 ~0.34
3 1z 0.78 B 2.44 26 180 - 277 3% 177 002
4 12 0.78 B 37 31 2.8 - 31 44 1.7% 0.3
5 4 1.2 L 321 3 212 il R 15 215 ~0.03
6 16 ng: A 273 o 1.92 A A 52 143 [LNR]
T 16 nah n 240 23 1.R% 13 2a4 23 1.58 (L8 ]
& 16 LAz c 282 25 212 - 296 51 L1 0.97
] 1h L5 [ 214 2% (X3 214 19 110 ]
n I “n < LU M L1 A by sl 10 wsel
12 L2 1.06 A 2,62 3 2.%4 - 3.2 15 Rl 117
13 12 117 A 282 29 2wy 327 53 sl tal
[17] 13 (BT B 121 22 2-m 1L 33 1 1,35 niz
7 14 1.3 B 249 25 1.87 - 274 13 2.44 -1
1% tz 001 L] 2.08 21 212 o 280 3 1.94 .12
0 12 .10 A 1.69 H 243 - 86 ki 273 -013
Azan 139 1.6 292 21.31 203 293 LR .77 0.27

MDY, minimal rminal diameter; 21, reforence diamuter, Y, diamarer stenosis; 111 lare loss index
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Figure I Invavascidor whratornd images (Teft asd contre) shorcing o double Timen detaeen 12 ond 1ok

postinterveniion. The vight image shoas the same feion at six monrk follore vp wwith the wihealed fobee honcn seen betivesn

H and 2 a’elock,

systern was inserted over the puidewire and
advanced such that the twe marker bands
encompassed the anginplasty site. The
guidewire was removed and the radintion
source train containing 12 “'Sr seeds was posi-
tioned between the geld markers using fuotu-
scopic visualisation, The seeds remained in
place for 2.5-3.5 minutes to deliver the
assigned dose of radiation, Follewing irradia-
tion, repeat angiogeaphy and 1VUS pullback
were performed. Intracoronary nitrates were
administered before the treated artery was
examined with IVUS, The 2.9 F [VUS cath-
eter {CVIS, Sunnyvale) was advanced distal 1o
the treated site. A continteus meterised
pullback at & speed of &5 mmfs was carried
out, followed by an angiographic control. At six
muonth angiographic foflow up, identical quan-
titative coronary angiogeaphy (QCA) and
IVUS examination of the teeated area was per-
formed.

N

v i

rresencd of w edge effecs and absence of angiegraphic disseeifon at six mouth folleiw v,
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DREFINFITONS
Dissection was defined both imgivgeaphically
and by FVUS. Angiopraphic disscetion was
defined using the Natonal Heart Lung and
Blood Institute criteria for the classification of
dissection.” QCA apalysis was  performed
before the intervention, after treatment, and at
six month follew up using identical gantey
positions. Coronary angivgraphy was  per-
formed afier intracorenary administration of
nitrates. The offline analysis of at least nwo
orthagonal projections  was  performed by
means of the cardiovaseular  angiogeaphy
analysis sytem (CAAS I, Pie Aedical BY,
Maastrichr, The Netherlands}. Calibration of
the system was based on dimcnsiens of the
catheters not filled with contrast medium. This
methwt of analysis lias been  previously
validated, ™ The following measurcments
were obtained in each projection: minimal
tuminal diameter (MLD), relerence diameter,
Y diameter stenosis, and lesion leogih, 1esion
Tength was user defined and not done by an
algoridun using curviniwee saivas of the diann-
cter Junction. The relerence diameter wis
obtained By an inerpolaed method. Acae
gain was defined as MDY measored alter
treatment minus MED preinervennion, Tine
loss was dutined as ML afrer reamment minus
ALY ad fsllone o 1ate loss imdes was delined
as Jate toss divided by acote i, Restenoss
was defined as = 3070 diameter sienosis at Tol-
Tow apand located within the treated e
IVUS disseetion wits delined as o tonginudi-
mal e panalle!l o ahe vessel wallt I all
patiznts with [VUS dercared dissecnon. lengih
are, and deptl swere yecorded. For melusaon in
the study all dissections were located within the
area treated by vadfiarion. Asial leogth was
measured i wiimetres, Clraumterenual ex-
tension was mueasured as an are i degrees. The
il depih of swald diseopnon was delined
as follows: partial - plague beween tear amld
adventiti; complele full thickness war ex-
tending Dirough e plingue to e adventing,'
An IVUS dissedtion score was ciealed o
rank the severity of dissection taable i) This
score faciitates comparison of dissection aljer
the procedure nd ar Fallow up Sssming et
woaissectiva s present, the peennal g of
the dissection score was 3 0, The dissection
was considered to be healed whein all features




Figin
the prevence of i ivitact dement (A) and an tetleated flap (B), correrponding 1o the same

ared.

s 3 Fhis IVUN forage corveates with she angiogram in fig 2. The avevclvads show

Ed Acute gain (3 Lata loss B Lale toss Index
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Figie 4 QCA analysis of healed versis novi-healed
dissection: {p = NS}

of dissection had disappeared. Portial healing
was considered to have occurred when at leasy
one feature of dissection persisted at Tollow up,
Absence of healing was defined as no change te
the dissection on foliow up,

The prescribed radiatien dose delivered 1w
2 mm from the source was recorded and com-
pared between individuals with and without
healed dissection,

SPALISTICAL ANALYSIS
Quantitative data are presented as mean (SD).
The nen-paired two taited Srudent’s 1 1ese was

Fable d  Postimrcrvention and six mond followr up of digsection evalnared v HHUS

used to cempare dose levels and healed/mon-
healed dissection,

Results

DASLL NG CHARACTTRISTICS

From April 1o Thecember 1997, 31 patienis
were treited at our institution accarding to the
BERT L3 il Bight pativats, who ceecived
stent implantation because of important recal
or angiographic and IVUS proven dissectivn
after balloon angioplasty, were excluded from
the assessiment. One padent relused [VUS
tollow up; the sume patient bl no evidenee of
dissection following treatment. Therefore the
study populaton was 22 patients. ''he baseline
characteristics of the patfents are shuwn in
table 2,

CLINICAL, ANGIOGRAPHIC, AND IVUS FOLLOW LT
At follow up 14 patieats (63%) remained
asymptornatic, Six patients presented with
stable angina pectosis; one with Canadian
Cardiavascular Socicty (CCS) class | angina,
one with CCS class 2, and four with CCS class
3, The fellow up apgiography demonstrated
restenosis (> 509 dinmeter slenosis on quanti-
tative coronary anglography) in five patiems
(24%). These included the four paticnts with
CCS class 3 angina. One restenotic patient
showed aneurysmatic fermation within the
irradiated arca. ‘I'he prescribed dose in resten-
otic patients was 12 Gy in one patient, 14 Gy
in one padent, and 16 Gy in three patients,
Dissection was seen in 16722 patients (73%)
after intervention using both angiographic and
1VUS criteria, At six month follow up dissec-
tivn was seen in six pativats on angivgraphy
(38%) and eight patiemis on IVUS (5¢%)
{table 3). Disagreement between [VUS and
angiography was caused by the presence of a
double lumen in one individual (fig 1) and a
flap in another (figs 2 and 3), neither of which
was detected by angiography. Angiographic
analysis of healed versus non-heated dissection
is presented in fig 4. No difference was seentin
the reference diameter, % diameter stenosis,
and MLD befere or after the precedure or
follow up for either the healed or the
non-healed dissection groups (table 3} As

Hererinzervoagtion

Foltng up

s RES
Hrieny Arc Teigl (omg)  Pcpih Flap sicre Am Taugih (e} Ehpeh Fop nord
| [N 5 I N 4 ar- 5 [ N
2 15 2 r N 3 E - -
3 %0* 5 [od N 1 - - - - -
4 £0° 5 P N 1 300 2 P N 3
5 90° 5 r N 5 30 2 r N 3
6 180° 2 c Y ki 189° 2 [ ¥ 7
? 90 [ o T 6 - . _ -
8 1 R’ n N 5 - -
9 180° 3 P N 5 150° 3 " N H
10 200 5 G N & . . -
12 o0 1 » N 4 - - - - -
13 o0 [ P N 5 - - - - -
1% o0 7 P N H %9° 5 | N 5
7 130" o [ N 6 - - - - -
19 20 1 I N 3 S0 5 r N 3
20 1207 3 e ¥ 5 1200 3 I ¥ 5
Mean 112 62 P=1216 N=1¥16 5.2 957 14 P=78 N=68 16

P, pacilal; C, complete; N, no; Y, es
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expecied late loss and late loss index were
greater in the healed dissection group, but the
difference was not significant. Bight patients
had  persisting  dissection  after VU3
examination-—sis had no evidence of healing
and two had partial healing {table 4). Three of
the hezled dissections resulied in restenosis.
The mean [VUS dissection score was 5.2
(range 3-8) after the procedure and 4.6 {range
3-7) at follkw up IVUS healed dissection
recelved a mean prescribed dose of 14 Gy and
non-healed dissection received 13.8 Gy (p
value not significant).

Discusslon

We describe coronary artery dissection follow-
ing intracoronary radiativn freatment in a
group of individuals whao had dissection noted
angiographically and with IVUS, but who did
not undergo stent implantation as the lesion
appeared stable under standard clinical condi-
tions, These dissections were not associated
with any significant acute or subacute clinical
sequelae, What is remarkable is that after six
month follow up, six of the angiographic
dissections and eight of the 1VUS proven dis-
sections persisted. In a similar patient popula-
tion who had undergone conventional balloon
angioplasty (n = 183), 87 patients (47%) sul-
fered a type A-C dissection after coronary
angioptasty. Only one dissection persisted at
six month follow up coronary angicgraphy
{DEBATL 1 subanalysis, unpublished data,
1999},

Why should these dissections fail 10 healin a
predictable manner as previously descrired in
conventional angioplasty? In an experimental
model, a reduction of cell profiferation in the
media and adventitia has been observed in the
early ghase after batloon injury and radiation
trearment. Furthermore, the expression of o
smooth muscle actin in the adventitia is
reduced afier radiation treatiment, suppesting a
positive effect on vascular remodelling ' Con-
sequently it appears that radiastion treatment is
directly implicated In aliering the healing proc-
ess afier balloon angioplasty, increasing the
potential for positive remodelling,” artezial
difatation, and non-healing dissection.

It remains uncertain as te whether the
dissections described represent permanent dis-
ruptions 1o the vessel wall or merely a retarda-
tion in the healing process. The possible
inhibltory healing effect of radiation may
diminish with time such that at a critical poiat
there may be a further activation of the resten-
otic process associated with the healing of the
digsection.

In an animal medel, Farb and colleagues
showed a reduction in necintimal formation in
“p.emitting radioactive stents three months
after implantation; endothelialisation was in-
complete, however, with only one third of the
entire intimal surface showing endothelialisa-
tion with poor formation of cell junctions.” As
a result of incomiplete or delayed endotheliali-
sation, late thrombesis may also occur among
the described dissections, It therefore would be
of considerable interest 10 tepeat IVUS assess-
ment of individuals undergoing intracoronary
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radiation treatment at a later date (12-18
months poestintervention) sv as to see if there is
evidence of persisting dissection or of wound
healing/restenosis, which may present in a
delayed fashion

Althougly the dissections did pot lead to an
increase of cardiac events in our population,
Preisack and colleagues recently described a
higher event eote in paticats who sottered cor-
onary dissections after balloon dilatation only,
Iy this study, the dissection type was highly
correlated with the probability of a clinical
event. Other authors have not feund a
difference in six emonth clinical cvent rate in
paticnes with stable coranary dissections.™

We feel that additional sweat implantation
may be justified in patieiws with dissections
who are about 10 receive brachytherapy follow-
ing balloon angioplasty. ‘This approach may be
warranted ¢ven if the dissection is stable, After
stent implantation in these circumstances, we
feel that a long term antiplatelet regimen (> 3
months) may prove helpful o the prevention of
tate  thrombatic  occlusion,  given  re-
endothclialisation scems to be delayed in this
patient cohort.

There have been no reports on y radiation
causing interference with the healing of dissec-
tion. Comparcd with y radiation a higher dose
of f energy is required in the near fivld to
deliver the prescribed dose to 2 mm, This
intrinsic feature of B radiation may be causing
the defeterious effect witnessed,”

The IVUS dissection score was created e
obtain a means of vanking and comparing dis-
section between postprocedural and follow up
features, Up to this point, there has been no
systein that emnploys the well described features
of dissection (are, length, depth, and presence
of flap) to create such a ranking, Clearly, the
fate at six month follow up of IVUS proven
postprocedural dissection s pot well sheseribed
and we must rely on evidence 1har is estracied
from angiographic follow up duta, An IVUS
ranking systerm may be uselul wo deseribe the
fate at follow up of dissection net only in the
context of nogntal balloon angioplasty, but alsa
after intracoronary racintherapy.

Using the prescribed dese delivered to the
tota! treated arca there was no o dilference
benween the dose prescribed and the presence
of non-healing dissection. On the ope hand this
relation may be genuine, on the other it may be
argued that this lzck of correlation results from
the use of the measure of radiation received by
the total wvessely this may not rellect the
radiation dose received by tie specitic area of
dissection,™ or the radiation which is poten-
tially transmitted down the disrupted tissue
planes of the dissection. It is pussible that such
tissue planes may permit greater passage of
radiation with deleterivus conseguences such
non-healing or aneurysmzl change, Bqually, it
is possible that cerain tissue characteristics,
such as heavy calcification, may interzupt
radiation dosing ta the fevel of the adventitia.
Clearly, IVUS provides superior information to
angiography in describing tissue chacacreristics
and is Jikely to be an integral part in the caleu-
lation of appropriate radiation dose in the




future,” so as to maximise efficacy and

minimise the complications of over- and
underdosing,

The design of the radioactive source delivery
catheter may also be relevant 2o its efficacy, A
non-centred catheter as used in this study may
lead to inhemogencous dosing, Alternative
centred ctevices are available; however, the
issue is syt unresalved and will be the subject
of further research.™

LIMITATIONS

W describe the phenomenon of non-healing
coronary artery dissection after balloon angie-
plasty in a small group of patients, The
vutceme of dissection in those with How limit-
ing dissection has not been defined, as these
individuals all had stents implanted, The
angiographic dissection control group for this
study is historical and there is no good descrip-
tion in the literature on the long term outcome
ol those with IVUS proven dissection,

CONCILUSION

f Radiaticn alters the nonmal healing process,
resulting in unhealed disseciion in certain indi-
vitluals, In view of the delayed and abnormal
healing witnessed, long term follow up may be
prudent, Although no increase in cardiac
events at six months follewing coronary dissec-
tion was seen in this cobori, larger populations
ure needed to confirm this  phenomenon,
Stenting of atl coronary dissections and the use
of profonged courses of antiplatelet agents may
be warranted in patients scheduled for brachy-
therapy following balloon angioplasty,

The Wenckebach prize was awarded ta W' Scrruys by the
Drtch Heart Foundatinn for brachytherapy research in the
cathererisation kburstury, The authors appreciate the elfotes ol
the catheterisation and radiation 3buratory sull, Br Kay is sup-
ported by the Natienat Heart Foundation of Now Zealand.
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The mechanism of restenosis after percutaneous coronary interventions and its treatment have
previously been investigated. However, due to its complexity and multifactorial nature, the
pathological process leading to restenosis is incompletely understood and consequently the
“magic bullet”, if there will be any, has not yet been found. In the first part of this thesis we
endeavor to improve our understanding of the mechanism of restenosis afier plain balloon
angioplasty and stenting — the current standard practice. In the second part of the manuscript, we
report on a new technology aimed at preventing the occurrence of restenosis: intracoronary
radiation therapy. Therefore, specific biological markers (first chapter) and the use of three-
dimensional intravascular ultrasound represented fundamental tools in our investigations.

The first chapter is an overview of the complex restenosis phenomenon. In the second chapter,
the relationship between inflammation, i.e. activated neutrophils expressing CD66 antigen, and
lumen renarrowing after coronary stenting and balloon angioplasty was tested. Qur results
confirmed previous hypothesis of a beneficial role of activated neutrophils in the restenotic
process after plain balloon angioplasty. The lack of relationship between activated neutrophils
and lumen renarrowing after stenting suggested that this leukocyte may favorably affect the
remodeling process,

The third chapter, corroborates not only those findings from previous intravascular ultrasound
(IVUS) studies showing that unfavorable remodeling plays a major role in the mechanism of
restenosis after balloon angioplasty, but also provides a new methodological approach to
investigate the restenotic process in humans. By the use of a new technology, three-dimensional
(3D) IVUS, we were able to demonstrate that: 1) the pattern of remodeling may vary within
individual coronary segment, 2) the selection of the cross-section with the minimal lumen area
at follow-up for serial TVUS analysis may be inaccurate since it does not reflect the location of
maximal lumen loss (i.e., the maximal restenotic reaction). In chapter 4, we demonstrated, using
volumetric IVUS-3D quantification of the entire stented segment, that the restenotic process
after implantation of two new generations tubular stents are exclusively due to neointimal
formation. in spite of differences in design and strut thickness, MULTILINK( and NTR{ stents,
both recently approved by the FDA, were able to maintain their radial support over six months
(i.e. no stent recoil) and eficited similar amount of necintimal proliferation,

In the second part, chapter 5 reports on the clinical application of a new therapy developed to
reduce restenosis, intravascular radiation. This new technology has recently been applied in
Europe and USA, and the first clinical studies have demonstrated its safety and feasibility with
promising results on reduction of restenosis.

As a new technology emerges, new methodologies must be developed to assess its clinical
impact. In chapter 6 we proposed a new QCA methodology, in which specific coronary
segments were defined; target segment, injured segment, irradiated segment and vessel segment.
Thus, we observed that “relocation” of the minimal [umen diameter is a frequent phenomenon
following intracoronary radiation using the 90Y-source and should be considered when
reporting the result of clinical trials,

Another fact to consider in the setting of radiation therapy is the need for accurate matching
between the injured and irradiated zones. In the field of radio-oncology, the so-calted
geographic miss has been implicated in treatment failure. Thus, we investigated {chapter 7),
using a specific QCA methodology, the incidence and clinical impact of not having completely
covered the injured ¢coronary segment by the radioactive source. Although we were dealing with
a “benign” disease, geographical miss, which occurred in 31.9% of the cases, had also a
negative clinical impact in our series, probably due to the combination of low dose radiation and
vascular injury, Late lumen loss was much higher in the segments with geographical miss as
compared to either irradiated or uninjured segments. The need for longer (> 30 mm) radioactive
sources has become obvious, since one third of the cases of geographical miss would have been
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avoided by the use of longer sources.

Considering the promising results of the first clinical trials (chapter 5) and based on the
observations of the first part of this thesis, one may consider the possibility that intravascular
radiation prevents both unfavorable vessel remodeling {after balloon angioplasty) and
neointimal formation (after stenting). Therefore, in chapter 8, we assessed the effect of P beta-
radiation following coronary interventions with and without stents. By the use of IVUS-3D
volumetric analysis, we demonstrated that radiation indeed reduces both unfavorable vascular
remodeling in non-stented vessel and neointimat formation within stented segments. The results
also suggested that plaque may grow outside the stent struts which was accommodated by vessel
enlargement,

The fact that segments adjacent to the irradiated “zone” will invariably receive lower dose of
radiation raises an important issue: “Does low-dose radiation induce lunen reduction and/or
plaque growth in uninjured coronary segments?” Using IVUS-3D volumetric quantification
{chapter 9), we observed that lumen loss and plague proliferation were similar between low-
dose irradiated and non-irradiated {non-injured) coronary segments. These results provide an
encouraging answer to the above query. These findings together with those from chapter 6
highlight the need for precise matching of the injured and irradiated segments for clinical
efficacy of intracoronary radiation.

Both catheter-based systems (high dose-rate) and radioactive stents (low dose-rate) have been
used to deliver beta radiation in the clinical setting. Given the different dose rates and total dose
delivered by each system, one may expect different arterial response subsequent to each
treatment. Thus, we investigated (chapter 10), by the use of IVUS-3D volumetric analysis, the
vascular response to either radioactive stent (0.75-1.5 pCi and 6-12 pCi) implaniation or
“conventional” stenting followed by catheter-based irradiation. Patients ireated with
conventional stents without radiation were also included in this study. The first observation that
emerges from our analysis was that low-activity radioactive stents had a similar effect, in terms
of neointimal formation, remodeling and “edge-effect”, to that of conventional stenting without
radiation. Secondly, we observed that both conventional stenting followed by irradiation and
higher activity radioactive stents inhibits neointimal hyperplasia. The somewhat intriguing
findings were the increase in total vessel and plaque volumes behind the stent when catheter-
based irradiation was applied. This phenomenon, preliminarity described in chapter 7, was not
observed after implantation of either conventional (without radiation) or radioactive stents.
Finally, lumen loss at stent edges was comparable between groups.

After understanding the mechanisms and clinical applications of these new technology, a word
of caution is provided in the final chapters (i 1-13) of this thesis, where potentially deleterious
effects of intracoronary radiation were critically analyzed, In chapter 1, an alarming high
(6.6%) incidence of sudden coronary occlusion late after intravascular radiation therapy was
reported. Delayed endothelialization, late stent malapposition and persisting dissection may be
implicated in this phenomenon. From this “unpleasant” experience, we learned that prolonged
antiplatelet therapy is highly recommended after intracoronary radiation therapy.

Chapter 12 reporis on the occurrence of stent malapposition detected by IVUS at 6-month
follow-up, in spite of good apposition after the procedure. By volumetric 1VUS-3D
quantification we noticed that vessel significantly enlarged in the segment of stent
malapposition. As described in the chapters 7 and 10, vessel enlargement (remodeling) is one of
the major consequences of inlracoronary radiation and may be observed even in the presence of
coronary stents, The combination of rigid tubular stents, vessel enlargement and diminished
tissue profiferation after radiation were the most plausible explanation for this uncommon
finding. Considering that both stent malapposition and delayed reendothelialization may be
implicated with late thrombosis and its potentially catastrophic consequences, implantation of
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coronary stents in the setting of catheter-based radiation therapy may be discouraged.

The fact that residual dissections may not be resolved until 6 months afler treatment in about
50% of the cases is another unique IVUS finding related to the use of brachytherapy (chapter
13). It is nevertheless important to note that the presence of unhealed dissection was not related
with any untoward clinical consequences.

In conclusion, intracoronary radiotherapy is a robust and promising technique to prevent
restenosis, Taking advantages of the accumulated knowledge in the first series of clinical trials,
in which difficulties in dealing with the “unknown” became apparent, the second wave of
clinical trials has the potential to establish the place of this new therapy. Whether this exciting
technology is a panacea has not been defined yet, but it is not likely considering the adverse
side-effects presented in this thesis. However, intracoronary radiation has certainly opened an
avenue for the application of “new energies” in the field of interventional cardiology.
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Samenvatting en Conclusies

Het mechanisme van restenose na percutane coronaire interventies and de behandeling hiervan
is het onderwerp geweest van eerdere onderzoeken, De complexiteit en het multicausale van dit
proces van restenose maakt dat het nog niet volledig begrepen wordt. Daarom is een eenduidige
oplossing van dit probleem ook nog steeds niet gevonden, Het eerste deel van dit proefschrift
behandeld het probleem van restenose na ballon angioplastiek en stent implantatie- de huidige
standaard behandeling. In het tweede deel wordt een nieuwe behandelingsmethode om restenose
te voorkomen beschreven: intracoronaire irradiatie, Specifieke biologische factoren ( eerste
hoofdstuk) en het pebruik van drie-dimensionele {3-D) intravasculaire echografie zijn de
belangrijkste onderzoekstechnieken in dit proefschrift.

Deel 1

Hoofdstuk | geeft een overzicht van het complexe fenomeen restenose.

In hoofdstuk 2 wordt de relatie tussen de ontstekingsreactie, zoals geaktiveerde neutrofiele
granulocyten die CD66 antigeen op hun oppervlak tonen, en de restenose na stenting en ballon
angioplastiek onderzocht, Onze resultaten bevestigen de eerder geopperde positieve rol van
geaktiveerde neutrofielen in het restenose proces na ballon angioplastiek. De afwezigheid van
een positief effect van geakiiveerde neutrofielen op restenose na stenting zou op een rol van
deze cellen in het proces van remodelering kunnen wijzen,

Hoofdstuk 3 bevestigt niet alleen het proces van negatieve remodelering na ballon
angioplastiek, maar beschrijft bovendien de door ons geprefereerde methode van bestudering
van restenose.Door gebruik te maken van deze nieuwe techniek: 3-D  intravasculair
ultrageluidsonderzoek waren we in 'staat om aan te tonen dat: 1. De uiting van remodelering
verschilt tussen coronaire segmenten, 2. het coronaire segment dat het grootste verschil in lamen
diameter toont bij vervolgonderzoek kan varieren,

In hoofdstuk 4 tonen we met 3-D echografische volume-metingen aan dat het restenose proces
na implantatie van twee nieuwe stents berust op neointime vorming. Ondanks verschillen in
ontwerp en draaddikte bleken Multi-Link- en NiR-stents, beide goedgekeurd door de FDA,
allebei evenveel steun aan de vaatwand te verlenen over een periode van 6 maanden en
aanleiding te geven tot een vergelijkbare hoeveelheid neointimale hyperplasie.

Deel 2

Hoofdstuk 5 beschrijft de klinische toepassing van een nicuwwe therapie om restenose te
voorkomen/behandelen: intravasculaire radiotherapie. Deze therapie werd recent voor het eerst
toegepast in Europa and de USA, en deze eerste klinische studies toonden de toepasbaarheid,
veiligheid en voorlopige effectiviteit bij de vermindering van restenose aan.

Wanieer nieuwe technicken het licht zien, hebben we vaak nieuwe methoden nodig om de
effectiviteit te meten. In hoofdstuk 6 introduceren we een aangepaste methode voor
quantitatieve coronair angiografie {QCA), waarbij specificke coronaire segmenten worden
gedefinieerd: het te behandelen segment, het door de (ballon)behandeling geraakte segment, het
bestraalde segment en het behandelde bloedvat. Op deze manier konden we aantonen dat de
plaats met de kleinste diameter (MLD) en dus de belangrijkste vernauwing vaak van plaats
verschuift na intracoronaire bestraling met de Y-90 bron en dat dit fenomeen in aanmerking
moet worden genomen bij de beschrijving van resultaten van klinisch onderzoek.
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Uit het vorige volgt dat bij intravasculaire radiotherapie de bestraalde zone de behandelde
zone nauwkeurig en volledig dient te omvatten. In geval dit niet gebeurd ontstaat er een situatie
waarbij het doelgebied voor bestraling zogenaamd effectief geografisch wordt gemist, een
bekende oorzaak van therapiefalen in de bestralingsbehandeling van tumoren, Daarom
onderzochten we in hoofdstuk 7 met behulp van deze aangepaste QCA methode het voorkemen
restenose in die gevallen waarin de radioactieve bron het behandelde coronaire segment niet
voldoende had omvat. Het bleek dat in die gevalien de optredende weefselreactie inderdaad
meer uitgesproken was en in veel gevallen (32%) aanleiding gaf tot klinische gevolgen. Late
vermindering van de vatdiameter bleek significant vaker op te ftreden in de segmenten met
geographisch gemiste bestraling, vergeleken met effectief bestraalde of onbeschadigde
segmenten. Het gebruik van langere radioactieve bronnen zou een oplossing kunnen vormen
voor dit fenomeen.

Restenose wordt voornamelijk veroorzaakt door vaatkrimp (na ballonangioplastiek) en
neointimale hyperplasie (na stent plaatsing). Om het effect van radiotherapie te evalueren
onderzochten we in hoofdstuk 8 het effect van P-32 beta radiatie op coronaire interventies met
en zonder stents. Door middel van 3-1 IVUS analyse konden we aantonen dat bestraling zowel
negatieve remodelering na ballonangioplastick als neointimate hyperplasie na stenting
vermindert. De resultaten suggereren ook dat de groei van de atherosclerotische plaque buiten
de stent toeneemt, maar dat dit gecompenseerd wordt door vergroting van de totale
vaatdiameter,

Het feit dat vaatsegmenten aansluitend aan de bestraalde zone zonder uitzondering een lagere

bestralingsdosis krijgl, werpt een belangrijke vraag op: “Stimuleert lage-dosering radiatie
lumenafname en/of plaquegroei in onbeschadigde segmenten van de coronair arterie?” Met
behulp van 3D-volumetrische ultrageluidsanalyse konden we in hoofdstuk 9 aantonen dat
lumenafname en plaquegroei in vergelijkbare mate optraden in met lage dosis bestraalde en niet-
bestraalde, niet bij PTCA beschadigde delen van de vaten, Deze bevindingen tezamen met die
van hoofdstuk 6 benadrukken de noodzaak van precieze lokalisatie van de bestralingbron over
het gehele beschadigde gebied om effectief te zijn.
Zowel lijinbronsystemen (hoge dosisafgifte per tijdseenheid), als radioactieve stents (lage dosis
per tijdseenheid) worden toegepast tijdens klinisch onderzoek, Gegeven deze verschillen in
stralingskwaliteit zou er een potentieel verschil in vaatwandreactie (e verwachten zijn. Daarom
vergeleken we in hoofdstuk 10 met 3-D volumetrische echoanalyse de vaatwandreaktie na een
radioaktieve stent (0.75-1.5 pCi en 6-12 pCi) met die na een niet-radioactieve stent gevolgd
door bestraling met een lijnbron. Als derde groep bestudeerden we patienten behandeld met een
conventionele stent zonder bestraling. De cerste conclusie van ons onderzoek was dat
radioactieve stents met de laagste aktiviteit zich niet anders gedroegen wat betreft neointimale
groei, remodelering en ‘edge-effect", dan niet-radioaktieve stents.Ten tweede bleken
conventionele stents die nabestraling ontvingen, en de hogere aktiviteit radioactieve stents beide
neointimagroel te remmen. Tof onze verrassing namen we hierbij een toename van vaatvolume
alsook plaquevolume waar, echter uitsluitend bij de groep met conventionele stents met
nabestraling. Dus dit fenomeen van positieve remodelering dat als voorlopige resultaten
gepresenteerd wordt in hoofdstuk 7, treffen we niet aan na radioaktieve steats, of conventionele
stents zonder nabestraling,

Na het onderzoek naar de klinische toepasbaarheid en het werkingsmechanisme van deze
nieuwe techniek, waarschuwen we in de hoofdstukken 11 tot 13 voor enkele potenticel nadelige
bijwerkingen van infracoronaire bestraling. In hoofdstuk [1 rapporteren we als eersten een
alarmerend frequent (6.6%) optreden van plotse late kransvatafsluiting na  eerdere
endovasculaire bestraling. Vertraagde endotheelcelbekleding, late stent-malappositie, en
persisterende dissectie kunnen alledrie verantwoordelijk zijn geweest voor dit fenomeen. De les
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vanl deze onaangename ontdekking was dat langdurige anti-thrombotische behandeling ten
zeerste aanbevolen dient te worden na endovasculaire bestraling.

Hoofdstuk_12 beschrijfi het vaststellen van stent "malappositie” (het overblijven van een
ruimte tussen de stentdraad en de vaatwand) door TVUS na 6 maanden, ondanks een goede
"appositie” (overal goed kontaki tussen stent en vaatwand) direct aan het eind van de
implantatie, Met 3-D volumetrische intravasculaire echo konden we aantonen dat ter plaatse van
de malappositie het bloedvat juist verwijd was. Zoals eerder beschreven in de hoofdstukken 7 en
10, is vaatvergroting (remodelering) een van de belangrijkste konsequenties van endovasculaire
bestraling en treedt zelfs op in aanwezigheid van stents. Het samengaan van een rigide
cylindrische stent, vaatvergroting en het verminderen van weefselgroei na radiatie vormit de
meest plausibele verklaring voor deze bevinding. Overwegende dat zowel stent malappositie als
vertraagde endotheelbedekking beide verantwoordelijk kunnen zijn voor late thrombotische
afsluiting, en de meestal kwalijke gevolgen daarvan, dringt zich de gedachte op om
terughoudend te zijn in het gebruik van stents in geval dat ook bestraling wordt toegepast.

Het feit dat vaatwand dissecties (scheuren) 6 maanden na de behandeling met radiatie nog in
50% van de gevallen niet genezen zijn, is een volgende echografische bevinding bij het gebruik
van brachytherapie en beschreven in hoofdstuk 13 Het is in deze contekst echter wel
belangrijk op te merken dat het persisteren van zo'n dissectie niet geassocieerd was met een late
komplicatie.

Als eindconclusie van dit proefschrift mag gelden dat intracoronaire radiotherapie een
krachtige en veelbelovende methode is om restenose te remmen. Gebruikmakend van de
ervaring opgedaan tijdens de eerste klinische onderzoeken, kan verder klinisch onderzoek de
plaats van deze therapie nader bepalen. Of deze interessante technologie als panacea kan worden
toegepast, is nog niet uitgemaakt, maar gezien de bijwerkingen zoals geschetst in dit proefschrift
niet waarschijnlijk. Intracoronaire radiotherapie vormt tenslotte wel duidelijk een nieuwe
energicbron voor interventiecardiologen in hun strijd tegen restenose,
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