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INTRODUCTION AND OVERVIEW OF THE THESIS

General background to coronary angioplasty and introduction of new angioplasty devices
Percutaneous Transluminal Coronary Angioplasty (PTCA) is the original term describing the technique
of alteviating coronary artery narrowings by inflating a short bailoon (8 - 45mm long) mounted on a long hollow
plastic catheter, which is introduced o the coronary artery over # thin (0.010 - 0.018 inch diameter) floppy
tipped guidewire via a peripheral arterial puncture (the femoral artery in the groin being in modern times the
most popular, then the brachial artery at the elbow and more recently, the radial artery at the wrist). Since its
introduction in 1977, this non-surgical alternative to coronary artery bypass graft operation (with its actendant
risks and unsavoury patient appeal} has undergone a metamorphosis from experimental clinical application into
the medical specialty of "Interventional Cardiology”. With its increasing clinical application, in addition to
broadening indications and therapeutic possibilities, however, its imitations in consistently producing successful
and uncomplicated results, have been exposed. Accordingly, a medical device industry rapidly burgeoned, hand-
in-hand with the specialty of interventional cardiclogy itself, providing extensive refinements in guidewire and
balloon catheter manufacture and design, Despite such advances in ballcon technology and the increasing
experience of plysicians engaged in daily practise, procedurai fallure, or abrupt clogure of the coronary artery,
durmng or shortly after angioplasty, has remained an inherent complication in 5-10% of cases attempted.

Perhaps more vexafiousty, recurrence of remarrowing, or "restenosis”, of an initially apparently
successtully treated artery, sufficient to require re-treatment or bypass graft sargery {or of a severity to cause
myocardial infarciion or even death) within the first 6 months, seems to have become an inevitable long term
drawback in more (han one in three patients treated. These two limitations of balloon angioplasty therapy have
consequently precipitated a furious search hy investigators worldwide for, on the one hand, a "magic bullet”,
in the guise of a biological, pharmacological or genetic panacea, which could be administered at the time of
angioplasty, and perhaps for some months afterward, to control the problem of resteposis, and on the other
hand, a "golden fleece”, in the forny of an alternative device, which would improve both immediate success
rates and alse reduce restenosis. [n the last 15 years, & mytiad of pharmacological and binfogical agents for
restenosis prevention have been investigated in multicenter randomized clinical trials, with ao convincing
success. In addition, over the last decade, a larger number of new interventional devices for coronary
revascularization have been progressively introduced to clinical practice, the principals among which have been
endoluminal metal stents of varying composition and design, cutting devices, namely directional, extractional
and rotational atherectomy and laser based devices, such as excimer laser coronary angioplasty. Each of these
devices has staked a claim for 4 niche in the treatment of coronary artery disease and randomized clinical trials
have been ingugurated to determine the clinical value of these new devices, compared with good old balloon
angioplasty, which is still 1he mainstay of transfuminal coronary intervention.

Directional atherectomy did not emerge from the muiticentre randomized CAVEAT and CCAT trials
with the type of superior acute and long term results over balloon angioplasty as had been perhaps expected by
its champions. However, in the BENESTENT and STRESS trials, the Palmaz-Schatz stent has been perceived
as providing superior acute and 6 month ¢linical and angiographic results compared with balloon angioplasty,
although only patients with stable angina and target stenosis in a vessel larger than 3mm were included, which
is an extremely circumscribed population, so that the conclusions may not necessarily be generalized to ail
climical situations. Nonetheless, the excitement generated among interventionalists has led to Federal Drg
Adminisiration {FDA) approval of the device for general use in the United States and to new phages of clinical
investigation. These include studies with increasing varieties of stent and specific studies aiming to redoce the
need for rigorous treatment with anticoagulation medication {which has been associated with excessive incidence
of bleeding complications), without increasing the risk of stent thrombosis and also to further improve the late
resuls, by more optimal stent implantation and use of biologically active coatings or even hiodegradable stents.
Excimer laser angioplasty has allowed percutaneous treatment of previcusly untreatable lesions and registry
reports indicate satisfactory acute success, although without impressive late angiographic results, The first
reported randonized clinical tral evaluating excimer laser angioplasty with conventional balioen angieplasty,
the AMROE trial {the angiographic aspects of which are reported in chapter 8 of this thesis), found no clinical
or angiographic henefit of laser compared with balloon angioplasty, in terms of acute success or 6 month
results, The field of new device angioplasty is thus developing rapidly, but must be vehemently considered to
be as yet in its infancy.

Thoraxcentre contributions to interventional cardiology

The clinical and research activities of the department of interventional cardiology at the Thoraxcentre
of the Academic Hospital and Erasnius University of Rotterdam, have firmly established this institution as a
major source of continuing advances in both (herapeutic approaches to percutaneous treatment of coronary artery
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disease, as well as in understanding of the biological processes, triggered by instramentation of diseased
arteries, In particutar, in the clinical arena, the imaging medium of contrast angiography has been harnessed
to maximize its informative capabilities, through the development of computer algorithms which can
automatically recognize the enhancement of the coronary lumen provided by the dirvect injection of contrast
material, The possibility to accurately and precisely quantify luminal dimensions and serial changes therein over
time, as a conseguence of biological processes or mechanical interventions, has provided the physictan with an
opportunity to gain insight to these biological processes and reactions to coronary intervention, in the clinical
setting. As early as [982, the application of so called "Quantitative Coronary Angiography” (QCA) for
evaluation of coronary angioplasty was already being demonstrated and recommended by the Thoraxcentre
group. However, as with all new innovations, the enthusiasm of the inventors was not initially generally sharect
by their peers and # was some years Iater before the first major international clinical introduction of the
Cardiovascular Angiographic Anpalysis System (CAAS) was witnessed, in the context of a multicentre
ranclomized trial of 4 pharmacological agent for prevention of restenocsis. Since then, quantitative angiography
has really become the "gold standard" for investigation of biological and mechanical coronary artery
interventions, and accordingly, forms the basis of the studies described in this thesis,

Purpose of this thesis

The purpose of this thesis was twofold; firstly, to investigate and demonstrate the appropriate
applicability of angiography, particularly quantitative angiography, to the evaluation of the acute and long term
effects of coronary angioplasty (chapters 1 - 6); secondly, to addresses one of the principal clinical issues in
interventional cardiology today, namely, whether the type of device used for coronary angioplasty influences
the potential for development of restenosis, or is it merely the magnitude of the result achieved at angioplasty
alone which determines late outcome, regardless of the device used. As will emerge in this overview and in the
thesis itself, our hypothesis Iias been that the device used does exert an independent inflwence on restenosis, 4s
a consequence of the specific natere and extent of injury imparted to the corenary artery during intervention,
which is characteristic of the mechanistic effect of each different device, as well as depending on the degree
of luminal enlargement forced upon the diseased vessel. The finding of such a "device specific” influence on
restenosis would carry practical implications for the future clinical use of the different devices. In chapters 7
to 11, the following devices are evaluated: bafloon angioplasty, as already briefly described, the original and
still predeminantly used coronary intervention; coronary stent mmplantation, fisst introduced in 1986 and
comprising a balloon-expandable or self-expanding, metal coil or mesh which can be permanently placed in a
coronary narrowing using a balioon catheter (a number of designs of varying metal composition and geomtetry
are now available, 3 of which are included in the studies in this thesis); directional atherectomy, intreduced in
1989, and is essendally 2 cutting device intended to remove coronary atherosclerctic plaque by a hollow cone
shaped cutter with s stabilizing balloon, which is introduced to the coronary artery over 4 guide wire, in similar
fashion to ballooz catheters; and finally, excimer faser coronary angioplasty, which is a method ef vaporizing
coronary agtery disease using pulsed laser light, introduced through special layered fiber catheters.

Summary of the individual chapters

Chapter 1 of this thesis provides an extensive clinically relevant description of the technical aspects of
automizted quantitative angiography using the Cardiovascular Angiographic Anafysis System (CAAS), including
its evelution from research tool for gvaluation of coronary artery disease to its widespread on-fine clinical
employment in interventional cardiology. Also explored are the challenges to its capacity to consistently provide
reliable coronary artery luminal measurements, which have been encountered through its progressive application
to evaluation of coromary angioplasty and intervention with new devices and how we have managed to address
some of these limitations, by systematic introduction of standardized methods of angilographic acquisition by
clinicians and off-line quantitative analysis in a designated core laboratory.

Chapter 2 introduces the clinical application of quantitative angiography to interventional cardiology.
In particular, the nature and clinical relevance of the coronary lumipal measurements provided by avtomated
analysis is delineated and the biological insights to the process of restenosis provided by the serial application
of quantitative angiography to clinical interventional investigations is presented. In addition, we expound the
hypothesis of device specific differences in provocation of restenosis, which is the principle subject of the
second part of this thesis, based on some previously published circumscribed studies and preliminary
investigations of patient data which are comprehensively interrogated and presented in detail in chapter 10 of
this thesis. Novel original approaches for comparstive evaluation of restemosis propensity of interventional
devices, using measurements provided by quantitative angiography are also proposed and form the basis for
many of the studies presented in the second part of the thesis.
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In chapter 3, the usetulness of angiography for evaluation of two of the major unwanted potential
consequences of corenary angiopiasty, namely, intracoronary thrombus and intimal dissection, is comparatively
evaluated using intracoronaty angioscopy (an investigation which allows direct visualization of the coronary
lumen, but without the possibilities of quantification of the [umen dimensions). It emerges that although
angiography both detected and outruied important intimal dissections reasonably relizbly, considerable intimal
disruption was missed angiographically and the presence of intracoronmary thrombus was significantly
underestimatedd by angiography, despite the absence of talse positive findings. Thus, it non-obstructive coronary
thrombus is an important nidus for development of restenosis, as is generally believed, this association must
be studied by means other than angiography. Accordingly, angiographic thrombus is not considered in the later
chapters of this thesis dealing with determinants of restenosis. Similarly, based on these findings, as well as our
prior finding of no association between angiographically visible, non obstructive dissection with late restenosis
(f Am Coll Cardiol 1992;20:767-80), this angiographic feature is also not further investigated in relation to
restenosis in this thesis,

Chapter 4 investigates the possibility of routine use of a single angiographic projection for quantitative
angiographic analysis, by comparing measurements obtained by automated edge detection and videodensitometry
from orthogonal angiogzaphic projections {angiographic recordings of the target coronary artery in perpendicular
planes) before and after angioplasty and at 6 month follow up. Tf found to be as reliable as the use ot multiple
projections, this would obviously considerably facilitate interventicnal procedures and simplity the performance
of serial angiography for quantitative analysis in clinical interventional trials, Our evaluation however, showed
considerahle variability between orthogonal measurements by both approaches at all stages of angioplasty, a
finding which mitigates against the reliability of quantitative analysis from a single angiographic projection.
Accordingly, afl studies in this thesis are based on quantitative analysis from multiple angiographic projections
serially identically repeated before and after intervention and at follow up. Our observation that the presence
of angiographically visible dissection post angioplasty did not adversely affect the variability in crthogonal
measurements, coupled with the superior agreement between orthogonal measurements pre-PTCA and at follow
up, suggests that angiographically undetected changes in target lesion morphology or geometry as a consequence
of balloon difatation (as demonstrated in chapter 3) may be responsible for the poor agreement between
orthogonal measurements post-angioplasty.

Chapter 5 deals with the mportant consideration of whether there are fundamental changes in the
coropary artery luminal dimensions within the tirst 24 hours, which might invalidate quantitative analysis of the
angiogram recorded after the procedure, as has heen the routine approach over the years, and mandate the use
of repeat angiography 24 hours after angioplasty, for any clinical studies investigating restenosis - a finding
which would obviously have major repercussions for clinical practice, as well as research. The rigorous
methodelogy applied (including, in keeping with the findings of chapter 3, the use of multiple projections
identicalty repeated at 24 hours), provided highly reliable angtographic data and facilitated demonstration that
no significant deterioration occurs at the dilated site during the ficst day after suceesstul balloon angtoplasty,
so that the previously suggested phenomenon of delayed elastic receil was not found to exist, However, because
of a significant increase in the reference diameter of treated lesions over the 24 hours, a significant increase was
consequently observed in derived percent diameter stenosis measurement. This finding cosfirms the potentially
misleading information which may be provided by use of percent diameter stenosis and re-emphasises the need
to focus on absolute coronary luminal measurements in clinieal studies. [n addition, the previcusly un-
investigated post-angioplasty measurement variability of the CAAS system was found to be 0,20mm, which is
eminently acceptable, in view of the potential difficulties with analysis of post-angioplasty angiography (as
described in chapter 3). Accordingly, the post-PTCA angiogram could be considered to provide a reliable image
of the end-result of the provedsre, withous recourse to further repeat angiogzaphy 24 hours later,

Tn chapter 6, subjective so-called “qualitative” angiographic coronary lesion morphological features,
ay well as automatically provided quantitative measurements are investigated, along with patient clinical factors,
to determine their usetulness in predicting the occurrence of unfavourable cutcome of coronary balloon
angioplasty ie. occurrence of death or myocardial infarction or requirement for repeat angioplasty or for bypass
graft surgery, during the same hospital admission. It is established that quantitative measurements were not at
all helpful in predicting the occurrence of unfavourable outcome, but unstable angina at the time of angioplasty,
target lesion located in the mid-segment of the artery or in a coronary bend > 45 type C lesions and the
presence of an angiographically visible dissection after angioplasty were independently predictive of a greater
likelihood of adverse cardiac events, Of course, it is not surprising that dissection is predictive of unfavourable
outcome, since virtwally all acute and sub-acate occlusions occurring at the time of angioplasty are associated
with the presence of more serious types of dissection (associated with obstruction to blood flow), invariably
leading to one of the unfavourable outcomes listed. Quantitative measures were not predictive of unfavourable
omrcome, but perhaps study of larger numbers of patients with unfavourabie outcome would be reguired to
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detinitively corroborate this finding,

Part two of the thesis is concerned with evaluation of late effects of intervention, specificaily,
comparisen of the long term effectiveness of different devices with regard to their tendencies to provoke
Testenosis. Since different devices are more suitable for systematic use in large or small vessels, in chapter 7,
the first fundamental aspect of the problem to be investigated was whether or not the size of the coronary artery
itself could influence late renarrowing after angioplasty. A comprehensive investigation provided the information
that larger vessels are independently associated with 4 lesser tendency to venarrowing than smaller vessels.
Accordingiy, failure to take account of the influence of vessel size in a comparisen of devices might provide
misleading results. When vessel size was controlled in multivariate analysis, the confounding influence was no
fonger evident. [t is apparent therefore, that for comparative evaluation of angiographic results of intervention
by different devices, whereby fundamental differences in coronary vessel size are evident, the comparison, in
order o provide valid results, must take account of this important confounding factor. For this reason, in
chapters 10 and 11, where 4 patieat groups treated by different devices are compared, relative measures of
luminal change are used, as introduced in chapter 2, whercby the CAAS provided interpolated reference
diameter pre-intervention is used as the constant point of reference, rather than employ the unreliable method
of percent «iameter stenosis, as already shown,

Chapter 8 compares late angiographic results of excimer laser angioplasty and ballocn angioplasty
among patients whe had been enroled in a randomized comparison of these devices for treamment of longer
coronary lesions. Accordingly, in keeping with our proposals in chapter 2 and 5, we employ absolute coronary
measurements, since the groups have been individually randomized and are well matched for baseline
characteristics, particularly vessel size (in keeping with the findings of chapter 7). Focusing on angiographic
restenosis propensity provides definitive findings that excimer laser is more provocative of restenosis than is
angioplasty alone, both in the general inter-group comparison and also in the anciflary sub-group evaluations.
We believe this finding may be due to inherent properties of laser induced vessel imjury (as it was being
clinically employed during the course of the Amsterdam Miami ROtterdam Eindhoven (AMROE) triul}
compared with conventional balloon injury and tiat ic supports our hypothesis of device specific ditferences in
restenosis propensity,

in chapter 9, we compare what may be considered in some quarters as the "devices of the future”, the
potential "gelden fleece”. Proponents of directional atherectomy believe this device, when optimally applied.,
may be the ideal interventional device, by thorough removal of plaque, facilitating maximization of the coronary
lumen. On the other hand, stent enthusiasts constder implantation of & permanent prosthesis, with its scaffolding
and anti-recoil properties and potential to completely "normalize” the narrowed coronary segment, to be the
ultimate panacea tor restenosis. By individually matching patients to be compared for baseline clinical and
angiographic characteristics, we provide a "sutrogate for a randomized trial” and find that stent implantation,
at least in our hands, provides superior acute results, This superiority is maintained in the long term (6 mounths
follow up) and was associated with significant clinical benefit, in terms of reduction in frequency of major
adverse cardiac events (as defined in chapter 6). To confirm that such superiority is not merely & function of
the larger wcute result, as has been the claim of other investigators, we performed a second comparison
volving matching of patients for the post-procedural result, as well as baseline characteristics, In this manser
it emerged chat significantly less renarrowing developed in the patients receiving a stent, who consequently had
& superior late angiographic result. This finding may be interpreted as a device specific effect, whereby
achievement of simifar luminai increase is associated with less vessel injury by stent implantation than by
directiond] atherectomy.

Chapters 10 and 11 invelve serial comparative evaluations of patient populations treated by different
interventional devices, using the relative angiographic parameters introduced in chapter 2 and the multivariate
modelling and graphic approach applied for the first dme in a clinical study in chapter 7. The first comparative
evaluation of 4 devices which we performed is described in chapter 10. At that time (1992), we had already
prospectively collected patient data on 1452 patients treated by halloon angioplasty, 120 hy directional
atherectomy, 104 by Wallstent and 100 by Wiktor stent implantation, with serial quantitative angiography pre
and post intervention and at follow up. Since chapter 7 showed the confounding inftuence of vessel size on
outceme, relative angiographic parameters were employed to control for dus. Sigpificant differences were
observed in angiographic restenosis propensity between the 4 devices, indeperdent of baseling lesion severity,
lesion location and luminal increase at intervention, Although the evaluations represent a novel and
unconventioml approach and, as such, require some digestion, the essence of the message can be gleaned from
the 3 dimensional graphs, which, interpreted at their simplest, demonstrate differences in the slopes of the
“planes” berween the 4 groups and differences in the Y axis levels of the 3 points of comparison between the
4 groups. In basic terms, for a coronary lesion of given severity, focation and vesse! size, a given acute result
will lead to differing late angiographic results, depemding on the device. Unfortunately, the faci that
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demographic ditferences existed between the 4 groups, could theoretically have influenced the findings, so
definitive conclusions can be criticized, even though the findings are quite significant and support the hypothesis
espoused in chapter 2, Other studies, referred to in this chapter and in chapter 11, which included clinical and
histological as well as anglographic characteristics in evaluation of determinants of restenosis, did not #ind ¢hat
inclusion of thess additional characteristics altered the fundamental angicgraphic relationships described.
However, aithough these findings would support the validity of the angiographic results of this study, the
evidence is somewhat circumstantial. Accordingly, further comparison between more homogencus patient groups
treated by ditferent devices was considered necessary to further evaluate the hypothesis as described in chapter
11.

Chapter 1! involves comparison of angiographic restenosis propensity between a farge group of patients
treated by balloon angioplasty (the size of this group does not unbalance the comparison, but rather increases
the statistical power to detect important inter group difterences, due to the greater number of "observations™)
and relatively large (relative to single centre experience throughout the world) groups of patients treated by
Palmaz-Schatz stent implantation, directional atherectomy or excimer laser angioplasty. Use of the previously
established comparative methodology again demonstrated fundamental differences in angiographic restenosis
propensity between the patient groups treated by different devices (again, independent of variations in lesion
severity or location, vessel size or luminal increase}.

Although critics may still point to possible unseen influences of subtle patient, procedural or lesion
difterences, these findings are in agreement with the findings of chapters 8, 9 and 18 and, considered together,
convey the essence of "device specific” influences on late results of intervention and confirm the validity of our
hypothesis formulated in chapter 2. Ultimately, to satisfactorily resolve the issue, randomized comparisons will
be required between devices, with a prerequisite for optirnization of acute results and with additional application
of serial intravascular ultrasound, to possibly provide a mechanistic explanation for the tindings, Appropriate
methodofogy for suitable evaluation of testenosis propensity of coronary interventions is established in these
studies, Superior devices for intervention my be considered to be those which provoke the lest degree of luminal
renarrowing (relative luminal loss) with incremental luminal maximization (relative gain) during istervention.
Useful adjunctive therapy should demonstrate a significant reduction in the relative loss response to increasing
relative gain if it is to be accredited with a real inflvence on the process of restenosis. In the concluding chapter
of the thesis, further interpretative considesation is given to these findings, with particular emphasts on the
maplications for clinical practice in the foare,
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CHAPTER 1

TECHNOLOGICAL CONSIDERATIONS AND PRACTICAL
LIMITATIONS IN THE USE OF QUANTITATIVE ANGIOGRAPHY

DURING PERCUTANEOUS CORONARY RECANALIZATION.

Strauss BH, Escaned J, Foley DP, di Mario C, Haase J,

Keane D, Hermans WR, de Feyter PJ, Serruys PW.

PROG CARDIOVASC DIS 1994;36:343-63.

15



16



Progress in
Cardiovascular Diseases

VOL XXXVI, NO 5

MARCH/APRIL 1994

Technologic Considerations and Practical Limitations in the
Use of Quantitative Angiography During Percutaneous
Coronary Recaralization

Bradley H. Strauss, Javier Escaned, David P. Fofey, Cario di Mario, Jiirgen Haase, David Keane,
Waiter R.M. Hermans, Pim J. de Feyter, and Patrick W. Serruys

LTHOUGH the deveiopment of selective

coronary arteriography' rapidly led to s
acceptance by cardiologisis as the “gold
standard” in the diagnosis of atheroscierotic
coronary artery disease {CAD), many authors
have reported on the pitfalls associated with
visual interpretation of the coronary angic-
gram.>* The variability associated with visual
quantification of stenosis has been shown to be
related not only with the degree of compromise
of the arterial lnmen,” but aiso with the lack of
uniformity in identifying the narrowest point of
the lesion,® with the quality of the angiograms,”
and with multiple anatomical factors, including
lesion length, vessel irregularity, and branch
overlap.? Selection of the angiographic view
showing the stenosis at its most severe is equally
aflected by variability.* Although the variability
agsociated with visual interpretation of coro-
nary arteriograms can be reduced by a consen-
sus panel,” it is sclf evident that such an ap-
proach is cumbersome, time-consuming, and
cannol be applied during on-line analysis in
cardiovascular interventions.

The advenl of computerized image analysis
and quantitative coronary angiography (QCA)
has made possible the objective study of angio-
graphic images over the past 15 years. During
the same time period, the generalization in the
use of percutaneous revascularization tech-
nigues using balloon angioplasty and other tech-
niques such as coronary atherectomy and stent-
ing has expanded the use of QCA in both the
clinical and research ficlds. As a result of
application of these interventional techniques,
the data obtained have to be vsed 1o provide the

operators with rcliable information not only
about the severity of the stenosis but also about
aspects relevant to procedural decisions, Match-
ing the size of the interventional device to the
artery is required during recanalization to mini-
mize vesscl damage that may precipilale acute
vessel occlusion and late restenosis.'™! Objee-
tive information on the changes in iuminal
dimensions obtained by the technique during
the procedure may be required to decide
whether discontinuation of the procedure or
further recanalization is needed.’** For the
researcher, quantitative angiography has be-
come the main tool to asscss not only the
primary clficacy of a particular technigue but
also the luminal renarrowing in the long term.

The purpose of this article is to understand
the advantages and fimitations of QCA in the
ficld of interventional cardiology. The Cardiovas-
cular Angiography Analysis System (CAAS),
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developed at our institution and previously
described in detail elsewhere, P ¥ will be used as
an ¢xample, because it incorporates the two
modalitics of analysis that are more widely
used, namely detection of luminal contours
{so-callcd edge detcction) and densitometry.
These two types of analysis arc discussed sepa-
ralely. A detailed comparison highlighting the
similarities and differences between the CAAS
and other QCA systems can be found in several
reviews in the literature, 1920

CONTOUR-DETECTION QUANTITATIVE
ANGICGRAPHY

The first approach uscd in quantitative angi-
ography consists of the analysis of the distances
found between the leading edges of the luminal
silkouette. From an historical point of view, this
constitutes the first atternpt to quantify vessel
dimensions using calipers, either manual,\?
sometimes with optical magnification,® or digi-
tal ¥ Luminal diameters are widely used in
quantitalive angiography given the ease of mea-
surement and probably becanse the fact that, at
least at first glance, the information obtained
with automated edge detection conveys informa-

C

Fig 1.
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tior comparable with that used during visual
interprefation of the angiogram or kand-held
calipers (although this aspect has been gues-
tioned by the work of Fleming et al, who found
a better correlation between visual estimation
of stenosis severity and luminal area dervived
from QCA analysis),

Despite its apparent simplicity, contour detec-
tion requires a sophisticated methodology for
its adequate application. Because the borders of
the luminai sifhouctte in the cineangiogram
consist of a gradient of densities, identification
of the true luminal borders is still uncertain and
is a major causc of variability in the measure-
ments. The problem posed to automated sys-
tems of edge detection is to establish at which
level the transition beiween background and
luminal densities of the opacified vessel ocours
(Fig 1). In most automated systems, a two-
dimensional analysis of the density observed in
individual scaniines perpendicular to the vessel
centerline salves this problem. Critical changes
in brightness are detected by using the first and
second derivatives of the density. The auto-
mated search is performed in consceutive scan-
lines that are repeated at close intervals over

Steps tollowed during automated detection of luminal borders from the cineangiogram are shown. {A) The borders consist

of a gradient of densities, pesing the problem of establishing at which level the transition between background and furninal densities
of the opacified vessel occurs. (B} A twoe-dimensicnal analysis of the density observed in individual scanlines perpendicular to the
vessel centerline is performed. (C) The density observed in these consecutive scanlines is obtained. (D) Critical changes in
brighiness, corresponding to the transition between background and opacified lumen, are detected by using a combination of the
first and second derivatives of the density. (E) The identification of luminal edges is based not only on individual scanlines but also on
the overall information obtained from neighbering scan lines, which decreases the contribution of spurious variations in density that

are observed a single scanline {arrow in D)
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the studied segment. The information con-
fained in an individual scanline may be influ-
cnced by local sources of emor in edge detec-
tien, such as originating branches or overlying
structures; therefore, the automated identifica-
tion of luminal edges is based not only on
individual scanlines but also on other neighbor-
ing scanlines. This identification is performed
using so-called minimal cost algorithms, which
facilitate edge detection over the length of the
arterial segment being analyzed. By restricting
the relevance of the information of cach indi-
vidual scanline, minimal cost analysis assumes
that no drastic change in the contour of the
vessel will occur in a very short segment. Thus,
when complex angiographic morphologies with
overhanging cdges or abrupt changes are ana-
lyzed, errors derived from pitfalls in cdge detec-
tion can occur. Finally, for a more precise
detection of the luminal edges, an iterative
method, which involves recalculation of the
centerline and a new detection of the luminal
contour, is applied. Each of these steps s fully
automatic, and the only requirement for the
user is the selection of the segment to be
analyzed and the identification of a few arbi-
trary centerpoints within that segment.

Once the luminal diameters have been ob-
tained, the distance between the edges at the
level of each individual scanline can be easily
calculated in pixel units. Calibration of the
system with a structure of known dimensions,
such as the filmed catheicr, makes possible the
transformation from pixels to absolule units.
When the diameter values are plotted against
the length of the analyzed segment, a so-cailed
diameter function is obtained (Fig 2). Applica-
tion of specific algorithms to the diameter
function makes possible the calculation of a
number of angiographic parameters. For ex-
ample, in the CAAS system, the application of a
curvature-detection algorithm to the diameter
function identifies the location where a critical
decrease in luminal dimensions {that is, one
that is attributable to the stenosis and not to
spurious variations in luminal diameter) occurs.
The same principle is applied to identify both
limits of the stenosis. Minimal luminal diameter
(MLD) is easily identified in the diameter
function as the point with the lowest diameter
value,
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DETERMINED BY
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EXTENT OF DBSTRUCTION
DIAMETER FUNCTION

Fig 2. Schematic representation of a diameter function
curve shows MLD, interpolated reference diameter, and the
extent {or length) of the chstruction as determined by the
curvature analysis.

For the caleulation of relative measurements
(percent diameter stenosisy, MLD is compared
wilh a reference scgmenl. Although the latter
can be defined by the user, it is obvious that
visual identification of a reference segment
would be associated with a similar variabilily as
the point of minimal diameter, particularly in
cases where the proximal part of the arterial
segment shows a combination of stenotic and
ectatic areas or in cases where a “rnormal”
portion is just not clearly available. In an at-
tempt to provide a solution to this problem, the
CAAS system incorporates an interpolated ref-
erence diameter that is derived solely from the
infermation conveyed by diameter function. In
the CAAS sysiem, the algorithm used for inter-
polation of the reference dimensions involves
the calculation of a fGrst degree polynomial,
computed through the diameter values of the
proximal and distal portions of the arterial
segment, followed by a translation to the 80th
percentile level (Fig 2). Interpolated reference
diameter techniques are also useful when re-
peated measurements of the same segment are
required, such as during follow-up studies after
intervention. However, it is nol possibic to
apply this technique when no reliable proximal
or distal segment is present, such as in ostial
lesions or in segments with incomplete opacifi-
cation of the distal segment (Fig 3). In those
cascs, the selection of a reference segment by
the user is justified (Fig 4).



REFERENCE DIAMETER
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BYFASS STENOSIS

Fig 3. Measurement of the reference diameter for an ostial
lesion is shown. The computer-defined reference diameter is
inaccurate in situations where there is no reliable proximal or
distal boundary {eg, estial lesion or lesions Jocated at the
origin of a side branch). In this situation, the analyst must
determine the reference diameter {user-defined},

In the CAAS system, the combined use of the
interpolated reference dimensions over the ana-
lyzed segment and the detected luminal edges
yields an estimate of the protrusive area of the
atheromatous plaque (Fig 5). Similarly, a sym-
metry index is calculated as the ratio of the
angiographic plaque observed at both luminal
edges.

The curvature value is an altempt to convey a
measure of the degree of curvature or bending
of the coronary segmenlt being analyzed (Fig 6).
The angiographic projection in which the vessel
appears Lo be the least foreshortencd (ie, where
the measured absolute distance between the
proximal and distal boundaries of the segment
is greatest) is chosen for the curvature analysis.
The inflow and outflow angles are derived from
the siope of the diameter function at the de-
scending and ascending limb of the diametcr-
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SYMMETRY= b/a |

CURVATURE =
1/R

Fig 5. Determination of the area plagque, symmetry, and
curvature values is shown (see text for details}.

function curve at the defined site of the obstruc-
tion (Fig 6). The information derived from
these parameters may be relevant in character-
izing the hemorrheologic behavior of the steno-
sis and has been helpful in studying the charac-
teristics of coronary artery lesions at risk of
thrombotic occlusion? and in assessing the
modifications in stenosis morphology after coro-
nary stenting.’

DENSITOMETRY

The basic principle on which densitometry is
based is the existing relationship between the
attenuating power of the lumen filled with
contrast medium, which is a function of luminal
arca, and the x-ray image intensity.™ From this
information, a densitometric profile that is pro-
portional to the cross-sectional area of the

o DIAMETER ECHOCATHEYER

DIAMETER C.AAS _-)

DIAMETER
FUNCTION

|EGHO GATHETER LOGATION

Fig4. The user-defined reference diameteris alsc usefut when the exact diameter is required at a specific lecation in the coronary
artery. {A) In the validation studies of intravascular echo catheters, the tip of the echo-catheter is visible, and the diameter of the
segment {3.26 mm) has been determined by the CAAS analysis. (B) It is also clear from the schematic diagram that different
diameters are measured by the two methods, when the intravascufar eche catheter is placed in a bend in the coronary artery.
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CUTFLOW
— ANGLE

INFEOW
ANGLE +—

B

DIAMETER FUNCTICN (DF}

Fig 8. Determination of inflow and outflow angles from the
diameter function is shown {see text for detaiis). inflow angle
is the average siope of the DF between B and A; outflow angle
is the average slope of the DF between B and C.

lumen is obtained, irrespective of its morphol-
ogy. Thus, whereas cdge detection analysis
yields luminal diameters, densitometry provides
an estimatc of luminal arca. A potential advan-
tage associated with the use of area measure-
ments is that it may yield more relevant physi-
ologic information than luminal diameter
measurements.?% Furthermore, Iuminal area
is calculated without making assumptions on
lumen morphology and, theoretically, with inde-
pendence from the angiographic angulaiion
used.” On the other hand, the basic assumption
of a correspondence between density and lumi-
nal area can be lost at every siep of the
collection, transfer, and analysis of data. Let us
review some of these limitations,

Te obtain a reliable correlation between lumi-
nal dimensions and videodensity, complete re-
placement of blood by contrast medium during
cach injection should be ideally obtaincd by Lhe
operator, Failure to do so may induce streaming
of contrast that may affect the detection of the
true luminal borders, Similarly, a decrease in
concentration of iodine within the artery may
cause errors during the calculation of luminal
arca from the densitometric profile. Perpendicu-
lazity of the x-ray beam to the analyzed segment
is also important,

A major problem in videodensitometric analy-
8is i derived from the presence of overlapping
densities, corresponding to other anatomical
structures, that can interfere with the calcufa-
tion of luminal area. To correct for such patient
structure noise, subtraction of the background
has to be applied to obtain a net cross-sectional
videodensitometric profile. Information ob-
lained either from an identical image obtained
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before the injection of contrast {(mask subtrac-
tion} or from the structurcs adjacent to the
artery present in the same frame must be used
for this purpose. Both systems of background
correction present weak points, The former is
affected by palient motion, particufarly respira-
tion, whereas the latter is affected by the struc-
ture-related variability, which cannot be fully
replaced by the use of linear interpolation.
Excessive background subtraction can occur
when other vascular structures located close to
the vessel contour arc used by the subtraction
algorithm or when the vessel is located in areas
of rapid transition between dark and bright
arcas. In those cases, the subtraction can be so
intense that the calculated cross-sectional area
may even assume a negative value (Fig 7).

Not all brightness observed at the end of the
cineangiogram-vidco chain can be attributed to
the attenuation of the x-ray beam by the opaci-
fied vessel and anatomical structures, Both
x-ray scatter and lLight reverberation within the
optical systems, such as the image intensifier
and video cameras (veiling glare), contribute up
to 80% of the total light intensity.” When no
correction is applied, these measured intensi-
ties are introduced in the calculation of luminal

Fig7, Densitometry measurements are affected and inaccu-
rate in the presence of overlapping side branches. In this
example, the upper curve [the diameter function) shows an
WiLD of 2.93 mm. However, because of interference from side
branches from the background subtraction, the densitometric-
determinad MLCA {{ower curve) is a negative value.



Alca . lay constitute an important source of
error M3 The contribution of scatter and veiling
glare varies with the location across the thorax,
reaching maximum values when the coronary
arteries are projected in arcas with a rapid
transition between the cardiac sithouette and
the Jung field, and makes correct positioning of
angiographic wedge filters mandatory during
image acquisition (0 minimize this source of
error,

In the CAAS system, a luminal area function
is constructed in an analogous fashion to that
described for the edge detection modality and
can be used in the calculation of interpolated
reference arca. However, a critical difference in
the calculation of sbsolute valucs with both
technigues is that densitometry relies on the
calibration of the system using a reference
videodensitometric profile, which is obtained in
a segment of known dimensions. In the CAAS
system, this reference profile is usually obtained
in a computer-defined disease-free segment,
wlich scrves as a reference area and in which
luminal area is calculated simultancously from
the luminal diameter assuming that the lumen
has a circular morphology (Fig 8). When this iy
not the case, such as in diffusely diseased
vessels, errors in area calculation can oceur.

Catheler fip Cathater tip
—
Roferenca site
Sterosis 2 Stenosis
MLD
Fig 8. Calculation of ahsclute vessel dimensions by edge

detection and videodensitometric analysis. In edge detection,
the caisulation of MLD is obtained by direct comparison with
the diameter of the filmed catheter, which is used to calibrate
the system. Videodensitometry yields a densitomeiric profite
that has te be compared with a segment of known luminal
area. This is achieved by automatic selection of a reference site
where it is assumed that no occlusive atheromatous disease is
preseni and that the lumen is circwlar. From the reference
diameter [calcuiated from direct comparison with the coro-
nary catheter as described above), geometric cirular cross-
sectional area at the reference site is caleulated and compared
with the densitometsic profile at the same site. In this way,
density units are transformed into area units {mm?). By direct
comparison of the densitometric area, thus calculated at the
reference site, and of the smallest densitometric profile in the
s{enotic segment, MLCA is derived,
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Another potential source ol crror devived
from the dependency on a reference segment
for the calculation of absolute videodensitomet-
ric valtics can be found in the differences in the
allenuating power of the opacified reference
and stenotic segments. Most x-ray tubes arc
polychromatic and generale a spectrum of radia-
tion with varying associated energy. It has to be
remembered that the Lambert Beer law, which
is used in most QCA videodensitometric sys-
tems, reqguires a monochromatic source of
x-rays. When the less energetic fraction of the
radiation produced by the x-ray tube is selec-
tively attenuated by a opaque structure, a sub-
stantial modification of brightness at the level of
the image intensifier occurs because of the
penetration of a “harder” x-ray beam (beam-
hardening effect). Furthermore, because the
column of contrast medium at this reference
site has a higher atlenuating power than that
existing at the stenotic site, the characteristics
of the densitometric profile can be modified by
this so-calied beam-hardening cffect. Differ-
ences in the beam-hardening caused by the
differcnt attenuating power of the contrast col-
umn cxisting at the reference and stenotic
scpments can, when not corrected, affect all
subsequent calculations of stenosis severity (Fig

8y,

IMAGE ACQUISITION AND AMALYSIS N
CONTOUR DETECTION AND DENSITOMETRY

Edge detection and densitometry share com-
mon limitations and requirements that must be
kept in mind during their applications. In the
foliowing paragraphs several of these aspects
are discussed. At the preseat time, images for
QCA are obtained [rom cineangiograms or
digital systems. The main advantages of using
cine films stems from the fact thal they have a
higher spatial resolution than digital images.
Furthermore, by using adequale Zooming with
optical systems, a section of the image encom-
passed in the cine frame can be selected and
digitized for turther analysis. When digital sys-
tems are used, the spatial resolution of the
images is currently hampered by the size of the
matrix being used (512 x 512 pixels). The use of
cineangiograms or digitally acquired images
also has implications for the type of transfer
function used during image analysis. In the
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former, a semilogarithmic (ransfer {unction is
needed, whereas, in digital angiograms, a linear
relationship exists. As discussed above, this
may be advantageous when densitometry is
applied.

During the acquisition of the cireangiogram,
selective magnification of structures localized in
the periphery of the image occurs. This phenom-
enon is lermed “pincushion distortion,” and can
be minimized by the operator through proper
manipulation of the table and gantry to ensure a
location of the stenosis as close to the angio-
graphic isocenter as possible. Pincushien distor-
tion has been markedly decreased in new genera-
tion image intensifiers. In addition to the above-
mentioned precautions, correction for the
images obtained can be performed during off-
line analysis. For this purpose, a centimeter grid
must be filmed in each mode of the image
intensifier and later used by the CAAS system
to caleulate a correction factor for each intersec-
tion position of the grid wires so that the
pincushion distortion can be corrected.*

An additional important practical point for
the physician ir all serial studics is the require-
ment for coronary vasodilation using agents of
comparable efficacy for every study. In a recent
study of 202 patients,' the mean diameter of a
normal segment of a nondilated vessel pre-
percutancous transluminal coronary angio-
plasty (pre-PTCA), post-PTCA, and at fol-
low-up was analyzed (Table 1}. Of these patients,
34 who received intracoronary nitrates pre-
PTCA but not before the post-PTCA angiogra-
phy showed a decrcase of 0.11 mm in the
reference diameter versus the small increase of
0.02 mm in the group that did receive postproce-
dural nitrate. Vasomotion should be controlled
in QCA studics by means of a vasodilator drug
that produces fast and complete vasodilation
without significant effects on the peripheral
circulation. Al our institution, 0.1 to 0.3 mg of
nitroglycerine or 1 to 3 mg of isosorbide dini-
trate arc uscd before angioplasty, after the last
balloon inflation, and at follow-up angiography.
Furthermore, the use of nonionic contrast me-
dium is probably recommended because of its
less intense effect on coronary vasomotion.™
Warming of contrast medium to body (cmipera-
ture is also recommended to minimize potential
vasomotor effects.
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Tabie 1. Influence of Vasomotor Tene on QCA Measurements
of Nondiseased Segments

Mean Without Nitro Wilh Nitro
Diameter Post-PTCA Post-PTCA
tmmi tn = 34) {n = 168}
Pre-PTCA 3.12 + 0.63 2.74 = 0.63
Post-PTCA 301 +0.64 2.75 + 0.69
F-Up 3.18 = 0.6% 2.82 = 0.63
A Posl-pre —-041+027 €> +0.02 2021
A F-up-pre +0.06 £0.22 <>  +0.07 = 0.227

Thirty-four patients did not receive intraceronary nitroglyc-
arin post-PTCA. In the nondiseased segments adjacent to the
dilated site, in these patients the mean diameter decreased by
0.11 mm after angioplasty cornpared with the pre-PTCA values
{where nitroglycerine had been administered). This change was
not szen in the group who received nitroglycerine post-PTCA.
Such change in reference diameter will affect Lhe determinatien
of percentage diameater stenosis.

Abhreviations: Nitro, nitroglycerin; F-up, follow-up.

*P < 0.001.

+P value fs not significant.

The ability to obtain reliable measurements
from a single angiographic view would simplify
enormously the use of on-line quantitative angi-
ography, Although reutinely applied in many
laboratories, little information is available on
the variability related with this approach. When
cdge detection is used, Lesperance et af*? have
suggested that restricting the analysis to the
angiographic view in which the stenoses appears
most severe fulfills the degree of accuracy re-
quired in clinical practice. However, the conclu-
sions of this study were limited by the lack of a
true standard for the assessment of precision
and accuracy. Densitometry is an appealing
allernative to edge detection, because the ob-
tained measurements should not be influenced
by the angulation used, a principle supported by
experimental in vitro studies. ™ However, ma-
jor controversy remains as to the application of
this principle in the clinical field, The correla-
tion for individual measurements obtained in
orthogonal views both before and after balloon
angioplasty has been found by different authors
1o be high,*? moderate,** or poor.* Tt has also
been found to be influenced by the stage of the
intervention, deteriorating after balloon angio-
plasty to an unacceptable level.¥ In a recent
study,* we have found that the variability of
measurcments obtained from two orthogonal
views in a selected coronary segment was too
high to recommend its application routinely,
Although this was observed for both edge detec-



tion and videodensitometric data at all stages of
balloon angioplasty, after balloon dilatation,
densitometry showed significantly less variabil-
ity between orthogonal measurcments than did
edge detection.

TECHNICAL ASPECTS OF QCA IN SPECIFIC
RECANALIZATION TECHNIQUES

As stated in the introduction, the develop-
ment of a variety of percutanecus recanaliza-
tion technigues has introduced unexpected re-
quirements for the analysis of vascuiar segments
with conventional QCA systems, The different
mechanisms of action agsociated with each tech-
nique have major implications for the perfor-
mance and interprefation of QCA analysis. In
the following paragraphs, we discuss some of
these aspects in the casc of conventional bal-
loom angieplasty, stent implantation, directional
atherectomy, rotational plaque ablation, and
cxcimer laser angioplasty,

Balloon Angioplasty

Balloon angioplasty constitutes thc most
widely used percutaneous recanalization tech-
nique i the corenary arteries, The mechanism
of action of angioplasty has been described in
detail and involves tcaring of the intima and
atherosclerotic plagque, dehiscence of plaque
from the tunic media, and variable degrees of
medial and adventitia disruption. ¥ From the
point of view of this article, we can group the
changes into three different categorices: (1} the
development of large disruption that can be
visually identified in the coronary angiogram as
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dissection (Fig 93" (2) the presence of intralu-
minal flaps and irregularitics not actually identi-
fied angiographically but documented in angic-
scopic,™ ultrasound,™* and pathologic
studics;™ and (3) the change to noneircular
lumen geomietry sccondary to balloon dilata-
tion.*? Several authors have suggested that these
histopathologic changes are responsible for the
decrease in angiographic accuracy observed
after balloon dilatation, ™% When opacified dur-
ing angiography, these irregularities may be
wrongly identified as true luminal borders by
edge detection algorithms, lecading Lo a false
estimation of luminal diamcter.

Dissections arc a [requenl occurrcnce after
PTCA, and the resulting haziness, irregular
borders, or cxtravasation of contrast medium
makes ecdge detection difficult (Fig 9). Few
methodologic recommendations are available
as to the QCA analysis of those cases. During
the design of the MERCATOR (rial, the Angio-
graphic Stecring Committee of the study de-
cided that, during edge detection analysis, the
automatcd mode of the computer “decides”
whether the extraluminal defect is included or
excluded from the analysis.® This is based on
the assumption that il there is no clear scpara-
tion between the lumen and the extravasation
(because of the existence of large communicat-
ing channei), the application of minimum cost
criteria during edge detection {sce above) would
incorporate the extravasation as part of the true
fumen. On the contrary, the exclusion of the
extravasation would be, presumably, caused hy
the presence of a steep ditference in brightness

Fig 9. Edge detection of a lesion after PTCA has induced a large dissection. (A) Excluding dissection, the MLD is 1.34 mm. {B]
Including the dissection, the MLD is 253 mm.
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between the extravasation and the (rue lumen.
The validity of these assumptions has yet tc be
shown and constitutes an empirical approach
aimed to reduce subjective bias during angio-
graphic anaiysis.

The reliability of videodensitometric measure-
ments taken under circumsiances similar 10
those found after bafloon angioplasty has not
been clearly established in an experimental
setting, Such experimental settings have been
based on the use of engincered phantoms either
in vitro¥4! or after percutanecus insertion in
animal models.5% This may cxplain the differ-
cnces found with results obtained in clinical
practice, where conflicting results suggesting a
high variability in the obtained measurements
have been reported (Fig 10).57-80:64-69

In a previous study,* we found, using edge
detection before and after balloon angioplasty,
that the agreement between single orthogonal
measurements deteriorates significantly after
halloon dilatation. However, this deterioration
was nof related to the presence of angiographi-
cally evident dissection, As mentioned above,
we could also note that the variability between
orthogenal measurements obtained with densi-
tometry was [ess influenced by balloon dilata-
tion than was that for edge detection. This
observation may be related to the discussed
theoretical independence from kimen morphol-
ogy and to its relative inscnsitivity to imprecise
border positioning™ of videodensitometric mea-

% AS DIFFERENCE

20.8
20 “]'
10 7.3
Tos L,
o dza
-3.3
-10
—+-18
PRE PTCA POST PTCA

Fig 10. Agreement between densitometric percentage of
area stenosis and the circular [edye detection) percentage of
area stenosis pre- and post-PTCA is shown. The mean differ-
ence {and standard deviation) for percentage of area stenosis
hetween the two methods was 2.3% + 4.0% pre-PTCA and
2.8% * 18% post-PTCA. Important discrepancies [ie, large
standard deviation} between the two methods after PTCA are
likely related to the noncircular, asymmetric configuration of
the lesion after angicpiasty.
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surements. Thus, although the application of
densitometry may be currently hampered by the
technical limitations discussed above, further
progress in solving these problems may lead to a
satisfactory application of the technique,

Intracoronary Stenting

Three types of coronary stent (Wallstent,
Wiktor, and Palmaz-Schatz) have been used in
multicenter European clinical studies with angio-
graphic follow-up and subsequent detailed QCA
analysis at the Thoraxcenter Corc Labora-
tory,”*"™ and a fourth (Gianturco-Roubin) is
currently being evaluated in the “bail-out” set-
ting. Tn all cases, the radiopacity of the stent has
implications both for implantation and for the
subsequent angiographic analysis, because its
presence in the artery can interferc with edge
detection algorithms.® The Wallstent and the
Palmaz-Schatz stent are composed primarily of
relatively radiolucent stainless steel, whereas
clear, radiopaque tantafum is the principle con-
stituent of the Wiktor stent (Figs 11A, B, and
C).

A second problem with angiographic analysis
of stented vessels is caused by the superior
angiographic result immediately after stenting.
Because routine mild oversizing of the stent has
been recommended,”™ the stenosis may not only
be completely corrected but aiso may be overdi-
lated in comparison with the reference diam-
eter before stenting. This may cause particular
problems with the algorithms that measure
lesion length and the calcufation of the interpo-
lated reference diameter. To bypass this prob-
lem, we arbitrarily define the iength of the
lesion after stenting as the actual length of the
stent (which requires manual selection of the
stent boundaries). Thus, the stented segment is
defincd for future follow-up analyscs. An alter-
native to this type of analysis “per stent” is to
perform a fully automated analysis “per vessel”
by choosing {andmarks located proximally and
distally to the stented site {eg, branching points}).
In reporting our angiographic studics, we chose
the pre- and post-PTCA frames to be analyzed
“per vessel,” and the post-stent and follow-up
films to be analyzed “per stent.” This ensures
that we can obtain measurement data relating
to the stent itself and its immediately adjacent
segment, rather than obtaining measurement of
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Mo Fe

Palmaz-Schatz stent {J & J)

The metal composition accoerding to x-ray energy dispersion spectrometry used in three currently investigated coranary

stents. Ta, tantalum; Mo, molybdenum; Cr, chromium; Co, cobait; Fe, iron; Ni, nickel. {Reprinted with permission.”®}

a more severe stenosis at a separate site in the
coronary vessel.

Stenting has also highlighted a limitation of
the CAAS system in determining a reference
diameter in an overdilated segment. Theorcti-
cally, this should result in a negalive value for
diameter stenosis, because the MLD (which, as
we already mentioned, was defined within the
boundaries of the stent) was actvally larger than
the reference diameter (which is determined
according to the diameter of the proximal and
distal segments; see igs 12A and B). However,
for reasons that are unclear, a negative diam-
eter stenosis has rarely occurred, and the refer-
ence diameter has virtually always remained
targer than the MLD, in contrast to the post-
stent measurements reported by other groups.
This may be explained in many cases by detec-
tion of an MLD within the stent because of the
protrusion of intima between the siruts or at the
articulation point. Thus, whercas the average
diameter within the stent may uppcar greater
than thal of the adjacent segments outside the
stent, deteclion of a single diameter meusure-
ment less than the reference diameter will
provide a percentage of diameter stenosis
greater than 0%. A lurther confounding factor
in the determination of the reference diameter
aficr stenting is that the marked vasospasm,
occasionally scen immediatcly proximal and
distal o the stent, may persist despite nitrate
administration. This factor must be taken into
account during “pcr vessel” analysis.

Stainless steel stents. The main problem with
these stents is their poor radiographic visibility
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{Figs 13A and B). In particular, the Paimaz-
Schatz stent, which is the most difficalt stent o
visualize, can be dislodged from the balloon
catheter and embolize distaily without radio-
graphic evidence. Additionally, it can be quite
difficult to cnsure ideal placement of the stent
across a lesion. For the analyst, it may be
difficuit or impossible to satisfactorily identify
the stent boundarics, and the precise location of
a recurtent leston at follow-up angiography
{within the stenl or immediatcly adjacent) may
be in some doubt, Careful review of the contrast-
free cineframes may he nceded to detect the
position of the Walistent. In our foilow-up
reports of stenting, we have always included
lesions within and {mmediately adjacent Lo the
stented scgment to ensure that the degree of
luminal renarrowing is not underestimated.”

Tantalum stents.  Although the radiopacity
of the Wiktor stent has greatly facilitated the
implantation procedure (Fig 14A and B), this
particular property scverely limits the assess-
ment of follow-up studies of the stent with the
CAAS system. Scveral cases have now been
documented in which the contour-detection
program traces the radiopaque stent wires in-
stead of the arteriul borders of the narrowing
within the stent {Fig 15). This invalidates the
compuler-derived data and requires manual
correctien ot the contours by the analyst, which
is also difficult in a scgment containing radi-
opagque wires.

Densitometry in stenited vessels.  1n contrast to
the situation after PTCA, therc is excellent
agrecment between minimal luminal cross-
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Fig 12. Coronary segment overdilated by a Paimaz-Schatz stent, {A) pre-stent (B} post-stent is shown. Although MLD in the
stented segment should be greater than its reference diameter {which is determined for the stented segment by the algorithm, for
the most part, from the smalfler proximal and distal segments), the measurement given hy the interpolated technique yiefds a
reference diameter that is actuaily larger than the MLD, for reasons which are not entirely clear. Thus, the diameter stenosis within
the stented segment after implantation of an aversized stent is positive (12%] rather than negative.

Fig 13. The Wallstent {pocr radiopacity), after implantation in a saphenous vein bypass graft, is shown, on the left {A), in vessel
opacified by contrast and, on the right (B), in vessel without contrast.
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Fig 14. Wiktor stent after implantation in left anterior descending artery is shown [A) in vessel without centrast. (B] In vessel filled

with contrast, the stent remains clearly visible.

sectional arcas (MLCAs) dclermined by cdge
detection and by densitometry after stent im-
plantation with the Wallstent.® The standard
deviation of the mean differences between edge

Fig 15. Resterosis within a coranary Wiktor stent not
recognized by edge detection is shewn, Graph shows the
diameter function (upper curve} and the densitemetric area
function {lower curve). OQutside vertical lines on the graph and
iwo herizontal lines in the angiographic image are the corre-
sponding boundaries of the analyzed segment. The inner two
vertical lines on the graph represent the minimal points on the
diameter and densitometric graphs respectively. The edge
detection algorithm foilowed the outline of the stent and was
unable to recognize the stenosis within the stent, giving an
MLD of 2.17 mm, A disctepancy between the two functiens is
present and most notable at the vertical line that denotes the
MLCA determined by densitomety. (Reprinted with permis-
sion.’®)
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detection and densitometric determination of
MLCA were {1.51 mm? pre-PTCA, 1.22 mm?
after angioplasty, and (.79 mm? after coronary
stenting (Fig 16). This improvement is probably
caused by smoothing of the vessel contours by

MEAN DIFFERENGE (mm?)
an

POST-STENT

PRE-PTCA

- —
POST-PTCA
Fig 6. Mean difference {and 95% confidence intervals)
between edge detection and densitometry hefore and after
PTCA and after stenting. Mean differences were slightly posi-
tive {0.31, 0.35 mm?| before PTCA and aiter stenting, respes-
tively, and slightly negative {-0.38 mm?} after PTCA. The
widest 95% confidence interval was in the analysis after PTCA,
indicating the poorest association between the two methods,
sompared with the analysis before PTCA and stenting.
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the stent and remodeling of the stented segment
into a more circular configuration (Fig 7).
Therclore, we belicve that both methods are
appropriate to assess the immediale results
after stenting, In a separate in vitro study in
which stents were placed within plexiglass phan-
toms with known fuminal dimensions, the Wali-
stent and Palmaz-Schalz stents caused minor
interference with the densitometric determina-
tionr of MLCA within the “stenoses’ (Figs 18A
and B)™ that probably lack clinical relevance,
Conversely, the radiopacity of the lantalum
Wiktor stent led to overcstimation of MLCA
mcasurements in these same stenoses, which
varicd from 10% Lo 56% overcstimation depend-
ing on the concentration of contrast medivm
used and on particular features of the stenosis
(Fig 18C). Thercfore, follow-up quantitative
angiographic assessment of a lesion conlzining
a vividly radiopaque stent may be subjcet to
measurement imprecision because of this pro-
pensily for error, which appears o be inhercnt
to bath the edge detection and vidcodensitomet-
ric methods.

Directional Atherectomy

Few probiems have been cncountered in the
angiographic analysis ol lesions treated by direc-
tional athercctomy.” The radiopacity of the
device, particularly when the support balloon is
inflated, aflows cxcellent visualization of the
position ol the eccentric cutting apparatus (Figs

19A and B). The vessel luminai contours arc
typically smooth and much less ragged than
atter PTCA, lacilitating cdge detection analysis.
However, despite the apparent smocth con-
tours, a discrepancy exists between analysis
performed by edge detection und densitometry,
similar to that which occurs after angioplasty
(Fig 20}, suggesting that the vessel contour
after athercclomy may not be as circular as it
appears. It has been suggested that this may be
caused by preferential expansion of the bases of
the atherectomy culs.”™ Furthermore, QCA of
athercelomy-treated lesions has provided some
insight into the mechanisms of lesion umprove-
ment. Perny et g™ have shown that an average
of approximately 28% ol Lhe effect of atherec-
tomy could actually be aitributed to tissuc
removal, although the individual values had a
wide range (7% (o 92%)." The correlation
between the volume of tissue retrieved and the
change in luminal volume was poor. The investi-
gators concluded that the major component of
luminal improvement was caused by “facilitated
mechanical angioplasty” resuiting from the high
profile of the device and the low-pressure bal-
loon inflations. Data from our angiographic
core laboratory seem Lo support this hypothesis.
In 10 paticnts who had angiography (with subse-
quent guantitative analysis}y performed at base-
linc alter the device had been threaded through
the slenotic area and, again, immediately alter
the compiction of the atheroma extraction pro-

Fig 17. In vitro intravascular uitrascund examination of left anterior descending artery that was stented 24 hours earfier for a
severe dissection during PTCA, {The patient died from intracerebral hemorrhage 12 hours after stenting.) The inner circle [c) is the
actual intravascuiar probe itself. The outer echo-dense pattern is caused by the stent wires {large arrow}. The lumen is the echo-free
space inside the stent. The stent effectively tacked back the dissection and restored the circular cenfiguration of the vessel,
{Reprinted with permission.®')



cedure, the “Dottering effect” of the device
accounted for 65% of the luminal improve-
ment,#

Rotational Plugue Abrasion

To date, the Thoraxcenter experience with
this device has been lmited, with only 11
procedures performed.® A unique feature of
the Rotablator (Biophysics International) is its
usefulness as a calibration unit as an alternative
to the guiding catheter. The device contains a
burr of known size, and there is no question of
completeness of expansion as with steats and
PTCA catheters of specified sizes (Figs 21A and
B). Precise measurement of the device at the
lesion site has been useful to assess the extent of
elastic recoil, which appears to be an important
phenomenon, because the luminal dimension
immediately after rotational abrasion is always
smaller than the diameter of the burr used.®? A
unique feature of the Rotablator is that the
optimal angiographic resull is not reslized until
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Fig ¥8. Angiograms, using 50% fopamidol contrast reagent,
of plexiglass phantom [measuring 4 x 3 mm] “stenosis’: (A}
Control, {B) Palmaz-Schatz stent within the phantom, and {C}
Wiktor stent placed in the phantom. The graphs show the
diameter function yvielded by edge detection {upper curve} and
the densitometric area function [lower curve}. The multiple
vertical lines in the left part of the graph and the bold vertisal
line on the exireme leit of the phantom represent the user-
defined reference segment. The boundaries of the phantom
segment for analysis correspond with the outside vertical lines
on the graph. The inrer two vertical lines represent the minimal
points on the diameter and densitometric graphs, respectively.
The numbers in the graph represent the maximum and minimum
diameter, The boundaries of the Wiktor stent are visible in the
phantom and as a “step-up” in the densitometry graph. As a
result of the Wiktor stent contribution to the densitometry
values, the MIL.CA determination is overestimated compared
with that for the control and the Palmaz-Schatz contaihing
phantom. {Reprinted with permission.”)

24 hours later, because the inlense vasoconstric-
tion induced by the burr is {argely attenuased at
that time (Figs 22A, B, and C).

Excimer Laser

Excimer {asers have prescnted an attractive
alternative to other forms of coronary interven-
tion, based on the experimental finding that, in
air, a focused, pulsed, UV laser beam can
focally ablate targeted tissue with minimal adja-
cent tissue injury. However, in the clinical
situation, where the vessel luminal surface is
surrounded by a blood medium, catheter tip-
tissue contact is required to avoid attenuation of
the laser beam by the blood and to increase
ablation efliciency. The effect of pulsed UV-
laser light delivered through contact catheters
on lissue ablation has been investigated in vitro
and in vivo on human and porcine aorta®#
Considerable temperature accumulation was
found, as well as mechanical tissue damage
caused by expansion of gascous debris trapped
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Fig 19. Radiopayue directional atherectosmy device {Atherocath; Devices for Vascular intervention, Redwocd, CA] is shown (A] in
circummflex artery without contrast and [B) i circumfilex artery containing conirast,

Fig 20. Because of intense vasospasm after rotational abra-
sion, it may be necessary to repeat the study 24 hours later to
assess the maximal benefit. [A) Pre Rotablator MLD is 0.4 mm.
(B) Immediately after the Rotahiator, MLD js 1.24 mm. (C) 24
hours later, MLD is 1,56 mm.
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Fig 21.

Rotational abrasion (Rotablator} in a coronary artery is shown (A] without contrast Because the barr is nondeformable

and of known diameter, calibration of the angiogram can occur at the site of the procedure in contrast te PTCA, stenting, ar
ditrectional atherectomy, where we use the contrast-filled guiding catheter in one corner of the angiogram as the scaling device. in
this case a 1.50-mm diameter burr was used. [B} In vessel containing contrast, the Rotablator is clearly visible.

under the tip of the delivery system.® fn addi-
tion to thermal (njury, dissections were ob-
served that were attvibuted 10 pressure build-up
and expansion of & vapor cavity within adjacent
tissue M5 The angiographic corrclate of this
phenomenon appcars te be haziness of the
contours of lesions treated with the excimer
laser, with consequent complication of the imme-
dialc post-procedure analysis (Figs 23A, B, and
). The lesion has a typically “roughened”
appearance and, thercfore, may be particularly
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Fig 22, Agreement between densitometric MLCA and the
circular (edge detection) MLCA before and after diractional
atherectomy. Despite apparent smoeth contours after atherec-
tomy, simifar discrepancy exists between analyses performed
by edge detection or densitometry as that which oceurs after
angioplasty. This may be because of preferential expansicn of
the bases of the atherectomy cuts, creating a less circular
configuration.
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well-suited to specific edge detection algorithms
cdesigned for the evaluation of very irregular
lominal contours.®® Whether densitometry
should be preferred 1o edge detection in the
assessment of the specific eifects of the excimer
laser in coronary interventions remains under
investigation.

CONCLUSICONS

QCA clearly presents an objective and reli-
able technigque to measurc coronary luminal
dimensions. This has been thoroughly shown for
the edge detection analysis, Densilometry is
theoretically attractive but remains practically
limsited for routine clinical application at this
time. The geometric edge detection method is
still limited by the need for angiography of
suitable quality that must be performed in a
standardized fashion. Fortunately, both the
hardwarc and software used in QCA are under
continuous cvolution. New developments are
being consistently produced because the broad-
ening use of QCA in a spectrum of interven-
tional situations shows technical and practcal
limitations of varying significance, In the second
article of this scries, the clinical application of
diameter measurements obtained by automated
edge detection is discussed, and impertant in-
sights into mechanisms of intervention and of
the restcnosis process are presented.
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Fig 23. Excimer laser is shown. [A) Before laser
treatment, long narrowing in left anterior descending
artery (immediatety distal to the sidebranches] is
apparent, (B) After laser treatment, the arterial bound-
aries of the treated lesion show a roughened hazy
appearance. {C) After balloon dilatation, luminal hazi-
ness is stilf present.
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Quantitative Coronary Angiography (QCA) in Interventional
Cardiology: Clinical Application of QCA Measurements

David P, Foley, Javier Escaned, Bradiey H. Strauss, Carlo di Mario, Jiirgen Haase, David Keane,
Waiter B.M. Hermans, Benno J. Rensing, Pim .J. de Feyter, and Patrick W. Serruys

UANTITATIVE coronary angiography
Q (QCA) has had a tremendous impact in
the field of interventional cardiology. Because
of its superior accuracy and cbjectivity, QCA
has supplanted visual! and hand-held caliper
assessments of coronary arteriograms and has
improved intercbserver and intraobserver vari-
ahility."* QCA is now the “gold standard” for
the assessment of the coronary tree in the
context of scientific research,* although it has
not yet gained widespread appeal for routine
clinical use 3 Until very recently, mainly because
of the expense and time-consuming aspect in-
volved in routine clinical application of sophisti-
cated computer-based analysis, QCA has only
been availabie for off-line use.%? In addition,
the extra precautions that must be taken by the
angiographer in obtaining images suitable for
quantitative analysis'® imply that many angio-
grams routinely performed by busy clinicians or
in acute or emergency situations may not be
analyzable by an automated computer-based
system.” However, with the progressively increas-
ing number of clinics involved in multicenter
restenosis prevention trials in which QCA plays
an integral role, 113 perhaps these extra precau-
tions may become routine clinical practice.

QCA has becn particularly useful in interven-
tional cardiology as the only objective and
reliable means of assessing the immediate and
long-term cilects of coronary interventions. In
particular, the phenomenon of restenosis has
primarily been described and researched most
extensively on the basis of sequential QCA
studies. At the Thoraxcenter (Rotterdam, The
Netherlands), we have been advocating the
impertance of QCA since the first report ol its
usc by our group in 1978 and, subsequently,
with renewed vigour after our initial experience
with QCA in the assessment of coranary inter-
ventions, as reported in 1982.1% The Cardiovas-
cular Angiographic Analysis Systcm (CAAS)
has been extensively and rigorously validated, 18
and technical aspects are presented in the
accomipanying report. The entire angiographic
database now consists of collected information
from more thaa 5,000 patients who have under-
gone several different forms of nonoperative

coronary revascularization. The principles of
QCA, which were initially designed for diagnos-
tic studies of coronary artery disease (CAD),
have necessarily heen adapted to more complex
situations reiated to either the presence of a
device or the effcct of an intervention on the
angiographic appcarance of a damaged vessel.
The introduction of several newer devices in the
past 7 years, has presented a number of uniquc
and unforeseen problems in image analysis and
the subsequent interpretation of important
quanlitative data, as described in the accompa-
nying report.

The emergence of digital subtraction angiog-
raphy has allowed on-line performance of QCA
measurements in the catheterization labera-
tory, so that a techniquc previously confined to
research applications has been transformed into
a powcrful analytic tool, directly applicable to
clinjcal decision making. ™ The immediate avail-
ability of QCA measurements during interven-
tional procedures provides a unique opportu-
nity for more accurate selection of appropriate
interventional devices {eg, balloon, stent, or
atherotome dimension) and for continuous
monitoring and immediate evaluation of the
resuft obtained, During the last 5 years at the
Thoraxcenter, a large clinical cxpericnce has
been accumulated through the application of
the Philips Digital Cardiac Imaging (DCI) Auto-
mated Coronary Analysis System.®? In vivo
study of stenosis “phantoms” placed in porcine
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coranary arteries has confirmed that the accu-
racy and precision of the DCI on-line measure-
ments are intimalcly comparable with those
obtained off-line using the CAAS system, with a
mean difference between true “phantom” steno-
sis diameter and DCI minimal lumina] diameter
(MLD) mcasurcments of .08 + 0.15 mm, for
stenosis diameters ranging from 0.5 1o 1.9 mm.®
Therefore, we believe that the information
presented here, mainly derived from the analy-
sis of cine-film images, can now be immediately
applied to guide the operator during diagnostic
and interventional procedures.

In the preceeding article, the process and
technical aspects of QCA arc cxplained and
described in detail, and it is now {wc¢ hopc)
evident to the reader that QCA analysis is more
than just setting up the cine fifm and returning
20 to 30 minutes later for the data. Only close
scrutiny of the analylic resuits, combined with
ongoing communication between the clinician,
the analyst, and the programmer, cnsures that
meaningful and useful data emerge from the
use of QCA. The purpose of this review is (o
describe the insights into the short- and long-
term scquelac of the various interventional
devices already provided by the use of QCA in
interventional cardiology and to explore its
current and future appfications in the compara-
tive evaluation of interventional devices.

INFORMATION PROVIDED BY THE CAAS
SYSTEM

The prime aim of QCA is to provide precise
and accuratc measurements of coronary
anatomy, The CAAS system can provide this
information by two different methods, (1) detec-
tion of luminal borders (so calied “edge
detection”), preferably in two (or more) orthogo-
nal projections,™ to provide a three-dimen-
sional approximation of the diseased segment
that can then be converted into absolute values
after calibration with an object of known diam-
cter, such as the shaft of the contrast-free
guiding catheter and (2) videodensitemetry, an
approach that describes relative cross-sectional
luminal area by measuring and comparing the
density of contrast in a discased and normal
segment. The advantage of the information
acquircd by the densitometric method is that
meaningtul data can be obtained i a singic
projection, even if the cross-sectional shape is
highly asymmetric or eccentric.'” In contrast,
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area measurements derived from edge detec-
tion data (and specificaliy from MLD values),
by definition, require an assumption of a circu-
lar eross-sectional lumen in the diseased arte-
rial segment, which is at odds with the observa-
tions of several pathologic studies.?'?? The
intricacics and limitations of these respective
techniques have been described in detail in the
accompanying report and will not be discussed
further here.
The important parameters which can be ob-
tained by edge detection are listed below:
1. Direct measurements
a) MLD {Figl)
b) maximal luminal diameter
¢} mean luminal diameter
d) lesion length
e) minimal luminal cross-sectional area
(MLCA)
f) relerence area
The calculation of cross-sectional area mea-
surements (e, {) from the linear measurements
obtained from the diameter function assumes u
circular (single-plane view} or elliptic [umen
(orthogonal biplane view).
2. Interpolated measurements
a) rcference diameter (RD; automatic
computer reconstruction of the as-
sumed disease-free or normal segment
of the vessel; Fig 1)
b) symmetry
¢) plaque area {mm~)

77%DSten

73% D Sten 66% DS
USER DEFINED N USER DEFINED
PRGX. REF. DIAM. using IRD DIST. AEF. DIAM.

\_/

Mean user-defined=75%DS

Fig T. Graphic shows variabitity in percent diameter steno-
sis measurements of the same lesion caused by arbitrary
selection of the RD by the user and also shows the more
objective derivation of percent diameter stengsis hy the
user-independent method of the interpolated RD. For a steno-
sis where the MLD is measured at 0.8 mm, if a user-defined
proximal or distal reference segment or the mean of both is
selected then the resultant measure of percent diameter
stenasis for the obstructing lesion is 75%., 77%, or 76%,
respectively, If the computer-determined interpolated RD
[shown as the upper and [ower thick dark lines} is used, a
diameter stenosis measurament of 66% is obtained. Prox, ref.
diam., proximal reference diameter; dist, distal; MLD, minimal
fuminal diameter; %D3S, percent diameter stenosis.
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3. Derived measurements

a} percent diameter stenosis (czlculated
from the MLD and RD; Fig 1}

b) percent area sienosis {calculated from
MLCA and reference arca)

¢} curvature (calculated from the center-
linc of the vessel segment)

d) inflow angle/outflow angle {caleulated
from the diameter function)

e) roughness {calculated from the indi-
vidual contour points, separately for
the left- and right-hand vessel contour)

4. Hemodynamic measurements

a) theoretical (ransstenotic pressure gradi-
ent

b) calculated Poiscuille resistance

c) calculated turbulent resistance

A WOCRD OF CAUTION IN THE
INTERFPRETATION OF ANGIOGRAPHIC DATA

The limitations of angiographic information
in the evaluation of the extent of coronary
artery discase have been well-recognized.? Af-
ter all, coronary angiography is really just a
two-dimensional profile or “shadowgram” of an
opacificd vessel lumen; it merely shows the
effect of arterial wall disease on the contour of
the arterial {umen. Moreover, atherosclerotic
changes in the arterial wall are not reliably or
precisely reflected by changes in the lumen, as
shown by intravascular ultrasound and cpicar-
dia] high-frequency cchocardiography % The
variabifity of the atherosclerotic process, which
may be smoothly and evenly distributed so that
the entire lumen of a segment or vessel may he
equaily and diffusely reduced.™ is sometimces
beyond the scope of angiography, which may
not detect its existence ' This pathologic lact
is reflected in many necropsy studics, where
coronary angiography [requently underesti-
mated the severity of coronary artery lesions or
even missed significant narrowings in the con-
text of underlying severe diffuse atheromatous
CAD%% Furthermore, elliptic or D-shaped
lumens may, depending on the views obtained,
be misrcpresented on cineangiography, result-
ing in either underestimation or overestimation
of (rue stenosis severity,* particularly if a singic
angiographic view is used.!” The CAAS interpo-
lalcd-measurcment approach reconstructs the
normal segment of the vessel at the site of the
lesion® {Fig 1), Although there may be underes-
timation of the true diameter value by this
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presumed disease-free vessel contouar, this ap-
proach is inherently more objective and accu-
rate than the assumption of normality of an
arbitrarily selected proximal or distal portion of
the vessel as a reference segment. ' In addition,
it is obvious that the dimensions of the RD may
change from before to after intervention, as a
consequence of any intervention that stretches,
difates, or provokes disscction or corenary vaso-
motor changes. Moreover, during foliow-up, the
apparcently normal segment adjacent to a treated
lesion may be affected by the restenosis pro-
cess. 4l

it is also important for interpreting the re-
sults of angiographic studies to know how the
actual morphologic characteristics were mea-
sured, In a recent study,* we found quantitative
angiographic morphologic features generally un-
helpful in prediction of mujor procedural and
in-hospital adverse cardiac complications among
1,442 patients undergoing balloon angioplasty
{BA), in two major European multicenter reste-
nosis prevention trials,'? The only features
associated with an increased likelihood of major
cardiac complications, according (o multivari-
able logistic regression analysis, were angio-
graphically visible dissection aflter angioplasty,
unstable angina, and lesion location in a (ortu-
ous segment, as estimated visually. No quantita-
tive angiographic morphologic characteristics
were helpful in this regard,

The predictability of restenosis (at 6-monih
angiographic follow-up) from bascline angio-
graphic morphology has been widely investi-
gated, and the data are extremely difficult to
interpret, because of wide variations in method-
ological approach. Many studies have reported
multiple, differing angiographic risk factors to
be associated with a higher restenosis rate. 47
Part of the explanation for this diversity is that
the definition of restenosis itself has varied
widcly, and there is still no universal consensus
on the best methodological approach.® We
shall elabarate on this particular application of
QCA, as il is of widespread inlerest because of
the exponential increase in the use of percutane-
ous devices for revascularization and because of
the continued persisicnce of restenosis as the
major {imitation to maintained long-term suc-
cess of therapy with these devices. In addition,
this is the arca to which our group has applied
QCA most intensively over the past years.



MEASUREMENT VARIABILITY AND
RELIABILITY

Before a discussion of the various devices
used for coronary intervention, the utility of the
information generated by QCA in gencral (and
the CAAS system specifically) must be ad-
dressed. Geometric information, such as MLD,
RD, and percent diamcter stenosis, represent
the most useful and rcliabie information ob-
tained by this system. Asngiographic morpho-
logic features that muy be important to the
clinical outcome,** such as ulceration or com-
plex, ragged morphology, have not been a focus
of our research, in terms of their natural history
in large populations undergoing coronary inter-
ventions. The newer intracoronary imaging mo-
dalities of intravascular ultrasound and angio-
scopy are better suited to such study.

The long-term lesion measurenment variability
of the CAAS system, under “worst case” or
nonstandardized acquisition conditions, has pre-
viously been validated.)® More recently, valida-
tion studies have been performed for the QCA
systcm operating on-line on the Philips DCI
system. %! In addition, lesion measurement vari-
ability in the aftermath of coronary BA has alse
been investigated.’® Our group has previously
reported that a difference in MLI), between two
catheterization sessions, of more than 0.72 mm
represents an angiographically detectable
change.'® This docs not infer physiologic signifi-
cance. It merely represents twice the standard
deviation (i, the 95% confidence interval [CI])
of the mean difference between MLD measure-
ments performed on angiograms recorded 3
months apart, under angiographic conditions in
which no attemptl was made to standardize the
inspiratory level, the volume and rate of injec-
tion of the contrast agent, the vasomotor tone or
techmical characteristics, and/or the positioning
of the x-ray system. Therefore, a measured
deterioration in luminal diameter greater than
0.72 mm coukl be concluded, with 95% confi-
dence, to be a real detectable change and, thus,
4 definite loss in lumen, under such conditions
as prevailed in routine clinical practice at that
time (1984). If a more standardized acquisition
protocol is followed, the medium-lerm variabil-
ity, as reported in that study, would be more
applicable, ic, 0.44 mm, To put that index study
in its proper perspective, it must be pointed out
that the average R was 3.7 mm, whereas the
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mean RD of lesions treated by percutaneous
transiuminal coronary angioplasty (PTCA), dur-
ing the course of two recent, large multicender
clinical trials, was 2.6 mm,'* Thus, the abso-
lule measurement of 0.72 mm, as an index of
detectable luminal change, is no longer relevant
in modern studies, which use standardized an-
giographic profocels and intervene in smaller
vessels. For this reason, in addition to the
criticized lack of information on the post-BA
measurement variability of the CAAS system,>?
our group has recently performed a clinical
investigation 1o clarify these issues.®? Quantita-
tive analysis was performed on angiograms of
110 patients under optimal angiographic condi-
tions obtained immediately after angioplasty
and, again, 24 hours later. Vasomotion was
controiled by intracoronary nitrate before cach
angiographic run, and angiographic projections
after angioplasty were cxactly repeated at 24
hours. Atleast two (orthogonal or nezr orthogo-
nal) views were recorded for right coronary
artery lesions, and at least three projections
were recorded for {eft anterior descending or
circumflex arteries; all patients were fully antico-
agulated for 24 hours. There was no difference
in mean MLD or cross-sectional area from
postangioplasty to 24-hours postangioplasty, and
Lthe variability of the mean difference was 0.20
i, which is not significantly different from the
medium-term (3-hour) variability in the previ-
ously described study. This post-PTCA lesion
meusurement variability is eminently acceptible
and shows that guantitative analysis of multiple
matched views can provide extremely accurate
and precise Juminal measurements, RD in-
creased significantly during the 24-hour period
(presumably secondary to greater vasodilatory
effect of the same dose of intracoronary nitrale
at 24 hours relative to that immediately after
PTCA); thereforc, percent diameter stenosis
was also found to increase significantly. This
change in percent diameter stenosis without any
change in actual MLD shows the limitations of
preferential use of percent diameter stenosis
measurements in clinical investigation.

LIMITATIONS OF PERCENT DIAMETER
STENOSIS MEASUREMENTS AND VISUAL
ASSESSMENT OF THE ANGIOGRAM

Percent Diameter Stenosis

As with all new developments, physicians may
be somewhat reluctant to abandon the familiar
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surroundings of the tried and trusted percent
diameter stenosis measurement in favor of the
apparently unreal covironment of MLD mea-
surement. However, it has {ong been our conten-
tion that percent dizmeter stenosis measure-
ments arc cxtremely unreliable, and, therefore,
we have recommended the use of absolute
luminal measurements.™® Use of the term
“percent diameter stenosis” connotes the as-
sumption of the conventional measurement ap-
proach of selecting a normal-appearing seg-
ment, proximal and/or distal 10 the lesion of
interest, as a point of refercnce. As already
described above, this assumption of normality is
frequently erroncous, particularly after interven-
tion and at follow-up. Therefore, percent diam-
cter stenosis measurements are prone te consid-
erable variability (Fig 1).

This potential for imprecision and provision
of misleading information was shown in the past
by Beatt et al® and Scrruys et al’ and has been
reiterated in two recent studies, 42 QCA mor-
phologic features were cxamined before and
after successful BA and at follow-up in 778
lesions in an investigational study (as an ancil-
lary to the Multicenter Europcan Research
Trial with Cilazapril after Angioplasty to Pre-
vent Transluminal Coronary Obstruction and
Restinosis [MERCATOR}?) that showed that
Lthe restenosis process affects the cntire vessel
segment which was dilated and not just the
target lesion.*! This finding confirmed the previ-
ous findings of Beatt ¢t al,* who contended that
changes in RD occurring during follow-up invali-
dated the usc of percent diameter stenosis
measurements as an accurate estimate of fesion
severity. Similarly, the previously mentioned
study that used angiography after angioplasty
and at 24 hours after angioplasty showed that
changes in RDD occurring during the 24-hour
period had analagous implications for calcula-
tion of percent diameter stenosis. The change in
percent diameter stenosis from after angio-
plasty to 24 hours that was observed in this
study, if evaluated alone, would have produced
the misleading conclusion of significant deterio-
ration in lesion severity during the first day after
successful BA. Such a conclusion would have
far-reaching censequences, For example, the
deterioration could be interpreted as delayed
elastic recoil, implying that this might play an
important role in the process of restenosis
(which is clearly not the case). In addition, the
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routine application of 24-hour angiography
might be recommended in clinical trials to
evaluate the true result after angjoplasty, after
delayed recoil. Use of absolute luminal diam-
eter measurements allowed a clearer and less
ambiguous interpretation of the results of this
study; no change in lesion severity was detected
in the first 24 hours after successful BA, and,
therefore, routine angiography at 24 hours is
not clinically indicated.

Visual Techniques

Visual and other observer-dependent, non-
quantitative approaches of estimating percent
luminal obstruction are known (o be greatly
associated with high intraobserver and interob-
server variability.” In general, visual assess-
ment leads to overestimation of the degree of
narrowing in severc lesions and to underestima-
tion of the severity of mild or moderate le-
sions.® Among 1,445 lesions treated by BA
during the course of two multicenter European
reslenosis prevention trials, apart from totally
occluded or subececluded vessels, quantitatively
derived percent diameter stenosis measure-
ments greater than 74% were extremely rare
and accounted for oniy 5% of all lesions under-
going PTCA.% The most severc lesion encoun-
tered had a measured diameter stenosis of 86%.
The logic of this is shown in Fig 2, which shows
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Fig 2. Thearetic pressure gradient calculated from the fluid
dynamics equation, derived by Gouid et al®® and Kirkeeide et
al B at assumed flow rates of T to 5 ml /s is shown. Vessel size
{2.6 mm) and lesion length (6.5 mm) were taken as the maans
for the combired patient populations enrolted in two Euro-
paan multicenter clinical, restenosis prevention trials.” 2 it is
readily appreciated that when MLD is less than 0.5 mm
{dfameter stenosis more than approximately 81%), the pres-
sure gradient across the stenosis is well beyond the physi-
ologic range at an assumed resting flow rate of 1 mb/s.
{Reprinted with permission from the American College of
Cardiology.9)



the pressure gradients (as calculated using the
fluid dynamic equations devised in the past by
Gould et al,”” Young et al,* Gould et al,™ and
Kirkeeide et al®) across 4 stenosis with a length
of 6.5 mm and an interpolated RD of 2.6 mm,
the mcan values observed during these trials, at
assumed flow levels ranging from 1 mL/s at rest
to 5 mL/s at maximal hyperemia. It is clear that
the pressure gradient necessary to maintain rest
flow a1 1 mL/s is moving beyond the physiologic
range when the MLD is less than 0.5 mm,
which, for a 2.6 mm vesscl, represents a diam-
cter stenosis value of greater than 80%. Antero-
grade flow through lesions approaching this
scverity will lend to decrease below that re-
quired to maintain patency, and the lesion
becomes occluded, as opposed to a gradual,
incremental progression of stenosis over time to
eventual occlusion.

To clinicians unfamiiiar with QCA, these
values for critical lesions may appear low, but in
fact, a quantitatively mcasured diameter steno-
sis of 74% corresponds with an area stenosis of
approximalely 93%.% Fleming et al® have sug-
gested that visual overcstimations of percent
diameter stenosis arise because of the observer
perceiving the area stenosis but calling it diam-
cter stenosis. It has been shown that an area
stenosis greater than 70% is associated with a
reduction in coronary flow reserve to less than
1,0162 fe when the ability of the vessel to dilate
and increase blood flow to the area of myocar-
dium supplicd, in response to various stimuli
(reactive coronary hyperemiu), is abolished. A
simple clinical quantitative angiographic study
from our group®® explored the rcliability of
visual estimates of coronary artery stenosis in
the 90% range and asked the clinically relevant
question of whether the 90% stenosis actually
exists. The conclusion was that, cxcluding le-
sions wherc the anterograde blood flow was
Thrombaolysis in Myocardial Infarction {TIMT)
grade T or in occasional cases, TIMI grade 2 (ie,
sublotal or functional occlusions), authentic
90% diameter stenoses probably do not exist. In
this study, interventionalists were asked to esti-
malc the percent diameter stenosis of and FIME
grade blood flow through the target lesion
before BA. Blood flow was again recorded after
puidewire insertion across the target lesion. The
tikelihood of flow reduction or occlusion after
insertion «f the guidewire was predicted on the
basis of the visual estimation of stenosis scverity
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(percent diameter sienosis) and the quantita-
tively measured vessel size (interpolated RD)
and was compared with actual blood Aow. For
example, if the observer cstimated a 90% diam-
eter stenosis and the vessel diameter was quan-
titatively measured at 3 mm, the residual lumen
diameter, according to the visual estimate, would
be (.3 mm. Thus, introduction of an 0.018-in
guidewire (0.48 mm) should cause total occlu-
sicn of the vessel, and this stenosis grading was
classified as a “predicted occlusion.” Although
observers frequently provided estimates of ste-
nosis severity corresponding with predicted oc-
clusion, actual occlusion oy flow reduction by
onc or more TIMI grades rarely occurred. In all
cases where guide wire insertion across the
target lesion caused flow reduction, baseline
flow had been classified as TIMI grade 1 or,
occasionally, grade 2. Thus, it couid be con-
cluded that, where anterograde blood flow is
normal, lesion severity never reaches a diameter
stenosis of 90%. Therefore, angiographic evalu-
ation systems that allow classification of lesions
of such severity do not reflect actual lesion
dimensions and describe lesions that are not
physiologically possible and, thus, arc unsuit-
able for important studies. Specific training in
quantitalive coronary analysis can actually im-
prove the discriminant ability of the observer in
visual estimation of the severity of coronary
stenosis, as observed by Fleming et al® and also
recently reported by Danchin et al.®

PHYSIOLOGIC CORRELATIONS GF MINIMAL
LUMINAL DIAMETER

The physiologic significance of a coronary
obstruction will depend on a number of factors,
but the absolute MLD has been shown to be the
most important of these. 80626568 Repsing et alt®
have reported that recurrence of {or freedom
from) angina can be predicted, with 72% accu-
racy, by MLD threshold of 1.45 mm at 6-month
angiographic follow-up after single-lesion BA.
Similarly, the likelihood of a positive or ncgative
exercise test by bicycle ergometry could be
predicted with 62% certainty by a measured
MLD of 1.46 mm. In other words, a patient with
MLD at follow-up of greater than 1.45 mm will
probably be [ree from anginal symptoms with
T2% certainty, and a symptomatic paticnt has a
72% chance of having an MLD of less than 1.45
mm. Of coursc, this mcasurement will have
different relevance in smaller or larger vessels,
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and this important aspect was also investigated.
It was found that the refevant MLD threshold in
smaller vessels (vesscls less than the median
value of 2.63 mny) that predicted anginal recur-
rence oI ischemia on exercisc testing was 1,37
mm and that the corresponding value in larger
vessels { > 2.63 mm) was [.53 mm, Correspond-
ing measures of percent diameter stenosis were
alse provided, but, considering what has already
been stated regarding the reliability of these
measurements, they must be cautiously inter-
preted. Thus, simple quantitative angiographic
luminal measurements can provide important
and clinically useflul, functional infermatien,

The significancce of the degree of change in
lumen dimensions during follow-up after angio-
plasty was also investigated in this study but js,
however, much more difficult 1o interpret.
Clearly, a deterioration in MLD of 0.72 mm, for
cxample, is likely to have greater tunctional
importance in a 2.6-mm diameter vessel than in
a S5-mm diameter vessel, but the ftunctional
significance of the change ultimately depends
on the final luminal diameter (as well as the
amount of myocardium at risk and the level of
physical performagce required by the individual
patient). Thus, loss of as much as 2 mm in MLD
may cause no functional deterioration, if the
final lumen diameter at follow-up is more than
1.53 mm (obviously such changes would oniy be
possible in vessel larger than 3.5 mm). By
contrast, loss of as little as 0.5 mm during
foilow-up may be of definite clinical relevance,
i the final MLD is 1 mm. These findings might
reflect cither a suboptimal initial angiographic
result in a 2.5-mm vessel or a reasonably good,
immediate resuif in & 1.5- to 2-mm vessel.

The degree of absolute fuminal change neces-
sary to cause a physiologically significant effect
is, therefore, impossible to accurately catego-
rize because of the relative importance of other
factors. Thus, the phenomenon of luminal renar-
rowing after interventions cun be most objec-
tively and definitively evaluated using a continu-
ous and purely analomic approach. Ultimately,
the real value of QCA is the provision of
objective and reproducible measurements of
luminal dimensions, which facifitates the study
of the natural history of both atheromatous
coronary disease?* and {ong-term outcome after
interventions,® in populations of paticnis rather
than in individual patient managcment deci-
sions. The impending widespread availability of
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QCA for routinc on-line use in the catheteriza-
tion room™® may aliow such an application.

QCA AND SPECIFIC CORONARY DEVICES

Percutaneous Transluminal Coronary
Angicplasty

Insights Into the Therapeutic Mechanism of
Balloon Angioplasty

Although our initial analytic approach to
serial angiographic studies in patients treated
by BA was restricled to repeated measurements
of the lesion site, the development of several
new coneepts related (o mechanisms of balloon
dilatation required extension of our measure-
ments to inciude the inflated balloon, These
incladed streteh (theoretic maximal gain in
diameler or area during the angioplasty proce-
dure), elastic recoil (which clearly affects the
immediate resull after angioplasty), and balloon-
artery ratio (which aflects both the extent of
rccoil and the {ikelihood of dissection). Before
these assessments, the inflated balioon was used
as u sealing device and (incorreetly) assumed to
be uniform along the entire balloon length, at a
diameter according to the manufacturer’s speci-
fications. Monson ¢t al™ have previously re-
ported that the nominal balloon size is almost
never achieved over the entire balloon length.
Measuring the balloon diameter over s entire
length in 453 patients, during an average infla-
tion pressare of 8.3 = 2.6 atm, Hermans et al’’
observed a difference between the nominal
balloon diametcr of (0.3 = 0.29 mm with the
measured mean dlameter and of (.66 = .32
mm with the minimal balloon diameter. In
addition, a difference of (.59 = (.23 mm in
diamcter was found between the minimal and
maximal balloon diameter (Fig 3), These differ-
ences resulted in large variations in the calcu-
iated stretch, clastic recoil, and balioon-artery
ratio, depending on the balloon measurement
chosen. It was concluded that, for clinical stud-
ies, il is essential to measure the actual diam-
cter of the inflated balloon (minimal, mean, and
maximal diameter), because the theoretic in-
flated diamcter cannot be assumed and will
provide unreliable results. It was recommended
that stretch be calculated as the mmimal mea-
surcd diameter {or cross-sectional area) of the
largest, tully inflated balloon used during the
procedure minus the MLD before angioplasty
then corrected for the vessel size. for which



FOLEY ET AL

Fig 3.

purpose the interpolated RD before angio-
plasty should be used, Elastic recoil should be
calculated as the difference between the MLD
(or cross-sectional area) after angioplasty and
the minimal balloen diameter (or cross-sec-
tional area) at the highest inflation pressure,
corrected for vessel size, and balloon-artery
ratio is best calculated as the ratio of the RD {or
reference area) of the inflated balloon (calcu-
lated by the automatic contour detection pro-
gram) and vessel size, The equations used arc as
follows: stretch = MLD (MLCA) inflated bal-
loon — MLD (MLCA) pre-PTCA /vessel sizc;
recoil = MLD {MLCA) inflated balloon —
MLD (MLCA) post-PTCA /vessel size; and bal-
loon/artery ratio MLD (MLCA) inflated
balioon/vessel size wherc vessel size is the
interpolated RD (or reference area) pre-
PTCA.

The immedizte result of PTCA is influenced
by both plastic (dissections, intimal tears) and
elastic changes in the vessel wall. Experimental
studies have shown that part of the angioplasty
mechanism consists of stretching the vessel wall
with a resulting fusiform difation or localized
aneurysm formation.”? However, recent intravas-
cular ultrasound studies have clearly shown that
the major effect of balloon dilatation is plaque
rupture and compression and vessci wall tear-
ing, with stretching of the nondiseased vessel
wall playing only a minor role.?® This group has
also previously reported that, in lesions where
no uitrasonographically assessed plaque rup-
ture was produced by angioplasty, a significantly
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Nonuniform balfoon inflation during BA is shown. [A) Pre-PTCA MLD of 1.22 mm is shown. (B} During balloon infiation with
a 3.5-mims (manufacturer specification) balloen, the minimai balloon diameter is 2,61 mm, ard the maximat balloon diameter is 3.27
mm. [Reprinted with permissjon.?’)

higher restenosis rate, cvaluated angiographi-
cally using a categoric definition, was subse-
quently found .2

Rensing et al™ have noted that elastic recoil
after coronary angiopiasty results in a mean
decrease of 50% in luminal cross-sectional area
immediately after balloon deflation. A fol-
low-up study showed that asymmetric lesions,
lesions located in less angulated parts of the
artery, and lesions with a low plaque content
showed more elastic recoil.™ Furthermore, le-
sions located in distal parts of the coronary tree
were also associated with more elastic recoil,
probably because of relative balloon oversizing.
However, although clastic recoil appears to be
an important component of the initial response
of the vessel to balloon dilatation, 24-hour
angiographic study showed no additional de-
layed recoil, 2™ a finding which has becn con-
firmed by other groups.”’" More importantly
perhaps, muitivariate analysis in a large paticnt
group has shown no relationship between the
extent of elastic recoil at the time of PTCA and
late luminal renarrowing.”™ Conversely, recent
preliminary investigations using intravascular
uitrasound in small patient groups have con-
cluded that chronic elastic recoil during [ol-
low-up after successful transluminal interven-
tion may have a more considerable effect on
luminal renarrowing than does intimal hyperpla-
sia,”® and an angiographic study has reported
that luminal loss during the first 24 hours is
associated with a significantly higher incidence
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of fate restenosis.®t However, these studics can
be criticized for using a categoric definition of
restenasis, therelore, the resuits are difficult to
evaluate in terms of reliability in describing an
association between two phenomena. Undoubt-
edly, some lesions do deteriorate markedly
during the first day; however, a similar number
undergo additional luminal increase, and the
vast majority display minimal change, so that
the overall mean change in MLD is essentially
zero (Fig 4). It has been shown by Rensing ct
al’ and by Kuntz et al*? that luminal diameter
mecasurements before and after angioplasty and
at follow-up, as well as the change in lumen
during follow-up, arc normally distributed; thus,
a continuous statistical approach is appropriate
when examining angiographic phenomena, In
the 24-hour angiographic study, the combined
use of quantitative measurement of the luminal
dimensions in millimeters and a confinuous
statistical approach showed a more complete
picture than would have been provided by the
use of percentage of diameter stenosis measure-
ments and a catcgoric analytic approach, permit-
ting a clearer interpretation of the data and a
better understanding of the underlying pro-
cesses. Thus, it could be properly concluded, in
agreement with our previous findings™™ and
those of other investigators,™7% that clastic
recoil i3 an inslantaneous phenomenon occur-
ring immediately alter balloon deflation with no
further luminal deterioratior within the next 24
hours. Ultimately, these conflicting conclusions
need to be further evaluated and reconciled,
und seriul studies using intravascular ultrasound
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Fig 4. Cumulative distribution curves of MLE immadiately
after BA and 24 hours ater, in 110 successfully dilated lesions,
show that there was no deterioration in lesion severity over
the 24-hour period.
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and quantitative angiography in paraliel would
be of major interest in laying the matier to rest,

Insights fo the Restenosis Process Throvigh
Application of QCA to Chinical Trials

The largest experience in the Thoraxcenter
database consists of serial angiographic studies
in patients treated by PTCA, which have shown
several important aspects of QCA. Firstly, the
reproducibility of the CAAS system s extremely
high. In several large trials, comparable values
have been obtained in the determination of
MLD pre-PTCA, post-PTCA, and at 6-month
foliow-up.*-125483 Baged on data obtained {rom
these QCA studies, a number of important
observations on restenosis after BA has been
made.

It became apparent that the process of reste-
rosis tends to affect all treated lesions to some
degree and that this process could be detected
angiographically as progressive luminal renar-
rowing, which was detectable as early as 1
month post-PTCA and did not appear to ad-
vance beyond 4 months after the procedure
These findings were corroborated by Nobuyoshi
et al.* Restenosis rate was shown to depend
maost on the actual criterion used and, thus,
varied accordingly.™ In addition, the RD of
treated vessels was found to decrease signifi-
cantly during follow-up after BA, leading to the
conclusion that percent diameter stenosis mea-
surements fail to detect true changes in luminal
dimensions.?® Measurements of MLD and RD
were noted to be normally distributed,*® which
would justily a continuous rather than categoric
approach to description of the long-term out-
come. It was recommended thal restenosis
should be assessed by repeat angiography and
ascertained according (o the change in absolute
quantitative measurements of the luminal diam-
eter,™ Differences between findings of angio-
graphic restenosis-prevention trials were sug-
gested 1o arise from three important sources: 1)
insufficient patient numbers and incomplete
angiographic follow-up; 2) use of inherently
variable user-dependenl angiographic measurc-
ment techniques; and 3) inconsistencies in the
approaches used to evaluate restenosis, which
do not distinguish between the result of angio-
plasty and the restenosis process.®85 The need
for full angiographic follow-up in all clinical
studies examining the restenosis issue was advo-



cated,® and a continuous rather than categoric
statistical approach was recommended® to pro-
vide a more sensitive evaluation of the eflect of
a therapeutic agent on the renarrowing process.
Moareover, a continuous approach was shown to
require considerably fewer patients to reflect a
significant treatmenl cffect than would the use
of categoric criteria.®

Application of a continuous approach to
L1445 lesions treated in the aforcmentioncd
European trials confirmed that luminal renar-
rowing during follow-up is undoubtedly nor-
mally distributed in the treated population™
This finding contrasts sharply with the conven-
ticnal clinical belicf of an all-or-nothing phenom-
enon, supported by the findings of King ct al¥’
through the usc of clinical cvaluation of angio-
grams, that {uminal renarrowing occurs in some
Iesions but not in others (ie, a bimodal distribu-
tion). In agreement with the report by Rensing
el al*® of a Gaussian distribution for luminal
changes after BA, Kuntz et al* reported the
finding of a normal unimodal distribution for
late {oss inn patients treated by directional coro-
nary atherectomy (DCA) or stent implantation.
In addition, contrary tc popular belief, Her-
mans et al® found no differences in restenosis
between coronary scgments, using cither a cat-
egoric definition of greater than 50% diameter
stenosis at follow-up or a continuous approach
that comparcd absolute changes in MLD ad-
justed for the vessel size. These resulls collec-
tively show that resterosis is an ubiquitous and
normally distributed biologic phenomenon with-
out any predilection for a particuiar site in the
coronary tree and also show the limitations of
the use of the term “restenosis rate” to ad-
equately describe long-term cutcome after inter-
vention. However, in contrast to the findings of
Hermans cl al® Kuntz et al®® have recently
reported the finding of a higher restenosis rate
and loss index (late loss in lumen diameter
divided by acute gain) in left anterior descend-
ing compared with right or circumflex artery
lesiens treated by DCA or stent implantation.
The resulls of this study must be cautiously
interpreted because the patient group treated
by stent implantation was small {n = 90} com-
pared with that treated by atherectomy
(n = 310). The distribution ol trcated vessels
was different in the two groups; lesions were
muinly loeated in the proximal segments, ¢lini-
cal characteristics were not reported or in-
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cluded in the analyses, and angiographic fol-
low-up was incomplete (827%). Although this
study raises an interesting question and uses a
comprehensive, continuous analytic approach
to chalicrge previous findings by Hermans et
al 8 we belicve that the Hermans et al analysis,
in a homogenous patient group treated by BA
with 94% angiographic follow-up of 1452 le-
sions (which were widely distributed throughout
the coronary trec), carries more weight at this
time. Of course, the cordlicting findings of these
studies may reflect differing conscquences of
DCA or stent implantation and BA. Intuitively,
it is difficult to reason why one coronary artery
should have a greater propensity for ncointimal
response than another, regardless of how the
injury is impartcd. Nevertheless, these conflict-
ing conclusions clearly require further study and
resolution,

QCA has been uselul 1o clarify conflicting
dala in the literalure regarding angiographic
risk factors associated with restenosis. Previous
studies using univarizte or multivariate analysis
with restenosis rate as the dependent factor
have provided conflicting reports of risk lactors
for restenosis. % Our group has applied a
continuous approach to studying the long-term
outcome after BA, and we have found, in a
number of separate studies, that the propos-
tional luminal increase at angioplasty, or refa-
tive gam in MLD (MLD post-PTCA — pre-
PTCA, adjusted for vessel size), to be the
strongest predictor of absolute luminal loss
during {ollow-up. /883090 Other factors were
also found to be independently associated with
greater lumen renarrowing, namely lesion sever-
ity before angiopiasty, lesion length, angio-
graphic evidence of thrombus, and total ocelu-
sion hefore PTCA.

Our interpretation of this data is that a large
luminal improvement alter PTCA imparts
deeper arlerial injury and provokes a more
aggressive fibroproliterative vessel wall reac-
tion, resulting in greater luminal renarrowing.
This observation concurs with previous patho-
logic and experimental findings,”** in particu-
lar with the Mayo Clinic model that used
endoluminal stent oversizing to induce graded
arterial injury in porcing coronary arterics.””
Other groups, using various methods ol quanti-
tation of luminal dimensions, have also re-
ported a direct relationship between angio-
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graphic fuminal increase at intervention and the
subsequent renarrowing, 16103

Alternative Devices for Percutaneous
Revascularization

QCA Evaluation of the Immediate Therapeutic
Effects of Devices

Stent implantation.  The ability of an endolu-
minal prosthesis to maintain luminal patency
after failed BA was the original indication for
implantation of these devices.'™ Serruys et al'%
investigated serial geometric changes in stenosis
morphology in 19 patients after BA and then
aftcr stent implantation by quantitative angio-
graphic measurements of lumninal dimensions,
of the theoretic transstenotic pressure gradient,
and of Poiseuille and turbulence resistance. The
self-expanding stainless steel mesh stent pro-
duced additional immediate luminal dilatation
resulting in decrease in both the Poiseuille and
the turbulence resistance and in theoretic trans-
stenolic pressure gradient, in addition to the
expected scaftolding cffect. Puel et al'™ re-
ported a deterioration in MLD and MLCA at 3
monaths, among 11 patients similarly studied and
followed up; however, this changc was not
associated with any sigrificant increase in trans-
stenotic pressure gradient at assumed How rates
of 1 to 3 em/s. The conclusion of these studies
was that this device had a difating function, in
addition to its stenting role, that might be of
value in preventing abrupt closure and resteno-
sis after conventional BA, Further studics of
luminal geometry after steat implantation by
Strauss ct al®” showed that both the agreement
and mean difference between luminal cross-
sectional arca measurements obtained by edge
detection and videadensitometry deteriorated
markedly from before to after BA, but were
then considerably reimproved after stent implan-
tation. This effect of stenting was attributed to
smoothing of the vessel contour after stent
implantation and also to vessel remodeiling
toward a more circular configuration. Beatt et
al'™ reported an extra fcature of the self-
expanding stainless steel mesh stent, namely
additional luminal improvement during the first
24 hours, clearly indicating its negation of clas-
tic recoil and justifying its description as self-
expanding. Howcever, evaluation of the early
clinical experience with this device was unduly
disconcerting becausc of an unacceptably high

49

frequency of acute and subacute stent thrombo-
sis, ¥ temporarily quelling the early enthusiasm
of some of its proponents.'"” Nevertheless, per-
sistence with the clinical application of endolu-
minal stents, incorparating increasing attention
to control of coagulation, to refirermzent in stent
composition and design, and to deployment
techniques has yielded progressive improve-
ments in early clinical success. 1113

Morphologic changes brought about by the
bafloon-expandable tantalum coil (Wiktor) stent
were investigated by Serruys et al,''® with the
additional aspect of examining recoil after im-
plantation. This prosthesis was found to pro-
duce geometric improvements simifar to those
previously reported for the self-expanding stain-
less steel mesh stent, The smaller mean diam-
eter of the stented segment (2.88 + (.43 mm)
compared with the mean diameter of the fully
inflated balloon (2.98 = 0.44 mm) suggested
some minor recoil in the stented segment (3%
diameter reduction, compared with a mean of
approximately 33% diameter reduction after
conventional BA).? ¥n addition, it was noted
that the balloon did not achieve the diameter
specified (3.35 + 0.36 mm) at the recommended
inflation pressurcs for stent deployment, per-
haps because of the opposing forces of both the
stent and the arterial wall itself.

Haude et al''” have recently investigated the
accurrence of elastic recoil immediately after
sequential BA and Palmaz-Schatz stent implan-
tation and found that this device almost com-
pletcly climinated recoil (31% diameter recoil
[489% arca recoil] for BA, compared with 3.5%
[5.1% area)] after stent implantation), thus,
decreasing the impact of long-term intimal hy-
perplasia on the residual lumen dimensions.

An experimental in vitro study investigated
the interference caused by stainless steel and
tantalum stents 1o the densitometric measure-
menl process and found that only tantalum
stents were prone to produce serjous overestima-
tion of the MLCA within the stent, which would
be accentuated by incomplete vessel opacifica-
tion by radiographic contrast.!*® For this reason,
edge detection has been the preferred quantita-
tive analytic method applied to assessment of
angiographic resuits of stenting with this prosthe-
sis.

Divectional coronary atherectomy.  DCA may
cause luminal improvement by a combination of



dilatation and plaque removal. H%!?! kn a cohort
of 10 patients {among a total series of 113
patients), Umans et al'” examined quantitative
angiographic lesion morphology before and af-
ter passage of the athcrectomy device and atter
activation of the device with plague retrieval to
determine the degree of luminal increase
achieved by the procedure, which may be attrib-
uted to {csion stretching or dilatation merely by
the passage of the device (so called “Dotter”
effect). The MLD increased from 0.97 + (.32
mm before atherectomy to 1.85 = 0.37 after
crossing the lesion and then to 2.38 + 0.33 after
plaque removal. Among a selected matched
patient group undergoing BA, MLD increased
from 1.10 + 0.30 mm to 1.9 = 0.40 mm, showing
that the Dotter effect produced a luminal in-
crease virtually equivalent to that achieved by
BA and accounted for 62% of the total luminal
increase achieved by DCA. After DCA, the
agreement between edge detection and vid-
codensitometry measurcments was found Lo
deteriorate somewhal compared with that be-
fore DCA, although there was minimal discrep-
ancy between the mean cross-sectional area
measurements obtained by each approach (0.28
mm?}, in agreement with previous reports, 124122
As will be evident from the accompanying
report on the technicaf aspects of these measure-
ment techniques, discrepancy {edge detcetion/
videodensitometry mismatch) is most likely to
be explained by the presence of a noncircular
fumen morphology. The improved agreement
after stent jmplantation, as described above, is
believed (o be because of the fashioning of a
circular lumen by the device; thus, it was con-
¢luded that the finding of a reasonable level of
agreement after DCA may imply lumen mor-
phology that is close to civcular."¥122 This inter-
prelation is at variance with the report by Penny
et al’?' who postulated a clover-leaf-shaped
luminal configuration after DCA. However, the
lwo studies are in accordance regarding the
rclative contribution of dilatation and plaque
removal to the luminal improvement achicved
by DCA. Our group has not specifically exam-
ined elastic recoil after DCA, but a recent
report from Kimball et al'® suggests signifi-
cantly less clastic recoil after DCA
(23.5% = 16%) than after BA (41.6% = 13.8%).
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COMPARATIVE EVALUATION OF LONG-TERM
THERAPEUTIC EFFICACY OF DEVICES

The safety and immediate eflicacy of alterna-
tive devices for percutaneous coronary revascu-
larizatior have now been satisfactorily proven
by many investigators. The next logical step is
critical evaluation and comparison of the vari-
ous devices to determine long-term benefit in
terms of degree of luminal renarrowing pro-
voked by intervention. Comparison between
devices is hampered by a number of clinical and
angiographic factors that are most objectively
surmounted by randomized clinical trials, a
number of which are in progress or are alrcady
compieted. #4125

Because of the difference in vesscl size among
lesions treated by these respective devices, i
has been our contention that direct compari-
sons could not validly be made without taking
this factor into consideration. In fact, compari-
son of acute znd late angiographic resuits of any
intervention between individual paticnts is simi-
larly ambigucus unless vessel size is compa-
rable, Two possible sofutions have been applied
by our group to surmount this obstacie. The first
involves the selection of lesions; lesions to be
comparcd should be selected according to ves-
sel size and iumen diameter before intervention
sa that the bascline lesion characteristics are
similar, hence the maltching process by which
unmatchable lesions will be excluded from the
comparisoil. The sccond approach is to include
all paticnts in the comparison but to adiust or
normalize absolute luminal changes at interven-
tion and during follow-up for the individual
vessel size for each lesion, as explained further
below.

Matching

According to this comparative method, le-
sions to be compared are selected from baseline
angiograms by an independent observer who is
unaware of clinical or procedural details or of
the 6-month angiographic outcome. The tech-
nique!? is based on three principles. 1) The
angiographic dimensions of matched lesions arc
assumed to be “identical”; 2) the observed
difference between the two identical lesions
must be within the range of the CAAS analysis
reproducibility of 0.1 num {1 SD); and 3) the size
(RD) of the matched vessels are sclected within
a range of =03 mm (3 SD; ie, Y9% CI) (Tables 1
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Tabie 1. Quantitative Comparisor of the immediate and
Long-Terin Resuits of DCA Versus BA {Matched Data)

Measurament DCA BA FValue
RD (mm)

Pre 3.03 3.07 NS
MLE {mim)

Pre 1.08 115 NS

Post 2.61 1.92 10-5

Fiu 1.69 1.57 NS
Aln MLD {mim}

Post-Pre [gain} 1.563 077 16-%

Post-F/U {loss) 0.92 0.36 102

Matching of lesions to compara interventions is shown.
Abbreviations: NS, not significant; £/, foliow-up.

and 2). Thus, two comparable groups of lesions
treated by different devices are derived. The
acute and long-term clinical and angiographic
effects of intervention may then be compared.
We have, thus far, applied this technique in
comparing DCA and stent implantation with
conventional BA."-1% DCA was found not oaly
to achieve greater luminal increase than BA but
also 1o be attended by greater luminal loss
during follow-up, so that the ultimate angio-
graphic outcome was similar in cach group (Figs
S5A and B). Stent implantation also achieved
significantly greater luminal improvement than
did BA; however, although attended by greater
luminal loss than that for BA, the MLD at
follow-up in lesions treated by stent implanta-
tion was significantly greater (Figs 5C and [).%7
Important lessons have been learned from these
studies that may be considered as surrogates for
randomized trials. In fact, the angiographic
findings in the matched comparison of DCA
and BA could be interpreted as predicting the
angiographic outcome of the CAVEAT study. ™

Table 2. Matched Preprocedural Stenosis Characteristics of
Patients With Successiul Directional Coronary Atherectomy
Versus Balloon Angioplasty

Measurement BCA BA P Value
RO {mm) 3.03 3.67 NS
MLB (mm} 1.08 116 NS
D-STEN (%} 64 83 NS
A PLAC {rmm?) 9.5 8.4 NS
Corvature 15.9 22.2 <02
Symmetry 0.6 2.5 NS
Length {mm) 8.8 6.5 NS

No significant differences exist between lhe two groups
before the procedure except for a lower curvature vaiue for
tesions treated by DCA.

Abbreviations: D-STEN, diameter stenosis; A PLAQ, area
plaque; Length, length of lesion.
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The final results of the Benestent trial'!! are
eagerly awaited, and, among the findings, it will
be interesting to note whether the matching
study mentioned here provided an equally close
prediction of the angiographic outcome.

Independent of the vessel size treated, DCA
and stent implantation are both clearly capable
of greater luminal increase than is conventional
BA. Each of these new devices also provokes a
greater loss in lumen during follow-up that,
according to the injury/hyperplasia hypothesis,
is likely to be a dircet consequence of the
greater luminal increase. Moreover, studies us-
ing muitivariate analysis techniques in paticnts
trecaled by stent implantation’® and DCAW
lzave shown the strongest determinant of lumi-
nal narrowing during follow-up to be the lumi-
nal gain achieved at intervention. Other groups
have reported a direct association of luminal
gain at intervention with late fuminal loss after
DCA or stent implantation or after BA,8.101-103
Greater loss observed afler use of the new
devices compared with that for conventional
BA is generaliy attributed to the greater luminal
increase achieved by these devices, which pre-
sumably cause deeper vessel wali injury in the
process.

Kuntz et al have gonc a step further and
concluded that the greatest determinant of
long-term angiographic outcome after interven-
tion is the immediate postprocedural result, and
this detcrminant is independent of the device
used to achieve this result.™ Qur findings in
the matching studies would suggest that sient
implantation is asscciated with a better long-
term angiographic outcome than BA!'Y; how-
ever, DCA did not appear to provide a superior
long-term benetit.'® To adequately address the
dilernma further, studies matching DCA with
stent implantation are underway. In addition,
more sophisticated matching techniques may be
used to provide specific answers to guestions,
such as, if the baseline vessel size and lesion
severily and the immediate postprocedural re-
sult are similar in paticnts treated by different
devices, does the fibroproliferative hyperplastic
response vary according to the device used?

Relative Gain, Relative Loss, and Net Gain
Index

These indices of luminal change are derived
by normalizing absolute gain, loss, and net gain,
respectively, for the individual vessel size. To
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Fig 5. Comparison of immediate and long-term angicgraphic outcome of BA with DCA and stent implantation using cumsilative
distribution curves applied to matched patient groups. The x-axis represents the measured ¥LD, and the y-axis represents the
cumulative frequency {in percentage of the total) of lesions corresponding to a given MLD measurement. {A} Preprocedure and
immediately postprocedure results for PTCA and DCA (r = 90 lesions}; (B) postprocedure and follow-up resalts for PTCA and DCA;
(C) preprocedure and immediately postprocedure for PTCA and the Wallstent {n = 93 lesions]; and {D] postprocedure and foltow-up

for PTCA and the Wallstent,

provide a coastant and objective point of refer-
cnee, the interpolated RD before intervention
is used for the vessel size. As mentioned previ-
ously, this is the closest angiographic approxima-
tion of the discase free or normal vessel diam-
eter. These relative measurcments are not
interchangable with changes in conventional
percent diameter stenosis, because selection of
the RD is quite diflcrent, as explained carlier
{Fig 1). The matching procedure, as described
above, is inherently selective, and many iesions
cannot be compared because of lack of a suit-
able pariner. However, by normalizing for ves-
sel sizc, any lesion may be compared with any
olher with respect to changes at intervention
and during follow-up. Using this approach,
applied to patient groups treated by DCA, BA,
or implantation of a self-cxpanding stainless
stec! mesh stent or of a balloon-expandable

tantalum coil stent, we have reported, in all of
the groups, a direct linear relationship between
relative luminal increase at intervention and
subsequent deterioration during follow-up; how-
ever, this refationship differs considerably among
the groups {Fig 6).°%" Although there werc
definite demographic variations, which may
partly explain the observed differcnces, we be-
licve sufficient cvidence was presented to specu-
late that the findings reflect device-specific varia-
tions in the injury/hyperplasia relationship that
need to be further investigated. According to
these findings, the stainless steel mesh stent and
BA display a better profile than DCA or tanta-
lum coil stent implantation, in terms of provok-
ing less relative luminal loss at increasing levels
of refative luminal gain. These findings are in
conflict with the previously mentioned reports
of Kuntz et al,""™% perhaps because of differ-
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Fig 6. Linear regression relationship of relative gain/
refative loss of patients treated by 4 different interventional
devices are shown with the line of identity. It can be appreci-
ated that a device whose regression dine has a steep sfope (eq,
DCA] could be considered to be associated with a worse
profile than could one with a gentle line-slope {eg, the MESH
stent), insofar as a greatss relative loss is associated with any
given ralative gain. It is additionally clear that each device is
associated with the achievement of progressively increasing
net gain index (the perpendicular distance from the regression
line to the identity line) at increasing ievels of relative luminal
gain. BCA [n = 118 tesions); COLL, balloon-expandable tanta-
lum coil stent (n = 101 lesions); MESH, seif-expanding stain-
less steel mesh stent [n = 718 lesions); PTCA (n = 1435 [e-
sions).

ences in methodological approach, whereby
they have used abselute (not adjusted for the
vessel size) luminal measurements. In these
studies, their conclusion of no difference in
proliferative response to the devices is based on
the finding of similar loss index for each patient
group and of absence of an independent influ-
ence of the device used on late loss in multivari-
ate analysis of the patient groups combined.
However, possible effects of specific interac-
tions between the individual device and the gain
achieved, on the late loss, were not taken into
account as independent factors.

Decspite these differences in approach and
final conclusions, il is clear thal the immediate
aim of intervention must be to safcly achieve as
great an angiographic lumina] improvement as
possible with each device, because it can be
extrapolated from Fig 7 that progressively
preaier, relative luminal gain yiclds propertion-
ally increaging net gain (each regression line is
beneath and diverging from the identity line so
that a greater net gain index is associated with
increasing relative luminal gain, despile the
concomitantly increasing, rclative luminal loss).
A proviso to this general recommendation is
that the achievement of great luminal improve-
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ments is obviously more safely possible by stent
implantation than by BA or DCA. Aiming ta
obiiterate the target lesion by balloon dilatation
is not a legitimate endpoint of intervention with
this device, because of the inevitable elasiic
recoil and the risk of vessel wall dissection,
Similarly, by its very nature, aggressive DCA is
attended by some risk of vessel perforation. In
addition, Umans et &l have suggested that DCA
should not be used in smaller vessels ( <2.5-mm
RD), even if smaller cutters are uscd, because
of the apparently aggressive, intimal response
as a likely consequence of deeper vessel wall
injury in these vessels. However, Kuntz ct al**?
have rcported a gencral trend toward an im-
proved long-term angiographic result when me-
dial or adventitial tissue is retricved; this con-
trasts with previous reports by Garratt et al.'?
Nevertheless, it is becoming increasingly appar-
ent that, in gencral, interventions in larger
vessels may be associated with a better long-
term outcome. Our group has reported that
relative luminral deterioration during follow-up
after DCA, BA, and balloon-expandable tanta-
lum-coil stent implantation is greater in smailer
vessels, which appears to be a consequence of
increasing relative luminal gain achieved at
intervention (Fig 7).'* In addition, Kuntz ct at
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Fig 7. Reiative luminal gain {REL GAIN; left panel] and loss

{REL LOSS; right panel) according to vessel size in increments
of 0.5 mm, for the patient groups described in Fig 6. A pattern
of decreasing relative fuminal loss with increasing vessel size
is apparent for each device except for the MESH stent, and a
similar pattern is observed for relative luminal gain, This
finding would suggest that previous observations of lower
tendency to restenosis in larger vessels is, in fact, a conse-
guence of less relative luminalincrease at intervention in these
vessels compared with that for smaller vessels. A constant
relationship between relative gain and relative loss at all
vessel sizes, for each device, can be appreciated. Thus the
restenosis process would appear to be independent of vessel
size but strongly dictated by the degree of relative luminal
gain at intervention, as shown in Fig 6.



kave reported Iower restenosis rates in larger
vessels treated by DCA or stent implantation, ™
Thus, the “bigger is better” philosophy may be
morc properly interpreted to mean that interven-
tion in a bipger vessel is associated with a better
long-term outcome as opposed to the initially
reported intention that a bigger fumen after
intervention is associated with a better long-
term cutcome, because larger postprocedural
and follow-up lumen are naturally associated
with larger vessels.

ANGIOGRAPHIC EVALUATION IN
RANDOMIZED TRIALS COMPARING
INTERVENTICNAL DEVICES

Important multicenter trials, examining the
impact of various pharmacologic agents, or new
interventional devices on restenosis arc now
being assessed in core laboratories!3 7 ysing
quantitatively derived parameters, particulasly
MLD.'™ In addition, incrcasing attention is
being paid to the usce of intracoronary nitrate
and replication of the angiographic projections
before and after intervention and at follow-
up. 113

However, many studies continuc to report
results i terms of percent diameter stenosis
measurements and restenosis rates. We have
already described our strong rescrvations con-
ceyning the use of percent diameter slenosis
measurements in important clinical trials, Simi-
larly restcnosis ratles are, as explained, inher-
cntly mislcading and inaccurate and have little
relevance to the description of the ubiquitous
and dynamic process of luminal renarrow-
ing 5% If long-term clinical outcome is to be
reported, the frequency of occurence of lesion
severity af follow-up angiography of more than
30% diameter stenosis is entirely inappropriate
because it yields no information on actual lesion
deterioration intervention and, also, becausc
this approach equally categorizcs patients with
a diameter narrowing of 50% and those with s
totally occluded vessel. Similarly, those with a
compictely normai artery, 0% stenosis, would
be classified in the same group as those with a
49% diameter narrowing. Reporting on the
occurrence of major cardiac complications or
major adverse cardiac events {death, myocar-
dial infarction, coronary artery bypass graft
surgery, reintervention®?) in the follow-up pe-
riod, a technique uscd in many current multi-
center trials, presents considerably more rel-
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evant and useful clinical information regarding
long-term clinical success of therapy than the
so-valled clinical restenosis delinition.
Angiographic outcome must be evaluated
using a continuous approach to provide sensi-
tive evaluation of the usefulness of new thera-
peutic strategies. In addition, 100% QCA fol-
low-up is desirable to measure abscolute Jumiral
dimensions before and after intervention and at
follow-up in all patients. In randomized iriais
the baseline characteristics of the treated groups
are assiumed to be similar, so that the acute and
long-term cffects of intervention may be directly
compared, as has been presented in restenosis
prevention trials atter BA,Y-2% in the recently
completed CAVEAT, Y and in the soon-to-be
completed Benestent'!! trials. There are three
important angiographic uspects of interven-
tional results that necd to be considered for
thorough comparative evaluation of these trials.
First, the long-term angiographic outcome
should reflect patient status at follow-up. To
this cnd, the MLD at follow-up has becn shown
to have relevant elinical correlations® and is the
most unambiguous comparative measure of this
aspect both for the individual patient and the
treated group. Second, the net angiographic
benefit of the intervention (the angiographic
balancc of relative luminal improvement at
intervention and relative luminal loss during
follow-up) may be considered to convey a com-
parative mecasure of the ultimate cffectiveness
of the device, in providing luminal improvement
from before intervention to foilow-up. We would
suggest that the net angiographic benefit, nor-
malized for the vessel size (what our group has
termed the net gain index), is the most useful
index in this regard, Finally, the overall efect of
the device on the process of restenosis within
the treatcd population may be evaluated using
the relative gain/relative loss relationship as an
angiographic surrcgate for the wall injury/
fibroproliferative response relationship and may
be compared between groups. Within a random-
ized trial, whereby all baseline characteristics
are comparable, any differences in this relatiop-
ship may be attributed to real device effects.
Kuniz ¢t al have proposed the use of a joss
index®>8 1010 (abgsglute loss corrected {or abso-
lute gain) as a measurc of the proliferative
potential of an instrumented vessel to evaluate
the effectiveness of a therapeutic strategy. In
essence, this is the regression coeflicient of the
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shown in Fig &, with the individual data points included (n = 118), is shown. In the relative gain/relative loss graph (B}, the
denominator is the same for the calculation of reiative measurements (ie, the interpolated RD before DCA), and, thas, the loss/gain
relaticnship will be exactly the same as the relative ioss/relative gain, for each lesion; however, the resultant popuiation
relationships are clearly not identical. This is because of changes in spatial orientation of individual lesions, with respect to each
other, an noymalization for the vessel size, as shown. For the reasons given in the text as well as for the obviously stronger
correlation (r}, we consider the valative loss/relative gain relationship to be more meaningful and useful for comparative purposes
between patient groups treated by diffarent interventions. The loss index would be 0.62, wherteas a relative joss index would be 0.75.
r, Pearson’s preduct moment correlation coefficient; p, statistical certainty of & finear relationship hetwees: the dependent {loss,
relative loss) and independens {gain, relative loss} variahies.

gain/loss relationship, which is similar (but not %}. In addition, the potentially wide and variable
identical) to the relative gain/relative loss rela- range of individual responses cannot be commu-
tionship (Fig 8), and may be a useful simple sicated by the simple Joss index. Thus, because
index. However, we have reservalions regarding we consider nrormalization of luminal changes
its sensitivity, beeause two widely separated for vessel size to be an Integral step to compara-
population responses of luminal Joss to luminal tive evaluation, we believe the linear regression
gain may be described by the same loss index, display of relative luminal loss on refative lumi-
which would misleadingly convey similar prolif- nal gain (Figs 6 and ) to be the most informa-
erative response to a given level of injury {Fig tive angiographic exploration of the restenosis
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Fig 9. Schematic drawing shows potential limitations of
the {oss index. Both device A and device B would have a loss Fig 10. The relationship between wall injury score and
index of 0.4, yet itis clear that in the achievement of acute gain measured neointimal thickness, in a stented porcine model, as
of 2 mm, device A would provoke a Jate loss of 1.2 mm, reported by Schwartz et al,’® is shown. Compara this with the
whereas device B would provoke a loss of 0.8 mm. This is a relative gain/relative loss relatienships displayed in Figs 6 and
purely hypothetical example wherehy other factors, not consid- B. Certain similarities are apparent that stimutate the specula-
ered in the analysis, are likely te explain the diferent popula- fion that these QCA indices may represent relevant correlates
tion responses: however, it must he remembered that, in of arterial wall injury and neointimal response, which may be
reality, the restenosis phenomenon is clearly multifactorial, of some value for clinical restenosis studies. {Reprinted with
and such a scenaric may not be completely unrealistic. permission.®?)
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process (arterial wall injury/hyperplastic re-
sponse; Fig 10),

CONCLUSION AND EPILOGUE

Through the extensive application of QCA 1o
large patient populations undergoing translumi-
nal intcrventions, with comprehensive scrutiny
and analysis of the data provided, our group and
others have developed and continue to explore
pertinent and contributory concepts to the un-
derstanding of the immediate and long-term
responses to coronary vessel intervention, Rapid
advances in alternative imaging techniques
should not be visualized as competing with
QCA but, rather, as mutually complementary
methods of providing increasingly comprehen-
sive assessment of coronary luminal obstruc-
tions and the outcome of therapeutic interven-
tions. Correlations between the information
provided by these techniques and quantitatizve
angiographic data will be of major clinical
interest.

FOLEY ET AL

Although in clinical practicc, most of these
techniques are, as yet, investigational and tend
to be used mainly in large academic institutions,
increasingly sophisticated QCA analysis pro-
grams have been adapted for on-line use and
produce rapid, accurate, and precise measure-
ment of luminal dimensions in the catheteriza-
tion room, as well as off-line in the analysis
room or core laboratory. Thesc continuing devel-
opments, together with universal use of cinean-
giography or digital angiography by intervention-
alists, are likely to cement the position of QCA
as the “gold standard” in coronary luminal
cxamination for the forsceable future. Thus, the
clinical use of QCA on-line during intervention
has barely been explored but presents exciting
and fascinating prospects. We hope that this
and the accompanying report will provide some
general and specific, theoretic and practical
guidance for the interventionalist embarking on
the fantastic voyage into the realms of QCA.
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Angioscopic Versus Angiographic Detection of Intimal Dissection and

Intracoroenary Thrombus

PETER pen HEIJER, MD, PaD, DAVID P, FOLEY, MD,* JAVIER ESCANED, MD,*
HANS L. HILLEGE, MD, RENE B. van DUK, MD, PuD, PATRICK W. SERRUYS, MD, PuD, FACC,*

KONG 1. LIE, MD, PuDl>

Groningen and Rotterdam, The Netherlands

Objectives. This study was undertaken to compare coronary
angioscopy with angiography for the detection of intimal dissee-
tion and intracoronary thrombus,

Background. 1t has been demonstrated previously that coro-
nary angioscopy provides more intravascular detail than cinean-
giography. Both imaging metheds have to be compared directly to
assess the addifional diagnostic valoe of angioscopy.

Methods. The angiograms and videotapes of 52 patients who
had undergene angioscopy were revicived independently by two
observers unaware of other findings. Classic angiographic defini-
tions were used for dissection and thrombus, Angivscopic dissec-
tion was defined as visible cracks or fissures on the lumen surface
or mobile protruding structores that are contignous with the
vessel wall, Angioscopic thrombus was defined as a red, white or
mixed red and white intraluminal mass.

Results. Angiography and angioscopy were in agreement in 40.4%
of cases in the absence of thrombus and in 11.5% in the presence of
thrombus, No fewer than 25 (48.1%) angioscopically observed
thrombi remained undetected at angiography. With angioscopy as
the standard, although the specificity of angiography for thrombus
was 100%, sensitivity was very low at 19%. Angioscopic dissection was
present in 40 patients (76.9%) versus angiographic dissection in 15
patients (28.8%). With regard to dissection, there was ne correlation
hetween the twe imaging methods (r, = 0.15, p = 0,29},

Conclusions. Coronary angiography underestimates the pres-
ence of intracorenary thrombus, Angioscopy and angiography are
complementary techniques for detecting and grading infimal

dissections.
(4 Am Coll Cardial 1994;24:64%9-54)

Coronary angioscopy is a refutively new technique for imaging
the vascular inner surface and intraluminal structures of the
coronary arteries (1-3). The recent introduction of a smail,
flexible, wire-guided, high resolution coronary angioscopy sys-
tem has led to an increasing acceptance of this imaging methkod
for clinical and investigational purposes (4-8). From the
beginning of its clinical application, it has been recognized that
angioscapy provides more infravascular detail than can be
detected with angiography. The presence of intracoronary
thrombus and intimal dissection has been clearly documented
in angiographjcally unremarkable vessels (9-15).

Cororary angiography, by contrast, is accepted as the
standard for imaging the coronary arteries and is irreplaceable
[or routine patient care in diagrostic and interventional cardi-
ology. However, with the increasing availability of angioscopy
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and its potential for rapid and comprehensive direct visualiza-
tion of the coronary lumen, the definition of intracoronary
thrombus and intimal dissection by angiography musi be
questioned. The purpose of this study was to compare and
contrast imaging information obtained in 52 patients under-
going coronary angioplasty, using a combination of angiogra-
ply and angioscopy, with specific attention to the detection of
intracoronary thrombus and intimal dissection.

Methods

Patients. At the catheterization laboratories of the Univer-
sity Hospital Groningen and the Theraxcenter, Rotterdam, the
Netherlands, 52 patients {mean age 60.5 years, range 40 to 76)
underweni coronary angioscopy before (15 patients) or after
(37 patients} coranary balloon angioplasty.

Coronary angioscopy. Angioscopy was performed with the
ImageCath system {(Baxter, Interventional Cardiology Divi-
sion). Visualization of the coronary lumen is facilitated by low
pressure inflation of a proximal cuft (maximal diameter 6 mm)
and continuous flushing of prewarmed normal saline solution
at 40 mi/min through the irrigation channel of the angioscope.
Specific features of the angioscope include a mobile fiber
bundle aliowing 5-cm longitudinal mevement after cuff infla-

0733-1097/94/57.00
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Table 1. Classification System for Angioscopic Thrombus
and Dissection

Dhissection

1] Mot assessable, not applicable

1 None

2 Smalt surface discuptions (Maps)

3 Large disscction
Red thrombus

[H Not assessable, por ipplicable

| None

2 One lining thrombus

3 Mudtiple Hning thrombus

4 Protruding thrombus, <45 of Tumen

3 Protruding thronbus of funen

O Protruding thrombus, 5% of lumen
While thrombus

0 Not assessabic, not apphivable

I None

2 Cine fining thrombus

3 Multiple lining thrombus

4 Protruding thrombus, <4 of lumen

3 Protruding, thrombus, of lumen

6 Protruding thrombus, ¥-3%5 of lumen
Mixed rediwhite thrombus

0 Not assessable, not applicable

I None

2 One liming thrombus

3 Maultiple lining thrombus

4 Protruding thrombus.

3 Prolruding thrombus.,

Protruding, thrombus, #5-13 of lumen

tion, All angioscopic images were recorded on Super-VHS
videotapc.

Coronary angiography. Coronary angiography was per-
fermed according to the normal routine of both cathelerization
laboratories, with multiple projections of the trealed coronary
artery segments both before and afier angioplasty. The angio-
grams were recordedhat 12,5 to 25 frames/s on cinchilm.

Data acquisition and definitions. The angioscopic videolape
recordings were reviewed in a predetermined random order by
two interventional cardiologists with ample experience in angios-
copy. The presence of dissection and thrombus was scored with
the use of a classification system to provide grading seales for
these diagnoses (Table 1}, Preseace of thrombus was subclassified
as red, white or mixed red and white. The angioscopic definition
for a thrombus was as follows: red, white or mixed red and white,
intraluminal, superficial or protruding mass, adherent 1o the
vessel surlace but clearly a separate structure. A white thrombus
should [ul{ill the additional criferion of a shaggy, imegular and
cotton wool-like appearance. The magnitude of 2 protruding
thrombus, classified as grades 4 to 6, was determined by visual
estimation. Angioscopic dissection was defined as visible cracks or
fissures on the fumen surface or mobile protruding structures that
are contiguous with the vessel wali and of homogencous appear-
ance with the vessel wall. These definitions and classifications of
thrombus and dissection are part of an angioscopic classification
system that was developed and evaluated by the European

JACC Vol 24, No. 3
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Talle 2, Modified National Heart, Lung, and Blood Instituie
Classification of Angiographic Dissection

No dissection

Type A Small radiolucent area within the Jumen of the vessel disappearing
with the passage of contrast material

Type B Tilling defect paratlel 1o the lumen of the vessel disappearing with
the passage of contrast material

Type € Disseclion protruding outside the Tumen of the vessel persisting
after passage of the contyast malerial

Type Dt Spiral-shaped filling defect with normai runoff of the contrast
matecia in the anterograde How

Type D2 Spiral-shaped filling defect with delaved runof of the contrast
material in the anterograde How

Type I Persistent lumen filling defect with delayed runoff of the contrast
material in the distal vessel

Type I Filling deitet accompanicd by total occlusion

Warking Group on Corenary Angioscopy (16). Intraobserver and
interobserver agreements of angioscopic recordings, evaluated by
this working group, were considered acceplable. Intraobserver
and inlerobserver agreements for the angioscopic presence of red
thrombus were found to be 919 and 819%, respectively, For
dissection, intraobscrver agreement was 87% and 739 for inler-
ohserver agreemcnf.

The cineangiograms were scored off-line by the same observ-
ers in blinded manner in a different random order. [ntimal
disscetion was defined as intraluminal filling defects, extravasa-
tion of contvast material or lincar lumen density staining and was
categorized accerding to moditied National Heart, Lung, and
Blood Institute criteria (Tabie 23 (17-20). Angiegraphic evidence
of intracoronary thrombus was defined as the presence of an
itraluminal central filling defect or lucency surrounded by con-
trast material, seen in multiple projections and with absence of
calcifications within the defect (21).

Statistical analysis. The angioscopic and angiographic ab-
sence, presence or degree of dissection and thrombus was
scored by consensus of the two observers. [f they differed in
their judgment, consensus was reached by the opinion of a
third, independent observer. The observers were uninformed
of all patient data Lo allow for independent, unbiascd review of
angicscopic images and angiograms.

Cross-tables were made to compare angioscopic and angio-
graphic scores. Correlations were calculated using the Spear-
man rank-order correlation ceefficient r, and the phi coefficient
for 2 X 2 tables (r,). These correlations were computed using
the SPSS statistical package, version 5.01, Statistical signit-
cance was sct at the 5% level {(p < (h05)

Results

There were no major complications caused by angioscopy in
this patient coliort. There was onc case of ventricular fibrilla-
tion, which was easily cardiovertable, resulting from an exces-
sively long pericd of ischemia during our learning curve.
Severe coronaly spasn, air embolism, angiographic evidence
of dissection caused by angioscopy, batloon or wire entrapment
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Table 3. Angioscopic Thrombus Grade Versus Angiographic
Thrombus Presence

Angioscopi a
Angoamadile ngioscopic Thrombus Grade

Thrombus 1 2 3 4 5 i

Absent 21 ki 11 4 2 l
(404%) (135%) (21.2%) (7.7%) (3.8%) (L.9%)

Present — 1 3 1 — 1
(19%)  (58%) (19%) (1.9%)

Data presented are number (%) of patients.

or trauma caused by the occlusion cuff did not occur in this
patient group.

Coronary angioscopy revealed both intracoronary thrombus
and dissection in many angiographically unremarkable vessels.

Intracoronary thrombus, All intraluminal filling defects
[ulfilling the criteria for thrombus that were observed with
angiography were confirmed by angioscopy as representing
intracoronary thrombus. The angioscopic score of thrombus
versus the absence or presence of thrombus at angiography is
presented in Table 3. Angiographic evidence of thrombus was
reported in only six cases. Angioscopy, by contrast, revealed 31
(59.6%) cases of intracoronary thrombus, varying from a single
lining thrombus to large oceluding thrombi. The distribution of
the colors of the thrombi that were detected was as follows: 24
cases of red thrombus, 6 cases of mixed thrombus and 1 purely
white thrombus.

Table 4 shows the presence or absence (angioscopy grade
>2) of thrombus in a 2 X 2 cross-table. There is agreement
between angiography and angioscopy in 21 cases (40.4%) with
regard to the absence of thrombus and in 6 cases (11.5%) with
regard to the presence of thrombus. However, no fewer than
25 (48.1%) angioscopically observed thrombi remained unde-
tected al angiography. This underdetection was independent of
the thrombus color; in other words, white or mixed thrombus
was misscd by angiography as often as red thrombus. Com-
pared with angioscopy, there were no false negative angio-
graphic thrombus observations. There was a weak but signifi-
cant correlation between angiographic and angioscopic
presence or absence of thrombus (r, = 0.30, p = 0.03). A
Lypical example of intracoronary thrombus formation detected
by angioscopy but obscured by angiography is presented in
Figure 1.

Sensitivity and specificity. On the basis of these findings, as
well as on previous publications (9,14,22-24), angioscopy can
be regarded as the most reliable means of in vivo detection of

DEN HELIER ET AL
ANGIOSCOPY VERSUS ANGIOGRAPHY

Thrombus Lumen

Guidewire

Figure 1. Coronary angiogram (left anterior oblique view with cranial
angulation) showing a signilicant stenosis in the left anterior descend-
ing coronary artery. The lesion has a smooth angiographic appearance.,
without filling defects suggestive of intracoronary thrombus. Coronary
angioscopy reveals two fairly large red thrombi located on the
proximal side ol the eccentric narrowing.

intracoronary thrombus. Accordingly, to cnhance the interpre-
tation of our data, we used angioscopy as the standard to calculate
the sensitivity and specificity of angiography for thrombus. Al-
though the specificity of angiography for thrombus was 100%,
sensitivity was very low at 194%. The positive predictive value
was 100%; the negative predictive value 45.7%. It can be argued
that the angiographic criteria for thrombus (intraluminal filling
defect surrounded by contrast in multiple projections) allow
detection of only larger, lumen space-occupying thrombi (25).
Furthermore, although the angioscopic presence of red thrombus
has been validated in a postmortem study by Siegel et al. (14), it
can be argued that wall hemorrhage after angioplasty may be
misinterpreted as lining red thrombus, Therefore, we recalculated
these variables counting only protruding thrombi (grade 4 or
more) as positive angioscopic thrombus observations, disregard-
ing mural, lining thrombi. This had only a minor influence on the
outcome: Sensitivity of angiography for thrombus using angios-
copy as the standard was 22.2%, specificity 90.7%, positive
predictive value 33.3% and negative predictive value 84.8%.
Dissection. Table 3 represents the comparison of angio-
graphic and angioscopic dissection. Type A, B and D1 dissec-
tions were seen with angiography in these patients. There
appeared to be no relation to angioscopic intimal dissection
grade (Spearman correlation coefficient 0.21, p = 0.14). The
variables were dichotomized to test whether the angioscopic

Table 5. Angioscopic Dissection Grade Versus Angiographic
Dissection Type

Angioscopic Dissection Grade

1 2 3
Angiography (no dissection)  (small disruptions)  (large dissection)
Table 4. Angioscopi 'SLS iographic 5 % u
Angioscopic Versus Angiographic Thrombus No dissection 10 Y 8
E . Angioscopic Thrombus (Zgrade 2) (19.2¢) (17.3%) (34.65)
Angiograptiie Type A dissection — | 2
Thrombus Absent Present (L4%) (38%)
Absent 2 25 Type B dissection 2 - 9
(40.4%) (48.1%) (3.8%) (17.3%)
Present — 6 Type DI dissection — 1 —
(11.5%) (1.9%)

Data presented are number (% ) of patients.
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Table 6. Angioscopic Versus Angiographic Dissection

Angioscopic Dissection (=grade 2)

Angiographic
Dissection Absent Present
Absent 10 27
(19.2%) (51.9%)
Present 2 13
(3.8%) (25.0%)

Data presented are number (%) of patients,

presence or absence of dissection had a relation to any type of
angiographic dissection (Table 6). These data show angio-
scopic dissection in 40 patients (76.9%) versus angiographic
dissection in 15 patients (28.8%), again without any correlation
(ry = 0.15, p = 0.29). There were two cases of angiographic
dissection that were not detected by angioscopy. Surface
disruptions are typically seen with angioscopy after balloon
angioplasty (4,12), as was the case in all postangioplasty
observations in this study. Small surface disruptions, like small
thrombi, may easily be missed with angiography and may not
have clinical consequences. These small flaps may even be
regarded as the “normal” aspect of the vascular wall after
balloon angioplasty. For this reason the analysis was repeated,
comparing only large angioscopic dissections with all types of
angiographic dissections, but, again, it did not yield a signifi-
cant correlation between the two imaging methods (r,, = 0.23,
p = 0.10). Figure 2 shows an example of a dissection found
with angioscopy that was not visible on the angiogram.

Discussion

Contrast cineangiography is accepted as the standard im-
aging method for the coronary arteries. Although angiography
provides indispensable anatomic information and has set the
standard for quantifying stenotic lesions (26) both before and
after angioplasty (27), it can be questioned if it still should be
regarded as a sufficient means of imaging for studies that
require a reliable detection of intracoronary thrombus and
intimal dissection. The value of such angiographic studies must
be open to question, particularly if they address the sequelae of
intracoronary thrombus (28-32).

Implications. Adequate angioscopic evaluation of intra-
coronary thrombus can have an impact on routine patient care
as well, for instance, in the determination of the optimal
management in cases of suboptimal angioplasty result or
abrupt reclosure. All nine patients in this study with protruding
thrombi (=grade 4) at angioscopy were treated with adjunctive
intracoronary thrombolysis. Intracoronary thrombus was
present in 8 of the 15 patients who underwent angioscopy
before angioplasty (six cases grade 3, and two cases grade 4
thrombus). All of these cight patients had unstable angina, as
opposed to two of seven patients without intracoronary throm-
bus before angioplasty. This higher incidence of thrombus in
patients with unstable angina is in accord with other angio-
scopic studies (5,6,24). Sassower et al. (33) and Knopf et al. (8)
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Dissection

\

\ a8

Guldewire

Lumen

Figure 2. Postangioplasty coronary angiogram (left anterior ablique
view) of the right coronary artery with an angiographically optimal
result, without evidence of disscction. At angioscopy, a large intimal
dissection with white mobile flaps is obscrved.

have identified the clinical relevance of reliable angioscopic
thrombus detection during coronary angioplasty in cases of
abrupt closure, unstable angina and acute myocardial infarc-
tion. We previously reported two cases of subacute stent
occlusion where angioscopy helped to distinguish dissection
from thrombosis as the primary cause (34).

The high sensitivity of angioscopy for the detection of throm-
bus potentially has clinically relevant implications. Used before
the intervention, angioscopy may predict a high incidence of acute
or abrupt closure if intracoronary thrombus is detected. Another
potentially useful application of angioscopy is in the emergency
situation: when an acute occlusion occurs or threatens to oceur
after angioplasty, it is of utmost importance to be able to
differentiate between thrombus and dissection as the primary
cause for this adverse outcome. The selection of the optimal
emergency strategy, such as stent implantation, prolonged infla-
tion of autoperfusion balloon catheters or intracoronary throm-
bolysis, could be facilitated by angioscopy.

This study was undertaken to compare objectively the
usefulness of angioscopy and conventional angiography for
detection of intracoronary thrombus and intimal dissection.
Contrasting conclusions may be drawn from the findings with
respect to these respective diagnoses. The sensitivity and
specificity of angiography for thrombus detection clearly indi-
cate that angiography underestimates the presence ol throm-
bus. The vast majority of angioscopically observed thrombi
remain obscured at angiography. For dissection, however,
angiography and angioscopy appear to be complementary
imaging techniques. There were wo cases in which angioscopy
missed the dissection although it was evident on the angio-
gram. Both werc type B disscctions, with a filling defect
parallel to the lumen that must have remained hidden from
angioscopic view. Dissection was not seen on angiography in
the 15 patients who were studied before angioplasty. With
angioscopy, dissection was scored in nine of these patients (six
cases grade 2 and three cases grade 3 dissection). It is likely
that angioscopically observed dissections in this preangioplasty
situation represent spontancous dissections or ruptured
plaques.

Study limitations. Our study has the limitations of a retro-
spective investigation. Not all types of dissection were present
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in this group, which included patients with both preangioplasty
and postangioplasty lesions. As a resull, a positive correlation
between angiographic dissection type and angioscopic dissec-
tion grade may not be exciuded but may merely not have been
confirmed with this limited number of 52 paired observations.

We found a considerable angiographic underestimation of
thrombus. This may result in part from the strict angiographic
criteria for thrombus, More liberal crileria undoubtedly would
result in increased sensifivity at the cost of a much lower
specificity, Another problem, which may result in inaccurate
estimation of angiographic sensitivity and specificity for throm-
bus and dissection, arises from the difficult angiographic
distinction between these two diagnoses. Thrombi may have
been misinterpreted as dissections, and vice versa. In five of six
cases of angiographic thrombus, dissection was present as well,
There were four cases of angiographic thrombus that corre-
lated with angioscopic lining thrombus. By conirast, because
tining mural thrombus is not very bulky, in general it would not
be detected by angiography (25), so it is highly probable that
the lumen fifling defects that were observed in these cases were
caused by concomitant dissection. In fact, there proved to he a
large angioscopic dissection (grade 3) in three of these four
cases, and small surface disruptions (grade 2) in onc case.
Thus, an even lower angiographic sensitivity for thrombus may
have been found if a differcat patient group, with intracoronary
thrombus but without disscetion, had been studied.

Intravascular ulirasound imaging is another new imaging
tool for intraluminai structures (as well as for vascular wall
properties). Aithough it dees not have ideal properties for
thrombus detection, intralumina! ultrasound imaging has the
potential for superior imaging of intimal dissection (35-38),
with the abilily to discern plaque fraciure from mare extensive
disruption that includes the internal elastic lamina. Future
studies should address the combined use of all available
coronary imaging techniques,

Conclusions. Coronary angiography considerably underes-
timates the presence of intracoronrary thrombus, In studies that
require reliable detection of thrombus, coronary angioscopy is
the imaging tool of choice. Angioscopy and angiography are
complementary techniques for detection and grading of inti-
mal disscctions,
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CHAPTER 4

QUANTITATIVE CORONARY ANGIOGRAPHY DURING
CORONARY ANGIOPLASTY WITH A SINGLE ANGIOGRATPHIC
VIEW: A COMPARISON OF AUTOMATED EDGE-DETECTION

AND VIDEODENSITOMETRIC TECHNIQUES.

Escaned J, Foley DP, Haase J, Di Mario C,

Hermans WR, de Feyter PJ, Serruys PW.
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Quantitative angiography during coronary
angioplasty with a single angiographic view: A
comparison of automated edge detection and
videodensitometric techniques

Little information is available on the refiability of coronary luminal measurements obtained from
quantitative analysis of a single angiographic view, an approach that is central to the practical
use of on-ling guantitative angiography. In the present study we investigated the contribution of
twe different techniques of quantitative angiography, edge detection (ED} and videodensitometry
{VD), to the application of this concept during coronary argioplasty. Forty-six ballcon angloplasty
procedures were inchuded in this study, all of them performed in a stenosis located in the mid
right coronaty segment. This coronary location was chosen to optimize data collectior on luminal

morphotogdy and to minimize the nember of factors that may adversely affect guantitative
analysis with both techniques. In all cases two orthogonal angiographic projections were
obtained before, after balioon ditatation, and at foliow-up. Correlation coefticients and
differences between orthogonal measurements obiained with each technique were used to
evaluate the agreement between orthogonal readings at every stage of the procedure. The
obtained correfation coefficients and mean differences (MD} between orthogonal measurements
were as follows: before percutanecus transluminal coronary angiography (PTCA), 0.67 {MD

0.01 + 0.47 mm?) and 0.57 (MD 0.05 + 0.64 mm?) for ED and VD, respeclively (Pitman’s test for
SD, p < 0.05); aiter balloon dilatation, 0,32 (MD —0.56 + 1.53 mm?) and 0.53 (MD —0.15 + 1.43
mm?) for ED and VD, respectively {paired ¢ tesl for MD, p < 0.05); and at follow-up 0.79 (MD
~0.15 + 0.97 mm?) and 0.73 (MD 0.17 = 1.16 mm?) for ED and VD, respectively (g — NS). The
presence of coronary dissection did not influence the variability in measurements observed after
batloon dilatation. A considerable variability between orthogonzal cross-sectional area
measurements oblained with ED and VD was observed at all stages of coronary angioplasty, a
finding that does not support the clinical application of area measuremenis with ED or VD from a
single view. Similar observations were made after the exclusion of angiographically evident
dissections. However, after balloon dilatation the agreement beiween orthogonal area
measurements was significantly better with VD than with £D. Our results provide new insights
into the problems posed by coronary intervention with respect lo the on-line angiographic
assessment of such intervention and to the potential solution of these problems, With either of
these two quantitative techniques, area measurements obtained from a single angiographic view
should be interpreted with caution, (Am HearT J 1993;126:1326-33.)

davier Escaned, MD, David P. Foley, MB, ChB, MRCPI, Jiirgen Haase, MD,
Carlo Di Maric, MD, Waiter R, Hermans, MD, Pim J. de Feyter, MD, PhD, and
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The growing demand for the use of on-line quantita-
tive angiography during mterventional procedures is
currently hampered by two major limitations, First,
although averaging of measurements obtained in
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different angiographic views is accepted as the opti-
mal method for quantifying coronary stenosis,' # this
approach appears oo cumbersome for its application
during coronary intervention. Second, quantitative
analysis of intervening segments appear to be less
reliable than that performed in nonintervening seg-
ments,?7 [t remains unclear whether either of the two
main alternative techniques of quantitalive analysis,
namely videodensitometric and edge detection, can
offer a distinct solution to these problems. The rou-
tine use of quantitative angiography would be facil-
itated and more widely applied during interventional
procedures if accurate measurements could be ob-
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tained from the analysis of a single angiographic
view. T'o that end, videodensitometry might be the
most preferable technigue since, at least theoreti-
cally, measurements are independent of the angio-
graphic projection used. Other authors® have sug-
gested that analysis of a selected single angiographic
view, using edge detection, may alsc be accurate
enough for clinical purposes, With respect to the loss
of accuracy of guantitative angiography postinter-
vention, no clear agreement has been reached on the
mechanisms causing increased wvariability of mea-
surements in the intervening segment. If this is the
result of complex changes in luminal geometry, vid-
eodensilometry might be the methad of choice, since
luminal area measurement by this technique is inde-
pendent of fumen morphology. However, up to now
videodensitometric studies in the context of balloon
angioplasty have yielded conflicting results. %% 1¢

To shed further light on these topics, we investi-
gated the degree of agreement between cross-sec-
tional area measurements obtained in two orthogonal
angiegraphic projections during balloon angioplasty.
Cur first objective was to test whether the use of a
single angiographic view is sufficiently accurate for
its clinical use. Furthermore, we wanted to test
whether in this regard videodensitometry is superior
to edge detection analysis. Finally, we investigated
whether the agreement between measuremenis ob-
tained in two orthogonal views changes significantly
during the different stages of coronary intervention.
By limiting the study to a selected coronary segment
with ideal characteristics for both videodensitometry
and edge detection, the effect of luminal changes
caused by balloon dilatation on both types of guan-
titative analysis was highlighted. Edge detection and
videodensitometry analysis were performed sepa-
rately. Qualitative analysis of the dilated segment
was also performed to assess the impact of angio-
graphically evident dissection on single-piane analy-
sis and on both modalities of quantitative angiogra-
phy.

METHODS

Study popuiation. The study populaticn consisted of
4563 patients having balloon angioplasty procedures who
were inchuded in the efficacy analysis of the Multicenter
Buropean Research trial with Cilazapril after Angioplasty
to prevent Transluminal coronary Obstruction and Rest-
enosis (MERCATOR).! The study showed that cilazapril,
5 mg twice a day, does not influence the development of
restenosis or of patient ¢linical outcome during the first 6
months after balloen angioplasty. All 653 patients had had
a successful procedure and underwent follow-up angiogra-
phy at 26 + 3 weeks after the procedure or eartier if symp-
toms had recurred. All 72 percutaneous transluminal cor-
onary angioplasty (PTCA) procedures perfermed in a mid
right coronary arlery stenesis were initially considered.

Escaned et al.

This segment was chosen as presenting the ideal anatomic
characteristics for quantitative angiographic analysis: min-
imal foreshoriening in the right and left anterior oblique
views, {ew side branches, and virtual absence of vessel
overlap., Lack of orthogonal angiographic projections or
follow-up angiography, and total coronary occlusion at any
stage of the study were exclusion criteria.

Image acquisition. Image acquisition was standardized
to ensure exact reproducibility of the measurements before
PTCA, after PTCA, and at follow-up. The same angio-
graphic angulations were used throughout the study. In-
tracoronary nilrates {nitroglycerine, 0.3 mg, or iscsorbide
dinitrate, 1 mg) were given before image acquisition to en-
sure full vasodilation of epicardial vessels. So that they
could he used as a scaling device during guantitative anal-
ysis, all catheter tips were filmed empiy of contrast medium
hefore each injection and were stored after the procedure
for future micrometric measurement.’2

Quantitative angiographic analysis. All 35 mm films
were analyzed at a core laboratory (Cardialysis, Rotterdam,
The Netherlands) using the Cardiovascular Angiography
Analysis System {(CAAS). The automated edge detection
and videodensitometric techniques used in this system
have been described in detail elsewhere,’* as has its val-
idation in vitro'® and in vive using precision-drilled acrylic
plastic models inserted percutaneously in a in vivo swina
model,!7: 1 All measurements were performed in end-dias-
tolic frames with optimal vessel opacification. Before
quantitative analysis, all contour positions of the catheter
tip and arterial segment were corrected for pincushion dis-
tortion induced by the individual intensifiers,

Edge detection. After a region of interest measuring
512 x 512 pixels was selected and digitized using a high-fi-
delity charge-coupled device {CCD) videocamera, luminal
edges were detected using a weighted sum of the first and
second derivative functions of the hrightness profile of each
vessel scan line. A diameter function was determined by
computing the shortest distance between the left and right
contour positions. Conversion of these measurements to
absolute values was achieved by using the catheter tip as
a scaling device. From the diameter {function, a compuier-
derived estimation of the original arterial dimension at the
site of chstruction or an interpolated reference diameter
was also caleulated.

Videodensitometry. Videodensitometry is based upon
the existing relationship belween the attenuating power of
the lumen filled with contrast medium and the x-ray image
intensity, From this information a densitometric profile
that is proportienal to the cross-sectional area of the lumen
was obtained. Subtraction of patient structure noise was
applied after computing the linear regression line through
the background pixels located left and right of the detected
luminal confours. A cross-sectional area function on the
analyzed segment was obtained by acquiring conseculive
densitometric profiles in all scan lines perpendicular to the
vessel, From this area function an interpolated reference
area was caloulated in a similar way to that described in the
edge detection algorithm. Conversion of the individual
videodensitometric profiles to absolute values was per-
formed after a transformation of the videodensitometric
profile found at the reference diameter with the corre-
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sponding geometric area (calculated from the reference di-
ameter and assuming a circular cross section al that point),
The cross-sectional area at the narrowest point was iden-
tified and was expressed in square millimeters. No correc-
tion for veiling glare was introduced.

Assessment of dissection. Coronary dissection follow-
ing balloon angioplasty was recorded by two independent
obzervers using a modification of the criteria defined hy the
National Heart, Lung, and Blood Institute, ¥ A dissection
was classified as a small radiolucent area within the lumen
of the vessel (type A), a nonpersisting or persisting ex-
travasation of contrast medium (type B or C, respectively),
a spiral-shaped filling defect with or without delayed ante-
grade flow {types K and D, respectively), or a hlling defect
causing total coronary occlusion (type I'), The presence of
angiographic dissection may constitute a scurce of vari-
ability during quantitative analysis. Foliowing the recom-
mendations of the angiographic committee of the MER-
CATOR study, identificatiovn of the luminal borders in
vessels with evident angiographic dissection was performed
always using the automated edge detection mode with no
manual correction by the analyst, In this way, subjective
bias was minimized.

Statistical analysis. Mean values + standard deviation
were calculated for all measurements obtained before
PTCA, after PTCA, and at follow-up. Pearson’s product
moment correlation coetlicients were calculated for orthog-
onal measurementls. The agreement between orthogonal
measurements was also studied using the mean (accuracy)
and the standard deviation {precision} of the dillerences
belween measurements obtained in orthogonal views20
Quantitative dala were compared using one-way analysis of
variance. Paired two-tailed ¢ tests were used when required
to compare mean values. Comparisons between standard
deviations were performed using Pitman's test. A p value
<0.05 was considered statistically significant.

RESULTS

Of the 72 successful PT'CA procedures performed
in the midsegment of the right coronary artery, eight
were total ocelusions at baseline or follow-up and
were excluded. In addition, 18 cases lacked satisfac-
tory orthogenal angiographic assessment and were
also excluded. The remaining 46 cases conslitute the
population of this study. Orthogonality between
right and left anterior oblique views was 90.00 +
14.43 degrees. Coronary dissection immediately after
PTCA was documented in 16 cases, The dissection
was classified as type A in six cases, type B in nine
cases, ahd type E in one case. Negative videodensit-
ometric measurements were obiained in two cases
before PT'CA and in one case at follow-up. The cause
of negative readings may be found in an excessive
background subtraction when bright areas are clese
enough to the analyzed vessel to fall within the region
of interest. These cases were excluded only from the
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analysis at that particular stage of the study (pre-
PTCA and follow-up, respectively).

The mean minimal luminal cross-secticnal areas
(£5D) obtained by averaging videodensitometry
values from orthogonal views were 1.00 + 0.96,
3.1 + 1.68, and 2.6 = 1.50 mm? before PTCA, after
PTCA, and at follow-up, respectively. Averaged edge
detection measurements were 1,11 + (.53, 3.17 +
1.05, and 2.63 + 1.31 mm? respectively.

Fig. 1 shows the correlation between pairs of
orthogonal measurements obtained by using either
videodensitometry or edge detection. The degree of
agreement between these values is further iliustrated
with the mean difference between both measure-
ments and its standard deviation (Fig. 2). Before an-
gioplasty, the accuracy of measurements cbtained
from a single view is similar using videodensitometry
or edge detection (mean difference —0.05 and —0.01,
respectively), although the precision of edge detec-
tion was significantly higher than that of videoden-
sitometry (standard deviations 0.47 and 0.64 mm? for
edge detection and videodensitometry, respectively,
p = 0.023).

After balloon dilatation, the agreement between
orthogonal measurements decreased for hoth video-
densitometry and edge detection, The mean differ-
ence between orthogonal values was —0.15 + 1.43
mm? and ~0.56 = 1.53 mm? for videodensitometry
and edge detection, respectively (p < 0.05). Te in-
vestigate the contribution of vessel dissection Lo the
ohserved loss of agreement between orthogonal mea-
surements, the same analysis was applied separately
to vessels with and without dissection (Fig. 3). No
significant. difference in the mean value or in the
standard deviation of the difference between orthog-
onal values was found between groups.

At foliow-up, the difference between crthogenal
views was 0.17 = 1.16 mm? and —0.15 = 0.97 mm?®
for videodensitometry and edge detecticn, respec-
tively, There was no significant difference in: the pre-
cision of these measurements.

To study the contribulion of recorded vessel dis-
section to the loss of agreement between orthogoenal
views after balloon dilatation, a separate analysis of
the between-projection differences in minimal lumi-
nal area was applied to vessels with and without dis-
section {Fig. 3). The mean difference in cases without
dissection was —0.62 + 1.21 mm and —0.19 = 149
mm? for edge detection and videodensitometric mea-
surements, respectively. In those cases wilh angio-
graphically detectable dissection, the differences ob-
tained were —0.46 + 2.04 mm and —0.06 * 1.35 mm?®
for edge detection and videodensitometric measure-
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Fig. 1. Correlation between minimal luminal cross-sectional area measurements obtained in twe orthog-
onal projections. The results obtained with automated edge detection and videodensitometric analysis in
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Fig. 2. Mean differences between minimal luminal cross-sectional area measurements obtained in two or-
thogonal projections with automated edge detection and videodensitometric analysis + 1 standard devi-
ation (shadowed aree). The resulis obtained during the different stages of the study are shown separately.

ED, Edge detection; VD, videodensitometry.

ments, respectively. No significant differences in ac-
curacy or precision were found with respect to the
type of analysis applied (edge detection or videoden-
sitometry) or to the presence or absence of recorded
coronary dissection.

DISCUSSION

Edge detection and videodensitometric algorithms
are built-in features of most new digital angiographic
systems, a fact that may contribute to the widespread
use of on-line quantitative coronary angiography in
the near future. Although the performance of quan-
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titative analysis from a single angiographic view is
central to the practical use of these systems during
routine procedures, litile information is available on
the variability between measurements obtained from
orthogonal views. It has been argued that a signifi-
cant variability would be expected wher noncircular
iumens are measured from different angiographic
projections. Two main alternatives have been put
forward to selve this problem. Lesperance et al.® sug-
gested that limiting the analysis to the angiographic
view in which the stenoses appears most severe might
fulfill the degree of accuracy required in clinieal
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Fig. 3. Mean differences between minimal luminal cross-sectional area measurements obtained in two or-
thogonal projections immediately after balloon dilatation. Results obtained in cases with and without an-
giographically detectable dissection are shown separately. The mean difference + 1 standard deviation
{shadowed area) is shown. ED, Edge detection; VIJ, videodensitometry.

practice. A second approach, based on initial results
ohtained in in vitro phantoms, suggested that the use
of videodensitometry would be advantageous, since
accurate measurements were obtained independent
of angiographic projection and lumen morpholo-
gy.% 2122 Validation studies of videodensitometry in
conditions cfoser to those found in ciinical praectice
have been performed, including videodensitometry
in postmortem specimens® or in engineered angio-
graphic phantoms implanted in animal models.!® 24
However, conflicting results have been reported when
videodensitometry was used during coronary angio-
plasty. The correlation for individual measurements
obtained in orthogonal views both before and after
balloon angioplasty has been found by different au-
thors to be high,® moderate,” or poor.? The deteriora-
tion caused by balloon angioplasty in the agreement
of videodensitometric measurements obtained {rom
different angulations has also been reported in one
study and was found to be unacceptably large.®
Two of the ohjectives of the present study were to
test whether the use of a single angiographic view is
sufficiently accurate for clinical use, and whether in
such regard the use of videodensitometry offers any
advantages over edge detection. We found that in the
postangioplasty period videodensitometry yields a
significantly better agreement between orthogonal
measurements than edge detection. However, further
analysis of the results obtained (Fig. 1, left paneland
center panel} demonstrated thal the clinical rele-
vance of this difference may be negiigible. This con-
clusion was arrived at by setting the limits of agree-
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ment as the standard deviation of the differences oh-
served between orthogonal measurements, according
to the method propesed by Bland and Aitman.?® It
led us to conclude that the overall variability between
orthogonal measurements of cross-sectional area ob-
served belore and after coronary angioplasty makes
single-plane quantitative angiography with either
edge detection or videodensitometry too unreliable
to be used in routine clinical praetice. Although our
conclusions are based on the analysis of a single cor-
ohary segment and therefore should be exirapolated
with caution to other vascular segments, the fact that
the mid-right coronary segment represents the “best
scenario” for quantitative analysis makes us believe
that even worse correlations would be expected if
other segments of the coronary tree were to be
included.

We also investigated whether the agreement he-
tween orthogonal measurements changes signifi-
cantly during percutaneous intervention, In: fact, we
found that the agreement between single orthogonal
cruss-sectional area meagurements obtained with ei-
ther of the two technigues considered deteriorates
significantly after balloon dilatation. Since tearing of
the intima and atherosclerotic plaque, dehiscence of
plagque from the tunica media, and variable degrees
of medial and adventitial disruption are known to be
common after balloon dilatation,?® observations sim-
ifar to ours have been attributed to the effect of these
histopathologic changes on angiographic accura-
cy.> 4 6.2 However, given the characteristics of these
studies, such a relationship could not been clearly
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Fig. 4. Quantitative analysis of a stenosis in the circumflex coronary artery (A) performed immediately
after balloon dilatation. Although no angiographic dissection was evident and edge detection analysis sug-
gested a major inprovement in luminal area, intravascular ultrasound (B) reveated that the detected edges
corresponded to a nearly complete plaque dehiscence from the surrounding media and that luminal gain
was clearly overestimated by angiography. During ultrasound imaging a side branch (sh) located at the di-
latation site was chosen as a landmark.

established; experimental phantoms have a fixed lu-
minal morphology and are free of wall disruption,
and most previous clinical works have excluded or
have not recorded the presence of coronary dissec-
tion.

To provide further insights, we limited the collec-
tion of angiographic data 1o a coronary segment with
ideal characteristics for quantitative analysis. In do-
ing s0, a true “in vive vascular phantom” was
obtained in which the occurrence and type of vessel
dissection were also documented. As shown in Fig. 3,
one of our conclusions is that the increased variabil-
ity between orthogonal measurements observed after
balloon angioplasty may nol be ascribed solely to the
presence of angiographically evident dissection. This
suggests that lesser or occult changes in vessel mor-
phology must account for the loss of accuracy of
quantitative angiography at this stage. Two major
types of changes may account for this phenomenon,
The first i the presence of intraluminal flaps and ir-
regularities not actually identified angiographically
but present after balloen dilatation, as reported in
angioscopie, 2" 2 ultrasound,® and pathologic stud-
ies.® When opacified during angiography, these ir-
regularities can be wrongly identified as the true lu-
minal borders by edge detection algorithms, leading
to a false estimation of luminal diameter. The second
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is the change to noneircular lumen geometry conse-
quent to balloon dilatation.®® Pathologic studies have
shown that slit-like or very irregular lumens are
rarely seen in native vessels with noncomplicated
atherosclerotic plagues,® a fact that may explain the
excellent agreement between orthogonal measure-
ments obtained with both edge detection and video-
densitometry in an in vitro study using human cor-
onary stenosis,”® as well as the hetter agreement be-
tween orthogonal edge detection measurements
found at baseline in the present study (Figs. 1 and 2).
These two potential sources of error are illustrated in
Fig. 4, where the result of baltoon dilatation in a cir-
cumflex stenosis is assessed using edge detection
guantitative angiography and intravascular ultra-
sound.

1t has been shown ahove that, although the overall
variability in orthogonal cross-sectional area mea-
suremenls was very high, videodensitometry was less
influenced by balloon dilatation than was edge de-
tection. This observation may be related to video-
densitometry’s theoretical independence from lumen
morphology and to its relative insensitivity to im-
precise border positioning.?? In addition, although
videodensitometry’s application may be currently
hampered by technical factors (for exampie, unsatis-
tactory background subtraction), it may in the future
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Pre PTCA

Post PTCA

Follow-up

Fig. 5. Proposed anatomopathologic basis for the loss of agreement between orthogonal measurements
during the different stages of balloon angivplasty. Following balloon dilatation the luminal cross-sectional
ares is overestimated by the use of geornetric measurements (doffed circles) as a result of the identification
of disrupled edges as true luminal borders and because of the noncireular luminal geometry. Healing of u-
minal disruption leads to a more regular luminal morphology and to a hetter agreement between orthog-
onal measurements at follow-up (see text for delails).

constitute a valid alternative to averaging of multiple
views. On the contrary, the identification of dis-
rupted luminal edges and the assumption of an un-
likely eircular lumen morphology by edge detection
algorithms easily lead to discrepancies in measure-
ments obtained from a different angiographic view or
with videodensitometric analysis, as illustrated in
Fig. 5. In this regard, a previous work® has shown
that coronary stenting reduces the variability be-
tween videodensifometric and edge detection mea-
surements, This is presumably a resuli of the scaf-
folding effect of the stent on intraluminal irregular-
ities and the achievement of a more circular luminal
eross section, as documented by intravascular ultra-
sound studies performed immediately after stent
implantation.®® In cur work the improvement in
agreement between orthogonal area measurements
at follow-up may be explained hy the development of
& more reguiar luminal ¢ross-section by filling of in-
traluminal {laps and by smoothing of luminal irreg-
ularities during the reparative vessel response that
follows balloon dilatation®® (Fig. b).

Study fimitations. Since this study was limited to the
mid-right coronary artery segment, some of the results ob-
tained are not necessarily applicable to cther coronary lo-
cations, Errors can be introduced during the calibration of
the system when catheters are used as scaling devices.™ To
minimize some of the possible sources of error, all catheter
tips were filmed unfilled, saved after the procedure, and
micrometered at the time of guantitative analysis.'? How-
ever, inaccuracies induced by out-of-plane position of the
catheter may have occurred. Although correction for a pin-
cushion effect in the individual intensifiers was performed,
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other described sources of distortion cannot, be ruled out,3*
but their effect on measurements of the size range of cor-
onary arteries is expected to be negligible. The effect of
some of the physical variables potentially affecting video-
densitometric analysis may be higher in the mid-right cor-
onary than in other ceronary segments. Beam hardening
and veiling glare are more intense in regions of rapid tran-
sition {rom dark to bright areas,® as often happens when
the mid-right coronary artery is visualized in the left ante-
rior obligue view, Although it has been proposed by other
authors,? # no correction for these [actors was introduced
in our analysis.
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CHAPTER 5

USEFULNESS OF REPEAT CORONARY ANGIOGRAPHY 24
HOURS AFTER SUCCESSFUL BALLOON ANGIOPLASTY,
TO EVALUATE EARLY LUMINAL DETERIORATION AND

FACILITATE QUANTITATIVE ANALYSIS.
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Usefulness of Repeat Coronary Angiography 24
Hours After Successful Balloon Angioplasty to
Evaluate Early Luminal Deterioration and
Facilitate Quantitative Analysis
David P. Foley, MB, BCh, MRCPI, Jaap Deckers, MD, PhD, Arjan A. van den Bos, MD,

Guy R. Heyndrickx, MD, Gert-Jan Laarman, mD, PhD, Harryanto Suryapranata, MD, PhD,
Felix Zijlstra, MD, PrD, and Patrick W. Serruys, MD, PhD

Because of the unaveidable cccurrence of vessel
disnuption after successfizl coronary balloon angi-
oplasty, the relighility of quantitative angiograph-
ic analysis in that setling has been questioned,
For this reason and the suggested eccuirrence of
delayed elastic recoil, repeat angiography at 24
hours has been advocated in clinical intervention-
al trials. In this study, these issues are confronted
by performing comprehensive qrantitative analy-
sis (Cardiovascular Angiographic Analysis System)
of corenary angiograms, acquired in maultiple
identical projections immediately after and 24
hours after angicplasty, in 102 patients with 110
successfully dilated lesions. Vasomotior was con-
trolled by infracoronary nitrate hefore angiogra-
phy and all patients were fully anticoagulated {ac-
tivated partial thromboplastin time 85 to 120 sec-
onds) for >24 hours. Paired Student’s étests
applied to angiographic measurements revealed
that there was no significant deterioration in minl-
mal luminal diameter or cross-sectional area from
immediately after angloplasty to 24 hours later. It
can thus be inferved that there is no phenomenon
of delayed elastic veceil, at least during this time
period. Measurement accuracy and precision of
the Cardiovascular Angiographic Analysis Systen:
from the postangioplasty angiogram are highly
accepiable, at <0.¢1 and + 0.20 mm, respectively.
Therefore, it is conclueded that routine repeat 24-
hour anglography is not Indicated after success-
ful angioplasty. A highly significant increase (p
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=0.001) in reference diameter (+0.11 = 0.18 mm}
was responsible for the apparent increase in per
cent diameter stenocsis (2.4 + 7%), a finding that
demonstrates the potential for envor by selective
application of percent diameter stenosis measure-
ments alone. Preferential use of absolute luminal
meastrements is thus strongly recommended for
clinical trials with angiographic menitoring.

have become the gold standard for measuring

{Am [ Cardiol 1993;72:1341-1347)
Cco:‘onary angiographic Tuminal dimensions, as
demonstrated in clinical studies of interventional devices
and pharmacologic agents aimed at *‘restenosis preven-
tion’".'=" However, one of the main criticisms of quanti-
lative angiography has been the potential measurement
inaccuracy and imprecision immediately after apparent-
ly successful balloon angioplasty.? Disruptions of vessel
luminal contour almost atways occur,™? although only
seen angiographically as ‘‘dissection’™ in one third of
cases,'"? Bt could thus be hypothesized that angiography
24 hours sfter ntervention might provide a better sub-
strate for the measurement of luminal dimensions in
clinical studies.!! Morcover, because up to 50% of
achievable Juminal increase may be lost immediately af-
ter balloon deflation, due to elastic recoil,’? it could be
suggested that repeat carly angiography shouid be per-
formed to assess the probability of further delayed elas-
tic recoil. Such practice could lead to prolonged Lospi-
talization and additional risk of morbidity, an increase in
the work load of the medical staff of catheterization lab-
oratories, and ultimately, increased health care costs.
Furthermore, routine angiography at 24 hours could re-
duce the likelihcod of informed consent for percutane-
ous interventions, especially in clinical trials. This study
investigates the need for repeat angiography 24 hours
after successful balloon angjoplasty and provides an op-
portunity to examine the postangioplasty measurement
variability of the Cardiovascular Angiographic Analysis
System, hitherto unpublished.

omputer-gssisted  guantitative analysis systerns

ANGIOGRAPHY 24 HOURS AFTER SUCCESSFUL ANGIOPLASTY
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TABLE 1 Flow Chart from Randomization in the Safety Trial to
Suftability for This Quantitative Angiographic Ancillary Study
Number of
Patients
Patient enrolled in randomized study 118
Patients exciuded after enrollment
No angioplasty perfermed
Failure to cross lesion 4
Previously unrecognized teft main lesion 1
Took heparin during previous 24 hours 3
Randomized to receive heparin or hirudin 110
Failure to successiully dilate all target lesions. 2
Major adverse cardiac events within 24 hours
Death Q
Myacardial infarction 1
Emergency bypass graft surgery 3
Myocardiat Infarction + emergency surgery 1
Repeat angioplasty 0
Complete {thrombotic) occlusion at 24 hours 1
without major adverse event -
Successful angioptasty + satisfactory quantiative 102
analysis postangioplasty + 24 hrs

METHODS

Patients: The study population comprised 102 pa-
tients who underwent successful balloon angioplasty of
110 fesions and had guantitative coronary angjography
performed before, immediately after, and 24 hours after
angioplasty as part of a safety and eflicacy fiat of a new
anticoagulant preparation, details of which are published
elsewhere.”® The study was performed in full accor-
dance with the principles of the *‘Declaration of Helsin-
ki,”” as well as specific local Jaws and regulations of
each participating center. Before randemization, each pa-
tient gave written informed consent according to the
requirements of the local institation.

Table I displays the source of the 102 patients as-
sessed in this study. The aim of this study was to focus
on luminal dimensional changes occurring during 24
hours, and assess the reliability of the angiogram imme-
diately after angioplasty for quantitative analysis. There-
fore, only patients with successfully dilated lesions and
quantitative angiographic analysis both immediately
after, and 24 houss after angioplasty were included in
the study. Successful angioplasty was defined according
to the conventionally applied method in clinical practice
and wials® —a diameter stenosis <50% after angio-
plasty, as visually assessed by the interventionalist. Clin-
ical outcome of the remaining 16 patients in the safety
and efficacy wial, who were not included in this study,
has been described elsewhere.!* The patient popuiation
is, in general, demographically representative of modern
clinical experience with coronary balloon angioplasty*3
in patients with stable angina {Table II). All patients had
symptomatic obstructive coronary artery disease of at
least | vessel, which was deemed suitable for treatment
by angioptasty. The angioplasty procedure itself was per-
formed according to the routine practice of the individ-
ual interventionalist.

Anticoagulation: Patients were randomly aliocated
to receive intravenous heparin or recombinant hirudin at
doses sufficient to maintain activated pariial thrombo-
piastin time {monitored before, after, and 6, 12 and 24

TABLE W Clinical Data and Target Lesicn Distribution in 102
Patients
Age (years) 58 (35-74)
ten (%) 83 (78)
Pravious M (3} 39(37)
Diabstes mellitus (%) 5(5}
Hyperiension (%} 32 (30}
Current smokers (%) 25(24)
Angiographic coronary disease pattern
1-vessel disease (%) 87 {82}
2-vessel disease (%) 17 (16)
3-vessel disease (%) 2(2)
CCS functional classification
lor Ik (%) 58 (56)
W or i (%} 47 (44}
Medicalion
Long-acting nitrates (%) 51 {48)
B biockers (%) 80 [75)
Calcium antagonist (%) 72 (BB
Acetytsalicylic acid (%) 88 (83
Angiographic lesion location of dilated segments
Left anterior descending 40%
Circumflex 30%
Right coronary artery 29%
Left main stem 1%
€CS = Canadian Cardiovascular Society; M1 = myocardial infarction.

tours after angioplasty) at 85 to 120 seconds for 24
hours. Dosage adjustments were made accordingly if
levels were outside this target therapeutic range. Assays
of prothrombin fragments Fy and F;, fibrinopeptide A,
thrombin-antithrombin IIF complexes, anti-factor ila and
Xa activity, D-dimer, tissug-type plasminogen activator
and plasminogen activator inhibitor antigen were per-
formed. The collectively analyzed findings illustrated
that, in general, fhrombin generation was effectively in-
hibited by both anticoagulants throughout the 24-hour
study period.” Thus, it would appear that the antico-
agulant dosage regimens were adequate in each patient
group.

Coronary angiographic precedures to facllitate
quantitative analysfs: Angiograms weie carefully re-
corded according to the requiremenis of the computer-
assisted Cardiovascular Angiographic Analysis System:
(1} avoidance of projections in which the spine or other
structures, or closely paratlel or overlapping side-branch-
es, obscure the vessel segment of interest; (2} filming of
the lesion and segment of interest as close to the field cen-
ter as possible, and in 22, preferably orthogonal, projec-
tions for the right coronary artery and >3 projections
(separated by =30°) for the left coronary artery, ideally at
the end of a full inspiration; (3) vasomotion controlled by
intracorenary nitrate (isosorbide dinitrate | w 3 mg or
glycerol winitrate 0.1 to 0.3 mg) before angiography,
and before, immediately after, and 24 hours after balloon
angioplasty; (4} to ensure exact comparability of angio-
graphic measurements, angiography was performed in
exactly similar projections {which are precisely recorded
at each catheterization session) using a fixed-table ap-
proach before, immediately afier, and 24 hours after angio-
plasty; (5) coronary arteties were optimally opacified using
nonionic contrast which had been prewarmed to 37°C for
>3 complete cardiac cycles, (6) guidewire and balloon
catheter were removed before the final postangioplasty
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Diff. = difference.

TABLE I Quantitative Angiographic Measurements Befere, Immediately After and 24 Hours After Angiography Given as Means of the
Multiple Matched Projections + SD
Mean Diff, 8D of Mean Diff. p Value of
immediately 24 Hours After 24 Hours After Mean Diff.
Before Atfter 24 Hours After {accuracy) {precision) (paired { test)
Minimal luminal diameter (mm) 103 +040 1.72x036 1.72 £ 0.39 0.007 +=0.20 0.74
Minimal luminal cross-sectional area (mnm?2)  0.92 £ 0.85  2.57 + 1.51 2.64 = 1.53 0.07 +=0.85 .42
% area stenosis (%) 849+ 103 579=x12B 59.8=* 141 1.9 +14.1 o.l17
Lesion fength (mm) 591195 571178 575=+179 0.05 x1.3 Q.72
Lesion symmetry (ratio} 057 £ 020 050%020 049+0.18 -0.02 +0.2¢ .37
Interpolated reference diameter {mm)* 2672064 272x058 2.83 +0.59 .11 +0,18 <0.0001
% diameter stencsis (%) 606+129 363+79 38.7 £ 87 2.4 7.0 0.0005
Reference area (mm?} 5956+302 6.10+273 6.61 + 293 0.51 +0.84 <0.0001
Plague area (mm?) 640+339 430x235 4,92 + 2.82 0.62 +1.48 <0.0001
*The interpolated reference diameter is the compuler recons!ruchon of the originat "disease-Irse” vessel dimensions over the analyzed segment. The aclual diameler measurement
taker as the reference diameter, and thus as the "vessel size,” is the interpolated diametric measuremant at the site of He most sev%re narrowing (minimal leminal diameter), thus

providing an nhjective and user-i mrﬁependent eatimation of the actuat "normal" diameter at that site, in the absence of any disease,

After Angioplasty and at 24 Hours

TABLE IV Quantitative Anglographic Measurements from a Total of 308 Individua! Projections, 1dentically Reproduced (matched)

Mean Dt p Value af

After 24 Hours After 24 Hours After Mean Diff.
Subsegmental lesion jocation (subsegment 1-6)* 244+ 1.1 243 x1.2 —-0.01 £ 0.73 0,75
Minimai furiinat diamater {(mm} 1.70 = 040 1.71 = 0.4] 0.0008 = 0.27 0.60
Minimal luminal eross-sectional area (mm?Z) 248 £ 1.63 2.50 + 1,63 0.05 + 1.3 0.50
% area stenosis (%) 59.0 = 18.4 61.3 x 19.6 22=x21.2 0.07
Lesion fength {mm) 5§72+ 235 581 £ 242 0,09 = 2,07 0.45
Lesion symmetry (ratio} 0.50 = 0.27 0.49 £ 0.26 0.01 =031 0.70

Interpolated reference dfameter (man) 2.70 = 0.60 2.82 £ 0.59 0,12 =029 <0.0001

Reference area (mm?) 5.01 + 2.81 6.55 + 2.95 0.54 + 1.35 <0.0001

% diameter stenosis (%) 365+ 104 39.0x11.0 2.5 % 10.0 <0.0001

Piague area {mm?2) 4,28 + 2,92 4.91 = 3.55 0.62 = 2.49 <0.0001

Values are expressed as mean = 80,
DIff. = difference.

*The Cardiovascular Angiographic Analysis System approach automatically subdivides the arlerial sepment to be analyzed (defined fmm side Lranch ko side branch) inta 6
subsegments of equal length; a minimal, mean and mazimal diameter are determined (as well as a range of additional } for each 24 he
the minimat luminal diameter within !he arterial segment can thus be identified and compared over sequential analyses.

lecatipn of

angiographic recordings; and (7) to enable accuraic
calibration, the contrast-empty angiographic catheter'
(at least 7Fr) was filmed before each contrast injection
and after the procedure, and the distal 20 cm of each
catheter used was enclosed with the angiogram for micre-
metric measurement at the core laboratory.

Qeantitative and quatitative angiographic analysis:
In the core laboratory, quantitative angiographic analysis
was performed by independent analysts without any
knowledge of clinical details, using the Cardiovascular
Angiographic Analysis System, which has been previ-
ously described in detail elsewhere.!3-17 To facilitate the
provision of objective, reliable and reproducible mea-
suremnents, end-diastolic cine-frames were selected for
analysis from non- or minimally foreshortened pro-jec-
tions by 2 experienced observers. To confirm that each
lesion was quantitatively analyzed in the same projec-
tions on the pre-, and post- and 24-hour angiograms, a
Polaroid® print was made of each analysis. Absolute lu-
minal measurements were obtained using the known di-
ameter of the angiographic catheter."* Corrections were
automatically made for so-called pincushion distortion,
in nonisocentrically filmed catheter or target lesion posi-
tions, Comprehensive lesion measurements were provid-
ed, including minimal luminal diameter (MLD), inter-
polated reference diameter, lesion length, plaque area

and percent diameter stenosis derived as: [([ — MLDY/
interpolated reference diameter] X 100%). In addition,
videodensitometric measurements of minimal luminat
cross-sectional area (MLCA), reference area and area
steriosis were produced. In this study, the averaged val-
ues separately presented for each measurement parame-
ter are means of the multiple projections filmed for each
lesion and of the individual projections,

Statistical analysis: Since the focus of the study is
on: potential changes in lesion severity during the 24
hours after successful angioplasty, a lesion-specific ap-
proach was applied to evaluation of the results. Quanti-
tatively measured and derived values are given as mean
+ SD. Paired Student’s ¢ tests are used to compare an-
glographic measurements immediately after and 24
hours after angioplasty. Accuracy and precision of mea-
surements obtained from the immediate postangioplasty
angiogram are defined according to the method suggest-
ed by Biand and Altman,’® ie., accuracy is the mean
difference between the measurement mmmediately after
and 24 hours after angioplasty, and the precision (or
measurement variability) is the standard deviation of this
mean difference using the 24-hour measurement as the
standard against which to compare the measurements
obtained immediately after angioplasty. Linear regres-
sion analysis and Pearson’s product moment correlation
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coeflicient are used to further evaluate the refation be-
tween these measurements.

RESULTS

Angiographically visible dissection was present in
31% of lesions immediately after successful angioplas-
ty. Of these, 13% were type A, 9% type B and 7% type
C dissections.

Table T shows that no significant change was ob-
served in MLD or in MELCA immediately after or 24
hours afier angioplasty. Because of the significant in-
crease in reference diameter, a significant increase was
also observed in percent diameter stenosis: from 36%
immediately after to 39% 24 hours after angioplasty

(p = 0.0005). Despite the significant increase in refer-
ence area, percent area stenosis did not change signifi-
cantly during the 24-hour period, although a trend
toward increase was observed. The increase in reference
diameter was also responsible for the observed signifi-
cant increase in plaque area, because the edge-detection
algorithn cafculates plaque area automatically from the
reference diameter function and the actual detected ar-
terial contours. There was no significant change in le-
sion length or symmetry immediately after to 24 hours
after angioplasty,

The postangioplasty accuracy and precision of the
MLD measurement was found to be <001 and & 0.20
mm, respectively (Table T,
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FIGURE 1. Linear ragression analysis {y = a + bx) of minimal luminal diameter (MLD) and minimal luminal cross-sectional
area (MLCA) after angioplasty and at 24 hours, r is Pearson’s coirelation coafficient. The identity line Is the dashed line and
the paralis] dotted lines above and below are + twice the measurament variability {i.e., 95% confidence limits for deteciing
a real change in MLD or MLCA from postangioplasty to 24 hoars). The actual regression line is represented by the boid line.
Excellent comralation hetween MLD and MLCA measuremenis from the postangioplasty and 24-hour anglfograms is demon-
strated. Only one clear “outlier’” can be considered to have undergone significant deterioration in MLD (2 in MLCA) during

tha 24 hours.
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FIGURE 2. Linear regrassion analysis of reference diameter (Ref Diam) and area afier angioplasty and at 24 hours. The for-
mat is the same as in Figura 1. Again excellent comalation is observed betwaen measurements from the postangioplasty
and 24-hour angiograms. Howaver a systomatic increass in dimensions is apparent from postangioplasty to 22 hours from
the almost paralle] course of the regrassion line above ths identity line for both reference diameter and area.
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Considering quanfitative measurements obfained
from each individual projection immediately after and
24 hours after angioplasty separate measurcrments, there
were a total of 308 matched pairs of projections of the
110 lestons analyzed {Table IV), giving an average of 2.8
views per lesion. The subsegmental location of the MLD
of the lesion did not vary during this time. Similar to
the mean overall findings, there was no significant dif-
ference in MLD, MLCA, lesion length or symmetry
immediately after angioplasty to 24 hours after angiog-
raphy. A significant increase in reference diameter, ref-
erence area and percent diamefer stenosis was observed,
as well as a trend toward an increase in area sfenosis,
confirming the mean overall results,

The correlation between guantitative angiographic
measuremernits immedtately after and 24 hours after an-
gioplasty was exccllent for absolute luminal measue-
ments of MLD and cross-sectional area (Figure 1), ref-
erence diameter and reference area (Figure 2). However,
the correlation was not as good for the relative measure-
ments of percent diameter and area stenoses (Figure 3).

Although 4 lesions had detectable deterioration (a
statistically significant decrease from the time immedi-
ately after to 24 hours after angioplasty} in MLD (3 in
the cross-sectional area), only 1 lesion had a clear dete-
rioration in MLD (Figure 1, left) and 2 in MLCA (Fig-
ure 1, right) (from postangioplasty to 24 hours). No suc-
cessfully dilated lesion was considered to require re-
dilatation during or after the 24 hours.

BISCUSSION

In this study we have addressed the issues of reliabil-
ity of the angiogram imumediately after angioplasty for
quantitative analysis and the occarrence of delayed elas-
tic recoil in the first 24 hours after angioplasty by per-
forming repeat angiography immediately after and 24
hours after angioplasty. To maximize objectivity in the
evaiuation of the occurrence of a real phenomenon, we

attempted to perform the study under “‘ideal” angio-
graphic conditions, Thus, the angiographic table height
is kept constant at all stages and exactly the same angi-
ographic projections are repeated for each individual
patient at 24 hours as done immediately after angio-
plasty. In addition, to avoid the potentially confounding
nfluence of vasomotion and thrombosis, intracoronary
nitrate was administered before angiography, and all pa-
tients underwent complete anticoagulation for the 24-
hour peried.

Whether the mean of the multiple matched projec-
tions was considered or each projection was considered
as a separate measurement, no change in MLD (mea-
sured by an edge detection approach) or in MLCA
(measured by videodensitometry) was detected from
imsmediately after to 24 hours after balloon angioplasty,
which leads to the following interpretative statements.

1. There is no need for routine 24-hour angiogra-
phy: After successful balloon angioplasty, immediate
angiography is just as reliable a substrate for quantita-
tive analysis as angiography at 24 hours, Thus, the pres-
ence of angiographically visible but nonocclusive dissec-
tion in 319 of lesions (similar to previous reports!'%t1)
clearly does not unduly interfere with the quantitative
analysis. A recent study, examining reliability of post-
angioplasty angiography, stratified patients according to
whether or not angiographic complications after angio-
plasty occurred, and found a significant difference in
MILD {measured by a hand-tracing technique from mag-
nified angiographic images) between post- and 24-hour
angioplasty in the complicated versus uncomplicated
groups.)! Although apparently similar, that study and
this present study are in fact difficult to compare over-
all since our study was intended to answer the question
of whether routine repeat angiography is necessary at 24
hours in patients with successful balloon angioplasty,
and the previous study examined the effect of angio-
graphic complications on reliability of quantitative an-
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FIGURE 3. Linear regression analysis of percent diamester and area stenosis after angfoplasty and at 24 hours. The format is
the same as in Figure 1. Note the much greater degree of scatter of individeal data points for these melatwe measurements

compared with the absolute measurements shown ia Figures 1 and 2. in addition, from ﬁae
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is dis-
>} This

y (“early

discrepancy with the absolute minimal leminal diameter measurements is due to the increasa in reference diameter (Figure

2, loft), as described in the tent.
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giography. Patients in whom balloon angioplasty was
not satisfactorily successful, for whatever reason, need
to be managed differently (perhaps including repeat an-
giography), and is not an issue in this report. In lesions
without important angiographic complications, Preisack
et al'l also found no significant change in absolute mini-
mal juminal dimensions during 24 hours, in gencral
agreement with our findings and a previous report from
Laarman et al.}?

Thus, it must be concluded that the additional risk of
patient morbidity (+ mortality} prolonged hospitaliza-
tion, as well as health care worker and specialist time,
labor #nd cost involved in carrying out routine repeat 24-
hour angiography would yield no extra information or
benefit and is clearly not warranted.

2. measurement variability s high-
fy acceptable: The postballoon angiopiasty lesion mea-
surement accuracy of the Cardiovascular Angiographic
Analysis System is <0.01 mm and the variability is = 0.2
mm, which in cur estimation is eminently acceptable.
Twice this lesion measurement variability (x (0.4 mm)
identifies (with 95% confidence) lesions in which & real,
detectable (“*significant’”) luminal decrease (or increase)
occurs over time, Three times the variability (£ (.6 mm)
will provide 99% confidence for the detection of a real
change in luminal dimensions. Thus, in this study, 4
fesions showed a detectable deterioration during 24
hours (Figure 1, left). Although we do not advocate the
application of a categorical approach to evaluating long-
term angiographic outcome of interventions,? it may
occasionally be desirable to stratify patients or lesions
according to the degree of luminal change developing
over time, To this end, the application of lesion mea-
surement variability of the particular measurement sys-
temr involved is tecommended as the statification
method. Measurement variability may vary from system
to system, and is a vital piece of information necessary
for the purpose of objective comparison of the results of
intervention trials using different angiographic measure-
ment systems.

The measurement variabiity reported here is consid-
erably different from that previously reported in patients
undergoing diagnostic coronary angiography a mean of
90 days apart, without therapeutic intervention (072
mm).'® The reasons for this difference need to be high-
lighted: In the original study published in 1985, mean
vessel size was 377 mm, compared with 2.7 mm in this
study (which is representative of current experience®=).
The former study was perfermed under a self-pro-
claimed “‘worst-case scenario,”’ ., unmatched angi-
ographic projections, no particular care taken in record-
ing angiograms sujtable for quantitative analysis, no
vasomotor conttol, and so forth, whereas the current
study was performed under ideal angiographic condi-
tions, as outlined previously. Because such procedures
are routinely performed in alf mmportant angiographic
studies,* the lesion measurement variability previously
reported is no longer relevant. It is worth noting, how-
ever, that the medium term measurement variability
{obtained using vasomotion control and matched projec-
tions) previously reported was (.20 mm,!® exactly the
same as found in this study. Recent experimental inves-

tigations of the accuracy and precision of off-line and
on-line quantitative angiographic analysis (using digital
and cineangiographic recording of swine “‘phantom’
coronary stenoses of known dimensions) revealed a
measurement accuracy of —0.07 mm and a precision of
% (.2 mm (measured dimension of the phantom steno-
ses versus actual phantom dimension).?” These findings
are collectively indicative of the high fevel of accuracy
and precision of the MLD measurement by the Cardio-
vascular Angiographic Analysis System, even in the af-
termath of balloon angioplasty.

3. Theve is no delayed elastic recoll after sticcess-
ful angioplasty: Previous reports'??! that elastic recoil
is an instantanecus phenomenon occurring immediately
after balloon deflation and that no additional recoil
occurs during the next 24 hours are confirmed. Nobu-
yoshi et ai®® previously reported a 16% incidence of
“garly restenosis’’ based on the measurement variabili-
ty of their quantitative angiographic measurement sys-
tern, in accordance with a significant decrcase in MLD
during 24 hours after successfui angioplasty, In our
patient group, only 4 lesicns (3.6%) had a significant
luminal decrease from postangioplasty to 24 hours, The
reasons for this disagreement may lie in the method-
ologic and quantitative angiographic approaches. For
example, infracorenary nitrate may not have been con-
sistently administered before angiography by Nobuyoshi
et ai, who also used only a videodensitometric approach
to estimate diameter, a method better suited to cross-sec-
tional area measurements.’”23 In addition, it is worth
noting the apparent increase in MLD between 1 day and
1 month (almost to the level of the postangioplasty
result), and the lack of cormrelation between the change
within 24 hours and the long-term change at 6 months,
which could not be explained. Either the refability of
their 24-hour measurements must be questioned, or the
possibility of early mural thrombus formation with later
resolution (since their patients were not anticoagulated
for 24 hours) must also be considered as a possible
explanation for the early luminal deterioration and sub-
sequent improvement. According to biochemical and
angiographic evidence, with adequate anticoagulation
control in this study (having exciuded patients with com-
plicated angioplasty or major adverse cardiac evenis),
there appeared fo be no significant thrombus formation
during the first 24 hours after successful balloon angio-
plasty.

4. Percent diameter stenosis is an unrelizble mea-
surement: The significant increase in interpolated refer-
ence dizmeter from postangioplasty to 24 hours is Te-
sponsible for the observed increase in measured percent
diameter stenosis. This finding reiterates conclusions of
previous studies® 23 regarding potential for misinforma-
tion by preferential use of percent diameter stenosis for
description of the severity of lurninal obstructions. Fig-
wres 1 to 3 further illustrate the imprecision of percent
versus absolute measurement parameters.

The increase in reference vessel dimensions may be
due to greater effectiveness of intracoronary nitrate at 24
hours on the relatively disease-free vessel segment, The
vasoconstrictive stimulus of the dilatation procedure and
the 1elease of vasoactive substances from the damaged

THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 72 DECEMBER 15, 1993

86



endothelivm and platelets may prevent immediate real-
ization of dimensional increase in the selatively undis-
eased vessel adjacent to the target lesion.

Study limitations: Patients with unstable angina re-
ceiving inravenous heparin were excluded. it could be
suggested that unstable lesions might “‘behave™ differ-
ently during the 24 hours after successful angioplasty,
since it is known that unstable angina predisposes to
periprocedural and in-hespital major adverse cardiac
events.”® This limitation would need to be addressed by
further study in ‘‘unstable” patients,

Perhaps the ideal test of accuracy and precision of
quantitative angiography, according to current technol-
ogy, would involve comparison with intravascular uira-
sound findings."#27 However, it must be recognized that
intravascular ultrasound is itself fraught by considerable
limitations, It cannot be usefully applied to the evalua-
tion of severe stenoses or to extremely tortuous or small
vessels, which makes complete preinterventional assess-
ment impossible in a large proportion of lesions treated
in daily practice® (average MLD in recent ‘‘restenosis
prevention trials” was approximately 1 mm®5), Further-
more, “‘good’’” quality images may not be obtainable in
certain clinical situations, such as the presence of inti-
mal disruptions after angioplasty.?® Until the vessel wall
and lumen areas are more objectively and reproducibly
quartifiable by intravascular ultrasound, guantitative
angtography must still be considered as the **gold stan-
dard.”
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CHAPTER 6

USEFULNESS OF QUANTITATIVE AND QUALITATIVE
ANGIOGRAPHIC LESION MORPHOLOGY AND CLINICAL
CHARACTERISTICS IN PREDICTING MAJOR ADVERSE
CARDIAC EVENTS DURING AND AFTER

NATIVE CORONARY BALLOON ANGIOPLASTY.
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Usefulness of Quantitative and Qualitative
Angiographic Lesion Morphology, and Clinical
Characteristics in Predicting Major Adverse
Cardiac Events During and After Native
Coronary Balloon Angioplasty

Walter R. M. Hermans, mb, David P. Foley, MB, MRCPI, Benno J. Rensing, MD,
Wolfgang Rutsch, MD, Guy R. Heyndrickx, MD, Nicolas Danchin, MD, Gijs Mast, MD,
Claude Hanet, MD, Jean-Marc Lablanche, mMp, Walfgang Rafflenbeul, MD, Rainer Uebis, mMD,
Raphael Balcon, MD, Pim J. de Feyter, MD, and Patrick W. Serruys, MD,
on Behalf of the CARPORT and MERCATOR Study Groups*

Major, adverse cardiac events (death, myocardial
infarction, bypass surgery and reintervertion) oc-
cur in 4 to 7% of all patients undergoing coronary
balloen angioplasty. Prospectively collected clini-
cal daia, and angiographic quantitative and quali-
tative lesion morphelogic assessment and proce-
dural factors were examined to determine
whettier the cccurrence of these events could be
predicted. OF 1,442 patients undergoing ballcon
angioplasty for native primary coronary disease in
2 Ewropean multicenter #rials, 69 had mzjor, ad-
verse cardiac procedural or in-hospital complica-
tions after >1 balioon inflation and were randomly
matched with patients who completed ar uncom-
plicated in-hospital covrse after successful angio-
plasty. No quantitative angiographic variable was
associated with major adverse eardiac events in
univariate and multivariate analyses. Univariate
analysis showed that major adverse cardiac
evenis were associated with the following prepro-
cedural variables: (1) unstable angina (odds ratio
{OR] 2.11; p <0.0001), (2) type C lesion (OR 2.53;
p <0.004), (3) lesion lecation at a bend >45° (OR
2.34; p <0.004), and (4) stenosis located in the
middle segment of the artery dilated (OR 1.88; p
<0.03); and with the following postprecedural vari-
able: angiograpkically visible dissection (OR 5.29;
p <0.0001). Multivayiate Eogistic analysis was per-
formed o identify variables independently corre-
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lated with the occurrence of major adverse cardi-
ac events. The preprecedural multivariate model
entered unstable angina (OR 3.77; p <0.0003), ie-
sions [ocated at a bend >45° (OR 2.87; p <0.0005),
and stenosis focated in the middle periion of the
artery dilated (OR 1.95; p <0.04). If all variables
were inchuled, ther angiographically visible dis-
section (OR 6.58; p <0.0001), unstable angina (OR
3.46; p <0.002) and lesions loczated at a bend >45°
(CR 2.54; p <0.006) were independent predictors

of major adverse cardiac events.
{Am ] Cardiol 1993;72:14-20)
Ilute Percutaneous Transluminal Coronary Angic-
plasty Registry’” publication, which described the
imunediate results of patients treated by balloon angio-
plasty, major adverse cardiac events (i.e., death, myoc-
cardial infarction, corenary artery bypass grafting and
repeat dilatation) were teported in 13.6% of patients.!
Because of improvement in operator experience, as well
as radiographic equipment and batloon catheter design
over the succeeding 5 years, this percentage decrcased
to 4 to 7%, despite cxfension of the indications for coro-
nary balloon angioplasty to include patients aged >70
years, and those with multivessel disease or poor left
ventricular function, prior bypass surgery, and more se-
vere and complex lesions.>® Many clinical factors such
as multivessel disease, female gender, unstable angina
and multiple lestons, ag well as qualitative angiograph-
ic lesion morphelogy, including cccentricity, presence of
calcium, lesion length, stenosis at a bend, stenosis at 4
branch peint, presence of thrembus, and complex le-
sions, have been suggested to be predicters of a major
procedural or in-hospital cardiac event.®-¥ Previous stud-
les used visual interpretation of the coronary angiogram,
which is now known to be limited by considerabie inter-
and intrachserver variability.'™'? Thus, quantitative
coronary angiographic systems are now the ““gold stan-
dard’* for objective geometric assessment of coronary
narrowings, and for assessing the shert- and iong-term
results of interventions.!®!* In addition to the actual de-
gree of lumen narrowing, these quantitative coronary

n the initial “*National Heart, Lung, and Blood Insti-
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systems can also provide detailed lesion morphologic
characteristics such as lesion length, atherosclerotic
plaque area, lesion eccentricily and vessel curvature.'
The present study investigated whether comprehensive
evatuation of lesion morphology by quantitative coro-
nary analysis, in addition (o conventional qualitative as-
sessment, and inclusion of baseline, clinical characteris-
tics and procedural details, could identify paticats ag par-
ticularly high risk for major procedural or in-hospital
adverse cardiac events. The identification of risk factors
for the oceurrence of these complications may be of
considerable clinical value in deciding which patients or
lesions would be suitable for an alternative (reatment to
bailoon angioplasty.

METHODS

In all, 1,442 patients were envolied in 2 randonized,
double-blind, placebo-controlled, restenosis prevention
trials (CARPORT [n=707] and MERCATOR [n=
735]) between December 1987 and June 1990). Neither
trial (described in detail previously} found any clinical
or angtographic benefit from the agent under investiga-
tion. "¢ For the purpose of this ancillary smdy, the pa-
tient cohort comprised those who had majer procedural
or in-hospital complications (as previcusly defined) atter
> balioon inflation, regardless of the final result of bal-
loon: angioplasty (group I, n=69), Each patient in group
I was randomly matched with 3 control patients by ke
date of angioplasty (fo the nearest week in the same hos-
pital) (group I n=207) w assess the prediclability of
major adverse cardiac events. In cases of multilesion di-
latation, the most severe lesion was selected and used
for comparison, Each available cineangiogram was sep-
arately reviewed by 2 experienced inlerventionalists who
were unaware of clinical or procedural information, or
the outcome of intervention,

Percutaneous transluminal coronary angioplasty
procedure and angiographic amalysis: At the begin-
ning of the angioplasty procedure, all patients received a
bolus of 10,000 IU of intravenous heparin; for prolonged
procedures, an additional infusion of 5,000 [Uhour was
commenced after 2 hours and continued untii the end of
the procedure. Aspirin was routinely administered to all
patients in the MERCATOR rial and to those random-
1zed 1o placebo in the CARPORT trial'*!% Use of a cal-
cium antagonist was permitted for 24 to 48 hours afler
coronary balloon angioplasty, The choices of guiding
catheter, puide wire, balloon ype, inflation duration and
pressure were made by he operator. Primary angioplas-
ty success was defined at the time the guide catheter was
removed as diameter stenosis <50% by visual egtimation,
without the occurrence of a major advesse cardiac cvent,

At least 2 angiographic projections {orthogonal if
possible) were recorded in such 4 way that they were
suitable for quantitative analysis by the Coronary Angi-
ography Analysis System, which was validated and de-
seribed i detail previously.!? An example of an analy-
sis is shown in Figare 1.

The absolute stenosis and relerence diameters were
measured by the computer using the known contrast-
emply, guiding catheter diameter as a sealing device. For
that purpose, the catheler tips were retained for accurate

measurement with a micrometer. To achieve maximal
coronary vasodilation, either nitroglycerin (0.1 to 0.3
mg) or isosorbide dinitrate (1 to 3 mg) was administered
(intracoronary) lo each affected coronary artery before
angiography. All contour positions of the catheter and
arterial segment were corrected for **pincushion distor-
tion’" introduced by the image intensifiers. Because the
algorithm cannot measure total occlusions or lesions
with Thrembolysis in Myocardial Intarcton grade 1 per-
fusion, a value of ¢ mm was substituted for the mini-
mal lumen diameler and 100% for percent diameter
stenosis in such cases.

Variables used in the analysis: BASELINE CLINICAL
CchARACTERISTICS: The following patient-related variables
were recorded in the patient files: age, gender, duration
of angina, cholesterol level, previous myocasdial infarc-
tion, current smoking, diabetes mellitus, extent of athero-
sclerotic disease {(singic or multivessel), Canadian Car-
dievascular Society angina classification, and unstable
anging (defined as pain at rest needing treatment with
intravenous nitratcs).'’

QUALITATIVL  ANGIOGRAPHIC CHARACTERISTICS: The
following qualitative lesion parameters were assessed:
{1) vessel dilated (right, left anterior descending or left
circumflex); and (2) location of the stenosis in the ves-
sel dilated, according to the numeric scheme proposed
by Austen et al.' The following subdivisions were used
for location of the stenosis: proximal corresponding with
segments |, 6 and 1l; middle correspending with seg-
ments 2, 7, 13 and 15; distal corresponding with seg-

FIGURE 1. Single-frame angiogram of proximal left anterior
descending (LAD) artery stenosis before dilatation in right
antesior obligue (30°) projection. Guantitative coronary anak
ysis was performed using Cardiovascular Angiography Analy-

sis Syst Arterial b ies automatically detected by
system are shown on angiogram, and diameter function
curve derived from these contours by interpolating is shown
in middle part of figure (upper curve), Lower horizontal line
(1.04 mm) is minimat lureen diameter. Outside vertical lines
on graph, and 2 verfical tines on angiogram are lesion
boundaries (lesion length 86 mm) Innenmost vertical line is

position of 1 lumi , aml point where this
fine intersects d:ameter function curve (upper horizontal
line} is idered dii t (3 25 mm; value not
shown), Lesion Ienglh ls tically d ined by curva-
ture lysis of di e I ¢
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ments § to 0, 12 and 14; (3) type of lesion, defined by
a modified Ambrose classification, as follows: concen-
tric, eccentric (s stenosis asymmetricafly positioned in
the vessel in any nonforeshortened angiographic projec-
tion), tandem {2 discrete esions in the same coronary
segment separated by an apparently normal segment},
multiple irregularities (22 serial diffuse irregularities in
the same coronary sepment), and totally occluded ves-
sel’® {4) a bend >45° was considered present if in any
nonforeshortened projection, the balloon in position 10
dilate was located in a portion of the vessel with a 245°
angulationr at end-diastole®; (5) presence of a side
branch in the lesion to be dilated; (6) presence of a side
branch, separate from the actual lesion but within the di-
lated segment; {7} presence of intracoronary thrombus
{a noncalcified filling defect within the [umen, sur-
rounded by contrast material observed in multiple pro-
jections or the persistence of contrast material within the
fumen, or a visible embolization of intraluminal material
“downstream’ ', (8) presence of calcification (defined
as tixed radiopaque densities in the area of the slenosis
to be dilated); and (9) type of lesion (A, B or C) ac-
cording to the American College of Cardiology/Ameri-
can Heart Association Task Force??

QUANTITATIVELY ANGIOGRAPHIC CHARACTERISTICS: The
following quantitative measurements were obtained; mini-
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FIGURE 2. Area between actual and r i d t

at ohstruction site is measure of amount of aiherosclerotic
plagque. Length of obstruction is determined from diameter
funclion on basis of tically d ted cur analy-
sis without interference by analyst. Symmetry is defined as
cocfficient of left- and right-hand distance between recon-
structed interpolated reference di ter and actual

t at site of ob tion. In thls equa-tmn, Iargest dis-
tance between actual and r
denominator, so that symmetrical lesion has value of 1, and
a severely eccentric lesion has value of 0. To assess extent
of coronary bending, curvature value at obstnrction site is
computed as average value of all individuaf curvature val
ues afong line of gment, with curvature
defined by rate of change of angle through which tangent to
cuive tums In moving along curve, and which for circle is
equat fo reciprocal of radius. Curvature value and symmetry
index are determined in projection in least foreshoriened
view (in which analyzed segment was Iongest between 2 de-
fined landmarks and is exp d as integer
valae, ranging from © for stralght segment to 80 for seg-
ment with 90° berd). MLD = minimal lumen diameter.

mal lumen and interpolated reference diameters, diame-
ter stenosis, lesion length and eccenlricity, atherosclerotic
plague area and vessel curvature (Figare 2).

PROCEDURAL #ACTORS: Balloon-artery ratio was used
to assess the suitability of the balioon size for the ves-
sel segment, and was defined as the ratio between the
measured mean balloon size and the (interpolated) refer-
ence diameter of the dilated segment. Angiographically
visible disscctions were defined according to modified
National Heart, Lung, and Bleod Institute crileria,2

Reproducihility of momphologic assessment: Inter-
obscrver variability of the 2 reviewers tor qualitative le-
sion assessment was examined in an arbitrarily selected
number of lesions. The coronary angioplasty films off
138 patients with 151 lesions {consecutive films rcach-
ing the core faboratory) were independently assessed for
the diverse lesion morphelogic characteristics by each
ohserver on 2 separate occasions, 3 months apart, with
blinding for earlicr assessment. Interobserver discordance
was as follows: fesion eccentricity 21%; branch point lo-
cation 29%; branch point location in dilated segment
19%; bend point location 14%; presence of thrombus
2%; presence of calctfication 109%; presence of dissection
1% and lesion type according to the American College
of Cardiology/American Heart Association Task Force
clugsification 25%.

Statistical analysis: Anulyses were performed fo test
the hypothesis that clinical, qualitative and quantitative
lesion morphologic and procedural characteristics are
important determinants of major adverse cardiac events,
The risk of major cardiac adverse events for cach vari-
able was expressed as an odds ratio: {probability of an
event variable present/probubility of no event variable
present)/iprobability of an event varizble absent/probability
of no event variable absent).

Continuouy variables were dichatomized by cut points
derived by dividing the data into 2 groups, each con-
taining approximately 50% of the population. This meth-
od of subdivision has the advantage of bemg consistent
for all variables and thus avoids any bias in selection of
subgroups, which may be performed to emphasize a par-
ticular point. An odds ratio (OR) of 1 for a particular
variable suggests that its presence poses no additional
risk for a major event. An OR > or <l suggests addi-
tional or reduced risk, respectively. The 95% confidence
intervals (CI) were calculated to describe the statistical
certainty. H the CI included 1, no significam increased
or reduced risk was deemed to be conferred by the vari-
able, Multivariate analysis by multiple logistic regres-
sion was performed to identify variables independently
correlated with the occugrence ot & major cardiac, pro-
cedural or in-hospilal adverse event, using only those
vanables significant al the p <0.1 level in the univariate
analysis. All statistical analyses were performed with a
commeercial stalistical package (BMDP Stafistical Soft-
ware Package 1990).

RESULTS

Of 1,442 patients recruited, balloon angioplasty was
not performed in 9 patients, because the lesion severity
hud changed or because of equipment failure. A further
43 patients had (sub)totally occluded lesions that could
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Cardiac Event

"TABI.EI Clinical Variables and the Risk for a Major Procedural or In-Hospital Adverse

Patient Positive

‘_1

Patient Negative

Ci = confidence interval.

for Variable for Variable
Variable {event/total} (event/total) Odds Ratic (95% CH
Myocardial infarction (history) 23/107 46/169 0.73(0.41 to 1304
Currenty smoking 10/45 69/231 0.83(0.391 1.79)
Multivessel coronary narrowing 29117 39/146 0.891051ta 1.51)
Diabetes meltitus 6/25 6372561 0.94 (0.36t0 2.468)
Age { <58 years) 35/136 34/140 1.08(0.63 10 1.86}
Buration of angina {> 142 days) 35/137 31/135 1.15(0.66 to 2.01}
Total cholesterot 34/129 277132 1.39(0.78 to 2.48}
(6.2 mmol/L; <240 mg/dh
Canadian Cardiovascular Society 477169 217100 1.45{08lt 260}
class [l or I
tMen 59/221 10458 1.64{0.76 10 3.46)
Unstable angina 29/69 39/206 311 (1.720561)

In-Hospital Adverse Cardiac Event

TABLE 1l |esion and Procedurat Variables, and the Risk for a Major Procedural or

Variable

Coronaty artery dilated

Patient Positive
for Variable
{event/total}

Right 15/67 547209 0.83{0.43101.69)
Lett circurnfiex 17772 52/204 0.830{0.4810 1.69)
Left antaerior descending 377137 32/139 1.24{0.72W02.14)
Multiple site dilated 12745 57/231 1.11 {0.54 tc 2.29}
Total occlusion 8/24 61/252 1.57 (0.64 t0 3.84)
Middle portion of vessel dilated 36/112 337164 1.88(1.08103.26)
Lesion morphology quantitatively derived
before angioplasty
Symmetry index (< {(.34)* 307121 327131 1.00(0.56101.77)
Minimal fumen diarmeter { > 0,98 mm) 35/139 347137 1.02(3.59101.76})
Diameter stenesis { < 62%) 35/136 34/140 1.08 {0.63 to 1.86}
Length lesion (> 5.8 mm)* 32/127 294125 1.12 (0.63 to §.99}
Vessel size { > 2.53 mm) 37/140 307134 1.25(0.72t02.17)
Atheroselerotic plague { > 6.1 mm2)* 35/127 26/125 1.45 {081 10 2,59)
Cupvature inden (> 18)* 37/128 244124 1.69 (0.94 to 3.05}
Lesion morphology; quatiiative assessment
Side branch in area of balloon 48/186 20/80 0.99{0.541t0 1.83})
Calcitied lesion 9/33 57/233 1.16{0.51t0 2.63)
Side branch in stenosis 38/144 28/122 1.20{0.6912.11)
Eccentric located stenosis 36/130 30/136 1.314{0.75 0 2.28}
Bend > 45° 31/86 35/180 2.34(1.31t04.15)
Type C lesion 19/46 477220 2.53(1.32 to 4.86}
Procedural variables
Balloon--artery ratio { > 1.02) 177110 167108 1.02 {0.48t02.14)
Thrombus afier dilatation 4/7 627259 4.31 {0.94 t0 19.30}
Intimal tear or dissection 477111 15/165 5.39(2.90 %0 10.00)

Patient (egative
for Variable

{event/total) Odids Ratie (95% CB J

€l = confidence intervat

be neither reached nor crossed with the guide wire or
balloon catheter. Thus, of 1,390 patients in whom bal-
loon dilatation was actually performed, 69 had a major
adverse cardiac event. Myocardial infarction occurred
during or shorly after the procedure in 15 patients (1%)
and during the hospital stay in an additional 22 (1.5%),
Emergency coronary bypass graft surgery was necessary
inunediately after unsuccessful coronary balloon angio-
plasty in 18 patients (1.3%), and the indication for
surgery occurred afier leaving the catheterization labo-
ratory in a further 9 (1%). In 5 patients, a redilatation
was performed during the hospital stay. No patient died
during the procedure or hospital stay.

94

*Althaugh 276 lesions were analyzed in total, some cowd not be analyzed for certain variables.

Clinical characteristics as predictors of major ad-
verse cardiac events (Table 1) Patienis with unstable
angina had more coronary events than did those without
unstable angina {OR 3.11; p <0.0001; 85% CI 172 to
5.61). Age, gender, duration of angina, serum cholester-
ol, history of myocardial infarction, diabetes mellitus,
multivessel disease and Canadian Cardiovascular Soci-
ety angina class did not influence the occurrence of a
major adverse cardiac event.

Angiographic lesion characteristice as predictors
of major adverse cardiac events (Tabte H): Location
of the target lesion in the middle segment of the coro-
nary artery dilated {OR 1.88; p <0.03; 93% C} 108 to
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3.26), lesions located at a bend >435° (OR 2.34; p
<0.004; 95% CI 1.31 1o 4.15), and type C lesions (OR
2.53; p <0.004; 95% CI 1.32 to 4.86) were significant-
ly associated with the occurrence of major adverse car-
diac events; no other lesion morphelogic characteristic
(whether assessed qualitatively or by guantitative analy-
sis) predicted subsequent development of these events.

Procedural predictors of major adverse carndiac
events: The presence of any type of angiographically
visible dissection after the procedure was strongly asso-
ciated with the subsequent occurrence of a major ad-
verse cardiac event (OR 5.39; p <0.0001; 95% CI 2.9 1o
10.0). Neither thrombus after dilatation nor balloon-ar-
tery ratio was found to be predictive of major adverse
cardiac events (Table TF).

Logistic regression analysis: In considering only
baseline preprocedural factors, the medel entered unsta-
ble angina (OR 3.77; p <0.0003; 95% CI 1.89 to 7.48),
lesions located at a bend >45° {OR 2.87, p <0.0005;
U5% ClI 147 to 5.599), and stenosis located in the mid-
dle porticn of the artery dilated (OR 1.95; p <0.04; 95%
Cl 1.01 to 2.74). When postprocedural variables were
added, then unstable angina {OR 3.46; p <0.002; 95%
CI 1.67 to 7.17), lesions located at a bend >45° (OR
2.54; p <0.006; 95% CI 1.26 to 5,13), and angiograph-
ically visible dissection (OR 6.58; p <0.0000; 95% CI
3.17 to 137) were independent prediciors of major ad-
verse cardiac events,

DISCUSSION

Despite the improvements in equipment and tech-
nique that have made it possible to dilate >9¢ to 95%
of coronary obstructions, the occurrence of procedural
and in-hospital cardiac adverse events due fo acute or
subacute vessel closure continues to be fargely unpredict-
able. The reported frequency of so-called major cardiac
adverse events depends on the time window applied —
after the patient left the catheterization laboratory 1 to
2%, or during and after the procedure 4 to 7%. In the
present study, major adverse cardiac events were ob-
served in 33 of 1,390 patients (2.4%) after 21 balloon
inflation in the catheterization room and in a further 36
{2.6%) during the hospitalization period.

Risk factors of major procedural and indospital
adverse cardiac events: In 1988, Ellis et al® reported
the results of 4,772 procedures pertormed between April
1, 1982 and March 31, 1986, and found (using multi-
variate analysis) 7 independent preprocedural factors re-
tated to abrupt vessel closure; stenosis length =2 lumen
diameters, female gender, stenosis at & bend point 245°,
stenosis at a branch point, stenosis-associated thrombus
(filling defect or staining), other stenoses in the same
vessel, and multivessel disease, They concluded that al-
though an estimation of nsk can be obtained before per-
forming coronary balloon angioplasty, the most power-
ful predictors of closure can only be assessed during the
procedure {postangioplasty percent diameter stenosis, irt-
timal tear or dissection, and prelonged postangioplasty
use of heparin). The 1985-1986 National, Heart, Lung,
and Blood Institute Percutaneous Translurninal Coronary
Angioplasty Registry study analyzed 1,801 patients, and

revealed that baseline factors inherently associated with
increased occlusion rates included 3-vessel disease,
high-risk status for surgery, and acute coronary insuffi-
clency, and lesion characteristics included severe steno-
sis before coronary angioplasty, diffuse disease or muli-
tiple discrete lesions, thrombus and collateral flow from
the lesion. De Feyter et al’ reported an acute coronary
artery occlusion rate of 7.3% (total population 1,423),
with unstable angina, multivessel disease and complex
lesions as predictors for closure during or after the pro-
cedure.

In all the aforementioned studies that invoived large
groups of patients, lesion characteristics were visually
assessed. No data are available on the predictability of
major cardiac complications from quantitative coronary
analysis, which has now emerged as the gold standard
for assessment of fong-term angiographic outcome of
percutaneous transluminal coronary interventions. S In
addition to the “*simple’’ quantitative parameters of min-
imal lumen (obstruction) diameter, reference diameter
(or vessel size) and percent diameter stenosis, quan-
titative analysis computes length of the obstruction, area
of atherosclerotic plaque, symmetry index of the steno-
sis, and curvature of the vessel. In the present study,
quantitative coronary analysis was combined with as-
sessment of qualitative lesion morphofogy and clinical
characteristics to determine whether this therough, inte-
grated approach could improve the prediction of major
adverse cardiac events.

The present results are in agreement with those of
the earlier published studies showing that unstable angi-
na, lesions located at a bend >45°, and angiographical-
ly visible dissection after angioplasty were independent
predicters of major procedural or in-hospital cardiac
events, Lesion morphofogy as assessed by quantitative
coronary analysis was not useful for the prediction of
major adverse cardiac events.

The well-described association of unstable angina
with the occurrence of major adverse cardiac events was
corfirmed in this study. Patienty presenting with the clin-
ical syndrome of unstable angina continue to provide the
clinician with the difficult task of selecting a suitable
management strategy that usually needs to be applied on
an urgent basis. The increasing use of intracoronary an-
gioscopy may be helpful in substratifying these patients
and therefore gniding therapeutic strategies that may im-
prove short- and long-lerm outcome.??

The location of the target lesion in a bend >45° was
previously identified by Ellis et al® as a risk factor for
acute vessel closure, Their explanation was that the bal-
loon must necessarily tear an atherosclesotic fixed and
rigid bend lesion, as it straightens and stretches the le-
sion, In addition, the maximal stress is several times
greater when there is a geometric discontinuity in the
object te which the stress is applied.

The association of midsegment bailoon dilatation
with a greater risk of major adverse cardiac events is not
readily explicable and could simply be a chance finding.

The most powerful predictor for major adverse car-
diac events is the occurrence of an angiographically visi-
ble dissection after angioplasty, which is not surprising
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because all patients with procedural events had a dissec-
tion with flow limitation on their postdilatation angio-
gram, in agreement with previous reports,®?

Other investigators have found that thrombus on the
predilatation angiogram was predictive for a major ad-
verse cardiac event. ™ However, thrombus was seldom
observed on the predilatation angiogram in the present
study, although unstable angina, in which the presence
of intracoronary thrombus is frequently observed,?32+
was a risk facior for a major adverse cardiac event. In
this study, patienis with unstable angina were aggres-
sively treated with intravenous heparin that may have ef-
fectively deall with intracoronary thrombus in some
cases. Therefore, thrombus was not a remarkabie angio-
graphic leature in the study.

In contrast with Black cf al,? the balloon-artery ratio
was not a factor for predicting major adverse cardiac
events in the present study, although there was a differ-
ence int definition. Because of such previously published
findings, many investigators may have carefully ensured
appropriate maiching of balloon with artery size.

From the literature, one wauld expecet that dilation of

type € lesions would be a risk [actor for a major ad-
verse cardiac event, because it iy associated with a <60%
acule success rale according Lo the American College of
Cardiclogy/American Heant Association Task Force*
However, a recent study of 1,000 lesions by Myler et
a3 reported an angioplasly success rate of 90% for type
C lesions, which was only slightly less than that for type
A and B. In the present study, type C lesions were pre-
dictive of major adverse cardiac events in univariate but
nol multivariate analysis. The relatively high discor-
dance between observers suggests that the use of thig
subjective evaluation should be cautiously interpreted.

Study #imitations: The study cohort of this retro-
spective analysis comprised patients recruited for 2 mul-
ticenler, restenosis, pharmacologic prevention trials in
Europe. Although in both trials, consecutive patients of
the participating clinics were recruited, only 25% of
those undergoing angioplasty were recruited, because 2}
specific exclusion criterion was found.!*16

In the CARPORT trial, patients treated with the new
thromboxane A2-receptor blockade did not receive as-
pirin betore or during the angioplasty procedure, but all
others did; this may have influenced the incidence of
major adverse cardiac events.?’

Although the Cardiovascular Angiography Analysis
System has been validated and extensively described in
the literatuie, validation studies of quantitatively derived,
lesion morphalogic characteristics such as lesion length
and eccentricity. and vessel curvature have not been per-
formed.)?

Coronary angiograply, as & 2-dimensional silhouctie
of the vessel lumen, is inherently limited for the assess-
ment of atherosclerotic plague morphology, as has been
increasingly demonstrated by intravascular ultrasound
technigues,”# Furthermore, the use of objective quanti-
tative analysis does nol provide insight to the prediction
of major adverse cardiac cvents (rom angiographic mea-
surements and lesion morphology. Newer and more so-
phisticated guantifative analysis systems may be more

helpful in this regard®; however, the combined use of
intracoronary angioscopy and ultrasound is more likely
to shed new light on the continued unpredictability of
major adverse cardiac events atter coronary interven-
tions.
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CHAPTER 7

THE INFLUENCE OF CORONARY VESSEL SIZE ON LUMINAL
RENARROWING AND LATE ANGIOGRAPHIC OUTCOME

AFTER SUCCESSFUL BALLOON ANGIOPLASTY.

Foley DP, Melkert R, Serruys PW.

CIRCULATION 1994;90:1239-51.
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Influence of Coronary Vessel Size on
Renarrowing Process and Late Angiographic
QOutcome After Successful Balloon Angioplasty

David P. Foley, MB BCh, MRCPI; Rein Melkert, MD; Patrick W, Serruys, MD, PhD, FACC,
on behalf of the CARPORT, MERCATOR, MARCATOR, and PARK Investigators

Background  Allheugh coronary angioplasty is increasingly
applied in the treatment of multivessel disease and a broad-
ening range of vessel size, the influence of vessel size {tself on
the late resuits of intervention is unresolved. An influence of
vessel size on late cutcome would carry implicalions for the
application and evaluation of interventionat devices, which are
selectively used in larger or smalier vessels. The purpose of the
present study was to investigaic the intluence of vessel size on
bolk the restenosis process and late angiographic outcome in a
farge homogeneous patient group after successful percutane-
ous transtuminal coronary angioplasty (PTCA).

Methods and Results  The study population comprised 3072
paticnts with 3736 successfully dilated native primary coronary
artery Iesions and satisfactory quantitative angiographic analy-
sis in multiple identical projections before and after PTCA and
al u 6-moath follow-up. Eate luminal foss, minimal leminal
diameter (MLD) at follow-up, and net luminal gain, a$ well as
percenl diameter slenosis at follow-up, nel gain in percent
diameter stenosis, restenosis rates {according to three delini-
tions}, and nct gain index, were all compared among nine
equally sized groups (noniles) according to vessel size. A direct
influence of vessel size on conlinuous measures of late result
was also evaluated by linear regression. These evalualions
provided conflicting information with no consisient influence

of vessel size emerging. Tou clucidate the independent infiu-
ence of vessel size on the restenosis process (late loss) and lale
angiographic outcome (MLD at follow-up), multiple lincar
regression analysis was performed taking into account luminal
gain, preprocedural MLD, and Jesion location. In this manner,
vessel size was found to be cexert a significantly positive
influence on MLD at follew-up {(P<.0001) and an equaily
negative elfect on loss. Correcting [or vesscl size by using
percent stenosis measurements led to an anticipated neutral-
ization of this influence. Lesion location in the lelt anterior
descending coronary artery was found to be independently
associaled with greater foss and smaller MLD at follow-up
(#=<.0001).

Conclusions  [ncreasing coronary vessel size was found (o
be independently predictive of decreasing late luminal loss and
increasing follow-up MLD after successful bailoon angin-
plasty, Apparently superior or inferior lale angiographic re-
sulls of new interventional devices may thus be cxplained in
part by preferential use in larger or smaller vessels, respec-
tively, Devices thal can safely optimize the short-term resull of
inlervention may realize their ultmate long-term value in
luarger coronary vessels, (Circnlation. 199491 1239-1251.)

Key Words e guantitative angiography e angioplasty e
reslenosis

lthough it is becoming generally appreciated that

safc maximization of the short-term result of
transluminal corenary intervention is the opti-

mal practical approach (o wugment late outcome,'#!
increasing intervenlion in multivessel discase and in a
broadening range of vesscl size raises the issue of
whether the size of the vessel itself influences late
results. Lowcer restenosis rates have been reported in
larger vessels following balloon angioplasty and other
devices in some studies?? but not in others, 1215 Larger
vessel size has been reported to predict greater minimal
laminal diameter {MLD) at follow-up, as a measurc of
falc outceme, in patients treated by dircetional atherec-
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tomy or sient impiantation,* On the other hand, lumi-
nal loss, as a measure of the restenosis process, has not
been found to vary with vessel size.3™'3V7 Thus, the
influence of vessel size on the restenosis process and
late angiographic ovlcome after successful aagioplasty
is uoresolved. A significant inflluence of vessel size on
late results would carry implications for selection of
patients and lesions for intervention as well as for the
use of new devices for intervention. For cxample, the
reported superiority of stent implantation and direc-
tional atherectomy aver conventional ballcon angio-
plasty+  might be related to their general application Lo
larger vessels, Similarly, the use of excimer laser angio-
plasty and rotational atherectomy in smaller vessels
might explain in part the somewhat discouraging late
results associated with these devices. 159

The purpose of the present study was to compre-
hensively investigate the influence of vessel size on
both the restenosis process (luminal loss) and the
angiographic outcome (follow-up juminal diamcter)#2¢
after successful balioon angioplasty in a large homo-
gencous patient population with serial quantitative
angiography before and after angioplasty and at a
6-month follow-up.
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Methods

The study population comprised 3072 palents with 3736
native coronary arterial lesions successtutly ireated by balloon
angioplasly (percutancous transtuminal coronary angioplasty
|PTCA]) (postprocedural diameter stenosfs <509%) during
four major multicenter pharmacological reslenosis prevention
trials, Details of the trials have been prescnted or pub-
lished.?#-2¢ Tn each of these trials, the agent under investigation
wus found to have no significant elfect on either clinical or
angiographic outcome by either univariate and multivariate
analysis, so, [or the purposes of the present study, all the
patients were pooled and considered as one group. Angio-
graphic follow-up with comprehensive automated guantilative
analysis performed by independent blinded analysts in ap
ofl-line core laboratory was pertormed on a tolal of 93.4% of
the study pepulation. With the aim of evaluating the hiological
process of restenosis from the quantitative angiographic per-
spective, homogeneity of the population was a legilimate
prime concern. Because there is an inevitable contribution of
thrombosis to corenary occlusion alter angioplasty and oc-
cluded Tesions at baseline may hehave ditfercally during and
after angioplasty,>-2¢ 264 lesions that were occluded at base-
line and an additional 167 thal became occluded during
follow-up were excluded lor the study, as well as three left
main lesions.

Quantitative Angiographic Methodology

Standardization of Image Acquisition by Investipators

Coronary angiography, before and after sngioplasty and at
follow-up after 262 weeks, was rccorded for guantilative
analysis using the Cardiovasctlar Angiographic Analysis Sys-
tem (CAAS) (PTE Medical) at the angiographic core labora-
tory. All investigators werc given specitic guidelines by Lhe
core laboralory to stundardize angiographie acquisition and
ensure reproducibility of quantitalive analysis, as previously
described.?” The most important features of standardization
of image acquisition are, first, use of muliple projections for
cach lesion, identically repeated belore and aller angioplasty
and at follow-up angiopraphy (“multiple matched projec-
tions™); second, use of 0.1 to 0.3 mg nitroglycerin [C or I 1o 3
mg isusorbide dinitrate IC before each set of angiographic
recordings 10 conlrol vasomolor tone; and, third, recording of
the contrast-free angiographic catheter tip? immediately
before cach contrast injection and enclosure of the cleaned tip
(distal 1 ¢m) of each catheter with the cinefiim to facilitare
later calibration during analysis at the core laburatory.

Quantitative Analysis

The procedurai and technical details of quantitative analysis
using CAAS have been well described elsewhere. 28392 The
imporlant standardized features of the specific core laboratory
approach used arc as follows: selection of cineframes for
analysis by independent panel assessment based on frames
selected by the investgator and taking into account the
requirement of absence of overlapping side branches and
clarity of luminal contours in nonforeshorlened projections at
end diastole. For each analysis, the micromeirieally measured
catheler tip was used for calibration against the automatically
detceted contours of its angiographically recorded contrast-
free image. The arterial segments {0 be analyzed were identi-
fied between major proximal and distal side branches. The
only other user interaction reguired in the analysis of the panel
selected cineframe was the arbitrary selection of center poinls
wilhin the identified arrcrial segment, which arve subsequently
automaticaily readjusted after contouvr detection. The refer-
ence diameter of the target lesion is automaticalty derived by
lhe algorithm based on o first-degree polynomial through
diametric mcasprements made at every scaa line proximal and
distal 1o (he lesion itself, followed by a translation to the 80th
percentile level, allowing for tapering of the vessel distal o
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side branches™ The measurement taken as the reference
diameter for the lesion, or interpofated tefercnce diameter, is
the value of the polynemial (the “diameter function curve™) at
the sitc of the MLD, The advantages of this approach are that
it is essenlially user independent and thus highly reproducible
and thal the measuremcnl taken is based on multiple mea-
suremenis (every pixel) proximal and distal Lo the lesion. The
limitation is observed in ostial lesions where no proximal
segment exists and in diffusely diseased or scverely eclatic
segments. However, in clinical trials of balloon angioplasty,
the majority of lesions tend to be nonostial and discrete -2
Before automatic calculation of absolute measurements (in
millimeters), ali conlour positiens of the catheler and seg-
ment were corrected for pincushion distortion introduced by
the image intensifiers. To ensure serial analysis was consis-
tently performed in identical projections, photographs were
saved of each analysis. Before the algorithm cannot measure
total occlusions or lesions with Thrombolysis in Myocardial
Infarction (TIMI) flow grade I, a valuc of 0 mm js imputed
for MLD and 100% for percent diameter stenosis, Finally, afl
measerements were the mean values of the multiple matched
projections.

Speciftic Angiographic Parameters of Interest

MLD of the analyzed segmenl is measured in millimeters,
Gain and loss, respeclively, represent the improvement in
MLD achicved at intervention (MLD afler PTCA minus MLD
before PTCAY and the change at follow-up {MLD after PTCA
minus MLD at toilow-up). Net pain is the net angiographic
improvement from before angioplasty to follow-up (MLD at
loltow-up minus MLD afier PTCA). Loss index, as defined by
Kunlz el al,* represents late loss expressed as a fraction of
acute gain {lossfgain), The “vessel size” is represented by the
interpolated relerence diameter befere intervention, so cho-
sen because it is the closest and most objective angiographic
approximation available of the disease-free or “normal” vessel
diameter'®33s and avoids the variability in the reference
diameter as a consequence of intervention and of the reste-
AOSIS process, 0-20.35-38

Binary definitions for the occurrence of restenosis were
applied: (1} diameter stenosis =50% at follow-up (traditional
“clinfeal™ definition of restenosis); (2) toss during follow-up
>30% of the gain at PTCA (National [Heart, Lung, and Blood
Lnstitute definition 4); (3) loss during follow-up >0.40 mm
(twice the post-PTCA lesion measurement variability of the
CAAS system?7),

Statistical Analysis

Statistical analyses were carried out using & commercially
available statistical software package (SAS, SAS Institute Inc)
using a lesion-based approach, as has been proviously justi-
fled. %173 The 3302 lesions were divided into nine approxi-
mately equal-sized groups (“noniles”) according Lo vessel size.
The incidence of binary restencesis, accerding to the delinitions
given above, was compared among noniles by x 7 test. The
influence ol vessel size on luminal loss and MLD at follow-up,
as well as percent diamcier stenosis and Joss index, was
evaluated by ANOV A of mean values per nonile and in simple
linear regression analysis.

Multiple linear regression analysis was used to lake account
of the known influences of preprocedural MLD (lesion sever-
ity) and acute gain {the input of the physician)?ov 6730440
and the uoresolved influgnce of the epicardial lesion loca-
ton® 174042 iy evaluating the influence of vessel size on
tuminal loss and MLD at follow-up. Since addition of either
the fuminal gain or postprocedural MLD variable to a model
already including preprocedural MLD makes the same stalis-
tical contribution to the model, a choice was made to use the
gain variable, since this term better conveys the dynamic eftfect
of intervention.



TaeLE 1. Demographic Data of Total Population

No. of patients 3072
Lesions, n 3736
Male, % a0
Mean age, v 56.4+9.6
Digbeles, % 7

Anginal status (Canadian Cardiovascular
Sociely Class), %

I 13

1] 31

ni 38

iv 18
Unstabie angina, % 27
Total coronary occlusion before angioplasty, % A
Total occlusion at follow-up, % 45
Lesion distribution of 3302 lesions, n (%)

Left anterior descending coronary artery 1428 (43)

Circumflex artery 819 {25}

Right carcnary arlery 1055 {32)

The influcnce of vessel size on percent diameter stenosis al
follow-up was also evalualed, since this is the conventional
clinically applicd measure of coronary slenosis severity, cor-
rected for vessel size. In the multivariate model, preprocedural
MLD and gain were replaced by measures of percent diameler
slenosis beforepre and gain in percent diamer=r stenosts,

Results

Baseline demographic characteristics {Tuable 1) con-
firm that the patient group is representative of current
clinical practice with ballcon angioplasty. The 3302
lesions were well distribuled throughout the coronary
tree; 43% in the left anlerior descending coronary
artery (LADY), 25% in the circumBex artery, and 32% in
the right coronary artery.

Univariate Analysis

A mean of 212 sets of identically matched angio-
graphic projections per lesion (ranging from a 1.7 for the
diagonal branches of the LAD and the distal right
corenary and circumflex to 2.5 for the proximal circum-
flex) had satisfactory guantitative analysis before and
after PTCA and at follow-up. Preprocedural percent
diameler stenosis appears comparatively mild since total
occlusions were excluded (see Tables 2 and 3).

Restenosis Rate

The influence of vessel size on the restenosis rate (Fig
1A) depended on the definition used. The frequency of
diameter stenosis =50% at follow-up varied signifi-
cantly throughout the noniles (P=.002), as did the
frequency of less >0.40 mm (P<.0001), with a general
increase with vessel size. However, there was no varia-
tion in the frequency of loss >50% of the initial gain
(P=.41).

Percent Diameter Stenosis at Follow-up

Percent diameter stenosis at folow-up displayed a
minor but significant (P<.001), increase with vessel size

Foley ef @l Vessel Size and Late Results of PTCA

(Fig iB). Although percent stenosis before and after
PTCA showed a similar general patlern, therc was no
variation in the foss (increase} in percent stenosis
during [ollow-up (P=.11). Since the acute gain (de-
crease} in percent stenosis significantly increased with
vessel size (P<.0001), the net gain in percent stenosis at
follow-up was also observed to incrcase with vessel size,

Luminal Loss and MLD at Follow-up

Luminal ioss showed a significant variation through-
out the nonile divisions (Table 2; P=.006), with a
general bui inconsistent pattern of increase with vesscl
size (Fig 1C). Although loss increased with vessel size
(loss=0.13=0.04 - vessel size; P=.005), the association
was weak (Fig 2A). Because of the significantly increas-
ing acute luminal gain achieved in larger vessels (Fig 1C;
gain=0.21x0.13 - vessel size; £<.0001), however, a sig-
nificant increase in net luminal gain {Tabie 2) and in
MLD at foilow-up (Fig 2B; MLD at follow-up=
.48 0140 - vesse] size; P<.0001) was also observed with
increasing vessel size.

Loss Index

No significant variation in loss index (Fig 1D} was
observed throughout the noniles, apparently due to the
wide variability in (his purumeter in this population
(P=71).

These analyses did nol clarify the influence of vessel
size on laie angiographic results of angioplasty, al-
though the balunce of tindings suggested a beneficial
effect of larger vessel size. To further elucidate the
relation between vessel size and the restenosis process
and lale angiographic outcome, multiple linear regres-
sion analysis was carried out, taking into account the
influcnees of gain and MLD before PTCA on loss and
MLD at follow-up {Fig 2C through 2F), as well as the
influcoce of lesion location.

Multiple Linear Regression Analysis

In multipie lincar regression analysis, vessel size was
found lo demonstrate an independent negative influ-
ence on fuminal loss and an identical positive influence
on MLD at follow-up (P<.0001; Table 3, Figs 3 and 4).
Tao lurther illuminate these findings, three-dimensional
graphs have been constructed in which the influence of
vessel size s represented using ronile divisions as
already defined. The negative influence of vessel size on
foss is appreciated from Fig 3 by the parallel downward
shill ol the regression plane with increasing vessel size
(the contrasting univariate finding of increasing loss
with vessel size is due to the effect of increasing MLLD
before PTCA and gain in larger vessels [Fig 3, especially
Fig 3A]). Analogously, the equal and opposite influence
of vessel size on MLD at follow-up is demonstrated in
Fig 4 by the parallel upward shift in the regression
plancs, With a l-mm increase in vessel size (while the
other parameters remain constant), there would be an
cstimated decrease in loss of .14 mm and an identicai
increase in MLD al follow-up. Accordingly, it must be
concluded that late resnlts of successful balloon angio-
plasty are better in larger vessels. Correcting for vessel
size, using percent diameter stenosis measurements,
effectively neutralized (his significant influcnce on out-
ceme (F=.68; Table 4).
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TaBLE 2, Quantitative Angiographic Measurements Before and After Angioplasty and at Follow-up and Restenosis
Rates Compared Within Nine Equally Sized Groups (Noniies) According to Vessel Size

Overall Nonite t Nonile 2 Monile 3 Nonile 4 Nonile 5 MNonile 6
No. of lesions 3302 366 368 367 361 377 360
RefD pre, mm 2.63=0.55 1.78x0.17 2143x0.07 2.30x0.05 244004 2.569+0.05 2.75+0.04
RefD post, mm 2.70=0.58 2.01x0.31 2.26x0.25 2.40+0.21 2.53+0.24 2.64+0.24 2.77+0.23
RetD fup, mm 2.70+0.65 1.99+0.37 2.26+=0.30 2.40+0.30 2.53=0.35 2.64+0234 2.78+0.33
MLD pre, mm 1.08+0.29 0.85x0.17 0.95=0.21 1.00=0.21 1.02=0.22 1.08+0.23 1.09+0.26
MLD post, mm 1.75=0.37 1.36=027 1.51+0.27 1.60+0.23 1.68+0.27 1.73x0.27 1.80x0.27
MLD fup, mm 1.53+0.47 1.20+0.33 1.32+0.34 1.38+0.38 1.46+0.38 1.51+0.39 1.53+0.44
% DS pre 58,2+9.87 51.5+£9.9 55.0+9.6 56.4£9.2 58.1+9.1 5B.3+818 60.1+85
% DS post 34.5x9.41 31.2+10.7 33.2+97 33.0+9.7 33.5+8.7 341+92 34.7+8.0
% DS fup 42.8+14.0 39.2+13.3 41.4+137 42.2+14.5 42.1+12.9 42.5+13.6 44.9+14.9
Gain, mm 0.67+0.35 0.51+0.28 0.56+0.29 0.60+0.27 0.66+0.33 0.66+0.31 0.71£0.34
{oss, mm 0.22+042 0.16+0.34 0.19+0.38 0.22+0.37 0.22+0.41 0.22+0.39 0.28+0.45
Net gain,mm 0.45+0.44 0.35+0.33 0.37+0.35 .38+0.39 .44+0.42 0.43+0.41 0.43x0.45
Loss index 0.27+1.99 0.31 =147 0.25:+199 0.26+3.21 0.30+2.37 0.34x1.85 0.43+1.16
Loss>gan/2 39.0% 39.1% 39.7% 42.0% 38.0% 38.2% 43.1%
% D8=50% 31.6% 23.2% 28.5% 30.0% 28.0% 32.6% 37.3%
Loss>0.4 mm 31.7% 22.7% 26.3% 30.8% 231.0% 32.9% 37.5%

RefD indicates reference diameter; MLD, minimal luminal diameter; pre, before; post, after; fup, follow-up; and % DS, percent diameter

slenosis.

Gain, loss, net gain, loss index, and restenosis criteria are defined in the text. P vaiue refers lo ANOVA of mean values or to y * test,
where appropriate. %DS pre appear modsrate, as total occlusions are excluded.

Influence of Gain and MLD Before PTCA on Loss
and MLD at Follow-up

Luminal gain and MLD before PTCA exerted signif-
icant positive independent influences (#<.0001) on loss
and MLD at foliow-up (Table 3), which do not vary with
increasing vessel size confirmed by the censistent slope
of the regression planes, from right to left or front to
back, throughout the neniles. The negative univariate
influence of MLD before PTCA on loss {(Fig 2C) was in
contrast with this significant positive influence (Fig 3)
and is du¢ to the influeace of luminal gain (Fig 5).
According to the models and figures, the steeper right-
to-left slope in the loss figure (Fig 3), compared with
MLD at follow-up (Fig 4), means that with increasing
gain, the expectled incremental increase in loss is greater
than the incremental increase in MLD at follow-up.
Specifically, from Table 3, for a 1-mm increase in gain,
the estimated increase in loss would be 0,62 mm com-
parcd with a 0.38-mm increase in MLD at follow-up.
From the clinical perspective, maximization of the hu-
minal increase would be worthwhile, according to this
finding. Increasing MLD before PTCA provides a
greater increase in MLD at follow-up than in loss, since
the front-to-back slope of each regression plane is
steeper in the MLD on follow-up graphs. Thas, a 1-mm
increase in MLD before PTCA would provide an esti-
mated 0.69-mm increase in MLD at follow-up and a
0.31-mm increase in loss {Table 3). Also, greater per-
cent stenosis before PTCA and gain in percent stenosis
were associated with greater percent stenesis at fol-
low-up (Table 4). Accordingly, angioplasty in progres-
sively milder lesions is associated with improving
outcome.
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Influence of Lesion Location on Late Results

Lesion location in the LAD {compared with right or
circumflex artery) was associated with greater loss and
smaller MLD at follow-up as well as with greater
pereent stenosis at follow-up (P<.0001).

Discussion
Univariate Analysis: Conflicting Findings

The influence of vessel size on the restenosis process
and the angiographic outcome was not efucidated using
univariate analysis. The restenosis rate per nonile dc-
pended on the definition used, which is not surprising,
in view of extensive previous work highlighting the
limitations of a categorical approach to evaluation of
the long-term outcome of intervention, 10.i1.2031.35-38 A
though greater percent diameter stenosis at follow-up
was observed in larger vessels, final net improvement in
percent stenosis was actually considerably greater in
larger vessels {Table 2, Fig 1B}. Similarly, although
luminal loss was observed to increase with vessel size, a
striking increase in final net gain in MLD was also
observed. These increasing net improvements in larger
vessels appeared to be due 1o the significantly grealer
acute results achieved (Table 2, Figs 1 and 2} and
transiated Into significantly greater MLD at follow-up in
larger vessels (Table 2, Figs 1 and 2). Loss index
{loss/gain, as a proposed measure of the “prolilerative
potential of an instrumented vessel*?”), was not influ-
enced by vessel size. This was mainly due to its wide
variability, explicable by the frequent finding of negligi-
ble luminal gain by CAAS after visually assessed suc-
cessful angioplasty (Fig 2E and 2F). After successful
stent implantation or atherectemy, there is virtually



TABLE 2, Contihued

Nonile 7 Nonile 8 Nonile 9 P
372 363 368
2.92+0.06 3.15+0.08 3.640.31 <.0001
294025 3.13x0.27 3.59+0.39 <.0001
2.95+0.33 3.14x0.37 3.56+0.50 <.00C1
117026 1.22+0.27 1.34+0.37 <.0001
1.90+0.26 1.99+0.32 2.18+0.36 <.0001
1.64+0.45 1.7420.44 1.95+0.52 <.0001
59.8+9.1 61.1+£8.7 63.2+98 <.0001
35088 36.2+9.% 38.9+9.7 <.0001
44.1+14.9 44,3+13.1 44.9+138 <0001
0.73+0.34 0.77+0.38 0.84+043 <. 0001
0.26+0.46 0.25+0.47 0.23+0.50 .006
047047 0.51=0.47 0.61=x0.51 .02
0.21:+2.05 0.23+1.54 0.12+1.47 71
39.0% 38.3% 34.0% 41
33.3% 35.3% 34.5% 002
34.1% 35.3% 34.8% <.0001

Foley et ql  Vessel Size and Late Resulis of PTCA

always a substantial acute gain,25-8.3443-46 50 regardless
of the degree of subsequent change, large negative or
positive values for loss index are rare. Collectively,
although there is a generai, but not systcmatic, trend
toward better late results in larger vesscls, these findings
do not provide a clear message, with the conclusions of
one appreach conflictiag with those of another.

Multipie Regression Analysis: Influence of Vessei
Size on Late Results

In multiple regression analysis, vessel size was dem-
onstrated to have a significant independent positive
influence on MLD at follow-up (Table 3, Fig 3) and an
equally negative cffect on luminal loss (Table 3, Fig 4),
in contrast to the increase in median [oss with vessel size
seen in univariate analysis (Figs 2A and 3). This is a
consequence of the greater gain and MLD before
PTCA in larger vessels, as illustrated in Fig 3. It must be
recognized, thevefore, that for all its attractive simplic-
ity, univariatc analysis does not provide a true evalua-
tion of the apparcntly multifactoria! phenomenon of
restenosis, due to an inability to take account of impor-
tant confounding factors. The findings may be explained
through the conveational hypothesis that vessel injury
is directly related to the depree of neointimal re-
sponse.#- It is logical that achieving a given luminai
gain, in a lesion of given MLD befere PTCA, would
resuil in diminishing wall injury in progressively larger

TaBLE 3. Mulftiple Linear Regression lo Detetmine Independent influence of Vessei Size on Luminal Loss; MLD at
Follow-up, Taking Account of MLD Before Angioplasty, Luminal Gain, and Lesion Location in LeR Anterior
Descending Coronary Artery; and True Corollary Nature of Loss and MLD at Follow-up by Simple Stepwise
Mathematical Derivation of Exact Model for Loss Starting With Mode! for MLD at Foliow-up

(B) MELD at Foflow-up

(A} Luminaf Loss During Follow-up

Estimated Estimated

Coeficient SEE P Coefficient SEE P
Intercept —.11 .04 .ong 11 .04 .002
Vessel Size —.14 .02 <.0001 .14 .02 <,0001
MLD pre 31 .03 <.0001 .69 .03 <.0001
Gain .62 02 <.0001 .38 .02 <.0001
LAD .07 01 <.0001 -.07 .01 <0001

P <. 0001; R?=.17.
(C) Mathematical Derivation of Loss Model From MLD at Follow-up Modef

F<.0001; R2=.32.

The model for loss may be mathematicaily derived from the mode! for MLD at foliow-up as follows:

MLD fup=0.11+0.14 - VS§+0.69 - MLD pre+0.38 * gain—~0.07 - LAD
Loss=MLD post—MLD fup; but: MLD post=(MLD pre+gain); so:

Loss=(MLD pre+gain}—(MLD fup); therefore:
Loss=(MLD pre+gain}—{0.11+0.14 - VS+0.69 - MLD pre+0.38 - gain-0.07 - LAD)

Removing the brackets, this equation may be rewritien as:
Loss=ML.D pre+gain—0.11-0,14 - V5-0.69 - MLD pre—0.38 - gain+0.07 - LAD

This equation may then be rearranged as foffows:
Loss={MLD pre—C.69 : MLD pre)+(gain-0.38 - gain)—0.11-0.14 - VS+0.07 - LAD

or according to the original format;

Loss=—0.11-0.14 - VS+ (MLD pre--0.69 - MLD pre}+(gamn—0.38 - gain)+0.07 + LAD

Loss=—0.11—0.14 + V§+0.31MLD pre+0.62 gain+0.07 - LAD

MLD indicates minirnal luminal diameter; pre, before angioplasty; vs, vessel size; fup, follow-up, post, after angioplasty; and LAD, left

anterior descending coronary artery.
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Fig 1. A through D, Plots of influence of vessel size, divided in
noniles, on (A) restenosis rates {incidence in percent), according
1o three binary definitions. Loss >0.5*gain indicates loss during
follow-ug of more than half the gain at percutaneous transluminal
coronary angioplasty (PTCA): %035 at F/U =50, percent dlame-
ter stenosis at follow-up of mare than 50%; and lass > 0.4 mm,
loss during follow-up of more than G.4 mm, which is twice the
postangioplasty lesion measurement variability of the CAAS

vessels, Less injury would result in less neointimal
formation, measured as less angiographic loss, leaving a
greater MLD at follow-up. We can use the multivariate
modeis to illustrate this: In a lesion with a pre-PTCA
MLD of 0.5 mm, achieving an acute gain of 1.5 mm
would result in a loss of (.72 mm in a small vessel (1.83
mm} and 0.48 mm in a large vessel (3.56 mm). The
estimated MLD at follow-up in the small vessel would
be 1.28 mm compared with 1.52 mm in the large vessel.
The gain of 1.5 mm would cause actual overenlargement
of the small vessel and thus considerably greater wall
injury than in the larger vessel {(in which a 1.5-mm gain
would provide a comparatively modest acute result), so
that less oss would be provaked and a greater MLD at
folfow-up is provided in the large vessel. Of course, this
does not present a pood reason to accept marginal
inferventional results in larger vessels, since if a gain of
2.5 mm (instead of 1.5 mm) had becn achieved in the
large vessel, an MLD at foffow-up of 1.90 mm couid be
anticipated, even if greater loss would be provoked (1.10
mm). In agreement with reports based on stent implan-
tation and directional atherectomy,3- maximization of
the acute result must be generally recommended as the
goal of intervention, Neutralization of the independent
influence of vessel size by using percent stenosis would
be expected, since percentage measurements inherently
precorrect for the influence of vessel size and since the
proportional vessel injury would be similar across atl
vessel sizes when percent stenosis before PTCA and
gain in percent stenosis are constant. Accordingly, the
observed advantage of larger vessels seems to be a
simple mechanical privilege rather than a cryptic bio-
logical phenomenon that protects larger vessels.

Use of a Dual Approach and Value of a
Selective Model

A number of recent studies have used comprehensive
multivariate analysis to predict Juminai loss, MLD or
percent diameter stenosis at follow-up, or occurrence of
binary “restenosis,'-7246” ysing clinical, procedural, an-
giographic, and histological variables. Despite its thor-
oughness, the potential flaw of such an approach is that
some of the angiographic variables used provide overlap-
ping information (eg, preprocedural MLD, gain, and
postprocedural MLD). Also, inclusion of relative (per-
cent stenosis or relative luminal changes) and absolute
parameters may also be criticized for inconsistency of
approach. This may partly cxplain why different factors
have been found to predict luminal loss, MLD at foliow-
up, percent diameter stenosis at follow-up, and binary
restenosis in different studies.!-3672.12-17 For this reason,
ever when the evaluation of late results of intervention
was restricted to a “dual approach,” greater luminal loss
after directional atherectomy was found to be deter-
mined by greater luminal increase and greater

system. B, %DS at follow-up, as well as %DS before and after
PTCA and acule decrease in %DS immediately after PTCA and
late increase in %DS during follow-up. C, Luminat loss and MLD at
follow-up, as well as MLD before and after PTCA and acute gain.
D, Loss index. In B through D, mean values and 95% confidence
intervals {Cls} of each parameter are provided for each nonile.
Actual differences between the noniles are provided in Tabkle 2.
MLD indicates minimal luminal diameter; %DS, percent diameter
stenosis; FUP, follow-up; PRE, before; and POST, after.



LOSS MLD (mm)

Foley et al  Vessel Size and Late Results of PFCA

MLD FUP (mm)

20
15
1.0
05
00f

—0s

-1.0

—1.54

20
154
1.0J

GAIN {mm)

a5
3.0
254
20
1.5
1.0

0.5

0.0

3

GAIN (rnm)

Fia 2, Athrough F, Scafterplots of finear regression analysis, with 95% confidence intervals, of loss and MLD at follow-up with each of
vessel size (A and B}, gain (G and [}, and MLD before (E and F). MLD indicates minimal luminaf diameter; FUP, follow-up; PRE, befare;
and PTCA, percutaneous transiuminal coronary angioplasty. Mote thai the x- and y-axis scajes vary according to the parameters

displayed.

MLD before PTCA, whereas greater MLD at follow-up
was determined by larger vessel size, postprocedural
lumen, and non-LAD location.? Ia the present study, in
addition to the use of a dual approach, a selective
muftivariate model was used to isolate the principal
angiopraphic factors (ie, preprocedural MLD, luminal
increase, and lesion location) and investigate their dy-
namic interrelationships and their respective effects on
the influence on vessel size and late results of balloon
angioplasty. Although the need to use a ‘‘dual ap-
proach®” has been recognized™!' and may be clinically
obvious, the truly converse nature of luminal loss and
MLD at follow-up, as correfates of the restenosis process
and the late angtographic outcome, respectively, has not

107

been previously demonstrated and was only facilitated in
this study by application of the selective model. This has
been illustrated in Table 3C by simple mathematicai
derivation of the findings for loss through the findings for
the MLD at follow-up. Much of the debate regarding
determination of “restenosis™ after transtuminal coro-
nary interventions has been due to preferential consid-
eration by investigators of one or other of these opposite
“end points?01L161720” or of binary restenosis.l.24.7.12-
15,3550 The opposite points of focus have been descrip-
tively termed the “doughnut” and the “hole,” respective-
ly,!>1.4¢ and studies aimed at investigation of the late
chinical and/or angiographic outcome will require to
focus on the MLD at follow-up (the hole), whereas those
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Fic 3. A and B, Three-dimensional schematic and scatterplot that depict the
influence of vessel size (VS; interpolated reference diameter before angioplasty) on
luminal loss, considering the influence of gain and minimal luminal diameter (MLD)
before angioplasty (PRE) (Table 3A). Vessel size is represented using the noniles, as
described in the text. Loss is on the (vertical) y axis, and gain is on the x axis
(increasing from right to left) for illustrative purposes, and MLD before angioplasty is
on the z axis (increasing from front to back). For consistency, the limits of each axis
are equal for each nonile. The actual range of gain and MLD before angioplasty for
the lesions within each nonile is represented by the outlined rectangle within each
“'regression plane." Purely for illustrative purposes, the lesions have been assem-
bled in nine rows containing equal numbers of lesions, both from front to back and
from side to side. The yellow dot in the center of the red rectangle represents the
median loss for the nonile, displayed numerically on the y axis. Although the
regression plane shifts progressively downward with increasing vessel size, indicat-
ing decreasing estimated loss for any given gain and MLD before angioplasty
(emphasized by a pale blue dot at the upper left corner of each regression plane), the
median loss is observed to actually increase. This finding is highlighted in Fig 3B by
including only the median loss and the upper border of the regression planes and
can be explained by the confounding effect of MLD before angioplasty and gain,
whereby there is a preponderance of lesions with small MLD before angioplasty and
small gain in small vessels and greater MLD before angioplasty and greater gain in
larger vessels (conveyed in the graphs by progressive movement of the rectangle
from right to left and front to back).

evaluating the restenosis process will need to evaluate
the loss (the doughnut) and a thorough study must
ultimately adopt a dual approach.®-!!

Clinical Implications of the Findings: An Added
Meaning to “Bigger Is Better”

Previous studies have reported lower categorically
defined restenosis rates in larger vessels after balloon
angioplasty,* directional atherectomy, and stent implan-
tation,® whercas others have found no relation between
vessel size and incidence of restenosis.'>154 Moreover.
while greater MLD at follow-up after directional
atherectomy or stent implantation®® was predicted by
larger vessel size, luminal loss was not influenced by the
vessel size in these or other studies.®1¢ This study would
thus appear to be the first to demonstrate the indepen-
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dent equal and opposite effects of vessel size on the
restenosis process and angiographic outcome. The ob-
vious clinical interpretation of this finding is that inter-
vention in larger vessels is inherently likely to be asso-
ciated with a more favorable long-term outcome.
According to this scheme, it would be appropriate to
conclude that not only does a “bigger” gain indepen-
dently yicld a “better” outcome,!! as is also confirmed in
this study (Table 3B, Fig 4) but also that, indeed, a
“better” long-term outcome may be anticipated, after
intervention in a “bigger” vessel. This finding may
partly explain the reportedly superior long-term results
of directional atherectomy and stent implantation in
observational studies, compared with results of conven-
tional balloon angioplasty,*® since these devices are
generally restricted to more proximal segments in larger
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Fia 4. Schematic with approach similar to that of Fig 3A to represent the model for minimal luminal diameter (MLD) at follow-up (FUP)
(v axis). The equal but opposite effect of vessel size on MLD at follow-up compared with luminal loss is displayed here by the
progressively upward shift of the regression planes with increasing vessel size, to the same degree as the downward shift observed in
Fig 3. The median MLD at follow-up also consistently increases with increasing vessel size. PRE indicates MLD before balloon
angioplasty; VS, vessel size (interpolated reference diameter before angioplasty).

coronary vessels. Moreover, the finding augurs well for
continued use of these devices in larger vessels, as not
only is it possible to take advantage of their mechanical
superiority over balloon angioplasty in larger vessels*
11.20,34,43-46 but the independent beneficial effect of in-
tervention in a larger vessel per se may also be realized.
Likewise, the negative influence of smaller vessels on
late outcome does not herald a bright future for devices
more practically suited to smaller vessels, namely, rota-
blator and excimer laser. Although excimer laser is
increasingly associated with improved short-term clini-
cal success in unfavorable coronary lesions,® signifi-

TABLE 4. Multiple Linear Regression to Evaluate
Influence of Vessel Size on Percent Diameter Stenosis
at Follow-up, Using Same Approach as in Table 3 but
Percent Diameter Stenosis Before and After
Angioplasty in Place of Minimal Luminal Diameter
Before Angioplasty and Gain

Estimated

Coefficient SEE P
Intercept 13.7 1.57 <.0001
Vessel size 19 45 .68
% DS pre 64 .03 <.0001
Gain in % DS 33 .02 <.0001
LAD 1.51 47 .001

DS indicates diameter stenosis; pre, before angioplasty; and
LAD, left anterior descending coronary artery.
P<.0001; R2=12.

cantly greater loss and smaller MLD at follow-up have
been reported in a matched comparison with balloon
angioplasty.s! Late results after successful high-speed
rotational athercctomy are no more encouraging,' so
application of these devices may be inherently doomed
to comparatively poor long-term results, partly due to
their preferential use in smaller vessels.

Implications for Comparative Studies

In randomized trials, such as CAVEAT (Coronary
Angioplasty Versus Excisional Atherectomy Trial)® and
CCAT (Canadian Coronary Atherectomy Trial),* all
patient characteristics are considered equally distrib-
uted, enabling direct comparisons of outcome. Thus, in
these trials, no significant difference in late angio-
graphic results was reported, despite the greater initial
luminal increase noted in the atherectomy-treated
groups. In the BENEstent (Belgium Netherlands stent)
and STRESS (STent RESstenosis Study) randomized
trials of Palmaz-Schatz stent implantation and balloon
angioplasty, a significant long-term advantage of stent
implantation over conventional balloon angioplasty has
been reported,*346 Comparison of late results of differ-
ent interventions in observational studies could be
considered misleading, unless either the groups are
suitably matched for vessel sizes435! or differences in
vessel size are taken into account.!® Separate observa-
tional studies in coronary lesions specifically matched
for vessel size, as a “surrogate” for a randomized trial
comparing atherectomy* and stent implantation® with
balloon angioplasty, in retrospect had actually predicted
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the outcome of the four randomized trials mentioned,
Such matching studies may thus provide useful informa-
tion in comparing outcomes of different interventions,
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Fia 5. A through D, Confounding effect of gain on the relation
between minimal juminal diameter (MLD) before angioplasty
(PRE) and loss is shown by representing the entire lesion
pepulation with loss on the y axis, gain on the x axis, and MLD
before angioplasty on the z axis. Purely for illustrative purposes,
the lesions have been assembled in nine rows {containing equal
numbers of lesions) from front to back and {rom side to side. The
actual number of lesions at each of the thus created 81 possible
positions ir this graph is represented by the diameter of the
sphere. The corresponding loss at each position is represented
by the vertical height at the center of the sphere. To demonstrate
the influence of gain on the relation between MLD before
angiaplasty and luminal loss, the rows from front to back on the
extreme left and right have then been isolated from the remain-
ing fesions, which have been obscured for this purpose (Fig 4B).
The graph has then been rotated clockwise until these two rows
are visualized two-dimensionally from left to right with MLD
before angioplasty now occupying the horizontat axis (Fig 4C). It
is appreciated that the top row in C depicts iesions with greater
gain, and the battam row depicts lesions with lesser gain. Both
rows display the consistent positive mulivariate relationship
between MLD before angioptasty and loss, When the two rows
are merged, because of the preponderance of lesions with a
simall Mi.D} before angioplasty in which a large gain is achieved
and of those with a large MLD before angioplasty in which a
small gain was achieved, the positive relation between MLD
before angioplasty and loss is actuafly reversed, depicting the
univariate relation, as observed in Fig 2C.

since the important and confounding influence of vessel
size on late results is balanced.

Influence of Lesion Location on Late Results

Greater fuminal loss, smaller MLD at follow-up, and
greater percent stenosis at follow-up are associated with
lesion location in the L.AD, independent of luminal in-
crease and lesion severity before PTCA. Previous studies
in patients treated by balloon angioplasty have reported
increased restenosis rates in LAD lesions?:3; others found
no association between lesion location and restenosis
rates, luminal foss, or relative luminal loss'94!; and one
study reported less relative loss in right corenary artery
lesions.?” Location in the right coronary artesy was also
found to predict less late loss, larger MED at follow-up,
and lower incidence of restenosis in patients treated by
directional atherectomy or stent implantation.’

Subsequently, in a larger study,*? the same authors
found LAD location to be the strongest independent
predictor of binary restenosis and percent stenosis at
follow-up. Other investigators have found LAD lfocation
to predict smakler MLD at follow-up, but not luminal
loss, after directional atherectomy.? In randomized
studies, the CAVEAT trial reported improved long-
term angiographic outcome in LAD lesions treated by
atherectomy compared with balloon angioplasty,®
whereas in the CCAT trial, which compared directional
atherectomy and balloon angioplasty for proximal LAD
lesions only, no advantage of DCA was found.* In this
study of 3302 lesions, the association of LAD lesion
location with fess favorable long-term results is inescap-
able, However, a plausible explanation for this has not
yet been advanced. Greater frequency of intimal hyper-
plasia was found in tissue retricved by directional
atherectomy from primary lesions of the LAD com-
pared with RCA and circumfiex,5? which might convey
an increased propensity to renarrowing after initially
successful angioplasty in LAD lesions. Such findings



deserve prospective histelogical confirmation in larger
studies, and further reports from CAVEAT? may be
helpful. Also, since chronic recoil, measured by serial
intracoronary ultrasound, has been advanced as « major
component of late restenosis,® its distribution through-
out the coronary vessels is of major interest, if the
phenomenon can indeed be verified and reliably
quantified.

Reference Diameter Changes: Implications for
Percent Stenosis Measurements

Reference diameter changes from postangiopiasty to
24 hours have been found to erroncously imndicate
deterioration in lesion severity during this time,
whereas MLD and area remained unchanged. Simi-
farly, apparently normal coronary segments adjacent to
a target lesion may be involved in the restenosis process
(since these are invariably subjected to the trauma of
battoon dilatation) and provide misleading percent ste-
nosis measurements at follow-up.3534.38 I this study, a
significant increase in interpolated reference diameter
was cbserved from before to after angioplasty, which
was maintained at follow-up and the variability of this
parameter also increased from before to after PTCA to
follow-up (Table 2). When reference diameter is mea-
sured by arbitrary selection of normal-appearing seg-
ments adjacent fo the stenotic lesion, variability of
percent diameter stenosis measurement fncreases even
further,10.20:31.353% Although traditional percent diame-
ter stenosis continues to appropriately form the corner-
stone of clinical practice, its reliability in clinical studies
of the biological process of restenosis must therefore be
questioned, Absolute luminal measurements, which are
much more precisely obtained by quantitative angio-
graphic amalysis,?$30323657 must be preferentially rec-
ommended. According to the findings in this study, the
effect of the vessel size must be taken into account when
evaluating late results of intervention, especially in
comparative studies. To this end, a constant, objective,
and reproducible measure of vessel size is recom-
mended, namely, the interpolated reference diameter
before intervention, With increasing availability of re-
liable on-line quantitative analysis, 55 the clinical util-
ity of such measurements must not be underestimated,
since extrapolation of experience using automated anal-
ysis has been shown to be eminently applicable to the
chinical interpretation of coronary angioprams.>6.57

Study Limitations

Various clinical and biological factors may theoreti-
cally modify the influence of vessel size on late angio-
graphic outcome and deserve cvaluation in future stud-
ies., However, it is worth noting that although some
clinical factors have been found to be independently
correlated with luminal renarrowing (cg, diabetes and
duration of angina before angioplasty!%), a recent study
found no clinical, procedural, or histofogical factors to
influence the relations between quantitative angio-
graphic parameters.® The predictive value of the multi-
variate models in this study could be considered poor
(although 32% of the variance of MLD at foliow-up was
explained by the model), this is a limitation of applying
simple geometric principles to a compound, multifacto-
rial phenomenon. Nevertheless, the intention of the
study and, particularly, the multiple regression analysis
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was not to “predict’” restenosis but rather to evaluate
the independent influence of vessel size on the late
results of angioplasty.

Summary and Conclusions

Vessel size is an important determinant of the extent
of the renarrowing process and MLD at follow-up after
successful angioplasty, An extra dimension may be
added to the “bigger is better” maxim, namely, that
“bigger vessels have a better outcome.” Predisposition
of stent implantation and directional atherectomy to
larger coronary vessels may partly explain their re-
ported superior late results compared with “plain old”
balloon angioplasty, and the rather poor results of
excimer laser angioplasty and rotational atherectomy
may be partly due to their use in smaller vessels. By
extension, the results portend well for continued applhi-
cation of devices that can safely and consistently achieve
{arge increases in luminal dimensions at intervention,
whose ultimate benefit may be most effectively realized
in larger vessels.
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ABSTRACT

Background: Excimer laser coronary angioplasty has hecome widely used for coronary angioptasty, on the basis
of atheroma ablation and particularfy because of clinical success in Jesion subsets considered unfavourable for
conventional balloon angiopiasty. The AMROE {Amsterdam-Miami-ROtterdam-Eindhoven) trial was the first
tandomized clinical ¢rial designed to compare acute and long term clinical and angiographic results of ELCA
with bafloon angioplasty, for treatment of longer coronary lesions in patients with stable angina.

Purpose: The purpose of this ancillary study was to compare angiographic restenosis propensity of ELCA with
BA among patients who had initially successtul intervention and serial quantitative corenary angiographic tollow
up in the AMROE trial,

Results: Procedural success {diameter stenosis < 50%, without a major adverse cardiac event) was achieved
in 126 (80%) of 131 patients randomly assigned to excimer laser, and in 132 (79%) of 157 patients randomized
to BA. Among patients eligible for angiographic follow up, 120 with 124 lesions in the ELCA treated group
(93 %) and {23 with 126 lesions in the balloon angiopiasty treated group {91%), had quantitative angingraphic
follow up and were eligible for this study, Despite achievement of a significantly greater acute fumen diameter
inthe ELCA group (1.69mm versus |.59mm, p=.05), greater late {oss subsequently developed (0.52mm versus
0.34mm, p=.04) and the follow up luminal diameter was not significantly ditferent (1. 17omm versus 1.25mm,
p=-.30). In addition, a significantly greater lnss index was observed for the ELCA treated lesions {0.74 versus
0.36, p=.02) as well as wends towards higher incidence of clinical restenosis (53 % versus 41 %, p=.058). In
multiple Iinear regression analysis to predict foss and MLD ac foilow up, a trend towards an independent
influence of the device used for intervention was chserved favouring balioon angioplasty (p=.08). Further
analyses to comparatively evaluate angiographic restenosis propeasity of ELCA and BA in certain lesion subsets
revealed a consistendly greater loss index associated with ELCA for treatment of smaller vessels ({ <2, 5mm),
0.98 versus 0.45, p=.06), longer lesions ({>9mm}, 0.71 versus 0.38, p=_035) and among the more optimaliy
treated lesions ((post procedural MLD > 1.67mm), 0.51 versus 0.20, p=.05).

Conciusions: These findings indicate that excimer laser coronary angioplasty is associated with a greater
restenosis propensity than conventional balloon angioplasty. This may be due to more extensive or intense vessel
wall injury caused during intervention by laser than conventional balloon alone. New developments in laser
technique and particularly in catheter technology, which promise fo reduce the tissue ablation : injury rutio, will
be required to justify continued use of this powerful interventional tocl.

INTRODUCTION

Excimer laser coromary angioplasty was introduced as an afternative device for percutangous coronary
revascularization, with the working hypothesis that ablation of atheromatous tissue would allow successtut
recanalization of diseased coronary arteries [1-3]. Observational studies and registry based reports have shown
that ELCA can achieve acute procedural success which is comparable or superior to other percutaneous devices
in difficult lesion sub-sets, such as longer lesions, ostial lesions and especially in smaller vessels and total
coronary occlusion [5-9], The absence of a randomized clinical trial comparing ELCA with conventional
angioplasty, with regard to long term as well as acute, clinical and angiographic outcome, stimulated the
inauguration of the AMROE (Amsterdam-Miami-ROtterdam-Eindhoven) trial in 1991, This trial, in which
patients requiring treatment of longer coronary lesions (= 10nmy), were randomly assigned to conventional BA.
or ELCA, has now heen completed. Essentially, no significant difference was detected between the treatment
gToups, in ucute or 6 month angiographic or clinical outcome [10].

Because of a prior report of less favourable late angiographic results after ELCA compared with
halloon angioplasty, in a matched patient comparison {111, the study described in this repert wayg designed to
compreliensively investigate whether device specific differences in restenosis propensity can be detected between
these treatment modalities, among the patients randomized in the AMROE trial. To facilitate this, multivariate
analysis was applied to investigate the angiographic determinants of luminal loss and minimal fominal diameter
at follow up, to evaluate the possibility of a device specific effect on late angiographic outcome. In addition,
sub-group analyses were performed, to ascertain whether differences m owtcome were evident between the
treatment groups, according to lesion length, vessel size, total coronary occlusion or the magnitude of the acuie
result.

PATIENTS AND METHODS

Patient population

Between September 1991 and November 1993, a total of 308 patients {330 lesions) were randomized
in the Amsrerdam-Rotterdam comparative evaluation of excimer laser angioplasty and balloon angioplasty for
treatment ot longer coronary lesions (patient demographics are provided in table 1), Of these, 151 patients with
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158 lesions were randomly assigned to excimer laser and 157 with 167 lesions to balioon angioplasty
(angiographic lesion characteristics are given in table 2). Procedural success (diameter stenosis < 50% at the
end of the procedure, without the occurrence of a major adverse cardiac event [§2]) was achieved in 126 of 158
(80%) lesions ereated by ELCA and 132 of the 167 (79%) lesions treated by balloon angioplasty. Among
patients eligible for angicgraphic follow up, a total of 120 with 124 lesions in the ELCA treated group (93 %)
and 123 with 126 lesions in the balloon angioplasty treated group (91 %), had quantitative angiographic follow
up and were eligible for this study.

Table 1: Demoygraphic characteristics of the patients inciuded in the AMROE trial,

ELCA BA
Patients 151 157
Lesions 158 167
Age 58.1 59.4
Gender (M:F) 115:36 [14:43
Diubetes (%) 15 20
History of Smoking 74 68
Currently smoking 33 36
Hypertension 57 50
Hypercholesterolemia 58 59
Prior myocardial infarction 70 68
Prior CABG 10 13
Prior PTCA 16 25
Anginal status: CCS 1T 11 8
CCsS 1 44 49
CCS I 82 36
CCS IV 14 14
Non-exertional angina 77 81
Angiographic | vessel disease 83 79
Anglographic 2 vessel disease 5t 63
Angiographic 3 vessel disease 17 15
Target lesion location:  LAD 61 64
RCA 56 61
Cx 4] 42
Lesion type : A 1 -
(ACC/AHA} Bl - 2
B2 83 71
C 74 94
Estimated length : < 10mm 1 3
10-20mm 122 109
> 20mm 33 44
uitknown 2 11

The randomization process, inelusion and exclusion criteria and procedural protocols of the laser and
balloon angioplasty procedures have been described in detail in the main trial report. [n sunmary, patients with
stable angina and a native primary coronary lesion longer than 10mun by visual assessment, suitable for
treatment by excimer laser angioplasty or balloon angioplasty, were eligible. The faser systems in use were the
Dymer 200+ (Advanced Interventional Systems Enc., Trvine, Ca.), with a pulse duration of 210 nanoseconds
and a repetition rate of 20Hz, delivered by 1.3mm, [.6mm or 2.0mm catheters, at a fluence of 45-65 mJ/mn??,
used in 80% ot the patients and the CVX-300 system (Spectranetics, Colorado Springs, Colo.), which emits
a pulse duration of 135ns at a repetition rate of 25Hz, delivered by 1.4mm, 1.7mm or 2,0mm catheters, with
a similar fluence. Adjunctive balloon angiopiasty was performed when clinically necessary to improve the acute
angiographic result. Conventional balloon angioplasty was performed according to the standard clinical practice
of the operator.

Quantitative Angiography:

All patients had serial coronary angicgraphy in multiple projections, identically repeated pre and post
procedure and for all follow-up angiograms, Routine follow up angiography was scheduled for 26 +2 weeks
after intervention, Angiographic acquisition was standardized, according to previousty published gaidelines [£3-
15], te sait autemated analysis at the core laboratory using the Cardicvascular Angiographic Analysis System,
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the methodoelogy and technical aspects of which have been extensively described in detail in previous reports
[14]. Simifarly, the core laboratory approach to screening and analysis of angiograms followed a standardized
protocol, which has also heen previously described [13-15).
Analytical approach

To investigate whether excimer laser or balloon therapy in this rial were more or less successtul, in
terms of propensity to late angiographic restenosis in : (i) larger or smaller vessels, (i) longer or shorter lesions
and (jiiy after more or less optimal acute results had been achieved, both groups were divided at the median
value for each of these parameters (vessel size, lesion length and post procedural minimal luminal diameter,
respectively). Comparisons were then made, with respect to angiographic dimensions before and after treatment
and at follow up, as well as in acute luminal gats, late lumingd loss, loss index (loss/gain) and in binary
restenosis rates, according te 4 mumber of widely known criteria. In addition, to determine whether epicardial
{esion location influenced results, angiographic parameters were compared between treatment groups for the 3
epicardial vessels, To investigate a general device specitic effect on late angiographic results, multiple linear
regression anatysis was performed, first taking the entire group of 250 lesion as a single group and then in the
sub-group analyses. In the models for luminal loss and minimal fominal diameter at follow up, the "denmy”
device variable was included, as well as the known determining influence of vessel diameter, epicardial location,
haseline lesion severity (minimal luminal diameter pre), acute [uminal increase (acute gain) and lesion length
[13].
Statistics

Statistical analyses were performed using the commercial SAS (SAS Institute Inc, Cary, North
Carolina) package. Mean, standard deviation, minimum, maximum and median values are provided for all
parameters, where appropriate. Inter-group comparisons of continuous variables are performed using the
student’s t test and of categorical variables using the chi-square test. Univariate and multivariate analysis were
also performed to evaluate determinants of fuminal loss and minimal luminal diameter at follow up and to
investigate an independent device specific effect on these parameters.

RESULTS
General comparison of angiographic findings between ELCA and PTCA groups

Table 2 provides direct comparisons of baseline, post-procedural and follow up angiographic parameters
between the ELCA and BA groups. To determine the influence of lesions which were totally occluded at
baseline or became occluded at follow up, comparisons were made between the respective populations, including
or excluding these fesions and no detectable effect was detected, so the remainder of this evaluation will focus
on the estire lesion groups.

Table 2: Overall quantitative angiographic characteristics of the lesions with successtul intervention and QCA
pre, post and at follow up.

ELCA BA

(n=124) (n=126)
Vessel size (mm) 2.51+0.47 2.47+0,59 60
Lesion length {mm) 9.414+3.55 8.91+3.66 .33
MLD pre (mm) 0.77+0.44 0.77+0.47 .96
MLD post {mm) 1.6940.41 1.59+£0.34 .05
MLD fup (mm) 1.17+0.71 1.25+0.68 .34
% DS pre 68.5+18.3 68.9+18.6 .86
% DS post 37.6£10.3 38.0+8.9 76
% DS fup 56.1%23.2 52.6123.4 .24
Acute Gain (mm) 0.91+0.53 0.82+0,50 15
Late Loss (nm) 0.5240.70 0.341+0.62 .04
Net Gain {mm} 0.40+0.69 0.4840.06 .34
Loss ladex 0.74+1.57 0.36+£1.26 .03
DS = 50% 53.2% 41.3% .06
Loss = 0.4nun 48.4% 35.7% .04
Loss = gain/2 49.2% 38.1% .07
Total occlusion pre 20.2% 20.6% .93
Total occlusion tup 16.9% 14.3% 56

119



Virtually identical baseline lesion characteristics are evident in the two groups. A significantly greater
acute lumen diameter was achieved in the ELCA group (1.69mm versus 1.59mm, p=.05), but s a consequence
of the greater ate loss (0. 52mm versus 0.34mm, p=.04}, this initial advantage was attenuated and the follow
up teminal diameter was not significantly different, although a slight trend in favour of tie batloon treated group
was evident {1.25mm versus 1.17mm, p=.30). A significantly greater loss index is observed for the ELCA
treated lesions (0.74 versus 0.36, p=.02). In addition, treads are observed towards higher incidence of a
stenosis = 50% (53% versus 41 %, p=.058) and greater frequency of a loss = half the initial gain (49 % versus
38%, p=.077) and of a loss = 0.4mm (48% versus 36%, p=.04), in the ELCA compared to the balivon
group. Simple linear regression analysis revealed a somewhat greater incremental increase in luminal joss with
increasing luminal gain, in the laser group (lineslope 0.52 versus 0.40, p = .08, figure 1}.

[n multiple Huear regression analysis to predict loss and MLD at follow up, a frend towards an independent
influence of the device used for intervention was observed favouring balloon angioplasty (p=.08). The following
models were obtained:

Loss (.35 - 0.28 Vessel size + 0.26 MLD pre + 0.71 gain - 0.11 device

MLD at follow up = -0.35 + 0.28 Vessel size + 0.74 MLD pre + 0.29 gain + 6.11 device
(where balloon = 1 and ELCA = Q}

Comparison of ELCA and PTCA in smeller and larger vessels

To investigate whether ELCA or BA achieved better late angiographic in large or smali vessels, the
population was divided at the median vessel size of 2.49mm, Table 4 provides comparisons of baseline and
acute and late angiographic results between treatment groups, Tn smaller vessels, although baseling vessel size
wis significantly greater in the ELCA group and a marginally greater post procedural lumen was achieved by
ELCA, there was a trend towards greater late foss atter ELCA (0.46mm versus 0.28mm, p=0.07), and ate
luminal diameter was similar (1.02mm versus 1.1 1lmm, p=0.30). However a considerably greater loss index
wils observed in the ELCA group (0,98 versus 0.45, p=.06).

In larger vessels, again ELCA achieved a marginaily greater post-procedural lumen (1.8%mm vs
{.80mm; p=.11). 4 somewhat greater loss was also observed in the ELCA group (0.57mm compared with
0.41mm, p=0.15) and a trend owards a larger follow up lumen was evident in the BA group (1.40mm vs
{.31mm; p=.16). This non-signiticant angiographic begefit of BA was also manifest as a lesser loss index (0.27
versus .51, p=.16) and translated into a statistically lower recurrence of a stenosis greater than 50% at follow
upr angiography (34% versus 35%, p=.02).

Comparison of ELCA and PTCA after "sub-optimal” and "optimal” acute results

Division of the treatment groups according to the post-procedural result gave a {hreshold minimal
luminal diameter post of 1.67mm (table 5). For the group thus termed "sub-optimal ", vessel size was greater
in the BLCA grovp {2.30mm versus 2. 17mm,p=.05). No differences in post-procedural or follow up results
were observed and although the loss index was considerably greater in the ELCA group (0.98 versus 0.52), due
to wide variability, this difference was not signiticant (p=0.14),

Among “optimally treated” lesions, the vesse! diameter did not difter between the groups. The acute luminal
gain was significantly greater in the ELCA group, giving a stgnificantly greater post-procedural regult (1.99mm
versus . 86mm, p=.006). However, during follow up, significantly preater late loss accrued inthe ELCA group
€0.65mm versus 0,36umm, p=.02) so that the net gain was similar between the groups and the mipimal luminal
diameter at follow up actually showed a favourable trend for the BA treated group (1.50mm versus [ 34mm,
p=0.10). Accordingly the loss index was greater in the BELCA treated group {0.51 versus 0.20, p=.05) and
in addition, the incidence of binary restenosis was sigaificantly greater among BELCA treated lesions (55%
versus 33%, p=.015).

Comparison of ELCA and PTCA aecording to fesion length

Comparisons of outcome according to lesion length are shown in table 6. in the treatment of shorter
coronary lesions (less than 8.98mm, with a mean of 6.48mm), no significant differences in cutcome were
detected berween the groups, althongh similar trends as previously noted, including a larger acute gain in the
ELCA group (0.93mm versus 0.81mm), followed by a scmewhat greater late loss (0.47mm versus 0.36mm)
and a greater loss index (0.78 versus 0.33, p=0.14). For longer lesions (greater than 8.98mm, with a mean
of 12.25nm), ELCA again provided a somewhat greater acute huninal result (MLD post = 1.71mm versus
1.60nm, p=0.10), but was attended by a significantly greater late luminal loss (0.56mm versus 0.32mm,
p=.05), so that BA provided a larger, atbeit not statistically significant, net gain (0.5l versus 0.36mm,
p=.16) and a greater lumen at follow up {(1.29mm versus 1.15mm, p==0.17), Again, the loss index was
significandy greater in the ELCA group (0.71 versus 0.38, p=.05). The binary restenosis rate in the ELCA
group was significantly greater (52% versus 32%, p=.02). In multiple livear regression analysis in this
subygroup of longer lesions, ELCA was retained as an independent determinant of greater fate loss and a smaller
Taminal diameter at follow up (p=>0.08).
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Table 3. Acute and late results of ELCA and PTCA groups by vessel size, divided into "smaller’ and "larger” vessels, at the median for the entire group (2.4%9mm)

Smaller vessels (1,39 - 2.49mm) Larger Vessels (2.49 - 53 34mm)

ELCA BA ELCA BA
Vessel size {mm) 2.134:0.24 2.03+0.26 .03 2.88+0.31 2.9040.50 81
Lesion length (inm) 9.1243.33 8.99435.83 .89 10.03+4.04 8.94+3.44 .29
MLD pre {mm) 0.74+0.40 0.68+0.39 40 0.80+0.48 0.8740.52 46
MLD post (mm) 1.48-+0.38 1.39+0.22 .08 1.89+0.33 1.80+0.31 13
MLD fup (mm} 1.0240.66 1.11£0.60 .46 1.31£0.74 1.40+0.73 .54
% DS pre 64.9419.1 66.6+18.8 .62 72.0+£16.9 70.9418.4 75
% DS post 38.1+12.3 37.649.2 7 37.0£7.6 382487 41
% DS fup 36.5+24.5 5224243 34 55.6+21.6 33.1+22.8 52
Acute Gain (mm) 0.74+0.50 0.70+0.40 .63 1.06+0.52 3.93+0.55 1
Late Loss (mm) 0.46+0.69 0.28+0.60 12 0.57+0.72 0.41+0.64 17
Net Gain (num) 0.28+0.68 0.43£0.67 24 0.511£0.69 0.5340.66 .90
Loss Index 0,98+2.10 0.45+1.19 .08 G.51+0.66 0.27+1.33 21
DS = 50% 33.9% 34.4% .95 54.8% 34.4% .02
Loss = 0.4mm 45.2% 32.8% .16 51.6% 39.1% 16
Loss = gain/2 48.1% 41% 41 50.0% 33.9% 1
Total occlusion pre 17.7% 21.3% .61 22.6% 20.3% 76
Total occlusion fup 21% 14.8% .37 12.9% 14.1% .85

Table 4. Acute and lats results of ELCA and PTCA by lesion length, divided into "shorter” and "longer” lesions, at the median lesion length for the entire group (8.93mm).

Shorter lesions (3.10 - §.93mm) Longer lesions (8.98 - 21.59mm)

ELCA Ba ELCA BaA
Vessel size (mm) 2.40+40.43 2.4140.435 84 2.62+0.48 2.5440.70 46
Lesion length {mm) 6.48+1.42 65.08+1.21 18 12.25+3.11 11.60+3.08 .24
MLD pre (mm) 0.75+0.44 0.7740.49 78 0.794+0.45 0.78+0.45 87
MLD post {mm) 1.66+0.41 1.59+0.31 27 1.71+0.40 1.6140.38 14
MLD fup {mm) 1.1940.73 1.2240.63 77 1.1540.69 1.2940.74 .29
% DS pre 68.5418.7 68.0+£19.0 .89 68.3+18.1 65.6+18.4 73
% DS post 36.349.8 36.i+7.9 90 38.8+10.7 39.7+£9.6 65
% DS fup 34.2+24.2 5174222 .54 57.9422.3 33.6424.7 .32
Acute Gain (mm) 0.91+0.50 0.824+0.52 .30 0.92+0.57 0.83+0.47 .33
Lare [Loss {mum) 0.47+0.71 0.37+0.56 35 0.5640.70 0.324+0.69 .03
Net Gain {mm) 0.44+0.70 0.4540.64 92 0.36+0.69 0.51+0.6% 16
Loss [ndex 0.78+2.06 0.34+1.49 17 0.71+£0.84 0.38+1.06 .03
DS = 50% 37.1% 37.1% 1.0 51.6% 31.7% .02
Loss = 0.4mm 45.2% 26.0% 71 51.6% 30.2% .01
Loss = gain/2 45.2% 387% 47 53.2% 38.1% .08
Total ceclusion pre 21.0% 14% .83 19.4% 19.1% .96

Total occlusion fup 17.7% 8.0% .46 16.1% 15.5% 97



Comparison of ELCA and PTCA according to epicardial lesion location

Comparison of angiographic outcome according to epicardial lesion location is provided in table 7.

Among the 45 ELCA and 56 BA treated lesions located in the LAD, no significant ditferences in baseline
features, acute angiographic results or late angiographic outcome were observed.
Among the 45 ELCA and 38 BA treated lesions in the RCA, ELCA achieved a significantly greater acute
luminal gain (1.06mm versus 0.71mm,p=.003), vielding a greater MLD post than BA (1.84mm versus
{.65mm, p=.03). However, due to a non-significantly greater luminal loss in the ELCA treated lesions
(0.57mm versus 0,37m, p=0.18), follow up luminal diameter was similar between the two groups (1.27mm
in each group). Although loss index was once again larger in the ELCA group (0.54 versus 0.36), this
difference was not statistically significant (p=0,30).

Among the 34 ELCA and 31 BA treated lesions located in the circumtlex, vessel diameter was stnilar
hut, there was a trend towards a larger MLD pre in the ELCA group {0.80mm versus §.62mm, p=0,1T1) and
also a trend towards a smaller acute gain in the ELCA group (0.76mm versus 0.95mm, p=0.10), so that
theacute post-procedural luminal diameter was similar (1.56mm versus 1,57mm). However, during follow up,
late loss was significantly greater in the ELCA group {0.52mm versus 0.22mm, p=0.05), so that the net gain
was significantly greater in the BA group (0.73mm versus 0.24mm, p=.003) and the follow up [uminal
diameter was significantly larger (1.35mm versus [.04mm, p=.05) and the diameter stenosts significantly less
(45.4% versus 56.2%, p=.06) in the BA group. The loss index was concomitantly stgnificantly larger in the
ELCA group (0.77 versus 0.08, p=.008). Accordingly, in multiple linear regression analysis applied to
circumflex lesions, the device used was associated with a significant independent influence on the late loss and
lumen diameter at follow up, in favour of balloon angioplasty {p=.01), Concomitantly, bipary restenosis rates
were significantly higher in the laser treated circumfilex lesions (50% versus 23%, p=.02).

DISCUSSION

In this comparison of angiographic results cbtained by excimer laser coronary angioplasty and
conventional balloen angioplasty in the randomized AMROE trial (among the lesions which were initially
successfully treated and had quantitative angiographic tollow-up}, it may be concluded that ELCA was
associated with less tavourable late angiographic results, due to a greater restenosis propensity, as delineated
hy the increased angiographic foss index and by the greater loss response to increasing luminal gain.
Increased restenosis propensity of ELCA compared with PTCA

General overall comparison revealed that ELCA with adjunceive baltoon angioplasty previded a greater
acute lumen, which according to the "bigger is better” hypothesis and the generalized model of restenosis
[16,17}, shoald also previde a greater late krmen. This was not the case however, and greater late luminal loss
atter ELCA led to similar late luminal diameter {although a marginaily larger lumen was actually evident in the
BA treated group). The calculated loss index, which was introduced as a measure ot angiographic restenosis
propensity [18] and previowsly reported not to vary among patients treated by balloon angioplasty, stent
implantation, directional atherectomy or excimer laser angioplasty [16,17,19], was found to be sigmficantly
higher in the ELCA treated lesions, suggesting that ELCA therapy, at least in this randomized trial, inherentty
provokes a greater degree of luminal renarrowing than ballocn angioplasty. The sub-group analyses substantiate
this finding, whereby consistently greater loss index is found for ELCA compared with PTCA in virtually atl
sub-group comparisons, especially for lesions located in the circumflex and right coronary arteries, in shorter
fesions, in smaller vessels and after achievement of more optimal results.

Since the acute results of hoth therapies were similar and actually tended 1o be somewhat superior in
the ELCA treated group, such an increased restenosis propensity of excimer laser angioplasty may be considered
to be a manitestation of the injury/hyperplasiz phenomenon [20,21], whereby he injury imparted to the vessel
wall by excimer laser in the schievement of an apparently simifar interventional result may provoke 4 greater
remrrowing response than does balloon angioplasty. Compared with plague stretching, compression and variable
degrees of mechanical vessel wall dissection by conventional angioplasty [22-24], generation of high pressure
acoustic shockwaves of up to hundreds of atmospheres [4] and of fast imploding and expanding vapour bubbles
at energy levels higher than 17mE/mm? |25] by ELCA, are known to cause extensive intimal dissection, medial
necrosis and internal elastic lamina abragion {25,27]. In addition, photodissociation at the laser tip produces
insoluble gas formation which has no escape route and ultraviolet radiation itself has been suggested to be
somewhat mmtagenic §26]. Accordingly, perhaps it is not that surprising to find an increased angiographic
restenosis propensity after ELCA compared with BA, especially when it is recognized that ELCA is also
followed by balloon difatation injury, in virtually all cases.
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Table 5. Acute and late results of ELCA and PTCA according to the acute luminal diameter, divided into "less optimal” and "more optiznal ", at the median (1.67mm}.
"More optimal” acute ML.D (1.67 - 2.93mm}

Vessel size (mun)
Lesion iength (mm)
MLD pre (mm)
MID post (mm}
MLD fup {(mm}

% DS pre

% DS post

% DS fup

Acute Gain (mm)
Late 1.oss (mum)
Net Gain (mm)
Loss Index

DS = 30%

Loss = 0.4mm
Loss = gain/2
Total occlusion pre
Toral ecclusion fup

"Less optimal” acute MLD (0.91 - 1.67mm)

ELCA
2.30%0.40
8.28+3.04
0.731+0.46
1.381+0.28
1.0040.62
67.54£20.5
41.5%11.6
57.7+23.4
0.65:40.47
0.3810.61
0.27+0.67
0.98+2.11
51.6%
412%
46.8%
242%
19.4%

BA
2.17+£0.38
8.74+3.78
0.64+0.43
1.3340.18
1.01+0.39
76.5+19.1
40.749.2
36.3425.1
0.69+0.45
0.33+0.61
0.36+0.65
0.5241.21
50.0%
339%
41.9%
25.8%
19.4%

.06
38
27
22
.96

41

.65

.76

.65
.60
.42

14

.86
35
.59
.84

1.0

ELCA BA
2.714+0.44 2.781+0.61
9.62+4.18 9.14+3.83
0.81£0.42 0.51+0.47
1.99+0.26 1.86+0.25
1.34+0.75 1.5040.69
69.5£15.8 67.2+18.3
33.716.8 35.247.8
54.4422.7 46.1421.4
1.18£0.46 0.95+0.51
0.6540.77 0.36+0.64
0.530.70 0.594.0.66
0.51+0.64 0.20+1.30
54.8% 333%

54 8% 38.1%
51.6% 34.9%
16.1% 15.9%
14.5% 9.5%

A48
50
22
.006
10
46
24
18
.01
.02
59
.09
.0l
06
.06
97
39

Table 6. Comparison of quantitative angiographic acute and late results between the ELCA and PTCA groups according to epicardial lesion location.
Circumflex location

Vessel size (nmon)
Lesion length (num)
MLD pre (mum)
MLD post (num)
MLD fup (mm)

% DS pre

% DS post

% DS fup

Acute Gain (mm)
Late Loss (mm}
Net Gain (mny)
Loss Index

DS = 50%

Logs = 0.4mm
Loss = gain/2
Total occlusion pre
Total occlusion fup

Left anterior descending location

ELCA
(n=45)
2.47+0.49
8.81+3.95
0.74+0.46
1.63+0.37
1.17+0.59
69.2420.4
38.0+10.1
34.9420.4
0.89+0.52
0.46:+0.64
0.43+0.70
0.94+2.24
35.6%
46.7%
48.9%
24 4%
1%

BA

(n=356)
2.414+0.48
8.90+4.06
0.76+0.46
1.58+0.31
1.19+0.65
68.4+17.8
37.3£9.0
53.9+422.3
0.82+0.46
0.39+0.57
0.43+0.61
0.5240.80
48.2%
37.5%
41.1%
19.6%
14.3%

.52
18

.83
.49

.84

.85

69

81
.50
.56

97

19

46
33
.43
.56
.64

Right coronary artery location

ELCA
(n=43)
2.65+0.45
9.9843.95
0.79+0.45
1.8440.46
1.27+0.86
69.6x17.1
37.0+12.4
57.2+25.1
1.06+0.57
0.57+0.85
0.45+0.73
0.5410.74
33.3%
46.7%
46.7%
20.0%
200%

BA
(n=38)
2.60+0.78
8.98+3.27
0.93£0.45
1.65+0.36
1.2740.76
65.4+18.8
39.7+9.7
56.9425.4
0.71£0.43
0.3740.66
0.3440.71
0.36+1.96
47.4%
39.5%
44.7%
13.2%
18.4%

74
.38
14
.03
.59
.25
78
.54
003
24
36
.61
59
51

41
.86

ELCA
(n=34)
2.37+40.43
9.29+3.23
0.80+40.42
1.56+0.32
1.04+0.63
66.0+17.1
37.7£7.8
56.2424.8
0.76£0.46
0.5240.57
0.24+0.63
0.77+£1.27
50.0%
52.9%
52.9%
14.7%
20.6%

BA
(n=31)
2.45+£0.49
8.88+3.75
0.62+0.46
1.57+0.37
1.35+£0.68
73.7419.5
36.9+7.6
4544221
0.95+0.61
0.22+0.67
0.73+0.66
0.08+0.72
22.6%
29.0%
25.8%
32.3%
9.7%

.51

.43
11
.88
.03
10
.69
.06
15
05

.02
03
03
.09
22
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Figure I: Linear regression analysis comparing the relationship between luminal increase at intervention and loss during foliow up between PTCA and
ELCA. Somewhat greater luminal loss can be anticipated after ELCA than PTCA at increasing luminal gain.
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Comparison with other studies - evidence for device specific effects on restenosis after intervention

Supportive findings have been reported by a recent observational study comparing excimer laser
angioplasty aud balloon angioplasty in patients matched for baseline clinical and angiographic characterisiics
[11]. When these results are interpreted together with the findings of other observational studies in matched [28-
30] and wumatched comparisons {31,32], a hypothesis of device specitic influences on late angiographic results
of intervention may be supported §33,34]. The opposing findings of the previously mentioned studies represent
the alternative viewpoint of what may actually be considered something of a conundrum in interventional
cardiology, namely whether or not the device chosen for intervention may exert a specitic intluence on the
propensity for lominal renarrowing and restenosis after coronary interventions |35}, That the magnitude of the
acute luminal result exacts an integral determining influence on the late interventional oulcome now seems
beyom! doubt [13,16-19,28-39], as is confirmed also in this study, by the stgnificant positive assoctation hetween
acute gain and face luminal diameter in multivariate analysis (in addition, considerably greater late lumen is
evident among “optimal” compared with "sub-optimal” acute results), What remains 1o be resolved is whether
there may be an additional individual effect of the device used for intervention. The resaits of this
evaluatonstrengly support the existence of such an effect, which might be considered responsible for the
comsistently less favourable late angicgraplic results observed for ELCA treatment in patients, who, it must be
remiembered, demonstrate similar baseline clinical characteristics and angiographic morphelogy and in whom,
acute post-procedural results tended to be actually somewhat superior lo those achieved by balloon angioplasty
alone.

Insights provided by sub-set analyses

Given the previously proposed role of excimer laser angioplasty, for the treatment of lesions
unfavourable tor conventional angioplasty [3], it is noteworthy that in this study, ELCA achieved ess favourable
late resules in the fouger lesion sub-set, demonstrating particularly greater loss index compared with PTCA.
Similarly, incloston or omissien of totally oceluded fesions from analysis did not alter the findings of greater
restenosis propensity assoctated with ELCA. Also, in smaller vessels, foss index was significantly greater in
the ELCA treated group. In the "more optimal” acute sesult sub-group comparison, PTCA also achieved more
taveurabie {ate anglographic results, despite the fact chat the acute resule had been significantly larger in the
ELCA teated group.

The strikingly more favourable late angiographic cutcome after PTCA compared wicth ELCA among
circumilex lesions is a curicus finding. Although the number of lesions focated in the circumflex artery in eacl:
group is small (34 in the ELCA group and 31 in the PTCA group), the proups are well balanced and
comparable for both baseline and post-procedurai angiographic measurements. Thus the significantly greater
fuminal loss and smailer foflow up lumen in the ELCA group can be interpreted as being due to the greater
restenosis propensity of ELCA, reflected by the significantly greater loss index. A trend toward greater loss
index was also observed among right coronary artery lesions treated by ELCA. It is alse worth noting, that in
contrast e other studies in patients treated by ballooa angiopiasty and other devices [13,16-18], fesion location
in the LAD was not found to be an independent determinant of greater luminal renarrowing in muoltivariate
analysis in this study.

Clinical implications

Ultinately, the findings of 4 greater restenosis propensity of ELCA comparet with coaventional halloon
angicplasty raise sericus doubts as to the long term effectiveness of this treatment moedatity, at least according
(o the prevailing interventional practice during the course of this trial. Lt must be considered that if the capacity
of ELCA o ablate atherosclerotic tissue and to recanalize unfavourable coronary lesions, is 10 be utilized to its
fullest extent, the demonsirited mnereased propensity 10 Juminal renarrowing must be overcome. This may be
constdered as having 2 perspectives: first, the simple mechanical aspect of optimization of acute results to
compensate for the increased restenosis propensity, thus use of progressively larger catheters to ablate more
tissue and facilitate more optimal adjunctive balloon angioplasty, or by clinical reflection ¢n adjunctive use of
intracoronary steat implantation, which would carry additional risks and potential multiplication of costs [36,37];
second and still the major challenge in interventional cardiology, the problem of attempting to actually reduce
the degree of restenosis. This latter aspect may actvally be promisingly addressed in the near tumre, by &
combination of the rather simple technique of saline infusion at the laser tip during each ablation run, coupled
with sfow catheter advancement (0. 3mu/second) but more excitingly by a revelutionary development in laser
catheter design. This will entail some diminution in individual fiber diameter to reduce the mechanical dead
space, but moere importandy, through employment of a silica window at the catheter tip to diverge the emitted
light beams, a homogenous lght distribution at the targer is achieved, which has already been convincingly
demoenstrated in experimental studies to produce effective and virtually atraumatic tissue ablation. Further, with
increase in the ablating surface and decrease in effective dead space, less energy is required for tissue ablation,
whereby at 9mJ/mm® a rate of Loom per 30 seconds and at 15mJ/mm?®, Imun per 7.5 seconds have been
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demonstrated in human atlerosclerotic tissue, compared with no ablation at 30mJ/mm? using a conventional
1.4mm faser casheter (PW Serruys personal communication).

Limitations

Although this study has been performed in the context of randomized clinical trial, it involves post-hoc
analyses, which were not prospectively included in the study design and as such the specific sub-studies
described here may be considered "observational”. The overall patient numbers are relatively small, compared
with the patient mumbers reported in some clinical ELCA registry reports [7-9] and those recruited in
randomized trials of other devices [36-39]. Nevertheless, the strong points of the trial are meticulous asnd
conprehensive prospective data collection and, in particular, the virtually complete quantitative angiographic
follow-up in all patients who underwent an initially successful intervention. The 80 % procedural success rate
with ELCA is less than in some registry based reports, which may relate to the inclusion of 30% ot lesions with
tunctional or total occlusion and inclusion in the report of all patients randomized, whether the lesion was
crossed by guidewire or not, whereas in registry Teports, patients are only included if the lesion iy successfilly
crossed by guidewire [7-9], Of the 138 lesions randomized to ELCA which were successfully crossed by
guidewire and in which an atcespt was made to treat by excimer laser, 126 yielded procedural success giving
4 92% success rate, which js certainly comparable to registry reports. During the course of this study, saline
infusion at the catheter tip during laser activtion {to reduce shock wave and vapour bubble formation), has
become incorporated into clinical practice by many practitioners, so that the basic technique practiced throughout
most of this study may now be considered inappropriate. However, although carrying some jmplication for
restenosis provocation, it was the universal clinical practice during most of the study period amd must thus be
considered more a general echnical limitation in prevailing excimer laser technique rather than a specific
limitation of this study,

Conclusions

Among (he patients successtully treated by excimer laser coronary angioplasty and or balloon
angioplasty iu the AMROE (rial, despite comparable or event somewhat superior acute angiographic results,
excimer laser was found to be associated with a significantly greater angiographic restenosis propensity. This
finding may be related to inherently greater vessel wall injury during the laser procedure than by balloon
angioplasty alone. Fundamental improvements in laser technology appear 1o be required to address this issue,
so that this powerful interventional tool may retain a suitable role in percutaneous coronary revascularization.
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Abstract

Background: Directional atherectomy and coronary stemt implantation have heen shown to achieve a more
optimal acute result which subsequently may lead to a more favorable long-term angiographic and less target
vessel revascularizations than angioplasty. However, it remains to be determined whether one of these devices
may in fact provide consistently superior results than the other,

Objectives: This study was designed to compare the long-tenn clinical and angiographic effects of successful
directional atherectomy and stent implantation and to examine whether restenosis is related to the mechanism
of lumiral improvement as well as the extent of luminal gain,

Methods: To allow meaningful comparisons a prospectively collected series of 117 patients successfully treated
by atherectomy were individuatly matched with a prospectively collected series of 117 patients successtully
treated by stent implantation. Matching for baseline characteristics identified patients with identical lesion
location and lesion severity and acute and late angiographic and clinical outcome were compared. To evaluate
the pogsibility of a device-effect on restenosis, patienfs were further matched for acute angiographic ouicome,
as well as baseline characteristics, providing 150 matched patients for comparison, As confinmatory analysis,
multivariate models were constructed to predict late lumen diameter.

Results; Matching resulted in two comparable groups with equivalent baseline clinical and stenosis
characteristics. Atherectomy led 0 a smaller acute gain than stenting and because late 10ss was similar in both
groups, stenting resulted in a larger late lumen (1,96 mm vs [.66 mm;p < 0.0001). When matched for acute gain
and baseline characteristics, lominal loss was more pronounced after atherectoniy and thus the minimal luminal
diameter at follow-up differed significantly between the two groups (1.66 mm vs 1.90 mm;p==0.004), This
beneficial angiographic effect of stenting was accompanied by a reduced need for repeat interventions.
Multivariate analysis confirmed the independent effect of device used, whereby less loss and greater follow-up
lumen was predicted for stent implantation compared with atherectomy.

Conclusions: Successtul stent implaniation provided a move favorable long-term angiographic outcome, #
reduction in restenosis rate and need for target lesion revascularization than atherectomy. This favorahle effect
is not only related to a larger acute gain but steating also seems to attenuate of tate lumen loss.

INTRODUCTION

The impoertance of optimization of acute interventional results with all treatment devices is now well
recognized §1-13]. However, it remaing to be determined whether the extent of the vessel wall healing process
after an intracoronary intervention, and therefore, the angiographic outcome, is also influenced by the specific
mechanism of an interventional device, An initial exploration of such a relattonship besween device-specificity
and restenosis using the loss index as an angiographic correlate of the "proportional injury model [1,2]" could
not detect such an independent effect even if the results were corrected for the difference in acute gain which
has been shown to be the most important predictors of restenosis [1,4,5,7,9]. On the other hand, cur group has
hypothesized that the varying mechanismy of action of interventional deviges might induce varying degrees of
luminal renarrowing in patients matched for clinical and lesion characteristics [7,8]. In order to try to reconcile
these two viewpuoints, an automated case-match method inwhich patients are matched for baseline and procedural
characteristics is developed to explore differences in late outcome hetween patients treated with new devices.
An additional advantage of this matching technique is the possibility to assess the long-term results without a
collinearity between acute gain and device.

Recently, directional atherectomy and coronary stenting have been evaluated against conventional
balloon angioplasty tor their ability to reduce restenosis [10-13], Although hoth techniques achieved a greater
leminal gain than ballcon angioplasty, only the stent reduced the restenosis rate sigmficantly [12,13]. While
these trials showed a comparable luminal gain after atherectomy and stenting, we recognized that the difference
in luminal renarrowing following atherectomy and stenting may relate to either the extent or the mechanism
{debulking versus scatfolding) of luminal improvement. Ta this study we comparatively evaluated successful
directicnal atherectomy and stent implantation in a prospectively collected series of 234 patients using the
previously validated matching methodology. By matching for acute angiographic outcome, as well as baseline
characteristics, we ¢xtended our observations and tested the hypothesis that each device has unigue propertics
with respect to luminal remarrowing which are independent of climical, angiographic or procedural
characteristics.

PATIENTS AND METHODS

Atherectomy patients: From September [989 through March 1994, 208 patients underwent 214 directional
athercctomy procedures for native coronary or bypass graft lesions. Of these, 150 consecutive patients (who
underwent 157 successful procedures) presently have had a 6 months follow-up angiography (angiographic
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follow-up rate of 90%). For the purpose of this study, the late outcome of atherectomy was compared with that
of stenting for consecutive native primary lesions. Therefore patients with restenotic lesions and patients with
a subacute coronary occlusion <24 hours were excluded. OF the 150 patients, 3 were treated for a lesion in
4 venous bypass graft and 13 had an atherectomy tor 18 restenotic lesions after a previcus angioplasty. Thus,
134 patients who underwesnt 136 successfut atherectomy procedures for native primary coronary artery disease
were eligible for matching.
Stent patients: From January 1990 throogh March 1994, 240 patients were successfully treated by Palmaz
Schatz stent implantation at the Thoraxcenter. Of these, 213 patients had a stent clectively implanted for a
primary coronary lesion without clinical sequelae (ie. no sub-acute occlusion). Of these, 179 consecutive
patients presently have had a4 6 mosthys follow-up angiography and were thus eligible for matching.
Prior to intervention, patients had documented myocardial ischemia which required revascularization. Patients
were selected for directional atherectomy or stent implantation when they presented with 4 stenosis in a proximal
non-tortuons coronary artery with a presumed reference diameter > 2.5 mm. All patients gave informed consent
and were prospectively schieduked for 6-months angiography which was completed in 90 % of the patients. The
study was approved by the hospital’s Institutional Review Board. Ald clinical and angiographic data were
collected prospectively.
Atherectonty and stenting procedural defails: The atherectomy procedure was performed as described
previously [7,8,9,12]. Brietly, the atherectomy device was directed over a guide-wire and positioned across the
stenosis. The support balloon was then inflated up to 7.5 psi, the cuiter was retracted and ballocn inflation
pressure was increased to maximally 45 psi, The driving motor was activated and the yotating cutter was slowly
advanced to cut and collect the protrading atherosclerotic lesion in the collecting chamber located at the tip of
the catheter. After every pass the balloon was deflated and cither removed or repositioned, The following
atherectomy devices were used: 6 Fr device in 34% and the 7 Fr device in 66% of the patients. Adjunctive
balloon dilatation was performed in 23%. While an optimum angiographic result was sought for each lesion
treated, the procedure was considered angiographically successful when the residual diameter stenosis was less
thar 50% after tissue retrieval, This classic definition of success should he viewed in the historical perspective,
while nowadays a luminal gain of at least 0.7 mm or a post-atherectomy diameter stenosis <20% may be
deemed necessary before considering the procedure as successful as recently observed in retrospective analyses
[2] and as detined in the ongoing atherectomy trials (BOAT, OARS, EUROCARE).

Stenting was performed via the temoral approach and the stent was delivered by inflation of the balloon
which contained the crimped stent. The following Palmaz Schatz stents were implanted: 3.0 mm {(46%), 3.5
win {39%) and 4.0 mm {18%). Additional intra-stent balloon dilatation was performed in 27 (23 %) patients.
Anticoagulation during and following stent implantation was given according te the protocol and contained
heparin, dextran, dipyridamole, aspirin and warfarin for three months. Patients were monitored as described
earlier [7,8,9,12].
Quantitative coronary angiograpiy: Quaniitative analysis of the corenary segments was performed with the
computer based Coronary Angiography Aaalysis System {(CAAS), which has been previously validated and
described in detail, including the standardized angiographic acguisition and core laboratory assessment and
analysis methods [8,12,17,18].
Matching process: The process of matching for clinical and angiographic characteristics has been previously
deseribed £7,8,15]. Lesions were individually matched according te location, minimal luminal dizmeter sand
nuerpolated reference diameter. According to previously described principles (1) the angiographic dimensions
of matched lesions are assumed to be "identical”, (ii) the observed difference between the two "identical” lesions
must be within the range of the reproducibility of the CAAS analysis, 0.1 mm (=1 SD} aud {iii} the reference
diameter of the lesions to be matched are selected within a range of + 0.3 mm (=3 SD) [8,17,18]. Clinical
factors such as gender, diabetes, hypercholesterclemia and non-exertional angina were taken into account.
The auromated matching programme, carried out in blinded fashion, identified 107 patients with 117 lesions
treated by atherectomy which individually matched 117 patients with 117 lesions successfully treated by stent
implantation (diameter stenosis <50% on visual inspection). The remaining patients {13 %) of the atherectomy
cohort could not be matched because no identical stent patient was found according to the pre-specified matching
criteria. The clinical and angiographic details of the two groups are given in Table 1, In the second matching
programme, where post procedural minimal luminal diameter was added to the parameters tor matching, 75
patients could be matched from each tragtment group and constituted the study population for specific evaluation
of the intfluence of the device itself of late results.
Clinical follow-up: All patients were prospectively seen at the outpatient clinical at regular time intervals during
a 7 months tellow-up period. The clinical endpeints were the following: death, myocardial infarction, coronary
artery bypass grafting and repeat percutaneous intervention, Death was defined to include all death. Myocardial
infarction was detined as the occurrence of a new abnormal Q-wave and an increase in creatine kinase more
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than twice the upper limit of normal. Revascularization of the target lesion was detined as angioplasty or bypass
surgery performed because of restenosis of the target lesion in association with angina, ohjective evidence of
myccardial ischemia or both.

Statistics: 'The unit of analysis reported here is the lesion, not the patient. Alf values are expressed as mean
values + 1 SD}. Comparisons of continuous parameters between the two groups were performed using the
paired student’s t-test. Selected angiographic variables were evaluated by univariate regression analysis for their
correlation with absolute luminal loss and minimal luminal diameter at follow-up. Mulédvariate stepwise
regression analysis using a commercially available statistical software package (SAS, SAS Institute Inc, Cary,
Nortl: Carolina) was utilized to take account of the influence of lesion location, pre-procedural minimal luminal
diameter, acute Tuminal gain and vessel size in evaluating their contribution to the minimal luminal diameter
at follow-up and late luminal loss, as previously described [3]. Ditferences between categorical variables were
tested with the chi-square and Fisher exact tests as appropriate. Target lesion revascularization was analyzed
by means of Kaplan-Meier survival curves, with ditferences between the two groups compared by Wilcoxon
test. Differences were considered ssatistically significant where the p-vaiue was less than 0.035,

RESULTS

Outcome of the matching process (Table 1): The antomated computer matching programme provided 117 paired
atherectomy and stent patients with comparable clinical and angiographic characteristics (fesion location and
severity), The 234 patients were predominantly male with a mean age of 57 + [ years, Patients were
predoniinantly treated for stable angina according to the American Heart Association clussification. By matching
design noe difference in leston distribution exists between the atherectomy and stent group: left anterior
descending (77% vs 77%), right coronary artery (15% vs 15%) and [eft circumilex artery (8% vs 8%). No
differences between the groups were found for risk factors for coronary artery disease or preceding
cardiovascular events such as infarction or bypass surgery. By study design, no significant differences between
the atherectomy and stent group were found in baseline quantitative angiographic parameters: mean vessel size
(3.09 £+ £.45 vs3.10 + 0.44 mun), pre-procedural minimal luminal diameter (1.12 + 0.29 num vs 1,12 4 0.27
mm) and percentage diameter stenosis (64 4 8% vs 64 + 8%) respectively.

Tabie 1. Clinical and angiographic characteristics of the 117 stwdy patients,

Atherectonty Stent p-value

Age (yr) 58 + 11 57+ 10 NS
Male (%) 76 81 NS

Vessel treated (%)
LA 77 77 NS
LCX 8 8 NS
RCA 15 15 NS
Non-exertional angina {%) 38 48 NS
Previous infarction (%) 25 18 NS
Previous CABG (%) ’ 0 0 NS
Diabetes (%) 6 9 NS
Hypercholesterotemia( %) 24 23 NS

LAD=left anterior descending coronary artery, LCX=lett circumflex, RCA=right coronary artery,
CABG=coronary artery bypass grafting, Min Luminal Diameter =minimal luminal diameter.

Immediate and late outcome after matching for baseline characteristics (table 2, 3 and figure 1):

The reference diameters were not significantly different after atherectomy or stenting (3.23 + 0.46 mm
vs 3.22 + 0.41 mm;p=0,83}. Directional atherectomy resulted in a smaller acute gain in minieal fuminal
diameter (1.20 4+ 0.46 mm versus .41 + 0.39 mm;p=0.002) with a consequently lower post-procedural
minimal luminal diameter (2.32 4+ 0.41 mm versus 2,53 + 0.37 mmn;p<0.001) and concomitantly higher
percent diameter stenosis (28 & 10% versus 21 + 7%;p<0.000). Because absolute loss during follow-up did
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Figure 1: Cumulative frequency curves to illustrate acute and follow-up effects in minimal luminal diameter (MLD) of directional atherectomy and stent
implantation in patients matched for lesion location and severity. Stent implantation is associated with significantly greater acuie and 6 month results.
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not ditfer significantdy (0.66 4 0.38 mm vs 0.57 + 0.53 mo;p=0.22), the initial favorable acute result
fullowing stenting was maintained during fellow-up. Thuy, the minimal fsminal diameter at follow-up after
atherectomy was significantly lower than after steating (1.66 + 0.55 mm versus 1.96 + 0.52 mm; p<0.0001).
Accordingly, atherectomy yielded a Iower net gain (0.54 + 0.58 vs 0.84 + 0.33;p<0.0001) and a higher
percentage diameter stenosis at follow-up (44 + 16% vs 35 + 13%;p < 0.0001). The restenosis rate {diameter
stenosis at follow-up > 50%) after stenting was signiticantly lower (14% vs 36 %;p=0053) and tate clinical
follow-up which was 100% complete, was also more favorable, with a reduced need for repeat revascularization
(12% versns 23%,p=0.05)(figure I11), In simple linear regression analysis, the well described Tinear relationship
was observed between acute gain and late loss in the two groups, with # steeper line slope in the atherectomy
group (0.50) than in the stent group (0.30) although, apparently because of data scatter giving wide confidence
intervals, this difference did not reach statistical significance.

[n multivariate analygis, leston location, vessel size, mimimal luminal diameter pre-intervention, absolute
gain aned device type were identified as independent predictors of the absolute luminal loss and minimal feminal
diameter at folfow-up. The models can be deseribed by the following equations:

(i) loss = -0.35 - 0.24 vessel size + 0.63 gain + 0.58 MLD pre + 0.16 LAD + 0.22 device.
(iiyMLD af follow-up = 0.35 + 0.24 vessel size + 0.37 gain + 0.42 MLD pre - 0.16 LAD - 0.22 device,
(where atherectomy =1 and stenting =0)(LAD lesion =1, non-LAD lesion =0).

Table 2. Comparison of quantitative angiographic dits of 234 matched patients who underwent atherectomy or
stent implantation for similar lesion severity.

Atherectomy Stent p-value
{n=117) (n=117)

Reference diameter pre {(mm} 3.09 + .45 3.10 + 0.44 NS
Minimal lumiinal diameter pre (inm) 1.12 £ 0.29 [L12 + 6.27 NS
Minimal luminal diameter post (mm) 2.32 + 0.41 2,53 + 0.37 0.001
Minimal luminal dizmeter fup (mm) 1.66 + 0.55 [.96 + 0.51 0.0001

Diameter stenosis pre (%) 64 + 8 64 + 8 0.0001
Diameter stenosis post {%) 28 + 10 21 + 7 0.0001
Diuameter stenosis fup (%) 44 + 17 35 + 13 0.001
Absolute luminal logs (mm) 0.66 2 0.58 0.57 + 0.47 NS
Relative lumiznal loss 0.22 £ 0.19 0.19 £ 0.15 NS
Restenosis rate (%) 36 14 0.005
Lesion fength (mm) 6.83 + 2.54 7.23 2 2.05 NS
Symmetry imlex pre 0.45 £ 0.25 0.37 £ 0.25 NS
TABLE 3. Long-term clinical outcome after successful atherectomy aand stent implantation in matched patients.
Atherectomy Stent
Death (%) 0 1) NS
Myocardial infarction (%) 3 3 NS
CABG (%) 3 2 NS
Repeat PTCA (%) 20 10 0.07
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Figure 2: The graphic display of the immediate and late results after atherectomy and stenting in patients who were matched for acute results as well as
baseline characteristics. Stent immplantation is associated with superior late results, due to less luminal loss than directional atherectomy.
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Immediate and late outcome after matching for procedural ourcome as well as baseline characteristics (table
4, figure 2):

Matching fer procedural outcome (MLD post = 2,41 + 0.29 mm vs 2.42 + 0.28 mum ;p=0.84), as
well as baseline characteristics {vessel size = 3.06 + 0.43 mm vs 3.05 4 0.42 mm;p=90.93), (MLD prec =
1.09 + 0.25 mm vs 1.08 + 0.24 mm;p=0.98) identitied 75 pairs of matched atherectomy and stent patients.
Despite the similar acute gain achieved by each device (£.33 + 0.37 mm vs 1.34 + 0.34 mm;p=0.86), the
atherectomy patients had a significantly greater late loss (0.75 & 0.57 mm vs 0.52 + 0.44 mm;p <0.006) s0
that the residual minimal luminat diameter at follow-up was significantly smalfer (1.66 + 0.53 mm vs 1.90 +
0,46 mny;p <0.004) and percentage diameter stenosis at follow-up greater (43 £ 17% vs 36 + 12%;p <0.004)
after atherectomy than atter steating, Additionally, the restenosis rate (diameter stenosis at follow-up > 50%)
after stenting were significantly lower than after atherectomy (12% vs 32 %;p=.00026).

The multivariate models to predict late loss and residual diameter at follow-up were found to be:

(1) loss = -0.74 - 0.18 vessel size + 0,68 Gain + 0.76 MLD pre + 0.13 LAD + 0.24 device,
()MLD at follow-up = 0.74 + 0.18 vessel size + 0.32 gain + 0.24 MLD pre - 0.13 LAD - 0.24 device.
(where atherectomy =1 aml stenting =0).

After matching for procedurat outcome, thus, the greater loss ebserved after directional atherectomny
is retlected by the finding in multivariate analysis of a significant indepeadent effect of the Jdevice used, wherehy
less fate loss and greater minimal luminat diameter at follow-up is predicted for stent implantation.

Table 4. Comparison uf quantitative angiographic data of 150 matched patients who underwent atherectomy or
stent implantation for simifar Iesion severity and procedural outcome,

Atherectomy Stent p-value
(n=75) {n=75)

Reference diameter pre (mm} 3.06 + 0.43 3.05 + 0.42 NS
Minima! lumigal diameter pre {mm) 1.09 £ 0.25 1.08 + 0.24 NS
Minimai luminal diameter post (mny} 241 + 029 2,42 + 0.28 NS
Minimal himinal diameter f-ap (nim) 1.66 + (.53 1.90 + G.47 0.0035

Diameter stenosis pre {%) 64 + & 64 + 7 NS
Diameter stenosis post (%) 25 +7 22+ 7 0.0064
Diumeter stenesis f-up (%} 43 + 17 36 4+ 12 0.0035
Absotute luminal loss (nu} 0.75 + 0.57 0.52 + 0.44 0.0056
Relative luminal loss 0.25 + 0.18 0.18 + 0.14 0.0082
Restenosis rate (%) 32 12 0.0003
Lesion length {mm) 6.88 1 2.34 7.40 + 2.24 NS
Symmetry index 0.41 + 0.25 0.36 £ 0.23 NS
DISCUSSION

In this study, we have compared the immediate and long-term clinical and angiographic effects of
suceessful directional atherectomy and stent implantation for primary coronary arvtery lesions. The major
findings of this study are threefold: (1) in matched patients with similar lesion severity and location, stenting
1s associated with a significantly larger acute lnmen which is preserved during follow-up and is reflected by a
concomitant recluced need for target lesion revascularizations during the first 6 months, (2) when the procedural
result and baseline characteristics are matched, stent implantation is found o provide a superiov late
angiographic outcome due to significant less luminal renarrowing than after atherectomy and (3) these findings
may congider a device specific effect on luminal renarrowing, independent of haseline characteristics or acuie
procedaral result.
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Figure 3: Cumulative curves for target lesion revascularization. Fewer patients in the stent treated group than in the atherectomy treated group
needed revascularization (repeat angioplasty or coronary artery bypass surgery) of the iarget artery (p=0.03).
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Matching

Despite their clinical necessity, randomized clinical trials of new corenary interventional devices are
associated with certain limitations, in evaluating the inherent effect of the device itself on late angiographic
results of intervention, since randomization is carried out before intervention and the acute interventional result
may differ with the treatment strategies being compared, as shown in recent major trials []. In order to
specifically evaluate the influence of the device used for intervention, independeat of acute procedural results,
in this study, we applied the previously validated concept of matching [7,8,15,19,20,22] to the atherectomy and
stent populations. In particular, the confounding effects of unequal vessel size and acute luisinal gain which have
been shown to be independent predictors of restenosis [4,3,9] and which cannot be confrolled in randomized
studies, are avoided by this matching technique. Furthenmore, matching a study population with a reference
patient group of similar characteristics can compensate for some of the limitations of nonrandomized studies
such as population hetercgeneity [21]. Despite a potential patient selection bias in matching stadies, our
atherectomy #nd stent patients had comparable angiographic characteristics and acute outcome as the CAVEAT,
CCAT and BENESTENT and STRESS patients [10-13}. This indicates that the findings in our comparative
study may be applicable to patients selected for steating or atherectomy and could be useful in planning future
trials.

Determinants of a faverable long-term outcome

When we first studied the differences between restenosis after atherectomy and balloon angioplasty in
a matched series, we not only observed a linear relationship between acute gain and late foss but in addition
recognized that the slope of (his regression line may represent an index of luminal renarrewing specific for each
treatment modality {7,8,22]. In a subsequent matching study, we further extended this observation and could
indeed demonstrate that the process of tuminal renarrowing was not only dependent on the extent but also on
the mechanism of luminal improvement [20]. These observations may implicate that a beneficial late outcome
can be achieved using a device which can associate a large acute gain with a favorable relationship between the
degree of vessel wall injury and vessel wall response. In this study, we compared the two available dJevices
which have the capacity to consistently achieve a large acute gain and found that the long-term outcome after
stent implantation is significantly superior to atherectomy. A superior acute gain achieved by stenting in patients
matched only for baseline characteristics indicates that the improved angiographic outcome of stenting may be
due to the combination of the extent and possibly the mechanism of Juminal increase.

Why should stent implantation provide superior results to atherectomy ?

The comprehensive anatysis of long-term outcome of stent implantation and atherectomy suggests that
the scaffolding effect of stenting may fead to less luminal loss with a larger fate lumen at follow-up compared
to the debulking mechanism of directional atherectomy in matched patients, Multivariate analysis confirmed the
significant independent influence of the device used whereby less late loss and a larger lumen diameter at
follow-up was predicted for stent tmplantation compared with directional atherectomy, Earlier observational
angiographic studies have demonstrated that this beneticial effect may be secondary to less efastic recoil [23]
or to restoring the "Glagovian balance” between plaque and luminal area [24]. Furthermore, by using coronary
angioscopy and ultrasound techmques, Baptista et al [25] have demonstrated that steating reduces the amount
of trauma to the vessel wall compared with atherectomy, which ultimately may lead to a reduced vessel wall
healing response (i.e. reparrowing). Recently, these suggestions have been shown to be a valid explanation for
the favorable long-term stenting effect. ln a well controlied IVUS study, Mintz et al have shown that fuminal
renarrowing atter steating is predominantly the result of intimal hyperplasta with a negligable amount of recoil
[26]. Similarly, Kimura et al have documented ¢he timéng of restenosis foliowing atherectomy and stenting using
serial ultrasound measurements {persenal commuunication). They found an increase in external elastic membrane
area (BEM) during the first month after stenting which remained stable thereafier, as opposed to 4 reduction
in EEM area after atherectomy.

Therefore, the favorable stent effect found in this study concurs with the angioscopic tindings of a
smoother and more circular vesse! wali configuration after stenting than atherectomy [27,28] and the scaffolding
effect of stenting as demonstrated in serial ultrasound studies [26,29]. Tt seems unlikely that this favorable
scaffelding effect of stenting is attributable to a difference in treasment strategy (optimal stenting versus less
optimal atherectony} since this effect is avoided by matching for baseline characteristics end outcome. The post-
atherectomy luminal diameter found in this series is comparable with that observed in CCAT and CAVEAT
110,117 although smaller than in the series of Kuntz et al [1,6], while our stent results are comparable to the
BENESTENT, STRESS and Palmaz Schatz Stent Study [12,13,30], Furthermore such an observation does not
influence the conclusions of the present study because the linear relationship between acute gain and late loss
is maintained at all levels of gain showing a favorable effect (lower slope value) for stenting when compared
with atherectomy.
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Clinical implications

The favorable angiographic outcome of stenting is further underlined by a significant reduction in the
clinical need for target-vessel revascularizations, In accordance with Baim and Kuntz |31], we have refrained
from using the composite "any event” clinical end-point criterta to compare stenting with atherectomy to
consider the potentially "aoise” induced by non-device refated cardiac events. Using such "filtered clinical end
points [311", we found un agreement between quantitative angiographic follow-up and the late clinical course
emphasizing the need for a dual approach (angiographic and clinical follow-up) in that quantitative angiography
demonstrates he mechanistic explanation of the favorable stent results while clinical follow-up provide the
climical implications of this finding. The 12% restenosis rate after successful stenting found in this study is
simifar to the 14% restenosis rate of successtully stented patients in the BENESTENT trial [12] {i.e. suceesstul
stent implantation without subacute occlusion) and comparable to the recent publicised preliminary findings of
the pilot phase BENESTENT Il [32]. Accordingly, given the choice between these two powerful treatment
modalities, at this time, stent implantation would appear to be associated with more favourable acute and long
term clinical and angiographic results and must therefore be recomniended as first choice over directional
atherectomy, jn appropriate clinical and morphological circumstances.
LIMITATIONS
it should be emphasized (hat matching of prospectively collected patients is retrospective in nature and may have
led to a selection bias such as the selection of larger vessels. 1sherent to the purpose of this study, only patients
who underwent a successful procedure were matched and included in this study and we acknowledge that the
results apply o a restricted atherectomy or stent popuiation who underwent 4 suceesstul procedure.
Whether the favorable stent effect observed in this stdy is ondy due to a scaffolding effect or could also be due
to & difference in anticoagulation therapy, acute recoil or post-procedural vessel wall contiguration is beyond
the scope of this study, However, various reports have ruled out an effect of anticoagulation [33-35] while in
this study the effect of acute receil was minimized by the use of a meticulous approach as described earlier
[7,20]. Criticism of the "sub-optimal result” in the atherectomy group, may be valid in the view of the very
latest opinions that a post-procedural stenosis <20 % must be achieved, However such criticism appeals equally
to the stent group and we believe does not detract from the findings of a device specitic effect of stenting in
the context of similar acute results. Confirmation of these findings in the futere among optimally treated lesions
may be required, In fact our data underscore the need for optimal resuits, especiaily for atherectomy, to
accommodate late luminal reparrowing,

CONCLUSIONS

In marched patients, successtul stent implantation provided a more favorable long-term angiographic
ouwome, with a reduction in restenosis rate and need for subsequent revascularization, compared with
directional atherectomy. This favorable effect is not only related o a larger acute gain but also to a device-
specific effect, wherehy less renarrowing is provoked by stent implantation for a given degree of acute gain.
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CHAPTER 10

RESTENOSIS AFTER PERCUTANEOUS INTERVENTION:

IS THERE A DEVICE SPECIFICITY ?

Foley DP, Melkert R, Serruys PW
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The burning question in interventional cardiclo-
gy is, apart from different physical capacity of
devices for acute luminal improvements, is there
a device specificity in restenosis provocation?
New devices for percutaneous coronary revascu-
larization are increasingly being applied in clini-
cal practice and are being critically compared
with conventional balloon angioplasty in ran-
domized clinical trials [1ee—4e<}, Although direc-
tional atherectomy was found to achieve signifi-
cantly greater acute luminal improvements than
balloon angioplasty, this advantage was not con-
vincingly maintained in the long term [Lee,2ee].
Although observational studies in specialized
centers employing a more aggressive approach
have reported superior immediate angiographic
results [5ee,6¢] than in the Coronary Angioplasty
Versus Excisional Atherectomy Trial (CAVEAT) or
Canadian Coronary Atherectomy Trial (CCAT),
“stand alone” atherectomy, without adjunctive
balloon angioplasty to optimize acute results
might partly explain the somewhat disappoint-
ing late outcome of these trials. The magnitude
of the acute interventional result has been
reported to be the greatest determinant of late
outcome and reduced binary restenosis raies,
regardless of the inferventional device used
[Le=,Gee, 7], If this is true, devices that can achieve
the greatest acute luminal increase should be
favored for intervention, where possible.
Randomized comparison of Palmaz-Schatz stent
implantation with conventional balloon angio-
plasty in North America and Furope has shown
maintained superior long-term angiographic
results after stent implantation {3ee,4e¢}. It can
only be speculated, however, that the sole expla-
nation for this was the magnitude of the acute
result and not partly a device-specitic advantage
of the stent itself. Findings of an inherent device-
specific advantage or disadvantage in influenc-
ing [ate interventional results, independent of
acute luminal increase, would carry considerable
implications for their clinical application, as weli
as for the design of future randomized trials.
Because of the variations in bulk and operating
characteristics of different devices, as well as
suitability of application with respect to clinical
factors and lesion morphology, especially vessel
size, randomized comparisons between multiple
devices are not really feasible at this time.
Therefore, most comparative information has
been derived from observational experience,
which is subject to variable degrees of theoretical
and practical limitation due to population size,

CUHRRENT REVIEW OF INTERVENTIONAL CARDIOLOGY

patient selection bias, practical expericnce with
the device—learning curve, incomplete angio-
graphic follow-up, angiographic measure-
ment methodology—and delinition of study
endpoints, such as restenosis [8,9ee,10e¢].

COMPARATIVE STUDIES USING A
MATCHING APPROACH

To circumvent some of these timitations, our
group has implemented two approaches to
making comparisons of outcome hetween
patients treated by different devices [9ee,11e].
The first involves a priori selection of patients
and lesions that are individually matched
between the treatment groups to be com-
pared according to a number of key criteria
[12,13%e,14ee]. [nitially, with the aim of compar-
ing outcome in small patient groups treated by
directional atherectomy and stenl implantation
compared with similar patients from a large
population treated by balloon angioplasty, the
criteria for satisfactory individual matching
were limited to epicardial lesion location and
reference vessel diameter and mitimal luminal
diameter (MLD} preintervention [12}, With
expanding treatment groups, parameters for
matching could be extended to gender, anginal
status, and presence or absence of diabetes and
hypercholesterclemia [13#+}. Nevertheless, these
additional features did not change the study
cutcome in terms of comparative late angio-
graphic results [13e¢], so it would appear that
matching on angiographic principles provides a
convenient surrogate for a randomized compai-
ison {14#=¢[. The cutcome of two studies, in retro-
spect, could be considered to have predicted the
results of the currently completed randomized
trials of balloon angioplasty with directional
atherectomy and stent implantation. As in
CAVEAT and CCAT, no significant difference
could be detected in MLD at follow-up between
patients treated by directional atherectomy
compared with balloon angioplasty [13ee}, while
stent implantation was observed to provide a
significantly improved angiographic eutcome
over percutaneous transluminal coronary angio-
plasty (PTCA) {14¢e], as has been reported by the
Benestent |3*¢} and Stent Restenosis Study
(STRESS) [4ee]. In a study comparing the angio-
graphic outcome of excimer laser angioplasty
with balloon angioplasty in matched lesions, vir-
tually identical acute angiographic results were
observed in the two groups, thus providing two
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groups matched for the acute luminal gain, as
well as baseline characteristics [15e].
Significantly greater renarrowing was observed
in the excimer laser—treated group, so that at fol-
Jow-up these patients exhibited significantly
smailer residual luminal diameter at the treated
site. The results of this study showed that the
greater renarrowing observed in the excimer
lager—treated group must have been a conse-
quence of greater neointimal formation, which
in theory could be related to the specific type of
injury caused by excimer laser angioplasty.

To address the issue of device specificity,
appropriate comparative evaluation of the long-
term angiographic results of stent implantation,
directional atherectomy, coenventional balloon
angioplasty, excimer laser angioplasty, rotational
atherectomy, and other devices, the next series
of comparative evaluations using this matching
approach will compare outcome in patients
wherein the immediate resulit of intervention as
well as the baseline characteristics are individu-
ally matched. Therefore, possible differences in
late resuits could bhe interpreted to be due to
device-specific effects on the vessel wall in the
achievement of the acute result. To facilitate
such precise maiching in patient groups of ade-
quate size, large pools of patients treated by
each device (with comprehensive prospective
clinical evaluation and complete and carefully
controlled and standardized quantitative angio-
graphic follow-up) will be required. This may
take some time.

AN ALTERNATIVE COMPARATIVE
APPROACH USING RELATIVE
ANGIOGRAPHIC MEASUREMENTS

In the absence of sufficient patient numbers for
such specific and sophisticated matching stud-
ies, comparative evaluation in nonmatched
groups treated by different interventional
devices may be carried out where the important
conlounding parameters are taken into account.
In a comprehensive evaluation in over 3000
patients with full quantitative angiographic fol-
low-up after successful balloon angiopiasty, our
group has recently found that the degree of
luminal renarrowing during follow-up and the
MLLD at follow-up are determined to a signifi-
cant degree by the reference vessel size [16]. For
this reason, as well as the inherent selectivity
in application of different devices to vessels of

different diameter, this parameter must be taken
into account in comparative studies. Despite its
clinical utility, percent diameter stenosis mea-
surements are associated with wide variability
due to changes in reference diameter as a conse-
quence of intervention and of the restenosis
process [8,17,18,19¢¢], Therefore, these cannot
be reliably used as a correction factor for vessel
diameter in important research studies. We have
therefore adopted the approach of relating
changes in minimal luminal diameter after
intervention and during follow-up to the mea-
sured reference diameter preintervention as a
constant point of reference. Furthermore, to
avold the imprecision and poor reproducibility
of traditional subjective measurement of refer-
ence diameter, the Cardiovascular Angilographic
Analysis System provides an automated interpo-
lated reference diasneter [20,21]. Thus, relative
gain (proportional luminal increase at interven-
tion}, relative loss (proportional luminal renar-
rowing during follow-up) and net gain index
(proportional luminal benefit at follow-up as a
consequence of intervention) are derived
[Fee,12,13e¢,1402,22,23]. In addition, according to
this method, proportional luminal diameter at
any point in time is measured as a proportional
lumen and not as a proportional stenosis, as
conveyed by the conventional percent diameter
stenosis approach. To clearly difterentiate these,
we have coined the term relative liumen prein-
tervention, postintervention, and at follow-up
[11e}. This approach allows comparison of
immediate and late luminal changes between
patient groups routinely treated by different
devices, wherein the average vessel size in which
target lesions are located may be widely ditfer-
ent, such as those treated by stent implantation
compared with balloon angioplasty.

The purpose of the evaluation we describe
here was to investigate the possibility of a device
specificity in determining the extent of the
restenosis process and the late angiographic
outcome of intervention in patients treaied by
either balloon angioplasty, directional atherec-
tomy, or implantation of a self-expanding stain-
less steel mesh stent (Wallstent, Schneider,
Buelach, Switzerland) or a balloon-expandable
tantaium coil stent (Wiktor stent, Medtronic
Inc., Minneapolis, MN}, using this measurement
approach to correct for the influence of the
expected differences in basic vessel size between
such patient groups.
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POPULATION AND METHODOLOGY

The study population comprised 1234 patients
(1452 [esions} treated by balloon angioplasty,
120 patients (123 lesions) undergoing directional
coronary atherectomy, 106 patients {110 lesions)
in whom an endoluminal self-expanding stain-
less steel mesh stent was implanted, and 100
patients (101 fesions) treated by balloon expand-
able tantalum coil stent implantation for native
coronary artery disease. Pertinent baseline
demographic data are given in Table 13-1.
Patients treated by balloon angioplasty had
been enrolled in two separate European multi-
center placebo-controlled restenosis prevention
trials, the details of which have already been
published {24,25]. In each of thesc trials the
pharmacolegic agent under investigation was
found to have no significant effect on either clin-
ical or anglographic outcome by both univariate
and multivariate analyses, so for the purposes of
the present study, all the patients were pooled
and considered as one group. Entry criteria for
these two studies were similar. All patients with
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angiographically proven atherosclerotic native
primary coronary artery disease affecting single
or multiple vessels, and with clinical symptoms
of stable or unstable angina pectoris who were
scheduled for balloon angioplasty were consid-
ered for inclusion. Only those having a success-
ful dilatation, defined by the operator as areduc-
tion in lesion severity to less than 50% diameter
stenosis, were actually included in the trials for
the ultimate assessment of angiographic out-
come. Eventually, a total of 1234 patients with
1452 lesions had full angiographic follow-up
{94% angiographic follow-up rate).

Directional coronary atherectomy (DCA)
using the Simpson AtheroCath (Devices for
Vascular Intervention, Redwood, CA), was per-
formed as a primary procedure in 70% of
patients, as a bailout following complicated bal-
loon angioplasty in 5% of patients, and for
restenosis following previous intervention in
25% of patients at two specialized institutions.
The atherectomy procedure has been previously
described in detail elsewhere [12,26].

TABLE 13-1. DEMOGRAPHIC DATA FOR .
THE COMPLETE PATIENT GROUPS*
Bafloon Directional Balloon- Self-expanding
angioplasty atherectomy expandable stent stent

Patients, n 1234 120 100 104
Lesions, n 1435 123 101 110
Male/Female, n (%) G987/247 {(80/20} 97/23 (8119} 85/15 {85/15} 87/17 (B4/16)
Age, v 56.4+9 57.6x10.8 56.6x11.7 5711
Lesian type (primary), % 100 70 0 51
Lesion type (reslenosis), % 0 30 100 44
Bail-out procedure, % 0 3 ¢ 33
Vessel, %

LAD 47 65 52 55

RCA 30 22 34 35

L.CX 23 13 14 1¢
Total occlusion

preintervention, % 4 0 0 4
Diabetes, % 7 G 12 5
CCS lit or IV angina, % 52 73 68 56
Unstable angina, % 28 51 40 26
*Maleffernale ratios, age, treated vessel, and frequency of diabetes are similarly distribuled. The directional atherectomy

and balloon-expandable stent groups have a greater frequency of class ill and 1V and unstable angina. All patients in the

percutanecus transtuminal coronary angioplasty group had primary lesions, whereas all patients in the Wiktor (Medtronic

Inc., Minneapolis, MN} group had previous intervention and lesion treated by directional atherectomy, and Wallstent

(Schneider, Buelach, Switzerland) were a mixture of these.
CCS—Canadian cardiovascular class; LAD—Ieft anterior descending; LCX—left circumflex; RCA—-right coronary artery.
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Patients undergoing implantation of a self-
expanding stainless steel mesh stent were
recruited at six centers involved in a nonran-
domized trial of this particular prosthesis for a
number of indications: restenosis following pre-
vious balloon angioplasty [49%), as an adjunet to
unsatisfactory balloon angioplasty (19%) or
failed balloon angioplasty (14%), and primary
coronary artery disease (18%, of which 4% were
for chronic total occlusien) [27-30]. Balloon
expandable tantalum coil stents were implanted
for symptomatic angiographically documented
restenosis following previous balloon angioplas-
ty, also in a multicenter trial {31-33]. The respec-
tive implantation methodology and anticoagula-
tion regimens employed in association with
implantation of each of these devices have been
previously described {28,32,27].

Nuo specilic guidelines for the actual interven-
tional procedures were imposed on participating
institutions so that outcome of therapy with each
device can be considered representative of rou-
tine clinical experience from multiple European
catheterization laboratories. Follow-up angio-
graphic restudy was routinely performed 262
weeks postintervention. Where repeat angiogra-
phy was carvied out earlier than 16 weeks postin-
tervention and no significant luminal renarrow-
ing had occurred, the patient was asked to
undergo further arteriography during the appro-
priate time window. For the purpose of avoiding
the potential confounding effect of their inclu-
sion, lesions that were occluded preintervention
were excluded [34.35]. Because of the variable
contribution of thrombuosis to total coronary
occlusion during follow-up, all lesions that
occiuded during follow-up were excluded from
this study, since the subject at issue was the
restenosis process and not reocclusion. Thus,
after exclusion of 159 lesions that were totally
occluded preintervention or at follow-up, 1313
{esions treated by balloon angioplasty, 116 by
directional atherectomy, 92 by Wallstent, and 87
by Wiktor stent implantation.,

QUANTITATIVE CORONARY ANGIOGRAPHIC
METHODOLOGY

Coronary angiography was performed in all
patients, before and immediately after interven-
tion and at a predetermined follow-up time
interval, The angiograms were recorded to {acili-
tate quantitative analysis by the cardiovascular
angiographic analysis system {CAAS) using

35-mm cinefilm at a recommended minimum
speed of 25 frames per second. All necessary
details of the interventional procedure were
recorded in the dedicated case record forms.

STANDARDIZATION OF ANGIOGRAPHIC
ACQUISITION PROCEDURES BY INVESTEGATORS
TO FACILITATE QUANTITATIVI ANALYSIS
Application of the following standardization
procedures was requested from all investigators
to allow optimum quantitative analysis at the
angiographic core laboratory.

1. Intracoronary nitrate before angiography
preintervention, postintervention, and
follow-up

2. Use of nonionic conirast, ideally prewarmed
to 37°C

3. Contrast-empty catheter (at least 6 F) filmed
hefore each injection and removal and enclo-
sure of the distal 20 cm with the cinetilm for
micrometric measurement by the core lab

4, Optimatl arterial opacification for at least three
full cardiac cycles

5. Avoidance of bony structures, or closely
parallel-overlapping branches

6. At least two projections = 60° apart for right
coronary artery (RCA} lesions and at least 3 2
30° apart for left coronary artery (LCA) lesions

7. Identical projection angulations and table
height at preintervention, postiniervention,
and at follow-up

8. Radiopaque indicators filmed to identify the
administration of intracoronary nitrate and
device use, including balloon inflations,
atherectomy cuts, stent deployment, and
additional stent dilatation

9. Guidewire and balloon-atherectomy catheter
removed before final postinterventional
angiography

CORE-LABORATORY STANDARDIZATION
PROCEDURES FOR QUANTITATIVE ANALYSIS
The following procedures were routinely
observed at the angiographic core laboratory to
ensure reproducibiiity of quantitative angio-
graphic analysis.

1. Analysis performed using an automated
edge-detection system (Cardiovascular
Angiographic Analysis System; Fie Medical,
Maastricht, The Netherlands)

2. Micrometrically measured catheter tip used
as scaling device

3. Panel evaluation of projections and cine-
frames selected by investigator
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4. Analysis of optimal end-diastolic frames in
least foreshortened projections

5. Automatic corrections for pincushion distor-
tion of image intensifiers

6. Comprehensive range of measurements
provided for each segment analyzed

7. Polaroid print of each analysis to confirm
matching of projections preintervention,
postinterventions and at follow-up

8. Careful evaluation and error check hefore
each analysis was verified and entered on
database using double data entry technique

9. Final measurements used are the means of
the muitiple matched projections

QUANTITATIVE ANALYSIS OF
CINEANGIOGRAMS
All cineangiograms were analyzed using the
computer assisted CAAS, the basis for which
has been described in detail inn many previous
publications [17,20,21,36-38] and its advan-
tages and limitations and specific modifica-
tions in approach that have been applied to
cope with application to new coronary inter-
ventional therapies have recently been
reviewed [39e¢]. The basic approach involved
identification of the coronary segment of inter-
est in a selected cineframe, in which an area
measuring 6.9 mm x 6.9 mun (512 x 512 pixels)
is digitized with a high resolution charge cou-
pling device camera. After indication of some
points within the arterial segment by the ana-
tyst (the accuracy of which is unimportant
because the computer automatically readjusts
the centerline after contour detection}, vessel
contours are detected automatically, based on
the weighted sun: of first and second derivative
functions, applied to the digitized brightness
information, along scanlines (every 0.1 mm)
perpendicular to the local Lenterhne directions
of the arterial segment,

As previously mentioned, a computer-
derived interpolated reference diameter is pro-

vided, in contrast to the conventional method of

arbitrarily selecting normal-appearing segments
proximal and distal to the lesjon and taking an
average of these as the reference diameter.
According to the process of interpolation, the
actual lesion itself is excluded, using the curva-
ture analysis (which identifies the proximal and
distal ends of the lesion, a process that may be
less accurate in diffusely diseased vessels). Then,
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in a continuocus fashion, the arterial contours
over the segment containing the lesion are inter-
pelated on the basis of the proximal and distal
centerline segments and a first-degree polyno-
mial through all the diameter values, followed by
a translation to the 80th percentile level; taper-
ing of the vessel to account for a decrease in
arterial caliber distal to sidebranches is allowed.
The measurement taken as the reference diame-
ter or interpolated reference diameter is the
value of the polynomial (the so-cailed diameter
function curve} at the site of the minimal lumi-
nal diameter. Thus, it is believed that by this
process the automated algorithm attempts to
reconstruct the original disease-free arterial
dimension at the site of obstruction. The theo-
retical basis of, and actual mathematical steps
involved in this process, have been described in
detail in technical publications [20] and their
intricacies are beyond the scope of this text.

The absolute values of the stenosis diameter
as well as the reference diameter are derived by
the computer using the known contrast-empty
catheter diameter (as measured by micrometer}
as a scaling device 117,20,21,36-38,39+¢,40]. The
length of the lesion is determined from the
diameter function on the basis of curvature
analysis and expressed in millimeters. All con-
tour positions of the catheter, the arterial seg-
ment, and the intervention device or balloon,
are corrected for pincushion distortion intro-
duced by the image intensifiers. Because the
algorithm cannot measure total occiusions, a
value of 0 mm is substituted for the minimal
luminal diameter and 100% for the percent
diameter stenosis. It these cases the posfinter-
vention reference diameter is substituted for the
reference diameter preintervention.

QUANTITATIVE ANGIOGRAPHIC
MEASUREMENTS TO BE USED IN THIS STUDY
Gain and loss, respectively, represent the absolute
improvement in MLD achieved at intervention,
and the absolute change during follow-up, mea-
sured in millimeters. The long-term net angio-
graphic benefit is measured as absolute net gain.
Thus, relative gain, relative loss, and et gain
index represent these absolute measurements
corrected for {or normalized for) the individual
vessel size [9e0,12,13%,i4+%, 22,23}, Relative lumen
is the minimal luminal diameter corrected for the
vessel size [11¢]. In this study we intend to exam-
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ine the influence of the device used on the
restenosis process (measured as relative loss) and
long-term outcome (measured as relative lumen
at follow-up}. These relative terms are calculated
as follows: relative lumen—MLD/ vessel size; rela-
tive gain—MLD post MLD pre/vessel size; relative
loss—MLD post MLD at follow-up/vessel size; net
gain index—MLD at follow-up MLD pre/vesscl
size. Vessel size is measured as the interpolated
reference diameter preintervention, as the closest
and most objective approximation of the disease-
free vessel diameter. The reference diameter
postintervention is subject to the influence of the
travtma and expansion at intervention [41¢], and
at follow-up, to the pathologic process of restenio-
sis [18,42,43¢°]. Therefore the static point of refer-
ence for relative gain, relative loss, net gain index,
and relative lumen preintervention, postinterven-
tion, or follow-up is the interpolated reference
diameter preintervention [9ee,12,13ee 140e,22, 231,
Tt is of importance to point out that these relative
measurements are not replaceable by percentage
diameter stenosis or changes therein, which are
traditionally calculated using an arbitrarily select-
ed vessel segment proximal or distal to the target
lesion, pre- and postintervention, and at {follow-
up as the reference diameter.

STATISTICAL METHODS

Statistical analyses were carried out with the
assistance of commercially available statistical
software packages, /e, SAS (SAS Statistical
Institute)}. A lesion-specific approach, as has
recently become accepted for this type of evalua-
tion, was used |44=,45¢¢,4G¢]. Quantilative angio-
graphic data are given as mean + SD. Multiple
linear regression analysis was used to determine
the independent influence of the device used on
each of relative luminal loss and relative lumen at
follow-up, taking into consideration the known
determining parameters of relative gain at inter-
vention, lesion severity preintervention (relative
lumen preintervention), vessel size, and epicar-
dial lesion location. to determine whether there
were unequal influences of these parameters
within each treatment group, interaction terms
between each parameter and the device category
were included in the analysis. To illusirate the
findings in multiple linear regression, three
dimensional regression planes werc constructed,
with relative gain on the X axis, relative lumen

preintervention on the 7 axis, and relative loss or
relative jJumen at follow-up on the vertical Y axis
{Figs. 13-1 and 13-2).

Ta provide comparisons of estimated relative
loss and relative lumen at {ollow-up after mter-
vention in a lesion of given parameters, a statis-
tical maneuver known as “centering” of the con-
tinuous independent variables was carried out.
This procedure simply moves the intercept to
the location of the mean (center) of the continu-
ous independent variables. In this study, after
centering, the intercept in the respective model
represents the estimated relative loss and rela-
tive lumen at follow-up, after intervention in a
lesion of mean relative lumen preintervention,
in a vessel of mean size, where a mean relative
gain was achieved—thus called the “average
lesion.” Due to the larger group of patients treat-
ed by balloon angioplasty in this study, these
means are inevitably biased in that direction,
thus a second centering maneuver was carried
out, using the mean relative gain, relative Jumen
preintervention, and vessel size for the three
device groups to allow comparison of estimated
outcome after intervention on a typical new
device lesion.

All multiple comparisons were subjected
to Bonferroni correction, before statistically
significant differences were considered ta be
present.

RESULTS

Baseline demographic characteristics of the
patient groups are provided in Table 13-1.
Although age and gender are similar between
the groups and are characteristic of patients
undergoing percutaneous intervention, some
distinct differences in demographics are also
evident between the groups, particularly treated
lesions were exclusively primary (no previous
intervention) in the balloon angioplasty group
and exclusively restenotic in the Wiktor stent
group with a mixture of both primary and
restenotic in the directional atherectomy and
Wallstent groups.

Table 13-2 displays quantitative angiograph-
ic measurements pre- and postintervention and
at 6-month tollow-tp. The vessel size varied sig-
nificantly between the groups, with the direc-
tional atherectomy group displaying the largest
vessel size and balloon angioplasty the smallest,
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Wail stent

Gain

DCA

Wilktor stent

Figure 13-1. Three-dimensional representation of the
multipie linear regression models to demonstrate the
respective influences of relative fuminal gain (GAIN, X
axfs) at intervention and refative fumen preintervention
(LUMEN-PRE, Z axis) on relative luminal loss (LOSS, ¥
axis) in each of the four patient groups. For comparative
purposes, the ranges of each axis are identical (or the four
patient groups. The parallel lines running from side to side
and front to back within each so-called regression plane
represent the mean and 1, 2, and 3 5Ds of the mean rela-
tive gain and refative lumen preintervention, respectively.
The hold boundary within each regression plane is to
identify the location of most {(two 5D, 95%) of the Jesions
in each group. The dot and diamond symbols on the ¥
axis represent the respective relative loss in each group
eslimated by the model after intervention in an “average
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lesion” (rolative lumen preintervention = 0.41, relative
gain = 0.30, vessel sfze = 2,72 mm) and “average new
device fesion” (relative lumen preintervention = (.33, rel-
alive gain = 0.44, vessel size = 3.08 mm), represented by
the corresponding X and Z axis and regression plane posi-
tions of the symbols {see text for explanation and Table
13-4 for statistical comparisons). The slopes of the regres-
sion planes from front o back and from right to leil are
calculated from the mullivariate mode! (Table 13-3)
Differences in the slopes of the planes from front (o back
and from side 10 side hetween the groups can be appreci-
ated and respectively represent the differences noted in
the models in the regression co-efficionts of “device. % rel-
ative lumen preintervention” and “device X relative gain”
terms between the groups (Table 13-3)
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although no significant difference in vesse} size
was evident between the patients treated by
directional atherectomy or Wallstent or between
those trealed by Wallstent or Wiktor stent. Table
13-2 shows significant variation between the
groups in ali parameters displayed, although the
variation in loss index was nol as statistically sig-
nificant as the other parameters.

After normalizing for the vessel size, lesion
severity preiniervention (relative lumen prein-
tervention) was greatest in the directional
atherectomy group, although not significantly
preater than in the Wiktor stent group. The rela-
tive gain at intervention was greatesi in the
Wiktor stent group, although this was not signif-
icantly greater than that achieved by Wallstent

PTCA

Gain

Wall Stent

DCA

Lumen
f-up
1.2

Wiktor stent

Figure 13-2. Identical graphic construction as in Figure
13-1 to dewnonstrate the respeclive influences of relative
fuminal gain {GAIN, X axisy at intervention and relative
lumen preintervention {(LUMEN-PRE, Z axis) on relative
fumen at follow-up (LUMEN E-UP, Y axist in each

of the four paticnl groups. For consistency and compara-
tive purposes, the ranges of each axis are identical to
Figure 13-1. As in Figure 13-1, differences in the slopes of

the regression plancs are evident, but are not perhaps as
visually convincing, which is mainly due to use of identi-
cal axis limits as for Figure 13-1. Although the estimated
relative lumen at follow-up for the "average lesion” and
the average “new device lesion” are vinually superim-
nosed on the Y axis, the significant differences bhoelween
the paticnt groups can be appreciated (see Table 13-4 for
statistical comparisons),
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implantation. The relative gain achieved by
PTCA was significantly less than in each of the
other three groups, so that the relative lumen
postintervention was 0.87 in the Wiktor stent
group, 0.85 in the Wallstent group, 0.77 in the
directional atherectomy group, and 0.70 in the
PTCA group. Relative loss during follow-up was
significantly lower in the PTCA group, and in the
Wallstent group was significantly less than in
the Wiktor stent and directional atherectomy
groups, leaving the largest relative lumen at fol-
low-up in the Wallstent group (0.70, P < 0.05),
The Wiktor stent—treated group was next (0.63),
foHowed by the PTCA group (0.61), and the
smallest mean relative lumen at follow-up was
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observed in the directional atherectomy group
(0.55, P < 0.05, compared with all threc other
groups). The net gain index from bascline to fol-
[ow-up was greatest in the Wallstent group (0.28,
P < 0.05) compaved with the atherectomy (0.18)
and PTCA groups (0.19), although not signifi-
cantly greater than in the Wiktor stent group
(0.25) in which the net gain index was also
greater than in the PTCA group (£ < 6.05).

MULTIVARIATE ANALYSIS

In multiple linear regression analysis, the inter-
ventional device was found to be a significant
independent determinant of relative luminal
loss and relative lumen at follow-up (P < 0.0001).

TABLE 13-2. INTERGROUP COMPARISON OF QUANTITATIVE
ANGIOGRAPHIC MEASUREMENTS GIVEN AS MEAN = S

at follow-up

Batloon Directional

Angiographic angioplasty  atherectomy  Wiktor stent Wallstent
measurements® {n=1247) (n=109) (n = 86) {n=192) Anova (P)
Vessel size, mm 2.64+£0.53 3.26+0.63 2.87+0.4% 3.06+0.49 <{.0001
MLD

preintervention, mm 1.10+0.30 1.17+0.36 1.11+0.37 1.27x0.44 <(.0001
MLD

postintervention, mm 1.81+0.35 2.43+0.43 2.45+0.33 2.56+0.49 <().0001
MLD at

follow-up, mm 1.5920.47 1.75+0.56 1.81+0.55 2.12x0.65 <0.0001
Acute gain, mm 0.71+0.34 1.26x0.47 1.33%0.32 1.29+£0.49 <0.0001
Late loss, mm 0.22+0.41 0.68x0.61 0.64+£0.53 0.44£0.64 <(.0001
Net gain, mm 0.49+0.43 0.58x0.58 0.69£0.53 0.84x0.74 <0.0001
Loss index 0.21+1.51 0.56x0.70 0.48+0.42 0.43+0.86 0.02
Relative gain 0.27+0.13 0.41x0.19 0.48+£0.13 0.43+£0.15 <0.0001
Relative loss 0.09x0.16 0.22+£0.21 0.23+0.20 0.15+0.20 <0.0001
Net gain index 0.19£0.16 0.18x0.18 0.2520.20 0.28+0.24 <0.0001
Relative lumen

preintervention 0.42x06.10 0.36x0.10 (.39£0.10 0.42+0.11 <{).0001
Relative lumen

postintervention 0.70£0.12 0.770.19 0.87+0,12 0.85+0.12 <(.0001
Relative lumen

0.61x0.16 0.5520,17 ¢.63+0,18 0.70+0.20 <{.0001

each of the other three groups.

*After Bonferroni correction for multiple comparisens, significant differences (P<0.05) were observed between: perculaneous
transluminal coronary angiopfasty (PTCA) and each of the other three groups, directional coronary atherectomy {DCA),
and Wiktor (Medtronic Inc., Minneapolis, MN} stent; Wallstent (Schneider, Buelach, Switzerland} and Wiktor stent and
Wallsten! and PTCA; PTCA and each of the olher three groups; Wallstent and cach of the other three groups, PTCA and
each ol the other Lhree groups; PTCA and each of the other three groups; Wallstent and each of the other three groups,
PTCA and each of the other three groups; Walistent and each of DCA and PTCA, Wiklor stent, and PTCA; borderline
conrected difference between DCA and PTCA (P = 0.06); FTCA and each of Lhe other three graups, DCA, and Wiktor stent;
Wallsten! and each of the other three groups, PICA and cach of the olher three groups; Wallstent and each of PTCA and
Wikior slent, PTCA and Wikior stent; PTCA and cach of DCA and Wikior stent, Wallsient, and DCA; DCA and each of the
other three groups, PTCA and each of the other three groups; Wallstent and each of the other three groups, PTCA and

ANOVA—analysis of vaniance; MLD—minimal lumen diameter,
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Furthermore, the influence of the baseline
lesion severity (relative lumen preintervention)
was found to differ significantly between the
device groups, conveyed by retention in the
models of the so-called interaction term device
* relative lumen preintervention. The influence

of variations in relative gain (device x relative
gain, Table 13-3) showed a strong trend toward a
significant difference (# = 0.08) between the
treatment groups. Relative gain, relative lumen
preintervention, and lesion location in the left
anterior descending artery (LAD} demonstrated

After centering to the average lesion

TABLE 13-3. MULTIPLE LINEAR REGRESSION TO EVALUATE THE INFLUENCE
OF THE DEVICE USED FOR INTERVENTION ON ESTIMATED REEATIVE LUMINAL
LOSS DURING FOLLOW-UP AND REEATIVE LUMEN AT FOLLOW-UP*

After centering to the average new device lesion

Relative Relative
Relative lumen at Relative lumen at
loss  follow-up P loss  follow-up P

Intercept 0.09 0.63 Intercepl 0.17 0.65
Vessel size 0.03 -0.03 0.0005 Vessel size 0.03 -0.03 0.0005
Relative lumen Relative lumen

preintervention 0.30 0.70 <.0001 preintervention 0.29 070  <0.0001
Relative gain 0.63 0.37 <.0001 Relative gain 0.62 0.37  <0.0001
LAD 0.04 -0.04 <.0001 LAD 0.04 -0.04 <0.00M1
Device 0.01 Device <(.0001

PTCA .00 0.00 PTCA 0.0006 0.00

DCA 0.05 -0.05 0.01 DCA 0.06 -0.06 0.0008

Wallstent? -0.04 0.04 0.08 Wallslent -0.07 0.07 0.0003

Wiktor? -0.01 0.01 0.64 Wiktor 0.01 -0.01 0.71
Device x Device x

relative gain 0.08 refative gain .08

PTCA 0.00 0.00 PTCA 0.00 0.00

DCA 0.18 -0.18 0.04 DCA 0.18 -0.18 0.04

Wallstent -0.06 0.06 0.63 Wallstent -0.06 0.06 0.63

Wiktor 0.26 -0.26 0.09 Wiktor 0.26 -0.26 0.09
Device x Device x

relative lumen relative lumen

preintervention 0.0003 preintervention 0.0003

PTCA 0.00 .000 PTCA (.000 0.00

DCA 0.39 -0.39 0.02 [3CA .42 -0.39 0.02

Walistent 0.59 -0.59 0.¢01 Wallstent 0.60 -0.59 0.001

Wiktor 0.48 -G48 0.03 Wiktor 0.49 -0.48 0.03

tSchneider, Buelach, Switzerland.
*Medtronic Inc., Minneapolis, MN,

angioplasty.

*Takes account of the respective influences of vessel size, relative lumen preintervention, acute refative luminal gain, and
lesion location. For comparative purposes, the maodels have been constiucted after “centering” the continuous independent
variables to their mean vaiues {sce statistical methods), Thus, refative loss and relative lumen al (oliow-up are estimaled (or
the four devices after intervention in the “average lesion” and in the “average new device lesion.” To Lake account of possible
differences in Lhe effect of relative lumen preintervention and relative gain at intervention between the four groups, relevant
“interaction terms” have been included in the models. The Pvalues convey the probabilily of no additional influence on the
variability of relative luminal loss by addition of the independenl variable, after all the others have already been entered and
retained. The madel co-efficients given represent balloon angioplasty, so for the other devices the co-efflicients must be
arljustedd by the relevant co-efficient associated with the particolar device and the “interaction ternt.”

DCA—directional coronary atherectomy; LAD—Ileft anterior descending anery; PTCA—percutaneous ransluminal coronary
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significant independent influences on relative
loss and relative lumen ar follow-up. Vessel size
was observed to also exert a significant, if
numerically minor, influence.

To further illustrate the dynamic interrelation-
ships between the principle continuous determi-
nants on each of relative loss and refative lumen
at follow-up and the influence of the device,
three-dimensional regression models were con-
structed for each patient group, with relative loss
and relative lumen at follow-up on the relevant
vertical Y axis, relative gain on the X axis, and rela-
tive lumen preintervention on the Z axis. No vari-
ations in the influence of LAD or vessel size
throughout the four groups could be detected
and are not included in the graphs, but effectively
wollld act as constants, causing paraliel elevation
of the regression plane in the loss graph and low-
cring of the plane in the relative lumen at follow-
up graphs by a factor of 0.03 X vessel size and
0.04 for LAD [ocation, respectively.

The slopes of the regression planes from
front to hack and right to left in Figures 13-1 and
13-2 convey, respectively, the regression coeffi-
cients associated with relative lumen preinter-
vention and relative gain in the models, appro-
priately modified for the coefficients associated
with the “device < RL preintervenrion” and
"device X relative gain” terms in the models.
Thus, with progressively less severe lesions
{increasing relative lumen preintervention}
while relative gain is constant, greater increase
in relative lumen at follow-up (and a concomi-
tant smaller increase in relative loss) could be
expected by balloon angioplasty, compared with
the other three devices. Similarly, greater
increase in estimated relative lumen at follow-up
{and lesser increase in relative loss during fol-
low-up) after PTCA or Wallstent compared with
directional atherectonty or Wiktor stent implan-
tation, is predicted by the models and can be
appreciated from the tigures.

DiFFERENCES IN ESTIMATED OUTCOME AFTER
TREATMENT OF THE AVERAGE LESION AND
AVERAGE NEw DEVICE LESION

The differences between the devices in estimat-
ed relative luminal loss and relative lumen at fol-
low-up at given levels of relative lumen preinter-
vention and relative gain can he appreciated
from Table 13-4 and from the figures conveyed
by the locations of the Y axis values for interven-
tion in the average lesion (represented as the
round dots in the figures) and the average new
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device lesion (represented by the diamond sym-
bols}. According ta the models, intervention
using the Wallstent is associated with the great-
est relative lumen at follow-up and the least rela-
tive loss, after treatment of both the average
lesion and the average new device lesion,
although no significant advantage over Wiktor
stent implantation is observed for treatment of
the average lesion (£ = 0,42), but a significant
advantage is present after treatment of the aver-
age new device lesion (P = 0.002). It is appreciat-
ed from Table 13-4 that the apparent superiority
in outcome observed with Wallstent implanta-
tion for treatment of the average lesion is magni-
fied by application o the average new device
lesion. Also, superior results of Wallstent and
Wiktor stent implantation, as weil as PTCA, over
directional atherectomy are apparent for treat-
ment of the average new device lesion.
According to these results, in the patients
and lesions studied, the device used for inter-
vention was found to exert a significant inde-
pendent determining influence on tate angio-
graphic outcome of intervention, independent
of lesion severity preintervention, luminal
increase, vessel size, and lesion location.

DISCUSSION

LumINAL RENARROWING AND LATE
ANGIOGRAPHIC QUTCOME ARE INFLUENCED
BY THE DEVICE USED FOR INTERVENTION

Many investigators have reported the influence
of the acute resull of intervention on long-term
outcome [Gee,7,13%0 1400, 15,450¢,46%,4702,48,
49 50,51]). Greater luminal increase at PTCA
was reported by Beattr and coworkers [50] to be
associated with a greater incidence of restenosis
defined as luminal loss > 0,72 mm, a finding
which at that time was considered paradoxical.
More recently performed studies using continu-
ous measures of restenosis have demonstrated a
direct linear relationship between luminal
increase at intervention and luminal loss during
follow-up [Gee,7,139¢,14%¢,48,49##}, which is con-
sidered to be a clinical correlate of the generally
accepted experimental and pathologic descrip-
tion of restenosis as a neointimal hyperplastic
response to vessel wall injury [52,53,54ee],
Despite this angiographic linding of increas-
ing luminal renarrowing with improving acute
luminal results, the acute postprocedural mini-
mal luminal diameter itself has been shown to
be directly predictive of the late lumen and a
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powerlul predictor of freedom from restenosis,
defined as a diameter stenosis greater than or
equal to 50% al foliow-up angiography {Gee,7].
Mareover, application of a multivariate general-
ized model of restenosis to examination of late
results of directional atherectomy, stent implan-
tation, and balloon angioplasty, did not detect
any specific influence of the device, so that the
greatest determinant of late angiographic results
was concluded to be the acute postprocedural
lumen [Ge+,7]. However, comparative evaluation
of late angiographic resulés after balloon angio-
plasty and directional atherectomy found that
despite no significant difference in minimal
luminal diameter at follow-up angiography,
greater estimated relative luminal loss was pre-
dicted by linear regression analysis at increasing
levels of relative luminal gain in lesions weated
by directional atherectomy (Fig. 13-3) [13+¢]. The
matching approach was later applied to com-
parc acute and late results of stent implantation
with balloon angioplasty, which revealed main-
tained superior late angiographic results after
stent implantation, thanks to the considerably

larger acute luminal increase achieved by stent
implantation, although no significant relative
gain or relative loss relationship was detected,
which was believed to be due to the rather wide
variability in the time to angiographic follow-up
in the stent group {[4ee]. Comparative evalua-
tion of excimer laser angioplasty with balloon
angioplasty in matched lesions revealed similar
immediate results between the two groups, but
significantly greater lurninal renarrowing during
tollow-up in the laser-treated group [15=°].
Furthermore, linear regression analysis predict-
ed significantly greater degrees of relative lumi-
nal loss after excimer laser compared with bal-
loon angioplasty, with increasing relative gain.
This was speculated to be due to the nature of
wall injury inflicted by excimer laser in the
achievement of luminal increase,

In accordance with the suggestion of the
findings of these matching studies of a possible
device effect, the device used for intervention
was observed to exert a significant independent
influence on relative luminal loss and relative
lumen at follow-up. Specitically, significantly less

TABLE 13-4, ESTIMATED RELATIVE LOSS AND RELATIVE LUMEN AT
FOLLOW-UP FOR EACH PATIENT GROUP*

Average lesion®

Relative
lumen at
Relative loss  follow-up PTCA DCA Wallstent? Wiktor®
PTCA 0.09 0.63 0.07 0.48 0.64
DCA 0.13 0.59 0.07 0.01 0.42
Wallstent 0.04 0.68 0.48 0.01 0.84
Wiktor 0.07 0.65 0.64 0.42 0.84
Average new device lesion*
Relative
lumen at
Relative loss  follow-up PTCA DCA Wallstent Wiltor
PTCA 0.17 0.65 0.005 0.002 0.71
DCA 0.23 0.59 0.005 <0.001 0.13
Walistent 0.10 0.72 0.602 <0.001 0.01
Wiktor 0.13 0.65 0.71 .13 0.01

*Pvalues are correrted for mulliple comparisons.

1Schneider, Buelach, Switzerfand.
Svtedlronic Inc., Minneapolis, MN.

*Relative gain 0.3 in a lesion of 0.41 relative fumen preintervention in a 2.72-mm vessel.
*Relative gain 0.44 in a lesion of 0.39 relative lumen preintervention in a 3.08-mm vessel.

DCA-directional coronary atherectomy; PTCA—percutaneous transluminal coronary angioplasty.
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relative loss and a greater relative lumen at fol-
low-up could be anticipated after Wallstent
implantation than directional atherectomy or
PTCA, after treatment of the so defined average
lesion and indeed superior late results with
Wallstent implantation compared with all three
other devices were estimated for treatment of
the defined new device lesion. Estimated out-
come by the models using the simple statistical
maneuver of centering the continuous indepen-
dent variables to their mean values presents a
method of comparative evaluation of the devices
at tangible levels, Because the paticnt popula-
tion is numerically dominated by lesions treated
by balloon angioplasty, the geometric mean
lesion indices are heavily influenced and lean
toward a typical balloon angioplasty lesion.
Therefore, the mean refative lumen preinterven-
tion, relative gain, and vessel size for lesions
treated by the other three devices were also used
as a point for comparative evaluation. What
cmerges from use of these comparative points is
in fact that the apparent generally superior long-
term angiographic results of stent implantation,
especially Wallstent, over directional atherecto-
my and PTCA become more significant from the
average lesion, to the average new device lesion.
These overall differences in estimated out-
come between the devices observed at average
fesion values cannot be explained by variability
in the influence of vessel size, relative gain, or rel-
ative fumen preintervention, because these are
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already accounted for in the models. Any attempt
to explain these differences would be speculative,
Differences in demographic factors must be con-
sidered, the greatest difference heing that lesions
treated by Wiktor stent implantation ail had pre-
vious balloon angioplasty, whereas lesions treat-
ed by balloon angioplasty had no previous inter-
vention. Because restenotic lesions are widely
befieved to be associated with a greater propensi-
ty to further renarrowing, this might partly
explain the less favorable late results after Wiktor
stent implantation compared with Wallstent.
Tfowever, most lesions treated by directional
atherectomy, which was associated with the
worst estimated relative loss and relative lumen
at follow-up, were primary lesions. In the
absence of definitive tangible explanations for
the dilferential estimated outcome after inter-
vention with the different devices, it must be
speculated thal differential degrees of vessel
injury may be caused by the different devices in
the achievement of similar quantitative angie-
graphic acate luminal increase. Confirmatory
evaluation of such an etiology might be possible
using guantitative angiography, in patients with
similar demographic characteristics, by identi-
cally matching lesions {13+e,14e¢] for severity
preinterverition and acute postprocedural Iumi-
nal increase, then comparing the late outcomes
at follow-up. Such an investigation, in a large
patient population with comprehensive quanti-
tative angiography pre- and postintervention and

—
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Figure 13-3. lLinear regression analysis of relative loss (RE)
and relative gain (RG) measurements for 79 matched pairs
of coronary lesions treated by directional atherectomy
{DCA) (A) or balloon angioplasty {(percutaneous translumi-
nal coronary angiography [PTCAY (B). As conveyed by the
regression (R) co-eflicients obtained and provided in each
graph, greater incremental increase in RL is estimated for

increasing RG by DCA compared with halloon angioplasty
1#=0.07). This fincding suggests some device effect in ves-
sel wall injury in the achievemant of similar levels of luni-
nal increase, which provokes greater degrees of subse-
quent rerrarrowing after DCA than by halloon angiopfasly
(From Umans and coworkers [13¢ ¢ with permission.)
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at follow-up, with standardized angiographic
acquisition and analysis using an objective and
reproducible automated quantitative analysis
systermn, would be extremely valuable, Bul amiple
patient numbers for a sufficiently powerful study
may not be available just yet. Accurate evaluation
using intravascular uwrasound might be an even
mare useful approach than quantitative angiog-
raphy and would perhaps require fewer patients
to provide as powerful an evaluation. Flowever, at
this time the technology to guarantee rcliable and
reproducible luminal or plaque measurements in
a wide variety of clinical circumstances (eg, severe
or extremely eccentric lesions, in tortuous vessels,
or distally located} is not yet available, although
rapid progress is being made and such a study
might be leasible in the not teo distant future.

DiFFERENTIAL INFLUENCES OF VARIATIONS IN
BASELINE LESION SEVERITY AND LUMINAL
§NCREASE ACCORDING TO THE DEvICE

The influence of variations in lesion severity
preintervention on relative loss and relative
lumen at follow-up differs significantly between
the devices (Tables 13-3 and 13-4, Figs. 13-1 and
13-2}. This means that with a constant vessel
size, where a given relative luminal gain is
achieved, increasing relative lumen preinterven-
tion {thus reducing lesion severily) is associated
with significant differences in the incremental
consequent change in estimated relative loss
and relative lumen at follow-up between the
patient groups. Specifically, with increasing refa-
tive lumen preintervention, intervention with
PTCA is estimated to be associated with the least
increase in predicted relative loss and grealest
increase in relative lumen at follow-up, con-
veyed by the observation that the PTCA group
exhibits the gentlest slope of the regression
planes from front to back in the relative joss
graph and the steepest slope in the relative
lumen at follow-up graph. This finding holds
despite the finding of overall superior estimated
refative lumen at follow-up for Wailstent implan-
tation compared with DCA and PTCA, at the
average lesion and for all three other devices at
the average new device lesion, which is con-
veyed in the relative loss and relative lumen at
follow-up graphs by the respective Y axis loca-
tions of the two points representing the average
lesion {the dots) and the average new device
lesion (the diamonds).

The influence of variations in relative gain on
relative loss or relative lumen at follow-up did

not differ quite as significantly between the
patient groups, although differences in the right
to left slopes of the regression planes can be
appreciated, particularly when comparing each
of PTCA and Wallstent with DCA and Wiktor
stent in the relative lumen at follow-up graphs. it
is possible that with increasing patient numbers
in the new device groups, the observed differ-
ences provided in Table 13-4 might become sta-
tisticaliy significant, Tn fact, if it were assumed,
in the current study, that the influence of varia-
tions in relative lumen preintervention on rela-
tive loss and relative lumen at follow-up is the
same for all devices and would thus not be
included in the analysis as an independent term,
then significant differences would be unveiled in
the influence of variations in relative gain
between the devices. This would appear to be
mainly due to the significantly greater incre-
mental increase in estimated relative lumen at
follow-up {and less incremental increase in rela-
tive loss) if increasing relative gain is achieved by
PTCA or Wallstent implantation compared with
each of the other two devices (all P < 01).
However, when the possibility of variable influ-
ence of changes in relative iumen preinterven-
tion is taken into consideration and held con-
stant, the differential influence of changes in
relative gain between devices is no longer appar-
ent, and only the differential effect of the
changes in relative lumen preintervention is
retained, apparently due to the strong linear
association between relative gain and relative
lumen preintervention,

It can be concluded from this information
that intervention in progressive milder lesions,
at a given vessel size and luminal increase, is
independently associated with the most {favor-
able improvement in outcome paramelters if
PTCA is used for intervention, compared with
the other three devices. If intervention is per-
formed with progressively increasing relative
luminal gain at a given relative lumen preinter-
vention and vessel size, then Wallstent or PTCA
are estimated to provide better improvement in
cutcome compared with directional atherecto-
my or Wiktor stent implantation.

Thus, apart from the detected differences i
estimated outcome between the devices, which
cannot be explained by differential influences in
the variables studied, variation in the influence
of changes in lesion severity at baseline (relative
lumen preintervention), and to a lesser indepen-
dent extent variations in relative luminal gain,
determine differential late angiographic out-
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come between the devices. These findings are
completely at variance with previous reports
evaluating late angiographic outcome after
directional atherectomy, stent implantation, or
batloon angioplasty [6ee,7]. These reports con-
cluded that the device used for intervention was
essentially irrelevant, late angiographic outcome
being predominantly determined by the acute
postprocedural lumen. Identifiable differences
between those studies and this include the use
of digital calipers or videodensitomerry to mea-
sure coronary luminal dimensions compared
with automated edge detection in our study.
These different approaches are known to pro-
vide differing ahsofute measurements of luminal
dimensions pre- and postintervention as well as
of reference diameter (vessel size), exclusion of
totally occluded lesions at basefine and at fol-
low-up in this study, use of relative measure-
ments in this study compared with absolute
measuremernts in the previous studies, applica-
tion of a deliberately selective multiple linear
regression model with avoidance of overlapping
variables (for example acute gain and luminal
diameter postintervention}, and inclusion of
interaction terms to consider potentially con-
founding influences.

SPECULATION ON INTERGROUP DIFFERENCES
IN ESTIMATED QUTCOME

Based on experimental, pathologic, angioscopic,
and ultrasound information already available, it
is possible to speculate that the mode of vessel
wall injury imparted by the different devices in
the achievement of luminal increases may be
inherently diffcrent and provoke inherently
varying degrees of thrombo-fibro-proliferative
response. Traumatic removal of portions of dis-
eased and healthy vessel wall with frequently
extensive exposure of intramural tissue compo-
nents by directional atherectomy may provide a
more intense provocation of the healing
response than the vessel stretching, plaque com-
pression, fissuring, and dissection caused by bal-
loon angioplasty, injuries that may be mini-
mized by varying degrees by placement of an
endoluminal prosthesis. In addition, variable
degrees of elastic recoil after treatment with
these different devices may exert considerable
influences on the propensity for fate luminal
renarrowing. The specific compaosition and
structure of stents may also exert some influence
on healing according to the completeness of
opposition of acute elastic recoil, simoothness of
the intrastent luminal surface (protrusion of
intimal {laps between struts, {ilaments or helical
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coil, effect on local hemodynamics in the region
of the lesion), and thrombotic and local tissue
reaction to the stent components,

Arterial luminal increase by balloon dilata-
tion has been reported by intravascular ultra-
sound studies to be predominantly due to plaque
fracture and compression with a minor and
inconsistent contribution from stretching
of the vessel wall [55-57,58%,59%,60=,61¢},
although a recent study has reported vessel
stretching, perhaps facilitated by plaque fracture,
to be the main reason for luminal increase after
balloon angioplasty [G2=¢], Elastic recoil after bal-
loon angioplasty is known to be associated with a
mear loss of 50% of achievable luminal area gain
and 33% of achievable diameter gain [63,64]. The
contribution of elastic recoil to late restenosis is
controversial; however, many studies using
quantitative angiography report recoil to be an
immediate phenomenon [63,64] with no
detectable long-term effects {41+,65,66], while
preliminary reports using intravascular ultra-
sound suggest chronic recoil may be the
predominant feature of late renarrowing after
successful intervention [67ee], Directional
atherectomy has been reported 1o achieve its
luminal increase by & combinaiion of ptaque
removal, plagque compression, and vessel stretch-
ing, in various combinations, varying widely
between individual patients and between report-
ed series [60%,612,622,68,69¢], as well as achiev-
ing a reduction in acute elastic recoil compared
with balloon angioplasty |70«], Nevertheless, it
may be speculated that raumatic removal of
arterial tissue, which is a feature to some cxtent
in all patients undergoing successful atherecto-
my, imparts a mare extensive type of injury than
plague compression, fracture, and vessel stretch-
ing by balloon angioplasty, although « consistent
relationship between depth of tissue retrieval at
atherectomy and degree of suhsequent luminal
renarrowing has not been reported [5¢¢,47¢e,71]
and needs to be clarified by further larger
prospective studies, ideally with the assistance of
irtracoronary ultrasound.

Stent implantation, particularly if optimaily
expanded, produces smoothing or wound edge
apposition effects and creation of a circular lumi-
nal configuration [72,73] at the site of intimal
fracture and disruption. This may reduce turbu-
lence and shear stress 32,721, which may {acili-
tate rapid endothelial recovery and therefore
retard smooth muscle cell proliferation {74}, The
Wallstentt, a self-expanding stainless steel mesh
stent, was initially reported to exhibit a dilating
function [72,75] as well as an additional propen-
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sity to further luminal improverments by 24 hours
after implantations [76}. This clearly indicates its
negation of elastic recoil and justilies its descrip-
tion as “self-expanding” [77]. Evaluation of the
early clinical experience with this device was
unduly disconcerting, however, with an unac-
ceptably high frequency of acute and subacute
stent thrombosis [28], which diluted, at least
temporarily, the early enthusiasm of some of its
propomnents [78]. The balloon-expandable tanta-
lum coil (Wiktor) stent was found to produce
similar geometric improvements {32] as had
been previously reported for the self-expanding
stainless steel mesh stent. The smaller mean
diameter of the stented segment (2.88 &+ 0.43
mm) compared with the mean diameter of the
fully inflated balloon {2.98 + 0.44 am) suggested
some minor recoil in the stented segment (3%
diameter reduction, compared with a mean of
approximately 33% diameter reduction after con-
ventional balloon angioplasty [63]). In addition,
it was noted that the balloon did not achieve the
diameter specified {3.35 + 0.36 mm) al the rec-
ommended inflation pressures for stent deploy-
ment, perhaps due to the opposing forces of both
the stent and the arterial wall irself. Haude and
coworkers {79e¢] have recently investigated the

occcurrence of clastic recoil immediately after

sequential balloon angioplasty and Palmaz-
Schatz (Johnson & johnson Tnierventional
Systems, Warren, NJ) stent implantation and
found that this device alimost completely elimi-
nated recoil (31% diameter recoil [48% area
recoil] for balloon angioplasty compared with
3.5% 15.1% areai after stent implantation), thus
decreasing the impact of long-term intimal
hyperplasia on the residual lumen dimensions.
Thus, the antirecoil effects of stent implantation
represent perhaps the most important contribu-
tion of this interventional device in improving
iong-term outcome of intervention,

There are many confounding factors intro-
duced by the long-term presence of an endocoro-
nary prosthesis: the scaffolding effect of the
device, the cutting and embedding effect of the
stent filaments, the ration of metal filament to
intimal surlace area covered by the stent, the
long-term presence of a foreign body with its
inherent sometimes overwhelming thrombo-
genic cffect and potential inflammatory effects,
the potential molecular effect of the electrical
charge of the stent molecules, and the unquan-
tifiable persisting barotraumatic injury of the
self-expanding stent on the vessel wall
132,77,78,80]. Karas and coworkers [80] have
reported a greater proliferative response to

implantation of a balloon-expandable tantalum
coil stent than balleon dilatation in similarly
injured porcine coronary arteries and atiributed
this to the continuous force of the stent on the
vessel wall. These and other as yet unknown con-
siderations potentially alter the association of
vessel wall injury and tissue response in stenied
patient groups (compared with those treated by
atherectomy or halloon angioplasty}, although
Schwartz and coworkers [54ee} described the pro-
portional relationship between injury and subse-
quent hyperplasia in a stented porcine model.
Explanations for the apparently superior
long-term angiographic outcome after Wallstent
implantation compared with the other three
devices and of Wiktor stent implantation com-
pared with PTCA and DCA in new device lesions
in this study are not readily apparent. It must be
recognized that the patients evaluated in this
study underwent successful intervention (diame-
ter stenosis less than 50% after intervention and
freedom from any major adverse cardiac evenis}
and completed 6-month angiographic follow-up.
Thus, patients experiencing acute and subacute
stent thrombaosis, a considerable problem in the
early experience with both of these devices
[28,311, are not considered. Although these unto-
ward thrombotic events are largely unpredictable
and nol necessarily related to the degree of acute
luminal increase at stent implantation, there is
some apriori selection of patients with better
outcomes, so the results must be interpreted in
the context of patients not succumbing to acute
ar subacute stent thrombosis. Accepting this lim-
itation, it may be speculated that perhaps there
are inherent propetties of stent implantation,
particularly the Wallstent, which create a benefi-
cial fuminal enviromment providing improved
late angiographic benefit. If this is so, then is it
the scaffolding effect of the device, the self-
expanding aspect, the mesh configuration, the
stainless steel content, or a combination of these
that is important? Could these ohservations indi-
cate a favorable long-term effect of this particular
device when acute thrombotic events can be
avoided, or could the same reasoning be applied
to other endoluminal prostheses? These ques-
tions are not readily answerable at this time
because the patient group treated by mesh stent
implantation in this study is & nonhomogenous
mixture of various clinical syndromes and they
represent the early clinical experience with this
device. Application of this methodologic
approach to recently completed randomized tri-
als of Pahnaz-Schatz stent versus balloon angio-
plasty [3ee= 4e} will undoubtedly provide more
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ubjective and valuable information. Ultimately it
will require either matched comparisons or ran-
domized trials of different clinically efficacious
stents to determine device-specilic advantages,
ideally using intravascular ultrasound as well as
quantitative angiographic endpoints.

INFLUENCE OF LESION LOCATION ON LOSS
AND ANGIOGRAPHIC OQUTCOME

Previous studies using multivariate analysis have
reported a definite independent influcnce of epi-
cardial lesion location on late angiographic out-
come of intervention, namely, either an adverse
influence of LAD location [5ee,6,7,16,81¢] or a
favorable effect of location in the right coronary
artery [46e¢]. ITn agreement with previous work,
location in the LAD was associated with a greater
relative loss and smalier relative lumen at follow-
up in the study described here, independent of
variations in luminal increase, vessel size, or
lesion severity preintervention. No differences
were detected between the groups in the degree
of effect of LAD location on late results of inter-
vention. Despite the consistency of this finding
in several current studies, there is as yet no expla-
nation why the LAD should exhibit a greater
propensity to restenosis, Quantitative angio-
graphic studies have reported that acute elastic
recoil, adjusted for vessel size, is significantly
greater in the LAD than the other two vessels
[63]. If chronic recoil is indeed a major contribu-
tor to late renarrowing, then on the basis of the
acute findings, it is conceivable that chronic
recoil might be most marked in the LAD. Such
phenomena may be evaluated in serial intravas-
cular ultrasound studies. The only published
pathologic finding that might indicate a different
biologic substrate in LAD [esions was of
increased frequency of primary intimai myocytic
hyperplasia in atherectomy specimens retrieved
{from LAD compared with right or circumflex
corenary arteries [82¢). It seems logical that the
hyperplastic response to injury may be more
aggressive when the intimal myocytes are already
activated. Why this should be more frequent in
the LAD has not been elucidated, but increasing
experience with analysis and culture of retrieved
atherectomy specimens may provide some
insight in the near future.

LIMITATIONS

This is an observational study that inchudes only
patients who underwent successful percuta-
neous intervention on nonoccluded lesions that
did not progress to occlusion during follow-up
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and had satisfactory quantitative angiographic
analysis of angiograms performed pre- and
postintervention and at follow-up. Thus, this
could be delineated as a deliberately circum-
scribed population, particularly in the stent
groups, where all patients experiencing acute
and subacute occlusion were excluded. This is
especially evident in the Wallstent group in
which the early experience with the device was
associated with unacceptably high occlusive
thrombosis rates {28}, The findings must there-
fore be cautiously applied to the general inter-
ventional patient population and recommenda-
tion of the Wallstent as the ultimate device for
intervention should not be construed.

The limitations of the angiogram as an imag-
ing modality are widely recognized as inherent
and must be accepted as such; however, we
believe that analysis by computer-based quanti-
tative analysis systems, strict quality contrel and
standardization of image acquisition, and use of
multiple matched projections pre- and postin-
tervention, and ar follow-uyp is the most objec-
tive means to maximize its potential value.

The relative influence of various suspected
clinical risk factors for a greater intimal hyper-
plastic response could be considered as possibly
modifying the relationship between the identi-
fied angiographic determinants of luminal
renarrowing and late angiographic outcome. Tt is
worth noting, however, that three previous stud-
ies failed to demonstrate any such confounding
influence [459¢,46e,47%e}, Thus, the addition of
clinical variables might improve the predictive
power of the models rather than influencing the
nature of the relationships demonstrated. The
parameters of intterest for comparative evalua-
tion of the interventional devices as indepen-
dent determining variables were selected based
on previous experience, whereby each of the fol-
lowing, lesion severity preintervention, fjuminal
increase at intervention, vessel size, and lesion
location, have been found o be independently
associated with the long-term angiographic out-
come after successful balloon angioplasty
[16,45¢¢,462,47%+,66]. Furthermore, basic clinical
principles would suggest that prior to planned
coronary intervention, regardless of the clinical
circumstances, an inlerventionalist is faced with
a set of certain circumstances such as lesion
severity and vessel size and that he or she may
choose from a number of interventional devices.
The interventionalist will seek to achieve some
degree of luminal increase, the magnitude of
which he or she may control to some extent. The
question here is whether there might be inher-
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ent device-specific characteristics that influence
late angiographic outcome, considered as an
ubiguitous and continuously variable process
[49es,83es]. In these circumstances, where the
angiographic parameters of interest may differ
widely between the patient groups to be evaluat-
ed, multiple linear regression analysis presents
the only valid approach.

ConcLusions, CLINICAL RELEVANCE, AND
EMPLICATIONS OF THE FINDINGS

The degree of renarrowing and the fumen diame-
ter at follow-up after successful coronary inter-
vention in nonrandomized patient groups were
demonstrated to be influenced by the type of
device used for intervention, independent of,
and in addition to lesion severity preinterven-
tion, luminal increase at intervention, lesion
location, and vessel size. Variations in lesion
severity preintervention and luminal increase ate
associated with variable effects on late outcome
according to the device used. These findings are
at variance with previous studies that reported
no device effect in determining late angiographic
results of intervention. Whether these contradic-
tory findings are a consequence of methodologic
differences in guantitative angiographic mea-
surements {automated versus user-dependent

methods) or comparative approach, or can be
explained by actual population demographic dii-
ferences or variations in interventional
approach, remains to be determined. Ih generai,
stent implantation, particularly Wallstent,
emerged from this study with the most favorable
predicted late angiographic outcome after initial-
Ly successful intervention of nonoccluded coro-
nary lesions, which did not completely occlude
during follow-up. This finding supports contin-
ued clinical investigation of stent implantation,
with particular focus on overcoming thrombotic
occlusion and the need for stringent systemic
anticoagulation and its attendant risks, Similarly,
the comparatively unfavorable outcome predict-
ed for intervention by directional atherectomy, in
line with the conclusions of recent randomized
trials [1#e,2¢e], must conclude that the general
use of directional atherectomy for treatment of
coronary artery disease remains to be deter-
mined. Despite its widely criticized inherent lim-
itations in consistently achieving optimal acute
luminal results, bailoon angioplasty, with its
comparative ease of use, high acute success
rates, and applicability to lesions with a wide
range of severity and in a broad range of vessel
sizes, must still be considered a cornerstone of
interventional cardiologic therapeutics.
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ABSTRACT

Background: With the increasing clinical application of new devices for percutaneous coromary
revascularization, maximization of the acute angiographic result has become widely recognized as a key factor
in maintained clinjcal and angiographic success. What is unclear, however, is whether the specific mode of
action of different devices might exert an additional independent effect on late fuminal renarrowing.

Purpose: The purpose of this study was (o investigate such a difference in "restenosis propensity” among 3660
patients, who had 4342 lesions successfully treated by balloon angioplasty (BA, n=3797), directional coronary
atherectomy (DCA, n=200), Palmaz-Schatz stent implantation (PS, n=229) or excimer lager coronary
angicplasty (ELCA, n=116) and also underwent quantitative angiographic analysis pre- and post- intervention
and at 6 month follow up.

Methods: To allow valid comparisons between the groups, because of significant differences in coronary vessel
size (V8) (BA=2.62+0.35mm, DCA=3.2810.62mm, ELCA=2.51+0.47mm, PS§=3.01+0.44mm;
p<.0001}, the comparative measurements of interest selected were the "relative loss” in luminal diameter
(RLoss=loss/V8) to denote the restenosis process, and the "relative lumen at fellow up” (RLAup=minimal
tuminal diameter (MLD) at follow up/VS} to represent the angiographic outcome. For consistency, lesion
severity pre was represented by the “relative lumen pre" (RLpre=MLD pre/VS) and the luminal increase at
intervention was measured as “relative gain" (RG=gain/VS5). Differences in restenosis propensity between
devices was evaluated by univariate and multivariate analysis. Multivariate models were constructed to
determrine refative loss and relative Inmen at follow up, taking account of relative lnmen pre, lesion location,
relative gain, vessel size and the device used. Tn addition, model estimated relative loss and relative lumen at
foflow-up, at fixed relative lumen pre, relative gain and vessel size, were compared between the 4 groups.
Reseles: Significant differences were detected between the groups with respect to these estimates, whercby,
Palimaz-Schatz stent implantation was associated with the most favourable angiographic outcome and excimer
laser coronary angioplasty the least (p<.G1). Significant effects of lesion severity and location, as well as
fuminal increase on late angiographic outcome were notedd. In addition, the influence of luminal increase
achieved at intervention on late angiograpic results differed significantly between the devices (p==.02).
Conclusion; These findings indicate that propensity to restenosis after apparently successful intervention is
influenced by the device used for intervention. In view of the clinical implications of such findings, further
evaluation in larger randomized patient populations is warranted,

INTRODUCTION

Over the last Jecade, & number of new devices for transluminal coronary revascularization, have been
intreduced, aiming te improve acute amd Jong term clinical and angiographic results of coronary balloon
angioplasty [1,2], Through a variable combination of plagque removal, compression and vessel stretching [3-6],
directional coronary atherectomy (DCA} can achieve significantly greater acute lnminal results than conventional
balioon angioplasty |7-10], but randomized trials have failed to demoustrate long term superiority of this
apparent mechanical advantage [7,8]. By vapoerization of atherosclerotic plague, excimer laser coronary
angioplasty (ELCA) has been associated with improved acute success compared with balloon angioplasty,
especially in complex coronary lestons [11,12,13], but restenosis rates in regisiry and ohservational reports have
been relatively high [11,13,14,15] and the results of randomized trials are still awaited, Stent implantation,
through vessel expansion, epposition of natural elastic recoil [16] and establishment of a smeoth and circular
coronary lamen {17-19], has the capacity te consistently achieve superior procedural fuminal increase compared
with halloon angioplasty [17-22]. Although 2 randomized comparisons of Palmaz-Schatz stent implantation with
balloon angioplasty, in native primary coronary stenoses, indicate fong term maintenance of the acute advantage
of stent implantation [23,24], it is not yet known whether this is simply due to the greater acute fuminal
increase, or to additional benefits of specific mechanical or physical properties of the stent itself,

Despite the mechanistic differences between these 4 devices, observational studies have concluded that
the magnitude of the post procedural lumen alone determines late angiographic outceme, without any detectable
independent contribution of the device used to achieve it [10,25]. Conversely, studies in angiographically
matched fesions, comparing balloon angioplasty with each of directional atherectomy [9,26], stent implantation
[22} and excimer laser [15], as well as unmatched general comparisons in patients treated by atherectomy,
balloon angiopiasty or stent implantation, have reported definite differences in restenosis propensity and late
angiographic results |27,28], Becsuse these prior studies comprised comparatively early experience with
directional atherectomy, 4s well as Wallstent and Wiktor stent Iinplantation in heterogenous patient groups, (his
study was designed to ratify the previous findings by investigating the possibility of an independent intisence
of the device used for intervention, among patient groups treated by 4 different devices : balloon angioplasty
(BA), directional atherectomy (DCA), Palmaz-Schatz stent implantation (PS) or excimer laser coronary
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angioplasty (ELCA), in contemporary clinical experience,

POPULATION AND METHODOLOGY

The study popualation was made up of 3660 patients (4342 Zesions) treated for native coronary artery
disease by BA (n=3797 lesions), DCA (n=200 lesions}, PS (n=229 lesions) and ELCA (n=116 lesions).
Patients treated by BA had been enroled in 4 international multicentre placebo controlled restenosis prevention
trials, the details of which have already been published [30-33]. In each of these trials the pharmacological agent
under investigation was found o have no significant effect on either ciinical or angiographic outcome by both
univariate and multivariate analyses, so, for the purposes of the present study, all the patients were pooled and
considered as one group. Patients treated by PS had been recruited during the BENESTENT trial (a European
multicentre randomized comparison with BA,| for treatment of native primary corenary artery lesions (associated
with stable anginal symptoms) with a reference vessel diameter =3mm [23]). Final quantitative angiographic
follow up was 93%. Patients treated by ELCA were treated at a single institution, using a Xenon Chloride
device (Dymer 200 +, Advanced Interventional Systems, Inc., [rvine, Cakifornia), which emits laser pulses with
a wavelength of 308nm, duration of 210 nsec and at a repetition rate of 20Hz. Over-the-wire taser catheters of
1.3, 1.6 and 2,0mm, with concentric multifiber arrangement around a central lumen were employed at a fluence
of 45-65 mI/mm®. The excimer laser procedures were carried out according to conventional practice as
previously reported [34]. Adjunctive BA was carried out in 98 % of lesions. Quantitative angiographic follow
up among eligible patients was 94%. Patients were treated by DCA at two specialised institations (The
Thoraxcenter, Rotterdam, Netherlands and St Luc University Hospital Brussels, Belgtum; both of which
participated in the Coronary Angioplasty Versus Excisional Atherectomy (CAVEAT) trial), using the Simpson
atherectomy catheter {Devices for Vascular Intervention, San Diego, California). Primary lesions were treated
in 80% of cases and 20% of lesions had undergone previous intervention. A 6F device was used in 61 % and
7F in 39% of cases, with a mean of 5,.9+2.8 cuts made per lesion, Adjunctive BA was carried out in 16% of
lesions. Overal! quantitative angiographic follow up was 93%. In all component studies, all aspects of
intervention were left to the discretion of ¢he individual physician, Successful intervention was universally
considered ag a post-procedural diameter stenosis of < 50% visualty assessed by the individual investigator.
Quantitative coronmry angiographic (QCA) methodology: Coronary angicgraphy was performed, in multiple
projections pre intervention and identically repeated immediately after intervention and at a pre-determined 6
month follow-up. The angiograms were recorded to facilitate quantitative analysis by automated edge detection
(using the Cardiovascular Angiographic Analysis Systems (CAAS)), in the angiographic core laboratory, with
universai application of specific standardization procedures, as previously described {29,35,36],
Quantitative angiographic measurements of interest in this study: Due (o the wide range of coronary vessel
size teated by modern interventional devices, (as confirmed in table 2 in the resulis section), QCA
measurements were nomalized for reference vessel size, deriving measurements of "relative gain” and "refative
loss" in luminal diameter, as previously introduced [9,22,28,37,38], The vessel size was tepresented as the
interpolated reference diameter pre-intervention, on account of changes in reference diameter aafter
interventien and during foltow up, as previously described [16-23,28,29,38-40]. Accordingly, relative
measurementts of lumen dimensions pre and post intervention and at follow up were also derived by normalizing
minimal luminal diameter for the interpolated reference diameter pre, producing the measurements of "relative
umen" pre, post and foliow up, as previously described [41]. These novel parameters thus represent
measurements of juminal patency as a fraction of the ideat luminal diameter. Relative gain = Gain/Vessel Size;
Relative loss = Loss/Vessel Size; Net gain index = Gain-Loss/Vessel Size; Relative lumen = Minimal
irminal diameter/Vessel Size. Conventional binary measures of restenosis were also estimated applying a
number of commonly used angiographic criteria (table 2).
Statistical methods

Statistical apalyses were carried out with the assistance ot a commercially available statistical software
package (SAS, SAS Institute, Inc.). A lesion based approach was applied, as previously justitied [42-44,45].
Analysis of variance was used to compare confinuous parameters and restenosis rates were compared using
chi-square test. Tn keeping with the findings of previous studies [6,9,10,14,15,21,22,25-29,42,44], and a recent
specific evaluation [46], a linear relationship was assumed between relative tuminal gain at intervention and
relative lnminal logs during follow up. To investigate the influence of the device used on the restenosis process
and late angiographic cutcome, the relationship between relative luminal gain at intervention and each of relative
luminal loss during follow up (representing the restenosis process) and relative lumen at follow up (as the late
angiographic outcome), was investigated first in simple linear regression analysts. Then the entire patient
population was considered as a single group and a previously described multiple linear regression model was
constructed, to take account of the respective determining influence of the vessel size, lesion severity pre-
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intervention {relative lumen pre), the influence of the physician {relative luminal gain at intervention) and the
epicardial lesion location £29].

To investigate whether a difference could exist between the 4 devices in the degree of relative loss
provoked by increasing relative gain (so called "effect modification”}, an "interaction term” between "device”
and "relative gain” (denoted in the model as : "device x gain") was entered as an independent variable, The
same procedure was performed for relative lumen pre, vessel size and lesion location. If an “interaction term”
is found to contribute significantly to the final model, this would imply a significant ditference between the
devices, with respect to the influence of that particular factor on the late angiographic results, Inter-group
comparisons can then be performed to Tocate the source of the detected difference.

For additional comparative purposes, the multivariate model was interrogated to provide estimates of
refative luminal loss and lumen at follow up for each device group at hypothetical, but clinically relevant,
interventional scenarios. Accordingly, we chose to compare estimated outcome between the 4 devices in this
stady: firstly for the "average intervention”, thus, where mean relative gain (0.30, table 2) is achieved in a
iesion with the mean relative lumen pre (0.38, tabie 2), in a vessel of mean diamefer (2.67mm, table 2),
Because of the preponderance of lesions treated by BA, the overall mean values for these parameters tend to
reflect a fypical BA scenario (table 2), so a typical "stent/atherectomy intervention” was also used to compare
outcome where a refative gain of 0.44 is achieved in a lesion with a relative lumen pre of 0.37, ina vessel of
3.12mm. Finally, the third level of comparison was chosen to reflect "optimal infervention”, whereby a relative
Tumen post of 1.0 is achieved through a relative gain of 0.61 in a lesion of mean severity (0.39, wable 2), ina
vessel of 3.2mm. Statistical comparisens are provided, without systematic antomatic correction for "multiple
comparisons”, in order to display all potential differences and trends betwees the groups. To graphically
illustrate the findings, 3 dimensional regression planes were conseructed, as previousty described [29.

RESULTS

Baseline demographic features of the patient groups are provided in table 1, showing that the patient
groups are broadly similar, with the exception that 20% of the patients freated by DCA had had prior
angioplasty (in a previous specific analysis of this population [48], so called "restenotic lesions” were not
associuted with a greater propensity to subsequent reparrowing so all patients were inclided in this study) and
no totalty occluded lesions were treated by DCA compared with [5% treated by ELCA.

Table 1. Demographic data for the 4 patient groups,

Batloon Directional Excimer Palmaz-Schatz
Angioplasty Atherectomy Laser Stent
Patients 3135 190 106 229
Lesions 3796 200 116 229
Male/Female (80%120%) (81%/19%) 80%/20% 30%/120%
Age (yeurs) 5619 58+11 56+9 5549
Lesion (primary/restenosis) 100% 80%/20% 100% 100%
Vessel: LAD 43% 67% 36% 65%
RCA 33% 20% 35% 22%
LCX 24 % 13% 29% 13%
Total occlusion pre 6% a 15% 4%
Diabetes 7% 6% 6% 7%
CCS I or TV angina 62 % 3% 72% 64%
Non-exertional angina 46% 40% 52% 48%

After normalization for vessel size, significant differences were detected between the groups for all
parameters : Pre-procedural lesion severity was greatest in the ELCA group, which had the greatest frequency
of tutal occlusion pre (refative lumen pre 0,31 or % diameter stenosis 69 %). Luminaf increase wag greatest after
PS (relative gain of 0.48, or 48% increase in lumen) as was post procedural relative Tomen (0.84 or 84% of
vessel diameter). Despite having greatest relative loss (0,21, 21 % loss in vessel diameter) PS also retained the
greatest relative Tumen at foflow up (0.64, or 64 % of ideab) and displayed greatest ultimate net henefit (net gain
index .28, 28% net increase in vessel diameter).
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Table 2. Quantitative angicgraphic measured and derived parameters per device group, given as mean and standard devigtion (std), Vessel size differed widely (p<.0001),
justifying the use of "relative” rather than "absolute” measurement parameters 1z the study evaluation.

BALLOON DCA LASER STENT ALL ANOVA

Mean-+ sd Mean 4 sd Mean + std Mean + std Mean + std p
Reference diameter pre(mm) 2,62 0.55 3.28 Q.62 2.51 0.47 3.01 0.44 2.67 0.37 <0001
Reference diameter post{mm) 2.67 0.53 3.34 Q.52 2.68 049 3.19 041 2.73 0.55 <0001
Reference diameter f-up(mm} 2,69 0.58 3.32 0.54 2,60 0.60 2.96 0.47 3.08 0.51 <0001
MLD pre (mm} 0.99 0.40 1.21 0.38 0,76 0.44 1.08 0.33 1.00 0.40 <0001
MLD post (mm) 1.73  0.37 241 0.43 1.66 0.39 2.51 0.36 1.80 0.40 <.0001
MLD f-up (mm) 1.42 (.58 1.83 0.60 1.17 071 1.91 0.54 1.46 0.60 <0001
Diameter stenosis pre (%) 61.3 146 63.2 10.0 68.8 18.3 639 10.1 61.8 144 <0001
Diameter stenosis post (%) 347 9.6 27.5 9.8 37.8 10.5 209 7.5 33.7 101 <.0001
Diameter stenosis f-up { %) 46.5 194 410 16.4 557 23.6 355 141 459 193 <0001
Absolute gain (mm) 0.73 0.42 1.20 0.47 0.90 0.53 1.43 .42 0.80 0.46 <.0001
Absolute loss {mm) 0.30 0.33 0.58 0.60 0.50 0.72 0.60 0.50 0.34 0.35 <.0001
Absolute net gain (mm) 0.43 0.38 0.62 0.60 0.40 0.70 0.83 0.58 Q.46 0.39 <.0001
Relative lumen pre 0.3% 0.15 0.37 0.10 0.31 0.18 0.36 0.10 0.38 0.14 <.0001
Relative lumen post 0.67 0.12 0.75 0.16 0.67 0.14 0.84 0.11 0.68 0.13 <.0001
Relative lumen f-up 0.55 0.21 0.56 0.17 0.47 027 0.64 0.16 G.55 0.21 <.0001
Relative gain 0.29 0.16 0.38 0.18 0.36 0.21 0.48 0.14 .30 0.17 <0001
Relative loss 0.12 0.21 .19 0.21 0.20 0.29 0.21 0.17 0.13 0.22 <.0001
Net gain index 0.17 0.23 19 0.19 0.15 0.28 0.28 0.19 0.17 0.23 <.0001
Loss index 0.51 3.99 0.52 0.75 0.73 1.61 0.44 0.37 0.51 3.75 34
Restenosis rates: Chi-square
1. %ds = 50% at fup 36.3% 28.5% 509% 16.2% < .0001
2. Loss = gain/2 41.1% 45.0% 46.60% 354% 17
3. Loss = 0.4mm 31.5% 39.8% 38.1% 64.9% <.0001
4. %ds at fup > .9%DS pre 25.3% 16.1% 27.8% 9.2% <.0001

Restenosis definition 1 = diameter stenosis = 50% at follow up; 2 = loss = half the initial gain; 3 = loss = 0.4mm (twice the post-PTCA variability of CAAS [39];
4 = recurrence of stencsis to within 10% of baseline severity. BALLOON = balleon angioplasty; DCA = directional coronary atherectomy; LASER = excimer laser
coronary angioplasty; STENT = Palmaz-Schatz stent; MLD = minimal luminal diameter. %DS§ = percent diameter stenosis.



rigure 1. LINear regression analysis (and %> % contidence intervals), displaying the influence of relative gain on relative loss, Significant differences are
evident between groups in the rate of the relative loss response to increasing relative gain (p=.006). Balloon = balloon angioplasty; DCA = directional
coronary atherectomy; laser = excimer laser coronary angiopiasty.
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Binary Restenosis Rates (table 2)

Differences between the groups in binary restenosis depended on the detinition applied (table 2).
ELCAwas agsociated with the higbest frequency of a stenosis = 50% at follow up at 51%, tollowed by BA at
36%, DCA at 29% and PS stenting at 16% (p<.0001), although P§ had the greatest frequency of a loss =
0.4mm during follow up.

Linear regression analysis (figure 1)

Significant differences were detected between the device groups in the relative loss response to
increasing relative pain (p=.006, by analysis of variance; 0,61 in the DCA group, 0.57 in the ELCA group,
0.37 in the BA group and 0.33 in the PS group} and in the relative lumen at follow up response to increasing
relative gain (p=.003; -0.22 for ELCA, 0.01 for BA, 0.17 for DCA and 0.22 for P8).

Multiple Linear Regression Analysis {table 3, figure 2).

Inter-device differences in predicted angiographic resuits: Each of relative luminal gain, relative fumen pre and
lesion location in the LAD were tfound 10 be significant independent determinants of both refative loss and
relative lumen ac follow up. Having already controlled for the influence of vessel size, by virtue of the use of
relative parameters, no significant further independent influence of this parameter on outcome was noted.
Significant differences were obhserved between the devices with respect to the influence of relative gain on each
of relative loss and relative lumen at follow up (p=.02; reflected by the observed differences in the stopes of
the 3 dimensional regression planes, from right to left in figure 2), The priaciple source of this difference
uppeared to be between the BA and each of the ELCA (p<.0l) and the DCA (p=.04) groups, whereby, for
a given relative luminal gain, 43 % would be retuined as improved relative lumen at follow up it BA was used,
compared with 23% for DCA and 12% for ELCA. By PS, 41% of relative gain was predicted w be retained
as relative lumen ac follow up, which was not found to be statistically different from that predicted for DCA
and ELCA (p=.07 versus ELCA).

Comparison of estimated outcome between devices at the 3 pre-designated levels of comparison, as

already described, revealed the following: for "average intervention”, significant differences in model estimated
relative loss and relative lumen at follow up were detected between the device groups, primarily due to
significant differences betwesn ELCA and each of the other 3 groups (table 3b, figure 2); for "average
DCA/stent intervention”, PS was associated with less relative loss and greater relative lumen at follow up than
both ELCA (p<:.0001) or DCA (p=.01), also, each of BA and DCA were associated with superior [ate results
than ELCA (p<.0001 and p=.003, respectively). No significant difference in estimated outcome was observed
between BA and either PS or DCA {table 3b, figure 2). At the third predesignated level of comparison, thus
after "optimal intervention”, stmilar inter-group differences as in the previous comparison were evident and,
in addition, BA was estimated to be associated with less relative 1oss and a greater relative lumen at follow up
than DCA (p=.006).
Influence of totally occluded lesions: Due to the greater prevalence of totally occluded lestons at basetine in the
ELCA group compared with the others (table 2), patticularly DCA and PS, multivariate analysis was repeated
after exciuding such lesions from all groups, to be certain that the observed differences could not be explained
roerely by this factor. Of the 24 successtully treated totally occluded lesions in the ELCA group, 9 (37%) had
re-occluded gt follow up, compared with 59 of 286 (20%} in the BA group and 0 of 5 in the PS group.
Exclusion of totally occluded lesions at baseline from the population to be analyzed resulted in no fundamental
change in the findings of significant differences hetween devices in the influence of relative gain on outcome
and in estimated outconie, as described,

DISCUSSION

Restenosis rates
Contlicting findings regarding late angiographic results were evident from the use of different categorical criteria
for angiographic restenosis. Such disclosure is not new having been described many times in the past {29,47].
According to the widely used "diameter stenosis =50%" criteria, P8 stent implantation appeared to provide the
greatest 6 month angiographic results and ELCA the least, with BA and DCA in between.
These findings although not providing any instght to the problem or a possible mechanistic explanation, concur
quite well with the results of the more comprehensive multivariate analyses.
Simple Linear Regression - useful but incomplete information

In simple linear regression, the renarrowing response to increasing luminal enlargentent was found to
differ significantly between the groups, with the least favourable response displayed by the ELCA group (figure
[). The mast favourable outcome was predicted for the PS stent group, with [east increase in refative loss and
greatest increase in relative Jumen at follow up predicted, with increasing relative gain. In addition, at the 3
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Table 3 (a): Mulliple linear regression model to evaluate the influence of the device used [or intervention on estimated relative liminal loss
during lolfow up and relative lwnen at follow up, Opposite the independent variable “Device” 1, 2, %, are "p’ values representing analysis
of variance of eslinted RLoss and REfap between the 4 devices at the selected lovels ol comparison as described in the statistical inethods
section (' represents "average intervention”, ? represents "average DCA/stent intervention”, * represents "optimal intervention”. The
respective infliences of rekative gain and relative [umen pre on ontcome for each individual device are provided in the 4 x 4 tables
immediately helow the relevant term, The “p° values convey the probability of no additional influence on the model by addition of the
relevant independent varjable, afler all the others have aiready been entered. In the ¢ x 4 tabies, automatic pre-correction for mmltiple

comparisons has nol been applied.

Rel Loss (* = .14) RLFup (r* = .12} P
Device ! * * 0006
Device ? * * <0001
Device * * * 0007
Vessel size 0.00 0.00 .87
LAD 0.02 -0.023 .03
RLumen pre 0.32 0.68 <.0001
Relative Gain 0.61 0.39 <0001
Device x RG * * .02
Inter-group comparisons of the influence of RG on outcome :
Estimated RLoss Estimated RLFup PS BA DCA ELCA
PS 0.59 0.41 . 98 .10 07
BA 0.57 0.43 78 . 006 001
DCA 0.77 0.23 .10 .006 . .23
ELCA 0.86 0.14 07 001 23 .
Device x RLpre * * .23
Inter-group comparisons of the infiuence of RLpre on outcome :
Estimated RLoss Bstimated RLTFup PS BA DCA ELCA
PS 0,56 0.44 . .85 .20 .08
BA 0.32 0.68 .85 . .09 008
DCA 0.61 0,39 .20 .09 . 48
ELCA (.38 0.62 .08 008 48
Device x Vessel size * ¥ .56
Device x LAD # * 1
Table 3 (b}

Estimated relative loss and relative lumen at follow up for each patient group, according to the "centering”
procedures performgd, as described in the text, with inter group comparisons using a 4 x 4 table {p values are
not corrected for multiple compatisons), after :

(i) the "average intervention" : ic where a relative gain of 0.3 is achieved in a lesion with a relative lumen
pre of 0.,39, located in a 2,67mmn vessel,

Estimated R Loss Estimated RLfup PS BA DCA ELCA
PS 4,11 0.58 . .34 33 .006
BA 0.13 0.55 .34 . .80 .002
DCA 0,13 0.55 33 .80 . .02
ELCA 0.19 0.49 .06 .002 .02

(ii} the "average DCA/stent intervention" : ie where a relative gain of 0.44 is achieved in a Iesion with a
relive Jumen pre of 0.37, in a 3.12mm vessel.

Estimated R Loss Estimated RLfup PS BA DCA ELCA
PS 0.18 0.62 . 14 .01 <.0001
BA 0.20 0.60 14 . .08 <.0001
DCA 0.23 0.57 A1 .08 . .003
ELCA 0.31 0.49 <.0001 <0004 003

(iii) the "optimal intervention" : ie where a relative gain of 0.61 is achieved in a lesion of 0.39 refative Tumen
pre, located in a 3.2mm vessel,

Estimated R Loss Estimated RLfup Ps BA DCA ELCA
PS 0.28 0,72 . 73 .01 0006
RA 0.30 .70 73 . .006 .0003
DCA 0.36 0.64 .01 006 . .03
ELCA 0.47 0.53 006 0003 .03 .
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Table 4 (a). Repeat multiple linear regression amalysis, after exclusion of totally occluded lesions pre-

ingervention. Format s similar to table 3,

Device !
Device 2
Device 3
Vessel size
LAD
Relative Gain
RLumen pre
Device x RG

*
0.00
0.02
0.70
0.23

3

Rel Loss {r* = .14}
#

RLFup (& = .12)
*

*
®
0.00
-0.023
0.36
0.77

L

Inter-group comparisons of the influence of RG on outcome :

PS

BA
DCA
ELCA

Device x RLpre

0.56
0.59
0.77
0.89

-

Estimated RLoss

Estimated RLFup  PS
.44

0.41 85
0.23 20
0.18 03

*

Inter-group comparisons of the influence of RLpre on outcome :

PS

BA
DCA
ELCA

Device x Vessel size
Device x LAD

Table 4 (b}

0.56
0.23
0.61
0.69

1

#

Estimated RLoss

Estimated RLFup PS
0.44

0.77 .06
0.39 .92
0.31 .33
*
*

P

.06

.001

003

.31

0009

<, 000%

<.0001

.03
BA DCA ELCA
.85 200 .03
. 03 008
.03 . .48
08 A48

004
BA DCA ELCA
.06 92 .33
. 04 008
.04 . .26
008 26

.37

25

(i} the "average intervention" : ie. where 4 relative gain of 0.28 ig achieved in a lesion with a refative lumen

pre of 0.41, located in a 2.67mm vessel.

Estimated R Loss Estimated RLfup PS BA DCA ELCA
PS 0.12 0.57 . .65 A7 .04
BA 013 0,55 Nik] . .57 08
DCA 0.13 0.55 47 .57 . 09
ELCA 0.18 0.51 04 008 .02

(ii) the "average DCA/stent intervention" : ie. where a relative gain of 0.43 is achieved in a lesion with a
relative lumen pre of .37, located in a 3, 14mm vessel.

Estimated R Loss Estimated RLfup PS BA DCA ELCA
PS 0.18 0.62 . .06 .02 0061
BA 0.21 0.59 .06 . .34 002
DCA 0.23 0.57 .02 34 . .06
ELCA 6.29 0.51 .001 002 .02 .

(iii) the "optimal intervention" : ie where a relative gain of 0.61 is achieved in a lesion with a relative lumen
pre of 0.29, located in a 3.2mm vessel.

Estimated R Loss Estimated RLfup Ps BA DCA ELCA
PS 0.28 0.72 . .03 .02 0006
BA 0.34 0.66 .03 . 39 .009
DCA 0.37 0.63 .02 .39 . .06
ELCA 0.47 0.53 006 009 .06 .
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levels of comparison chosen, ELCA was associated with leyst favourable estimated outcome and PS stent the
mst favourable. These fimdings are strongly suggestive of differences between the device groups in renarrowing
response to luminal increase. However, because of the considerable differences in pre-procedural lesion severity,
epicardial location and coronary vessel size between the groups and the known confounding effects of these
factors on late angingraphic ouicome {10,14,25,26,42,44,48,49], emphatic conclusions would be premature
without taking account of these factors in multiple linear regression.

Luminal renarvowing and late anglographic outcome are influenced by the device used

Multiple lincar regression analysis confirmed the existence of significant differences between the
devices with respect to the renarrowing response to luminal increase at interveation, independent of variations
in vessel size, lesion severity or Iocation and luminal increase at intervention. Retrospective exclusion of totally
accluded lesions at baseline, on the grounds of significantly greater frequency in the ELCA group, did not lead
to any fundamental change in the differences found by multivariate analysis between ELCA and the other 3
groups, or to improvement in the overall predictive power of the model {although some changes in the tinal
model were indeed detected). Accordingly, the discussion will focus on evaluation of the complete lesion
populations, without this a priori stratification.

Evidence for device specific influence on late angiographic results was twofold. Firstly, comparison
of estimated angiographic results between devices at 3 pre-designated [evels of intervention revealed significant
differences, which became more apparent at increasing levels of relative luninal gain in Jarger vessel size (from
the "average" 10 the "optimal" intervention), In particulsz, PS and BA emerged with the most favourable
predicted angiographic results in the selected circumstances, Late results of ELCA were [east favourable af each
comparative level, Secondly, the influence of lmminal increase on late results differed significantly between
devices, whereby, for any given luminal increase significantly more favourable late angiographic results could
be anticipated by BA, than by DCA or ELCA. Thege findings confirm our previous reports of inherent device
specific effects on the restenosis process and late angiographic outcome [9,15,22,26-28] and prompt questioning
of the reported "generalized model” of restenosis after intervention [10,14,25], according to which, the device
used for intervention exerts no independent influence on late angiographic results.

Differences with previous studies

Althoughit is possible that ditferences in patient selection, demograplic tactors, interventional practices
and guantitative angiographic methodology, may contribute to the differing findings between ¢his and prior
studies {10, 14,25}, 3 methodological variations may also potentially explain the conflict. Firstly, in previous
studies, absolute coronary luminal measurentents were employed and the wide differences in coronary vessel
diameter berween patient groups treated by different devices [£0,14,25] may have exerted some confounding
influence, according to our recent report of the infloence of vessel size on late angiographic results [29]. A
priori normalization of key angiographic parameters for vessel size in this study adequately controlled for this
confounding influence. Secondly, prior studies did not specifically investigate potential differences between
devices by considering so called "effect modification” - by including "interaction terms” (as explained in the
statistical paragraph), in the multivariate models. Accordingly, if such differences did actually exist (4s we have
found here), they would not have been detected. Thirdly, we used the multivariate model to allow additional
and practically useful, if hypothetical, direct comparison of estimated outcome between devices, whereas
previous studies construcied models to allow prediction of the likelihood of "binary restenosis” trom the post
procedural result, based on the multivariate findings [10,25].

Clinical Implications: optimization of the acute result

Although our findings, of an independant inttuence of the device itself on late results, question the
universal applicability of the previousty reported "generatized model of restenosis" [10], in agreement with
previcus reports [7,9,10,25,26,29,48,50], we have also found that maximization of the acute regult tends to
provide more favourable late results. Accordingly, such an approach should be recommended as the practical
goal of all interventions (since it is predicted by our multivariate models that, depending on the device, 14% -

43 % of acute angiographic luminal increase will be retained as larger lumen at follow up). By the same token,
it must be acknowledged that such an approach does not actually "prevent restenosis”, but in fact provokes
remarrowing, because 57% - 86% of luminal increase (depending on the device) is subsequently "lost” as

fuminat renarrowing. Ultimately, optimization of the acute resulf is not a conclusive solution to restenosts,
merely creating a greater lumen to accommodate the inevitably greater degrees of subsequent renarrowing.
Thus, although the binary restenosis rate is perceptibly lower after stent implantation than baltoon angioplasty,
significantly greater measured luminal renarrowing develops after stenting (table 2). Moreover, from our
findings, it would appear that through systematic optimization of acute angiographic results, as has been
previously recommended [7,9,10,25,26,29,48,50], differences in late angiographic outcome between devices
become more apparent, thus, evaluation of current studies investigating the clinical value of optimal atherectomy
and steat implantation will provide interesting ratification of the predictive models we have used. 1 fact, recent
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Figure 22a. 3 d graphs of the multiple regression analysis (table 3), already used in chapter 10. "X’ axis = relative gain, *Z’ axis = relative loss, Y axis =
relative loss (figure 2a), relative lumen at follow up (figure 2b). Symbols represent parameter values at the three selected levels of comparison of outcome,
whereby, the dot represents "average intervention”, the diamond "average DCA/stent intervention” and the star "optimal intervention" {contd. on caption 2b).
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Figure 2b, {contd from 2a). "Average intervention" is in the centre of BA and ELCA planes, but below centre in DCA and PS planes, whereas "optimal
intervention" is at the upper extremity of the BA plane, but within one standard deviation in the PS plane. Balloon = balloon angioplasty; DCA = directional
atherectomy; laser = excimer laser. Loss = relative loss; Gain = relative gain; lumen pre = relative lumen pre; lumen f~up = relative Jumen at follow up.
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comparison of atherectomy with each of balloon angioplasty [26] and Paimaz-Schaiz stent implantation {51] in
lestons matched for the acute procedural result, as well as baseline severity, has shown significantly superior
late angicgraphic results by balloon angioplasty and stent implantation, supporting the findings of this study.
Inplications for interpretation of outcome of clinical trials and selection of devices for intervention

Since late angiographic results were predicted to be similar for PS and BA in this study, the reported
superior results after PS compared with BA in both the Benestent and Stress trials [23,24], may now be
concluded to be simpiy a consequence of the greater acute Juminal results achieved by stent implantation and
not because of any difference in actual restenosis propensity. Accordingly, for two rapidly emerging practical
reasons, stent implantation may soon be considered the device of choice above BA, when the choice exists.
Firstly, stent implantation, with or without adjunctive balloon dilatation, can consistently achieve optimal fuminal
results, whereas balloon angioplasty alone clearly cannot and the hypothetical "optimal intervention” for balloon
angioplasty is rarely observed. Secondly, studies with optimization of stent deployment [52,53], suggest that
stringent anticoagulation, which carries the considerable side effect of bleeding complications {23,24], may no
longer be required to combat the previously reported high risk of acute and sub-acute occlhsion [20].

Smce DCA was associated with less favourable predicted late angiographic results than BA in this
study, it could be speculated that in CAVEAT |7] and CCAT (8], its consistent achievement of greater acute
luminal results adeguately compensated for this apparently increased restenosis propensity, providing similar
late angiographic results for DCA as BA, as had been previousty described by our group, in a comparison of
martched coronary lesions |9]. Although optimization of the acute vesult by DCA was predicted to provide
improving late angiographic Tumen in this study, as previously reported [6,25,26], the main concern taised here
regarding DCA is the greater propeunsity to restenosis, compared with BA and PS stent. Namely, with
comparable increase in relative laminal gain, it DCA is used then 77 % of the increase will subsequently be lost
as lominal renarrowing, compared with 57 % for BA and 59% for PS), findings which, as previousty mentioned,
are in alignment with 4 recent comparative study |26]. The place of DCA in the interventional armimentarium,
thus, remains o be finaily clarified.

It would be foolhardy to suggest that there is no place for laser technology in interventional cardiology,
based on the findings of this stcly, since the technology and application methodelogy is continuously evolving.
In addition, its value in initially recanalizing unfavourable lesions has been well documented | 12,541, However,
the 37% reocclusion rate following recanalization of {otal occlusions by ELCA in this study and the
unfavourable late angiographic results in multivariate analysis, compared with the other devices, are not
encouraging for the particular approach employed in the patients described in this study (which was the
conventional therapy during the peried 1991-93). Combination therapy of successful recanalization of occluded
vessels by laser rechnology toliowed by opiimizadon of the result by stent implantation is a potentially
interesting area which remains to be clinically explored. However, it is more likely that newer treatment
applications, such as use of continuous local saline intusion during laser ablation but evens more importantly,
integral improvements in catheter design to improve light delivery and increase ablative power while reducing
trauma to the vessel wall.

Potential mechanistic explanations for differences in predicted outcome between the devices

Differences in distribution or influence of clinical or angiographic morphological factors between the
patient groups may theoretically influence outcome, but previous studies, including such variables, have not
shown any major confounding effects, which might distort the relationships demonstrated between the
angiographic parameters on which this study has been concentrated [9,10,25,26,42,44 48 49 55| ln particular,
a recent companson of fate clinical and angiographic outcome amonyg our patients with stable and unstable
angina treated by directional atherectomy revealed no significant difference in restenosis tendency [36].
Furthermie, the greater frequency of total occlusion at baseline in the ELCA and BA groups in this study did
not unduly influence the findings. Accordingly, we have focused on the principal gquantitative angiographic
factors which are known to exert fundamental infloence on late angiographic results.

(i) Rireological considerations - chronic recoil and vessel remodelling

[t must be stated at the outset that any mechanistic attespt to explaia {he observed differences in
predicted outcome would be somewhat speculative and is not based on the findings of this study, but rather
Tepresents an attempt (o undesstand the findings of is study, in the light of current knowledge and emerging
findings of ongoing investigations. Our hypothesis, based on experimental, pathological and ultrasound evidence,
is that since the mode of vessel wall injury imparted by the different devices appears to be considerably
ditferent, the "rheo-fibro-proliferative” response of the vessel also differs significantly, hetween lesions treated
by ditferent devices. Lo the first place, it is already aown that acate “elastic recoil”, which is an inherent
feature of BA [57-59] and thus aiso ELCA [34], is partially reduced by DCA |60} and virtually abolished by
PS 116]. Consequently, if "chronic elastic recoil” and late "vessel remodelling” are confirmed as important
tactors in late Tuminal renarrowing [61-64], it would be expected that devices with differing rheological etfects
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would produce differing late outcome, despite apparently similar acute angiographic resules (thus similar acute
luminal increase, in apparently angiographically similar lesions, could conclude in considerably different late
angiographic results, as has been tound by our multivariate models in this study).
(ii) Fibro-proliferative aspects of intimal response due ta device specific injuries

Secondly, if the major non-elastic component of renarrowing is fibroproliferative neointimal hyperplasia
anl if this is proportional to the degree of injury imparted during intervention [65], it seems logical that device
specific injuries may proveke particulate response levels, Ablation of tissue by ELCA, with generation of
shockwaves [66] and of vapour bubbles [67], can cause extensive intfimal dissection, medial necrosts and internal
elastic lamina abrasion [67,68] and ultraviolet radiation may be somewhat mutagenic [69]. Simikarly, excigion
of vessel wall components, with exposure of intramural tissue [5,6,48], as well as plague fracture, compression
and vessel stretching by DCA [3,4], might create greater injury to the vessel wall than the plague fracture,
compression amd vessel stretching caused by BA [3,4,5,70-72]. Stent implantation presupposes some of the
features of balloon injury, but creates a larger lumen of a mainly smooth asd circular contour [17-19].
Accordingly, it seems reasonable to speculate that these mechanistic differences may, at least partly, explain
the observed differences in predicted restenosis propensity and late angiographic outcome between the devices
studied here.,
Limitations

First, although most of the patients evaluated in this study were recruited during major multicentre
randomized trials and overall quantitative angiographic follow up was 93 % of eligible patients, this is ultimately
an ochservational sdy and final outcome certainfy requires verification through similar evalvations in
randomized comparisons of interventional devices. Second, it could be argued that specific lesion morphological
indications for the use of the 4 devices may differ considerably and so influence late results, however, we have
previously demonstrated that the principle angiographic determinants of late angiographic outcomeafter coronary
intervention are the quantitative angiographic parameters included in this study [9,26,42,44,48,49]. Third,
according o current interventional practice today, the post procedural resulis of DCA and stent implantation
might not he considered "optimal” and the paucity of lesions with "super-optimal” results may have affected
the reliability of the model in predicting late angiographic results for each device after optimal intervention.
Nevertheless, these angiographic data are comparable with those obtained in STRESS, BENESTENT, CAVEAT
and CCAT [7,8,23,24], thus representative of diverse multinational multicentre experience. Fourth, focusing
on angiographic parameters does not take account of the potentially confounding effects of clinical factors, but,
as previously stated, prier studies have demonstrated no distortion of angiographic relationships, when clinical
factors are included, so we feel justified in concentrating on the key angiographic parameters in this study.

CONCLUSION

Definite differences in the propensity to restenosis were detecied between patient groups treated by
Palmaz-Schatz stent implantation, directional atherectomy, balloon angioplasty and excimer laser coronary
angioplasty, independent of variations in lesion severity and [ocation, coronary vesset size and procedural
results. These differences, which may represent inherent device specific characteristics of the "rheo-
fibroproliferative” response to unique vessel wall injury, require further study in larger patient groups, ideally
with optimal interventional strategies and intravascular ultrasound evaluation, for corroboration and possible
mechanistic explanation.
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Conclusion, reflections and implications of
the findings in this thesis

Principal findings

Tu the fivst part of the thesis, it emerges that guantitative angiography does not help to identify patients
at greater risk of lesion related complications after angioplasty, nor does angiographic imaging per se seem to
be usefui for reliable identification of thrombus in the corenary lumen or for exclusion of the presence of intimal
dissection. Accordingly, it seems wise to apply angiography to Investigations in which it can provide the most
reliable, reproducibie and usetul information, thus, for the serial measurement of luminal changes as a
consequence of coronary interventions. With respect to important methodofogical aspects of the application of
quantitative angiography to investigation of resuits of interveation, particularly in the quantification of the
deterioration in the lumen of treated vessels - the angiographic evaluation of the process of restenosis - chapeer
4 demonstrates that quanticative analysis from multiple projections is necessary to provide reliable serial
measurements; the findings in chapter S are reassuring for the clinician, insefar as post-angioplasty angiography
is found to be as reliable for analysis as angiography postponed for 24 hours (despite the problems of intimal
dissection and contour haziness), and furthermore, no significant luminal deterioration is observed during that
time.

Scrupulous standardized quantiative angiographic analysis, of senial angiograms acquired according
to specific guidelines (as described in the early chapters of this thesis and emphasized in each chapter), in large
patient groups treated by different coronary devices, provided the substrate for the mvestigations described
throughoeut the thesis and particularly in part 2. Essentially 2 messages emerge from the investigations in part
2 ; firstly, among other important factors, coronary vessel size is found to be a fundamental determinant of the
fate angiographic outcome of intervention, whereby lesions located in larger vessels are inkerently associated
with a more favourable outcome, Accordingly, this factor must thus be taken into account in comparative studies
of the late results of intervention, between ditferent devices which may be systematically and preferentially
appiied to smaller or larger vessels, Secondly, use of comparative measures which control for differences in
vessel size, allowed demonstration of inrinsic differences in restenosis propensity between different
interventional devices - perceptible as varying levels of angiographic luminal loss atter similar levels of lnminal
gain in lesions of similar severity, location and vessel size. These differences in restenosis propensity are
speculated to be a consequence of the fundamesntally differing mechanistic effects of the devices, which resualt
in varying natore and degree of vessel wall trauma, through achievement ol given degrees of luminal
enlargement, thereby provoking inherently varying degrees of neointimal and/or remodelling response.

These device specific differences are essentially unveiled for the first time in collected studies in this
thesis, and it mast be stated that such findings do not meet with universal agreement. Other investigators have
reported in several studies, that the post procedural result is the principle determinant of late angioggaphic
outcome, regardless of the device used, implying that essentially the device used is irrelevant, as long as a
policy of maximization of the acute result is universafly applied. We believe e findings of chapters 8 to 11
in this thesis emphatically demonstrated that the device used actually exerts a sigaificant independent influence
on late results of intervention, and this must be taken into account clinically when choosing devices for
intervention.

Future interventional perspectives, in the light of these findings
BALLOON ANGIOPLASTY

What are (he clinical implications of device specific effects on restenosis, for the future use of these
different devices ? Firsily, it must be concluded that balloon angioplasty, according (o this scheme of things,
may have a limited future as an independent "stand alone” therapy in interventional cardiology. Now in 1995,
18 years after the first balloon angioplasty procedure, restenosis remains as big a problem as ever afeer balloon
dilatation and failure, sub-optimal results and acute vessel closure are still a real problem in a not inconsiderable
proportion of cases. Tn addidon, "plain old balloon angioplasty” does not have the capacity to consistently
provide "optimal” acute results, due to the natural phencmenon of elastic recoil, and if recotl is overpowered,
unwanted dissection of the vessel wall occurs {which, as seen in chapter 3, is more common than is
angiographically apparent and in chapter 6, is shown to be a strong predictor of unfavourable short term
outcome), In fact, with the type of "optimal” acute angiographic resuits which increasing numbers of clinicians
are now achieving through the use of stent implantation, the definition of what constitutes a "sub-optimal”
results will west probably change, because a "diameter stenosis less than 50% " may not for much Ionger be
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considered an acceptable definition of successful intervention. Requirement for a post-procedural result of less
than 20% diameter stenosis is already being applied in a number of ongoing clinical trials of directional
atherectomy (OARS, BOAT and EUROCARE) and stent impiantation (BENESTENT 11, MUSIC, MUST,
SOBIG, WEST). Thus, since the nature of the typical acute resuit offered by balloon angioplasty has not really
changed over the years, if the "goalposts” are moved, by a change in the definition for acute procedural success,
the frequency of so-called "sub-optimal " acute results of balloon angioplasty will probabiy considerable increase
in the coming years. This will lead {0 progressively greater use of steat implangation to provide “optimal” acute
results, so reducing the use of balloon angioplasty as a successtul "stand-alone" device, It seems certain
therefore, that the only manner in which balloon angioplasty can retain an importast place as a sole and
independently useful device in the interventional armamentarium is, if local delivery of effective biologicat
agents can : a) reduce recoil (for example "Biostent”, a compound directed at izhibition of actin
polymerization); b) perhaps "mend" intimal dissection (each of which would improve the acute result); and/or
¢) control the rheo-fibro-proliferative neointimal response to vessel wall injury, which would improve the long
term result. Tn other words, the "restenosis propensity” must be favourably altered, and according to our
methodological proposal, studies in this area may best be evaluated by using either the univariate relative
gain/reladive loss relationship, as described in chapter 2, or the multivariate approach used in chapters 7 - 11,
where additional confounding factors are also taken into account. (The concept of "primary angioplasty” for
acute myocardial infarction, may actually provide a new avenue of survival for conventional balloon angioplasty,
singe recently published randomized trials demonstrate significant improvement in survival after angioplasty
compared with "best thrombolysis®, although the long term results of such stedies, in terms of restenosis,
remain w he reported.)

DERECTIONAL ATHERECTOMY

Directional atherectomy does not emerge from these comparisons with a favourable protile in terms
of Testenosis propensity. Despite the attractive concept of plaque debulking, it is clear that this procedure
provokes extensive luminal renarrowing and even when achieving the same acute results as stent implantation,
a signifwcantly greater degree of restenosis is provoked, as observed in chapters 9 - 11. From the practical point
of view, despite what the greatest propenests of this device claim, it ts not really "directional" at this time, since
it cannot be consistently and retiably directed at the site of greatest plaque, as evident from the tissue removed
being frequently normal vessel wall structures, without atherosclerotic plaque. Accordingly, advances in catheter
design, to include ultrasound guidance allowing truly directional atherectomy and also the development of
forward-cutting, rather than side-cutting, catheters, will represent considerable advances, which would require
therough evaluation but might save this concept of plaque removal from being consigned to the scrap heap of
medical treatment philesophies, Optimization of the acute result of all atherectomy procedures by systentatic
balloon angioplasty is a fine and noble ides, but introduces considerable cost increases and does not solve the
problem of fibro-proliferative necintimal hyperplasia {encapsulated by the univariate or multivariate gain/toss
relationships demonstrated in chapters 9-11). The idea of adjunctive post procedural local drug delivery, may
be a theoreticaf consideration, but is not logistically or practically attractive and would lead o further spiralling
of costs per procedure. The future of directional atherectomy must therefore be constderwsd to be in serions
doubt at this time, without the technological advances mentioned, which, although exciting and promising, may
not, of themselves, reduce its restenosis propensity,

EXCIMER LASER

What about excimer laser assisted coronary angioplasty ? This device emerges from these studies with
a very poor prognosis for the future because of its apparently unfavourable inherent restenosis propensity and
requitement for systematic adjusctive halloon angioplasty, This statement must be qualified however, by
recognizing the evolution of procedural aspects of excimer laser therapy over the past 3 years, with the
intreduction of saline infusion at the catheter tip, to reduce the problem of fast imploding and exploding vapour
bubhle formation and their traumatic consequences, as well as the current ongoing renovation of catheter design
to provide homogenous light distribution (HLD} at the target site, which, the evidence suggests, may favourably
alter the tissne ablation/damage ratio, Imsinent clinical introduction of such catheters may provide a
metamorphosis in laser therapy from interventional villain to uitimate Liero. Certainly, the provision of a new
channel through totally occluded lesions or diffusely discased vessels, sufficient to allow introduction of a
dilating balleon, may be perceived as an important contribution to revascularization, but it is unlikely to be
sufficient to mandate the expense of this therapy, for most catheterization laboratories. In order to maintain a
place in the interventional arsenal, laser must provide more than a means to make a chamnel, so the clinical
results of new technology which claims to allow more tissue ablation with Iess tissue damage will be eagerly
awaited. 1f the slope of the relative gain/relative loss relationship (or loss index, as wsed in chapter 8) can be
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favourably affected by technological advances, then the status of excimer laser in intervention may well be
secure.

STENT IMPLANTATION

The stent, in general, emerges from these evaluations as the most ideal device of those compared. The
Wallstent treated lesions in chapter 10 are associated with significantly superior predicted late results in
multivariate analysis compared to the other 3 devices, However, before recommenting universal application of
this albeit extremely useful device, it must be remembered that these patients represent the "best case scenario”,
among the patients treated by Wallstent duzing the initial Buropean investigation of this device, all patients with
acute and sub-acute occlusion having been excluded (in the initial report in 1991, 21 % of patients experienced
presumed thrombotic occlesion iz the short term). Nevertheless, it can be concheded that when unfavourable
early events are avoided, the late results, in terms of reduction of angiographic restenosis propensity are
extremely favourable with this device and the currest policy of maximizing the acute result, with attendant
reported reduction in thrombotic events, should augur well for this stent in the future,

In the study described in chapter 10, the Wiktor stent had been implanted only for restenosis and quite
a high percentage of the patients presented with "unstable angina" (see chapter 10}, representing quite an
unfavourable combination, in terms of the tikelithood of subsequent luminal resarrowing. T¢ is thus perlaps not
& fair evaluation of the Wiktor stent to chastise it on the basis of the moderate results observed in this study,
comparel with the Wallstent and balloon angicplasty.

Palmaz-Schatz stent implantation provided significantly supetior angiographic and clinical results in a
direct comparison with directionat atherectomy in chapter 9 and is associated with the most favourable late
angiographic cutcome in the evaluation in chapter 11. The progressively more widespread use of this stent in
the last 2 years is therefore not surprising. However, like the other 2 stents investigated, the Palmaz-Schatz stent
is also assoctated with considerable degrees of luminal renarrowing, compared with balloon angioplasty, for
example, and it was mainly the ability to really provide greater acute results to compensate for the inevitable
luminal renarrowing, which constituted the advantage of this device.

Thus, stent implantation is also not the perfect intervention, since luminal renarrowing still represents
a considerable problem and reaches clinical relevance in 10 - 20% of cases (chapter 9 for exampte). This must
be considered to represent & major improvement over the 35 - 50% of patients conventionally reported to be
affected by clinically relevant "restenosts” following baltoon angioplasty therapy, but it remains a problem which
must and is being addressed by researchers in the area. In order to further reduce the restenosis propensity of
the stent, the concept of drug eluting stents, which deliver biologically active agents over a period of time to
inlithit the proliferative vessel wall response, represents an exciting avenue of hope and initial clinical results
of the BENESTENT 1T trial, evaluating a heparin coated Palmaz-Schatz stent for reduction of restenosis, are
very promising indeed. Additionally, the idea of biodegradable stents also coated with biologically active agents
is not far from being applied in the clinical avena and may introduce a new era in stent implantation. Also, local
drug delivery baltoon catheters may be used after stent implantation, just us after balloon angioplasty or other
procedures and may be of some interest for restenosts reduction. If these advances can turther reduce the slope
of the "gain/loss” relationship (as displayed in univariate form in chapters 2 and 7 and in 3 dimensional form
inchapters 7, 10 and 11), associated with stent implantation, then it may approach the description of the "ideal
device". It this were the case, then stenting would undoubtedly occupy the largest niche in the interventional
armamentarium and only unfavourable morphological circumstances would mitigate against universal use. The
challenge for the future for stent implantation, will thus partly focus on reduction of intimal hyperplasia, but
also on increasing the clinical applicability, for example in lesions located in, or distal to, tortuous coronary
segments, in (he presence of established coronary thrombus and, especially, in smaller vessels, which stifl
represent the majority of interventional practice (in chapter 7, more than 70% of lesions treated by balloon
angioplasty in 4 major clinical trials involving over 3000 patients were located in vessels less than 3mm, which
is still the generally accepted threshold for safe stent implantation).

Final reflections on the future for intervention and imaging
DEBULKING VERSUS DILATING - RESTORING OR RE-ESTABLISHING GLAGOVIAN BALANCLE 7

Tt 1s evident from the findings in dhis thesis that the search for the "holy grail” in the percutaneous
treatment of coronary artery disease is far from over, although considerable advances have been made in recent
years. Nonetheless, of the devices compared, stent implantation shows the most promise as the ideal device for
revascularization and further modification of its restenosis propeasity may be anticipated by addition of
antithrombotic or drug eluting coatings. Considerable technological improvements will be required if directional
atherectomy and excimer laser angioplasty are to retain an important rele in ceronary interventionand the future
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of balloon angioplasty as 2 sole interventional device nmust be considered to be limited, unless adjunctive
effective biolegical agents to reduce its restenosis propensity can be introduced in the near fature. However,
if we return to the fundamental pathophysiology of coronary artery discase and focus, in particalar, on the
phenemenon described by Glagov, of compensatory enlargement of the coronary arteries in response to
increasing plaque burden, it may be considered that the concept of debulking plague represents something
biologically more attractive {in allowing restoration of the "Glagovian balance"), than plague compression and
vessel stretching, by stent implantation (which may ¢hus establish a new Glagovian balance). It is as yet
unknown what happens to the plaque which is displaced, compressed or crushed by stent implantation, In
addition to the known tendency to neointimal hyperplasia within the stent, could this compressed plague alse
form a nidus for atherosclerotic advancement, which might stimulate further compensatory vessel ealargement,
or does it remain an "innocent bystander” ?. It must be remembered that debulking procedures up to now have
heen extremely crude and uncentroiled. The sequelae of accusate und optimal plaque debulking and of the
method of debulking {ablation versus excision), remains to be determined, so that this approach to coronary
intervention cannot yet be glibly dismissed, especiatly now, with the apparently imminent clinical introduction~
of exciting advances in the design of atherectomy and laser catheters.

CORONARY IMAGING - 15 QUANTITATIVE ANGIOGRAPHY A "BATTERED GOLD STANDARD" ?

Despite the increasing use of intracoronary ultrasound, quantitative coronary angiography cam continue
t0 play a key role in the evaluation of new approaches to coronary intervention and the investigation of
biological approaches to restenosis reduction, as long as technical advances in automated analysis algorithms
coutinue 0 be explored, validated and appropriately introduced (such as gradient field transtormation, aflowing
faithful border detection in complex and angulated lesions, a limitation of current systems), careful
standardization of image acqeisition in multiple projections continues to be sertally and consistently applied and
the data derived are intelligently and sensitively evaluated. Furthermore, since intracoronary ultrasound is even
more invasive than angiography, with introduction of a potentiatly traumatic guide wire and echo catheter, non-
invasive angiographic methods, particufarly Magnetic Resonance Tmaging and Emission Beta Tomography,
present the opportunity for a whole new era of contrast angiography, Tf further developments allow consistent
provision of sharply defined images of both the coronary vessel wall, as well as the lumen, to facifitate
automated quantitative analysis, the currently battered gold-standard would indeed have strack back at its critics
to re-establigh its rightful place in coronary imaging.
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