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Introducton & Oversew
Introduction and overview of thesis

Following impfantation of the first coronary stent in 1886 by Jacques Puel in Toulouse,
coronary stenting has, from a sequence of ptoneering registries in the late 1980Q's to an era
of randomized trials in the 1890's, come to adopt a prominent role in today's practice of
interventional cardiology. In its conventional naked metallic form, coronary stenting
represents a mechanical approach to a biological problem. When appropriately deployed,
the coronary stent can tack back dissections and restore normal flow in vessels with
threatenad or acute closure and provides a means to optimize elective angioplasty of
primary and recurrent stenoses in both native coronary arteries and aorto-coronary vein
grafts by enforced remodelling.

Much of our current understanding and expectations from coronary stenting has been
derived from extensive experience with three primary stent prototypes, namely the Palmaz-
Schatz (a balloon-expandable mesh stent), the Gianturco-Roubin (an unsheathed balloon-
expandable coil stent), and the Wallstent {a sheathed self-expanding mesh stent with coil-
like fiexibility). The last few years has witnessed in addition to modifications of the above
prototypes, the intreduction of a new generation of stent designs with variable emphasis
on low metallic surface area, low balloon-mounted profile, flexibility, and radiopacity. With
such a variety of structural designs and such a spectrum of coronary lesions amenable to
stenting, it is likely that each new stent will have to prove its own indications and niche,
Instead of comparing the efficacy of each stent design with conventional balloon
angioplasty, new stents will soon have to demonstrate their efficacy relative to previously
established stents.

Our evaluation of coronary stenting has been primarily through the recording of hard clinical
endpoints (reintervention, bypass surgery, myocardial infarction, and death) and through
the technique of quantitative coronary angiography {QCA}. QCA provides, at the time of
the interventional procedure, guidance of optimal stent deployment and allows
quantification of acute fuminal gain and acute recoil following stent implantation. At
angiographic follow-up, QCA provides a measurement of intrastent restenosis in addition
to changes In vessel calibre proximal and distal to the stent.

The decision on whether or not to stent during an interventional precedure is frequently
based upon the angiographic findings alone in the absence of {and to prevent} any clinical
deterioration of the patient. The documentation by QCA of a residual stenosis post
intervention (the suboptimal result) or the progressive deterioration in the minimal luminal
diameter of a threatened vessel closure may provide an indication to stent. Once
committed to stenting, QCA facilitates precise sizing of both the diameter and length of
the selected stent, QCA of both the inflated intrastent balloon and the resultant stented
lumen allows the sensitive detection of points of residual luminal narrowing and guidance
of additional high pressure intrastent balioon inflations.

The recent introduction of on-line QCA 1o nearly all interventional suites, has contributed
significantly to the transformation of the previous art of coronary stenting of the 1980's
associated with an unfavourable rate of subacute stent thrombosis and restenosis to the
current practice and science of QCA-optimized stenting characterised by a large acute
luminal gain often with a negative residual diameter stenosis and consequent low rate of
subacuts stent thrombosis and ability to accommodate intimal hyparplasia over the ensuing
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six month period. In addition to complementing clinical cbservation, QCA has in multicenter
stent trials served as a surrogate for clinical endpoints, Such a surrogacy is of increasing
importance as the incidence of hard clinical events post stenting continues to fall and the
era of randomized trials for the comparison of stents of different design is dawning. The
reliability and validation of QCA thus becomes of fundamental importance for both the
optimal practice and scientific evaluation of coronary stenting.

Part | of this thesis addresses the reliability of the methodology we currently use to
evaluate coronary stenting, namely QCA. The reliability and validation of quantitative
angiographic measurements and the validity of clinical surrogacy by QCA for coronary
interventional trials are examined, while Part Il of this thesis reports the results of
quantitative angiographic and clinical evaluation of the acute and long-term outcome of
both elective and bailout stenting of native coronary arteries and the primary stenting of
aorto-coronary vein grafts. -

In chapter 11, we report for the first time our results of three studies { {i) on the discordance
and surrogacy of clinical events and QCA, {ii} catheter calibration for QCA measurements,
and (iii} the application of the technique of signal-averaging for the analysis of analogue
video data) conducted over the last two years to evaluate quantitative coronary
angiography. The validity of utilising QCA as a surregate for clinical endpoints is analyzed
with cumulative frequency curves by the comparison of the minimal luminal diameter at
angiographie follow-up in patients with and patients without clinical end-points who have
participated in multicenter interventional trials of balloon angioplasty and coronary stenting.
On the basis of the relationship between clinical and QCA endpoints and the recent insights
provided by our matching studies and by intracoronary ultrasound, a strategy for the design
of sequential restenosis prevention studies is proposed. In chapter |l we also report the
resuits of a study on catheter calibration adding more data to the ongoing controversy on
whether catheter calibration of QCA measurements should be performed on the catheter
in the contrast-free or contrast-filled state. Furthermore in chapter I, the value of
conventional statistical parameters for the reporting of validation studies is critically
appraised, the current shortcomings are expounded with the aid of hypothetical validation
results, and a new approach for the reporting and interpretation of QCA validation studies
is proposed and applied to the results of one of our most recent comparative validation
studies. Finally in chapter ll, we report the results of our application of the technique of
signal averaging in an attempt to increase the sighal to noise ratio of analogue angiographic
images recorded on videotape for QCA analysis. In-vitro stenoses of known diameter were
recorded at reduced speed in edge-enhanced and in unfiltered modes on videotape at four
different catheterization laboratories. With the use of a multiple frame grahber and
customized digital signal averaging software, the potential applicability of the techmque
was evaluated. .

in chapter lll, the results of a comparative study evaluating the performance of 10 QCA
systems at major core laboratories in North America and Europe are reported. A
standardized set of cineangiograms of intracoronary phantom stenoses were analyzed at
each {aboratory in an objective and user independent manner. N¢ system was found to be
perfect and all systems demonstrated both random as well as systematic errors. A global
tendency to underestimate large luminal diameters and to overestimate small luminal
diameters by all QCA systems was revealed.

In chapter IV, we report the resuits of an attempt to overcome the overestimation of smatl

luminal diameters by the introduction of a dynamic edge detection algorithm with variable
weighting of the first and second derivative and variable kernel size of the derivative
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operator. The experimental algorithm was evaluated on a set of in-vive phantom stenoses
with a range of 0.5mm to 1.9mm. On the basis of the promising results it is conceivable,
that the conventional approach of a fixed weighting of the first and second derivatives for
all QCA measurerments may be inappropriate, and that overestimation of small diameters
may ba solved by increasing the wesighting of the first derivative and reducing the kernel
size of the derivative operator and similarly underestimation of large diameters might be
addressed in the future by increasing the relative weighting of the second derivative.

With the advent of coronary stents and the "bigger is better policy", larger minimal luminal
diameters are now being achieved by coronary interventional procedures compared to the
results previously achieved by balloon angioplasty alone, To date no in-vive model has
allowed the evaluation of QCA performance in the range of jumen diameters encountered
by stenting. In chapter V, we report a new technique for the delivery of coronary "stent
stenoses” for the evaluation of QCA measurements of large luminal diameters in pigs.
While our previous technique of intracoronary insertion of phantom stenoses required the
permanent attachment of double lumen plexiglass channels to the tip of a Fogarty catheter,
we devised a new technique based on the principles of coronary stent dslivery, Single
channel stenoses were mounted on a compliant balloon catheter. Prior to the introduction
of the balloon-mounted plexiglass stenoses through the carotid sheaths of anaesthetized
pigs, the balloons were inflated at low pressure within the stenoses to produce a firm
dumbell fixture with subsequent secure and effective delivery of the stent stenoses to the
coronary arteries, Deflation and subsequent withdrawal of the mounted balloons altowed
the acquisition of angiographic stenosas of up to 2.9 mm for the evaluation of QCA
performance.

Quantitative coronary angiography can be performed by two basic techniques, geometric
(the edges of the vessel are detected in two dimensions) and densitometric (the relative
brightness intensity of the vessel is guantified to provide a three-dimensional estimation
of cross-sectional area from a single view)}. In chapter VI, we compare the measurements
provided by these two QCA techniques with the measurements provided by intracoronary
ultrasound In patients undergolng coronary interventional procedures.

Having validated our primary methodological technique for the evaluation of coronary
stenting, Part Il of this thesis proceeds with the sequential evaluation of the stents
currently available for clinical evaluation. In chapters Vi - IX, the Wallstent is evaluated,
in chapter X the Palmaz-Schatz stent, in chapter X! and Xl the Gianturco Roubin stent, in
chapter Xlil the bailout stent, in chapter XIV the AVE Micro stent, in chapter XV the Wiktor
stent and Wallstent, and in chapter XV! the Cordis stent. In chapter XVIi the mechanical,
radiographic, and angiographic characteristics of all currently available stents including the
ACS Multilink stent are quantitatively compared and finally in the concluding chapter,
{chapter XVIll) a potential clinical niche for each stent design is proposed.

The European registry of coronary Wallstent implantation in the 1980's reported a high rate
of subacute thrombosis which was felt to relate in part to the high requirement for multipie
stents and thus result in the delivery of a higher metallic {and thus potentially
thrombogenic} burden. This arose from a major degree of lengitudinal shortening upon
aexpansion of the Wallstent, To address this limitation, the design of the Wallstent was
changed to produce the new Less Shortening Wallstent {LSS). These changes in structural
design and insights gleaned from the previous European muiticenter registry data are
presented in detail in chapter Vil

Concerns over the potential longterm sequelae of a foreign body in the coronary vessel wall
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have been expressed over stenting throughout the last decade and restraint in elective
stenting urged until such data becomes available. In collaboration with Jacques Pue! and
his team in Toulouse, the long-term quantitative angiographic outcome of patients who
received a Wallstent in the mid 1980's including the first patient ever stented is presented
in Chapter VIll. The quantitative angiographic results are compared with those of the acute
procedural and 6 month angiographic follow-up and are found to be most encouraging.
The results indicate that, as with balloon angioplasty the restenosis process following stent
implantation appears to be a time limited phenomenon, that progression of intrastent
atherosclerosis is not accelerated, and that the ostia of side branches "jailed" by the mesh
of the Walistent remain patent. Such reassuring data suggests that the development of
biodegradable stents may not offer many long-term mechanical advantages over coated
metallic stents beyond the advantage of providing a greater reservoir for prolonged slution
of pharmacological agents.

In chapter 1X the rasults of the first evaluation of the new Less Shortening Wallstent are
presented from a multicenter safety and feasibility study in coronary vein grafts taking the
new Wallstent design off from the bench top and into the clinical arena.

In the BENESTENT trial, elective implantation of the Palmaz-Schatz stent was shown to
convey an improvement of both clinical and angiographic outcome compared to
conventionat balloon angioplasty. In chapter X, the impact of vessel size on clinical
outcome is examined for the stent and balloon populations of BENESTENT. Using both a
logistic regression {continuous) as well as a categorical approach, it is determined that
stenting in vessels below 3.0mm conveys an increased risk of subacute stent thrombosis
and an increased number of clinical events in the 12 month follow-up period. Furthermore,
the interaction of vessel size and stent : vessel ratio on outcome is analyzed using a
multivariate approach. The study provides clinical guidelines on the range of vessels
suitable for stenting as well as directions for stent sizing under the guidance of on-line
QCA.

The Gianturco-Roubin stent is a flexible coil stent with transversely oriented struts. In
chapter Xl the expansion and distribution of recoil following Gianturco-Roubin stent
deployment are examined in a detailed quantitative angiographic analysis. A policy of stent
oversizing and use of an additional high pressure intrastent inflation with a non-comptiant
balloon are recommended to compensate for recoil and improve the acute angiographic
result.

In chapter Xll, the GRACE trial {Gianturco-Roubin stent in Acute Closure Evaluation}, in
which the author of the thesis has been integrally involved over the last two and half years,
is reviewed. The substrate of the trial - acute and threatened closure following angioplasty
is reviewed and the relative efficacy of bailout stenting versus repeated prolenged balloon
inflation are compared by a review of the literature. The concept of the "pre-study" for the
screening and learning curve of investigators with the Gianturco-Roubin stent deployment
technique and the concept of the "rolling protocol” design with periodic updates in an
attempt to ensure that, when reported, the results of the randomized trial have implications
for current clinical practice with optimal stent sizing and evolving approaches to
anticoagutation and antiplatelet therapy. In chapter Xill, the current concepts and
chaillenges of bailout stenting are addressed and the inherent difficulties of hard and soft
criteria are discussed with implications for future clinical trials,

The AVE Micre stent represents a new direction in stent design. lts short size and
radiopacity render it ideal for exquisite positioning under radiographic guidance in ostial
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lesions as a singte device, and for improving the inflow and outflow of longer stents as a
complementary device in multiple stenting. In chapter XIV, we report our experience with
this new stent primarily in the domain of multiple stenting of long and complex coronary
dissections,

In chapter XV, the gain loss refationship and luminat renarrowing process following Wiktor
stent and following Wallstent implantation are studied and compared with results obtained
with balloon angioplasty and directional coronary atherectomy by the technique of linear
regression analysis after normalization for vessel size.

In chapter XVI, the problem of restenosis assessment within the new radiopaque tantalum
Cordis stent is assessed by intracoronary ultrasound and by quantitative coronary
angiography using both geometric and densitometric techniques.

In chapter XVl the quantitative mechanical, radiographic, and angiographic characteristics
of each of the currently available coronary stents are compared. To determine in a
standardized and uniform manner the relative compliance and radial force provided by each
stent design, we designed a customized bench-top stent compliance measurement device.,
Pressure-compliance curves wera created for each of the stent designs. While the AVE
Micro stent was found to provide the greatest radial force, the Wallstent was found to be
the most compliant. To determine the relative radiopacity of each stent we performed
densitometric analysis on an alignment of all stent designs and found the ACS stent to be
the most radiolucent and the Cordis stent to be the most radiopague. We subsequently
compared the influence of each of the stents on the reliability of automated. quantitative
angicgraphic measurements. These characteristics are of relevance for QCA as well as for
ease of precise positioning of each stent under radiographic guidance.

n the concluding chapter, (chapter XVHI) the characteristics and substrate of each of the
current clinical indications and coronary lestons for stent implantation are evaluated with
specific reference to their stent requirements. The suitability of each stent design to match
these interventional requirements are reviewed on the basis of the findings of this thesis,
on the basis of clinical experience, and on the basis of published studies. Finally the
advantages and disadvantages of each stent are discussed a potential clinical niche for
different stent designs is proposed.

Coronary stenting has in ten years come a long way, As coated and drug delivery stents
now undergo clinical evaluation and the era of randomized trials comparing stents of
different design for each clinical indication is dawning, it is becoming clear that coronary
stenting is here to stay.
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Chapter Il

Quantitative coronary angiography:
An integral component of interventional cardiology.

David Keane, Patrick W Serruys,

In: Topol EJ, Serruys PW (eds).
Current Review of Interventional Cardiology, 2nd edition. Current Medicine, Philadelphia USA.
1995;205-233,
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QUANTITATIVE CORONARY
ANGIOGRAPHY

Since the development of semiautomated quan-
titative ventriculography by the use of the first
and second derivatives of the brightness profile
by Slager and coworkers [1-3] in the mid 1970s,
the application of these principles and the con-
version from analogue to digital processing for
the development of sermiattomated quantitative
coronary angiography (QCA) by Reiber and
coworkers [4] in the late 1970s, and the clinical
application of QCA to interventional cardiclogy
in the early 1980s by Serruys and coworkers (5],
QCA has undergone a series of refinements,
These include reduction in processing time;
more user-friendly hardware and software; more
versatile handling capabilities—not only for
cineangiograms but also for angiographic
images stored on analogue videotape and onx a
variety of digital storage and media formats;
techniques for isocentric calibration [6); three-
dimensional reconstruction of biplane
angiograms [7]; and more sophisticated edge
detection algorithms {8]. Perhaps the most excit-
ing refinement over the past decade has been
the provision of on-line QCA.

The development of QCA has paralleled our
advances in interventional cardiology and has
contributed significantly to our current under-
standing of coronary artery disease. The replace-
ment of visual assessment by semiautomated
QCA for the conduction of scientific studies was
both timely and welcome [9,10,11¢]. By provid-

CURRENT REVIEW OF INTERVENTIONAL CARDIOLOGY

ing computerized, objective, and reproducible
measurements of coronary luminal dimensions,
QCA offered a scientific medium for the study of
acute procedural results and serial changes over
medium-term (6 months) and fong-term follow-
up. In particular, changes in the ahselute mini-
mal luminal diameter (MLD) have been utilized
for the study of acute luminal gain and subse-
quent restenosis following coronary interven-
tional procedures and changes in the mean
Iiminal diameter have been utilized for the
study of progression-regression of coronary
artery disease [12]. Following the establishment
of off-line QCA as a reliable research tool, on-
linre QCA was adopted in routine clinical prac-
tice to guide coronary interventional proce-
dures, Its virtually ubiquitous availability in
modern interventional suites has allowed the
application of interventional principles, such as
“the bigger, the better,” learned from off-line
QCA analyses and device sizing using on-line
QCA has now becoine an accurate science
rather than subjective art,

With the advent of complementary or com-
petitive imaging modalities (intracoronary ultra-
sound, angioscopy, intracoronary Doppler, mag-
netic resonance imaging, ultrafast computerized
tomography and three-dimensional cchocardio-
graphy) for coronary luminal quantification,
defense by QCA of its title, the gold standard for
scientilic research and subsequent growth of its
role in clinical practice will become critically
dependent upon the demonstration of superior
reliability of QCA measurements, Given that QCA

MLD follow-up
placebo

TABLE 12-1. NEGATIVE QUANTITATIVE CORONARY ANGIOGRAPHY RESULTS FOR THREE
PHARMACOLOGIC TRIALS ON RESTENOSIS PREVENTION AFTER BALLOON ANGIOPLASTY*

MLD follow-up
active Rx

Loss
active Rx

Loss
placebo

Study Patients, 1 meanx SD (range} meanx SD (range) meanz SD (range) meanz SD (range)
CARPORT 522 146+0.5%2 mm 1.49£0.58 mm 0.31x0.54 mm 0.31£0.55 mm
(0.00-2.95) (0.00-3.15) {-1.09-2.89) (-0.71-2.54}
MERCATOR 595 [.48+0,54 mm 1.5440.54 mm 0.29+0.49 mm 3.27=0.51 mm
(0.06-3.15) (©.00-3.15) (-1.04-2.29) (-0.99-2.26}
PARK 592 1.44£0.58 mm F43+0.62 mm (240,52 mm 0.27+0.49 mm
(0.00-3.41) (0.00-3.57) (-0.81-2.29) (-1.16-2.21)

*Note the relatively high standard deviation of the measurements which incorporates the variability of quantitative coronary
angiography (QTA) measurements (£0.20 mm) as well as the clinical range of vutcome following intervention (;anglng
from total occlusions to an increase in minimal luminal diameter [MLD) at follow-up [=3.5 mm]}.

20
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necessitates the performance of repeated inva-
sive pracedures, and yet does not provide direct
data on the vessel wall, it is unlikely that the cuz-
rent dominant role of QCA will survive into the
next decade, Given that 1) 18 years following the
introduction of interventional cardiology, its
overwhelming limitation continues to be the
bane of restenosis, and 2) that angiographic pre-
dictors of primary procedural success and com-
plications are primarily derived from the art of
qualitative angiography [13-21] rather than the
science of semiautomated quantitative angiogra-
phy, this chapter reviews the insights provided
by, the current limitations of, and the challenges
ahead, for QCA in interventional research and
practice.

exert any detectable effect on luminal loss at fol-
low-up as assessed by QCA (Table 12-1) has
been disheartening in view of the promising
results of preclinical in vitro and in vivo studies.
The disappointing angiographic results of these
trials threw into question the ability of QCA to
detect minor differences in study populations
(hecause of the random and systematic errors of
QCA measurements), Of some restoration of
faith in QCA, in addition to being angiographi-
caily negative, these trials also failed to detect a
difference in clinical outcome between the
actively treated and control patients. Although it
should be acknowledged that the power calcula-
tions of these trials were based on QCA-derived
primary endpoints and not clinical event rates,
In support of the tenet that QCA presents a
reliable surrogate for coronary events, a sub-

QUANTITATIVE CORONARY analysis of the MERCATOR study population
ANGIOGRAPHY IN CLINICAL demonstrated an association or coupling
RESEARCH between the QCA-derived parameter, minimal

QCA As A SURROGATE FOR CHINICAE EVENTS
iN THE STUDY OF RESTENOSIS FOLLOWING
CORONARY INTERVENTION

STUDIES OF PHARMACOLOGIC AGENTS FOR
THE PREVENTION OF RESTENOQOSIS

Over the past & years, a significant number of
scientifically conducted trials on the prevention
of restenosis following coronary intervention
using QCA endpoints as a surrogate for clinical
events have been entirely negative [22-28]. The
failure of the tested phamacologic agents ta

luminal diameter (MLD) at follow-up and the
clinical event rate [23]. MLD at follow-up was
divided into quintiltes and a patteri of decreas-
ing MLD with increasing coronary events and
decreasing exercise test performance was
demonstrated (lable 12-2) [23].

To further test the validity of using QCA as a
surrogate for clinical events in restenosis preven-
tion studies following coronary intervention, we
can compare the QCA results of those patients in
whom a major clinical event (reintervention,
bypass surgery, myocardial infarction, or death)
ocurred with QCA results of those patients in

Exercise test, n (%)

TABLE 12-2, PROGNOSTIC VALUE OF THE MLD AT FOLLOW-UP IN 595 PATIENTS
IN THE MERCATOR TRIAL DIVIDED INTO FIVE EQUAL GROUPS*

Clinical events, n (%)

MLD <1 mm ST =1 mm ST

follow-up,  change and  change and

mm no chest pain  chest pain Mi Reintervention  Angina None
<1.10 70 (75) 24 (26) 5(4) 49 (41) 24 (20) 41 (35)
1.10-1.39 88 (88) 12{12) 1{1) [8(I5) 2521 74 (63)
1.40-1.63 103 (90) 11 2{2) 10 (8) 31(26) 77 (64)
1.64-1.91 99 {93) 8{7 1{1) 7 (6) 21 (15) 89 (75}
21.91 P11 (98) 2(2) (1 7 (6} 18 (15) 94 (78)
Total

patients 471 57 10 91 119 375

*A refationship between the quantitative coronary angiography-derived variable, MLD at follow-up and baih functional perfor-
mance and clinical events is apparant, Mi—myocardial infarction; MLD-minimal luminal diameter. From {23); with permission.
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whom a clinical event did not eceur (Figure 12-1}.
Despite faiture of QCA to detect an effect of the
pharmacologic agents on luminal narrowing, it is
clear in Figure 12-1 that QCA is effective in the
separation of clinical-event-pasitive and clinical-
event-negative patient groups. In three drug stud-
ies the difference in mean MLD between the clini-
cal-event-positive and the clinical-event- negative
patients was (.37 mm for CARPORT (P = 3.E13);
0.42 mm for MERCATOR {P= 6.BE1%); and 0.51 imnm
for PARK (P = 3.E). For patients who received a
Palmaz-Schatz (Johnson & Johnson, USA) stent in
the BENESTENT study, the difference in MLD
between the clinical-event-puositive and the clini-
cal-event-negative patienls was even more stitk-
ing, 0.86 mm (P = 2.5, These differences offer
further support to the validity of including QCA
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endpoints as either primary or secandary end-
points in the study of medium-term owtcome fol-
lowing corenary interventional procedures,

SHOULD QCA BE EXPECTED 'TO DETECT A
PITARMACOLOGIC REDUCTION OF RESTENG-
SIS FOLLOWING BALLOON ANGIOPLASTY?

To address this important question the following

points should be considered.

1. The reproducibility ol analyses of serial angio-
graphic studies in a given static patient popu-
lation for a QCA system (which is currently in
use at a core laboratory for the analysis of
multicenter restenosis trials) has been
assessed in two recent studies [11,29]. In both
studies this clinical reproducibility has been
shown to be + 0.20 mm. This figure would be
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Figure 12-1, Quantitative coranary angiography (QCA) in
the differentiation of event positive and event negative
patient groups in CARPORT, MERCATOR, PARK, and
BENESTENT. To test the validlity of using QCA as a surro-

gate for clinical events in restenosis prevention studies, we

compared the QCA results of those patients in whom a
major clinical event {reintervention, bypass surgery,
myocardial infarction, or death) occurred with the QCA
resuits of those patients in whom a clinical event did not
occur, The patients were taken from three neutral pharma-

cologic studies (CARPORT, MERCATOR, and PARK and
from the patients who had received a stent in a positive
device randomized trial (BENESTENT). QUA was highly
effective in the separation of the clinical event-positive
and clinical event-negative pativnt groups. These differ-
ences (Up to 0.86 mm in BENESTENT) Jend support {or the
palicy of including QUA endpoints as either primary or
secondary endpoints in the study of medium-term out-
came following coronary interventional procedures,
F-up—follow-up; MLD—mirimal lumen diameter.
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expected to be significuntly higher in the
absence of the controlled angiographic condi-
tions of a prospective clinical trial coordinated
by a core angiographic laboratory.

2. The average loss in luminal diameter at 6-
month angiographic follow-up of patients
treated by balloon angioplasty is approxi-
mately 0.30 mm [22-25].

3. If clinically effective, a pharmacologic agent
that blocks one or more steps of the biologic
cascade that leads to intimal hyperplasia
might be expected to result in a 25% reduction
of luminal loss at 6-moenth angiographic fol-
low-up. The figure for estimated reduction of
25% is based on the probability that a drug, if
highly effective, would reduce intimal hyper-
plasia by 50%. Given the recent evidence from
intracoronary ultrasound (ICUS) studies by
Mintz and coworkers [30] and ongoing work
at the Thoraxcenter, indicating that intimal
hyperplasia composes only 40% to 56% of the
luminal renarrowing following coronary bal-
loon angioplasty while the remainder of the
renarrowing consists of late constriction of the
vessel, a 26% reduction in huninal renarrow-
ing is at teast reasonable if not optimistic.

4. The natural variation in a patient population
with 6-month angiographic results is large,
ranging from a total occlusion at follow-up
(MLD = 0 mm) to an increase in ML during
follow-up by remodelling (MLD > 3.5 numn).
This has resulted in a standard deviation of
MLD at follow-up for trealed and control
patiertts of more than + 0.5 mm.

5. Thus, in the conduction of restenosis trials we
are expecting QCA with, at very best, a clinical
reproducibility of + 0.20 mm, to be able to
detect a difference of 0.06 mm {equivalent to
the size of one pixel on QCA systems offering
a high resolution and less than one pixel in
ather QCA systems) between the widely rang-
ing (0 mm > 3.5 mm) treated and control
patient groups.

It could therefore be proposed that we possi-
bly are expecting too much by relying on QCA to
detect a pharmacologic effect on restenasis fol-
lowing balloon angioplasty. Can we continue to
justify the execution of further trials testing sin-
gle pharmacologic agents on the prevention of
restenosis following balloon angioplasty, know-
ing that it is highly unlikely that such drugs will
reduce late vessel wall constriction?

In view of the above concerns, we should
reconsider the applcation of QCA in studies on
restenosis prevention. What measures can we

take to increase our ability to detect a pharma-
cologic effect on restenosis?

Can we improve on the reproducibility of seri-
al QCA analyses? A series of practical measures
can he demanded by the core laboratory in the
conduction of randomized angiographic trials to
reduce the variability ef radiographic acquisition
and subsequent analysis, An outline of these mea-
sures is provided later in this chapter. Radiograph
technology and image quality are continuously
improving with each new generation of equip-
ment. The resolution of digitally stored images has
now greatly increased and in most systems the
focal spot size can now be reduced to 0.4 nun,
Although the tube would expire more quickly due
to overheating if the focal spot was alwvays set at
the smallest setting, it might be reasonable to
request that all angiograms for QCA trials be
recorded using the smallest focal spot. This mea-
sure should reduce the point spread function and
should thus reduce the tendency to overestimate
suiall uninat diameters by QCA. All QCA systems
undergo a continuous process of validation at core
laboratories and subsequent refinement of algo-
rithims and recalibration. The contribution of hoth
the hardware components as well as the software
algorithuns should be considered as potential
points for technical improvement in QCA perfor-
mance. QCA validation is discusscd later in this
chapter. Can we improve on our pharmacologic
strategies? Given the muttiple pathiways and phas-
es of biologic cascade of restenosis, it is likely that
only a combination of several drugs targeted for
and administered during the different stages of
the restenosis process will prove to be finally effec-
tive. Can we increase the substrate of our clinicai
model for the testing of potential restenosis pre-
ventative therapies? To determine whether bal-
loon angioplasty provides the optimal substrate,
we need to review the insights provided by QCA
on luminal renatrowing following the application
of different coronary interventional devices.

THE IDEAL CLINICAL MODEL FOR TESTING
RESTENOSIS PREVENTATIVE THERAPIES!
InSIGHTS PrOVIDED BY QUCA AND
MATCHING

Analysis of QCA data from interventional studies
using matching [31-35] as a surrogate for ran-
domized trials has provided us with an accurate
predictor of outcome of subsequent randomized
trials and offers an effective mechanism for
power calculations of prospective trials. For the
testing of a specific hypothesis, the process of
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matching can at times provide a more pure and
effective model than a prospective clinical trial,
as confounding variables can be removed pro-
vided that the pool of patients from which the
ideal matches are selected is sufficiently large.
Matching can overcome some of the inherent
limitations of prospective randoinized trials. For
instance, in a prospective randomized trial it is
difficult to decipher whether the greater resteno-
sis after atherectomy or other device compared
with balloon angioplasty is a result of the greater
acute luminal gain or due to the mechanism of
gain. In our most recent matching study we have
demonstrated that not only does luminal loss
increase with increasing extent of luminal gain
[34,36] but also that luminal loss varies accord-
ing to the mechanism of luminal gain {35]. Using
the same QCA system that measured an average
loss following balloon angioplasty of 0.30 mm as
described above, we had previously found that
the luminal foss following atherectomy is 0.68
mm {34], When we subsequently matched for 1)
vesscel size, 2) acute procedural gain, and 3) MLD
postprocedure in a second study 135], the mech-
anism of atherectomy (cutting) was found to
induce a greater subsequent loss of 0,53 mm
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compared with the loss of 0.26 mm at 6 months
following the stretching action in the matched
balloon angioplasty patients. When the MLD
postatherectomy was divided at the median into
optimal atherectomy (MLD post > 2,47 mun) and
suboptimal atherectomy (MLD post < 2.47 nun),
the MLD at 6 months follow-up was 1.92 mum lor
optimal atherectomy and 1.67 mm for subopti-
mal atherectomy (P < 0.05) [35]. Of greater
importance for our quest of the ideal clinical
model for testing restenosis preventative thera-
pies, we found that the loss at 6 months follow-
ing optimal atherectomy was 0.86 = 0.64 mm
compared with .42 + 0.59 mm for suboptimal
atherectomy.

Clearly, even with a standard deviation of
QCA measurements of + 0.64 mm (which incor-
porates the reproducibility of + 0.20 mm of serial
clinical QCA measurements in a static pepula-
tion as well as the natural variability of the study
population in angiographic outcome at 6
manths), the tikelihood of QCA detecting a 20%
reduction in restenosis following atherectomy
(0.17 mm) compared with a 20% reduction in
restenosis following balloon angioplasty (0.09
mm) will be greater,

Figure 12-2, Mechanism of luminal renarrowing following
percutaneous transluminal coronary angiogrephy (PTCA)
and directional atherectomy (BCA). Infracoronary ultra-
sound studies at the Thoraxcenter have compared the
mechanism of luminal renarrowing following PTCA and
following DCA. Luminal renarrowing (LUM-A) is due to a
higher proportion of intinral hyperplasia (plague area, PL-A}
and a lower proportion of late vessel constriction {external
elastic membrane area [EEM-A)) following DCA (28% late
vessgl wall constriction) compared with balloon angloplasty
(447 Jate vessel wall constiction). These results have signid-
icant implications for pharmacologic atternpts at restenosis
prevention following different devices, given that a drug
would be unlikely to effect late vesset wall constriction,
F-up—follow-up; NS—nat significant.

24




QUANTITATIVE CORONARY ANGIOGUAPELY] AN INTEGRAL COMPONENT OF INTERVENTIONAL CARDIOLOGY

Additionally we have found, in an ongoing
program of comparison by ICUS of the mecha-
nism of restenosis following different coronary
interventional devices, a higher proportion of
intimal hyperplasia and a lower proportion of
late vessel wall constriction (external elastic lam-
ina area) in restenosis following atherectomy
(28% late vessel wall constriction) compared with
halloon angioplasty (44% late vessel wall con-
striction) (Fig. 12-2). Thus, if a drug was highly
effective clinically and reduced intimal hyperpla-
sia by 50%, this would result in an approximately
36% reduction in luminal renarrowing following
atherectomy compared with an approximately
28% reduction following balloon angioplasty.

On the basis of the above findings we have
adopted the optimal atherectomy maodel [or the
study of a pharmacologic agent for the prevention
of restenosis in European Carvedilot Atherectomy
Restenosis Evaluation (EUROCARE). This is a
multicenter trial that will compare the efticacy of
a pelypharmacodynamic agent (the actions of
which include strong antioxidant properties) in
the prevention of restenosis using a QCA-derived
variable as a primary endpoint (MLD at follow-
up}, Our adoption of the optimal atherectomy
model has allowed us to reduce the number of
patients required for recruitment in a randomized
trial to 350 patients as well as increase the statisti-
cal power of our study compared with previous
balloon angioplasty triais.

In the first study of QCA and matching of
baseline stenosis characteristics, de Jaegere and
coworkers [31] demonstrated that luminal loss
following coronary stenting is greater (0.48 mm
after Wallstent implantation) compared with a
matched balloon angioplasty population (0,20
mm;} (31]. This increased luminal toss following
stenting was subsequently confirmed in two
prospective randomized trials [37-39].
Furthermore, by the provision of a chronic radial
force, early recoil and subsequent late vessel wall
constriction following stenting is reduced to less
than 20% (with likely greater reduction in vessel
wall constriction from the more rigid mesh stents
compared with the more flexible coil stents
[39,40], and the restenosis substrate is thus likely
to be a more pure form of intimal hyperplasia—
the substrate against which most pharimacologic
agents have been shown to be effective in pre-
clinical trials.

In view of our somewhat shaken confidence
in the sensitivity of QCA (lumenography) to
detect a pharmacologic reduction in restenosis
and given that a significant portion of the
increase in plaque volume may be accemmodat-
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ed by outard expansion of the vessel wall [41],
we have in EUROCARE also incorporated TCUS
{murelography) imaging to compare plaque vol-
ume in the actively treated and placebo patients,
Thus EUROCARE promises to be a showdown
between the two imaging modalities. Should
ICUS detect a reduction in plague volume at 6
meonths plus or minus a greater luminal cross-
sectional area at 6 months, and should QCA fail
to detect a reduction inluminal renarrowing, our
reliance on QCA to provide the primary endpoint
(as the gold standard) of future clinical trials test-
ing a single potenitial agent for restenosis preven-
tion is likely to change.

PHASES AND DESIGN OF RESTENOSIS TRIALS

Following an initial experience of successively
negative trials characterized by variable trial
design, power calculations, patient selection,
and endpoints, a rational standardized three-
phase approach to the prospective clinical
assessment ol potential pharmacologic agents
for restenosis prevention was proposed {42].

Phase 1 comprised a small noncomparative
pilot study (approximately 100 patients) using
clinical endpoints only to demonstrate the safety
of the drug in the setting of percutaneous coro-
nary intervention and possibly to detect an effi-
cacy trend that might be taken into considera-
tion in the power calculations of phase 2.

In phase 2, providing the drug was shown to
be safe in phase 1, a medium-sized controlled
trial (approximately 600 patients) would be
undertaken that was statistically powered to
detect differences in QCA-derived variables as the
primary endpeoint. Clinical variables would also
be studied as secondary endpeints although the
trial would not be powered to detect a statistically
significant reduction in major clinical event rate.

In phase 3, providing a significant improve-
ment in angiographic outcome was demonstrat-
ed in Phase 2, a large clinical trial (approximately
2000 patients) would be undertaken without
QCA to put the clinical efficacy of the drug to the
test (as well as serendipitously putting the pre-
dictive value of QCA to the test).

Such screening of potential pharmacologic
agents by medium-sized QCA trials, has yet to be
demonstrated to be scientifically justified. Of
interest was the approach taken in the design of
the EPIC trial [43,44]. Rather than performing a
QCA trial, the second phase of the above
approach was bypassed and a large (2099-
patient) clinical trial was directly undertaken,
This approach has, in retrospect, at least for this
pharmacologic agent (c7E3—a platelet l1b/1lia



integrin antibody {ragment), proven to be effec-
tive, A drug has been shown to be clinically effica-
cious without the expense (both temporal as well
as fiscal) of incorporating follow-up angiography
and QCA. However, in order to determine how
this drug exerted a reduction in clinical event
rates, rather than to determine whether this drug
will be clinically effective, a QCA trial with ¢YT3
has now been undertaken (EPILOG}. In addition
to the luxurious position of testing the angio-
graphic mechanism of action of c7E3 (fe, reduc-
tion in total occlusions (thrombosis) or reduction
in global renarrowing), EPILOG will also serve to
put QCA, the surrogate, to the test retrospectively.
A commuan path between these two alterntive
approaches for the assessment of a potential
pharmacologic agent for the prevention of
restenosis, of phases 1, 2, 3 as proposed above and
the 1, 3, 2 upproach taken in the EPIC and EPILOG
trials, might be the merging of phases 2 and 3,
whereby the second (final) phase weould consist of
a clinical trial of 2000 patients and would include
the performance of follow-up angiography with
QCA in 600 of the 2000 patients, This strategy
wotld be more econormical in the long term and
would lead more quickly and directly to a defini-
tive result. Such economy and expedience in the
execution of clinical trials could @lso be proposed
for the merging of restenosis and progression tri-
als, whereby the patients participating in a
restertosis trial testing a phannacologic agent that
would be likely to reduce both restenosis and pro-
gression (eg, the antioxidant, carvedilol [RURO-
CARE] or the HMGCoA reductase inhibitor, fluvas-
tatin [FLARE] [45)) or a calcium antagonist
[46—48] would be maintained on active treatiment
and undergo folow-up angiography at 6 months
and at 3 years with QCA of all coronary segments,

IMPLICATIONS FOR INTERVENTIONAL TRIALS
DEerIvVeD FROM THE STUDY OF QCA IN
PROGRESSION AND REGRESSION TRIALS

Further evidence in support of the use of quanti-
tative coronary angiography as a surrogate end-
point for clinical coronary events, arises from
studies on progression and regression, where
initially isolated angiographic evidence of pro-
gression has been subsequently followed during
longer-term follow-up by higher clinical event
rates, This positive predictive value of angio-
graphic endpoints has been demonstrated for
both visual assessment [49] as well as for semi-
automated quantitative coronary angiography
[11+,48]. Is the coupling of QCA and subsequent
clinical events due to the observation of a para-
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phenomenon, or does the measurement of a
severe coronary stenosis by QCA directly predict
an increased risk of occurrence of a coronary
event in this target vessel at the point of the min-
imal luminal diameter? Little and colteagues aned
other investigators have revealed that coronary
occlusions that produce a myocardiat infarction
frequently occur at sites that previously con-
tained minor, insignificant luminal narrowings
and that the lesions with the severest stenosis
are often found to be patent in such patients
[50-54], It has been proposed that angiographic
evidence of progression or regression in one seg-
ment may be a marker of disease activity that
may involve other coronary segiments but not be
apparent on the coronary angiogram [50ee],
Whether this holds true for the demonstration
by QCA of severely restenotic lesions (large lumi-
nal loss over 6 months) following intervention
has yet to be clearly demonstrated. It has been
proposed that the endoluminal cap of a
restenotic tesion is more stable and less suscep-
tible to fissuring than a primary atherosclerotic
plaque of equivalent luminal diameter. Thus, it
mighi be expected that the detection of resteno-
sis following intervention by QCA might be more
predictive of functional reversible ischemia,
recurrence of angina and subsequent sympto-
matic need for revascularization, rather than
predicting myocardial infarction and death.

QCA IN RANDOMIZED TRIALS COMPARING
INTERVENTIONAL DEVICES: DISSOCIATION
Between QCA AND CLINICAL ENDPOINTS

Our trust in QCA to detect statistically significant
differences in outcome in patients undergoing
coronary interventional procedures has been par-
tially restored by the simultaneous and mutually
supportive positive QCA results of BENESTENT
and STRESS, which used different QCA systems to
compare angiographic outcome at 6 months in
patients receiving a Palmaz-Schatz stent and
patients undergoing balloon angioplasty alone
[37-38]. The value of QCA was further strength-
ened by both of these studies as the reduction in
QCA-determined restenosis was associated with a
reduction in the number of clinical events in those
patients randomly selected to receive a stent.
CAVEAT and CCAT also used different QCA
systems {single worst view reported) to compare
outcome following directional coronary atherec-
tomy and following balloon angloplasty [55,5Gs].
CAVEAT included all coronary vessels while CCAT
only included left anterior descending vessels,
Assessment of acute angiographic outcome by
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off-line QCA in the core laboratories resulted in
an angiographic success rate (< 50% diameter
stenosis} for atherectomy and for balloon angio-
plasty in CAVEAT of 89% and 80Y%, respectively
and in CCAT of 98% and 91% respectively, While
the pattern of relatively larger acute luminal gain
following atherectomy was revealed by the off-
line QCA analyses at the core laboratories of both
trials, the difference between 89% and 98% for
acute angiographic success rates {or atherectomy
between the two trials is more than would be
expected given that the procedural policies of
both trials were so similar, Although many expla-
nations for this difference may exist, one possibil-
ity that should be considered is a systematic dif-
ference in the QCA systems used to analyze the
trials in the core laboratories. It is of interest that
in CAVEAT the mean residual diameter stenosis
postatherectomy as assessed by the off-line QCA
system at the core laboratory was 29% in compar-
ison with 15% when assessed by the investigators.

CAVEAT reported an isolated significantly
larger MLD in the proximal left anterior
descending artery at 6 months in patients treat-
ed by atherectomy {MLD = 1.32 mm for atherec-
tomy and 1.12 mm for balloon angioplasty (P <
0.01), however, a reduction in clinical events
over the 6-month follow-up period was not con-
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ferred in these patients [55]. This uncoupling of
angiographic and clinical outcome was found to
persist when follow-up was extended to 1 year
[57]. Such dissociation of angiographic and clini-
cal results behests caution in the excessive
reliance on QCA as a surrogate endpoint for clin-
ical coronary events. Further caution on the reli-
ability of QCA arises from a discordance
between the angiographic results of CAVEAT
with the angiographic results of CCAT, which
reported no difference in either angiographic or
clinical outcome at 6 months between the
atherectomy (MLD at follow-up = 1.55 mm) and
balloon angioplasty (MLD at follow-up = 1.61
mm) patients.

A paradoxical trend between QCA and clini-
cal outcome was also seen in the PARK trial
where despite a trend for reduced clinical events
in the treated {ketanserin) patients compared
with the control (placebo) patients, a trend in the
opposite direction was seen in the QCA results
whereby the luminal loss was greater in the treat-
ed patients (Fig. 12-3). Although the reasons for
such a paradox between QCA and clinical out-
come in a pharmacologic study may be complex,
they again undermine the policy of exclusive
reliance on QCA as the sole primary endpoint of
interventional trials,

Figure 12-3. Paradox of quantitative corenary angiogra-
phy (QCA) and clinical results in the PARK trial. A and B,
Dissociation between QCA and clinical outcome was
seen in the PARK trial where despite a trend for reduced
clinicad events in the treated (ketansering patients com-
pared to the control (placebo) patients, a trend in the
opposite direction was seen in the QCA results whereby
the luminal loss was greater in the treated patients.
Although the reasons for such a paradox between QCA
and clinical outcome in a pharmacalogic study may be
multifactorial, they behest caution in the exclusive
reliance on QCA as the sole primary endpoint of interven-
tional trials. MLD—sminitmal luminal diameter.



A common finding in the QCA analysis of
the four randomized device trials, CAVEAT,
CCAYT, BENESTENT, and STRESS was the rela-
tively small vessel size reported. Although the
inclusion criteria of the trials requested a vessel
size of more than 3.0 mm (or = 3.0 mm) as
assessed on site by the investigator, the mean
preprocedural reference vessel diameter as
assessed by off-line QCA at the core angio-
graphic laboratory was on average approxi-
mately 3.0 mum with an average standard devia-
tion of approximately 0.47 min for the four
trials. In addition to possibly reflecting poten-
tial errars in the estimation of vessel size by the
investigators on site, these results would also
be consistent with a tendency of off-line QCA
systems when calibrated by the catheter to
underestimate measurements of large luminal
diameter as suggested by several QCA valida-
tion studies, Appropriately, in none of these
four device trials were patients excluded from

CURRENT REVILW OF INTERVENTIONAL CARDIOLOGY

the per protocol analysis by virtue of the mea-
surement of a vessel size of less than 3.0 mm at
the core angiographic laboratory.

APPLICATION OF ON-LINE QCAIN
INTERVENTIONAL PRACTICE

The emergence of digital (subtraction) angiogra-
phy has allowed the on-line performance of QCA
measwrements in the catheterization laboratory,
so that a technique previously confined to
research applications has been transformed into
a practical technigque, directly influencing clini-
cal decision making in real time (Fig. 12-4),

In October 1993 we undertook a survey of
interventional practitioners in Europe who had
an experience of greater than 40 directional
coronary atherectomy cases, At that time, 34 of
the 36 interventionalists surveyed used on-line
QCA, while only 24 of the 36 had experience with
intracoronary ultrasound.

et
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Figure 12-4. Cn-line quantitative coronary angicgraphy
(QCA) to guide interventional procedures. A, An ostial
lesion of a saphenous vein jump graft was found to have a
minimai luminal diameter (MLD) of 1.29 mm with a per-
cent diameter stenosis of 68% and a length of 17 mm. A
self-expanding less shortening caranary Wallstent of 4.5-
mm nominal diameter and 29-mm nominal implanted
length was selected to provide a stent to vessel difference
of 0.4-mm diameler and a margin of 6 mm at the proximal
and distal ends of the stent (to reduce the risk of misplace-
ment by shortening of the Wailstent upon expansion). B,

45}
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Following release of the radiolucent Wallstent a resjdual
MLD of 1.67 mm was measured, C, A noncompliant bai-
loon of 4-mm diameler was selected and inflated within
the Wallstent to a peak pressure of 8 atmospheres during
which the inflated balloon was found 1o have a uniform
inflation with a MLD of 3.91 mm and a percent diameter
stenosts relative 1o the mean ballean diameter of 8%. D,
Final postpracedural measurement confirmed a residual
MLD of > 3.00 mm and a percent diameter stenosis of <
20%, both of which have been shown to be associated
with a reduced risk of subacule thrombosis.
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During an interventional procedure on-line
QCA can be used to provide an interpolated ref-
erence diameter to guide balloon-artery ratios
[68,59] and the sizing of other devices. Recent
studies using off-line QCA would indicate that
appropriate stent sizing (oversizing) and infla-
tion is of significant value and should effect
long-term outcome [37,60].

The use of on-line QCA to confirm that an
optimal result has been achieved has now
become an integral component of interventional
practice, particularly since the adoption of the
bigger the better policy. The definition of angio-
graphic (procedural) success is becoming more
stringent (a moving target), and in EUROCARE,
OARS, and BOAT this definition has changed
from the traditional residual diameter stenosis
of less than 50% to the new definition of less
than 20% or 15% [35].

Other than to determine the diameter and
length of a stent, the role of on-line QCA in the
quantification of a threatened closure or dissec-
tion is limited, Clearly in the case of acute clo-
sure, onn-line QCA can only provide the reference
diameter of the proximal segment. In the case of
a threatened closure, most information can be
gleaned by serial visual assessment of dynamic
parameters sich as TIMI flow over time (by
examining a sequence of images) [61-63). The
serial quantification of a static parameter such
as the documentation of a reduction in MLD
over 15 minutes by repeated on-line QCA can be
of some help but is usually superfluous. The
presence of a radiopaque guidewire in a dissect-
ed vessel further confounds QCA analysis as
demonstrated in Figure 12-5. Edge-detection
algorithms typically perform poorly and unpre-
dictably in the case of extravasation of contrast,
however, the recent development by van der
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Zwet and colleagues (8] of a gradient field trans-
form algorithm that is capable of tracking dis-
sections with extraluminal contrast and complex
lesional morphology more accurately than mini-
mal cost criteria algorithms may improve the
value of on-line QCA in the assessment af
threatened vessel closure.

Although it would be expected that the elimi-
nation of some steps in image acquisition and
processing and the elimination of nonisoceniric
calibration should result in improved reliability of
on-line QCA measurements, & recent study using
phantom stenoses in porcine coronary arteries
found that the accuracy and precision of one off-
line QCA system was comparable with those
obtained by an on-line QCA system using a differ-
ent edge detection algorithm [64-G6]. It seems,
therefore, tirat basic concepts derived from the
study of cinefilm images by reliable off-line QCA
systems can be applied to on-line analysis to
guide the operator during diagnostic and inter-
ventional procedures accepting a degree of dis-
crepancy in absolute values according to the par-
ticular on-line and off-line QUA systems deployed
[66]. With the recent introduction of intervetition-
al policies such as the bigger the better for bal-
loon angioplasty and directional atherectorny and
the change in policy from matching of stents to
reference vessel size to a policy of oversizing, it
could be considered that on-line QCA has
become an essential requirement for optimal
coronary interventional practice.

Although QCA can provide a measure of cur-
vature, roughness, symmetry, and plaque vol-
ume, and indirect calculations of the hemody-
namic significance of lesions [67+,68], these
quantitative measurements have been inade-
quately validated and their current reliability
appears to be no better than that provided by

Figure 12-5, Tracking of a radiopaque guidewire by
quantitative coronary angiography ((QCA). Tracking of a
radiopaque guidewire by QCA during catheter calibiration
in the contrast-empty state. The presence of a radiopague
guicdewire in a catheter or coronary vessel may interfere
with automated edge detection, in the absence of suffi-
cient contrast medium.



visual qualitative assessments of lesion charac-
teristics, We are currently assessing the agree-
meunt of semiautomated quantitative coronary
measurements with traditionally derived visual
assessnients of ABC classifications. Agreement
and correlation appear to be very poor for
almost all parameters. Thus, despite the known
poor interobserver agreement ol visually
assessed qualitative parameters, further
improvements and research will be required
before the use of computer-derived quantitative
measurements of lesion and vessel morphologi-
cal characteristics can be recommended.

WHicH QCA VARIABLE CONVEYS THE
MOsT INFORMATION?

Prior to the introduction of QCA, the severity of
coronary lesions used to he expressed in terms
of percent diameter stenosis. Following the
report that the restenosis process involves the
normal reference segments immediately proxi-
mal and distal to the treated lesion [69], expres-
ston of restenosis rates in terms of percent diam-
eter stenosis was subsequently found to be
uninformative, at times deceptive (eg, pseudo
regression [70]}, and insensitive to the detection
of a therapeutic effect in restenosis trials and
imparted a reduction in statistical power of stud-
ies. The absolute minimal luminal diameter at
follow-up is a static measurement providing an
objective, reproducible and unambiguous para-
meter for the expression of the final angiograph-
ic owtcome and conveys information of func-
tional significance, while change in minimal
fuminal diameter provides a dynamic parameter
to describe the process of luminat gain and loss,
Determination of the reference vessel diameter,
however, continues to be of value for the selec-
tion of device and stent size during on-line
analysis and for obtaining direct comparisons
between study groups in view of the known
effect of vessel size on absolutte luminal loss fol-
lowing intervention.

The conventional method of determination
of the reference vessel diameter requires the
user to select a reference position at a normal
proximal point. In arteries with a focal obstruc-
tive lesion and clearly normal proximal and dis-
tal luminal diameters, selection of the reference
point should be fairly reliable, However, in cases
where the proximal part of the arterial segment
contains both stenotic and ectatic areas, the
selection may be difficult and unreliable, To
overcome this subjectivity, an interpolated tech-
nique was developed to determine the reference
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diameter at the actual site of the stenosis with-
out operator interference. The basic principle
behind the technique is the computer estima-
tion of the original diameter values over the
obstructive region (assuming there was no coro-
nary disease present) based on the diameter
function. Following this approach the reference
diameter is taken as the value of the polynomial
at the position of the minimal luminal dlameter,
This ohjective and reproducible technique of
reference vessel diameter determination is not
yet available in all QCA systems but its value is
becoming increasingly more recognized.

PRACTICAL MEASURES IN
ANGIOGRAPHIC ACQUISITION
AND QCA ANALYSIS FOR

THE IMPROVEMENT IN
REPRODUCIBILITY OF SERIAL
QCA MEASUREMENTS

PiNCUSHION DISTORTION

Pincushion distortion introduces a selective
magnification of objects in the periphery of an
image compared with those at the center. This
can be overcome by the recording of a centime-
ter grid from each angiographic system to be
analyzed off line. Some QCA systems can then
memorize the degree of distortion by each sys-
tem and make adjustments accordingly during
each subsequent analysis. Furthermore, regions
of interest should be fihmed at the center of the
image whenever possible. Fortunately the newer
image intensifiers introduce significantly less
pincushion distortion than previous ones.

S-DISTORTION

S-distortion, which results from geomagnetism
and additional local magnetic fietd forces,
varies considerably according to the angulation
of the X-ray gantry. Corrective functions for
such S-distortion are complex and have the
potential to introduce more error than they
promise to resolve.

ASPECT RATIO

With the use of video as a storage medium for
coronary angiograms, a new source of distortion
and challenge arises for QCA—the aspect ratio.
Non-CCD cameras (eg, vidicon or plumbicon)
have an independent horizontal and vertical
adjustment for magnetic beam deflection. This
can give up to 10% differences between horizon-
tal and vertical adjustment for magnetic beam
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deflection. This results in up to a 10% difference
between horizontal and vertical dimensions and
thus the spatial orientation of the coronary seg-
ment becomes critically important. In addition
to the horizontal and vertical gain in the X-ray
camera, aspect ratio errors may also be intro-
duced if the clock speed of the digitization board
in the radiograph system is not adjusted for
square pixel size, Furthermore, aspect ratio
errors will oceur if the aspect ratio of the frame
grabber ov the video digitizer in the QCA system
is different than 1:1 (eg, in some systems it is
4:3). Most QCA systems offering pincushion dis-
tortion correction can now also correct for error
in the aspect ratio (Fig, 12-6).

DIFFERENCES IN ANGLES AND HEIGHT

LEVELS OF THE X-RAY GANTRY

‘To improve the sensitivity of anglographie stud-
ies to detect change in luminal diameter over
time, it is important that paired angiograms are
acquired in the same views. This can he
achieved by the automatic on-line recording of
gantry settings and table height and selected X-
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Center = -1.1, 5.1 mm sd D = 4,606 pixels
Orientation angle = -3.4 degrees  Dlstortion vector *
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ray exposure factors (kV, Ma) or written docu-
mentation on a technician’s worksheet of the
settings when on-line recording is unavailable.
Attention to the table height and to the focal
spot isocenter distance and the focal spot image
intensifier distance will become increasingly
more important if a drive toward isocentric cali-
bration is to be effective.

MULTIPLE MATCHED VIEWS

When the method of QCA is geometric {edge
detection) rather than videodensitometric, it is
important that multiple orthogonal views (three
for the left coronary artery and two for the right)
be analyzed rather than a single worst view to pro-
vide a reliable analysis of eccentric lesions [71].

DIFFERENCES IN VASOMOTOR TONE

Because vasomaotor tone may vary widely during
consecutive coronary angiographic studies, it
should be controlied at all times, Intracoronary
nitrates should be administered immediately
before pre- and post-procedural angiograms
and at follow-up. Calcium antagonists are also

Figure 12-8. Aspect ratio and pincushion distortions, In
addition te correcting for pincushion distortion, some
guantitative coronary angiography (QCA) systems can also
correct for the aspect ratio {difference in horizontal and
vertical dimensions associated with videotape recordings
of coronary angicgrams). This is achieved by the record-
ing of a centimeter gridl al the beginning of a procecdure.
Fhe detected and subsequently corrected or rectified
points of intersection of the centimeter grid can be seen in
the figure. The pincushion distortion from this radiograph
system {Philips DCI) is relatively mild and typical for the
current generation of radiograph hardware. il can be
appreciated that the recording of the angiographic
catheter in the center of the image and then the corunary
stenosis in the center of the image will result in minimal
distortion even when subsequently analyzed by a QCA
system that ¢loes not correct for distortion,



given af some centers; however, their action may
be of slower onset.

INFLUENCE OF CONTRAST AGENTS ON
VASOMOTOR TONE

The vasodilatory effects of contrast agents on
epicardial coronary artery tone appear to be
smaller with noniconic compared to ionic agents,
We therefore recommend the use of nonionic
isn-osmolar contrast media for angiographic tri-
als. Contrast concentration is also known to exert
a marked effect on QCA measurements, and thus
adequate vessel filling is essential for the reliabiti-
ty of serial QCA. This point is demonstrated in
Figure 12-7 where the etfect of 50% contrast and
[00% contrast concentrations were compared in
vitro in a multicenter study [72] of 10 QCA sys-
tems in North America and Europe.

CATHETER AS A SCALING DEVICE

For off-line analysis, the guiding catheter is typi-
cally used as a scaling device for calibration of
angtographic measurements. As the manufac-
turer's nominal size of catheters is unreliable, the
external diameter of the catheter is measured by
a precision micrometer, The fmage quality of the
recorded catheter is dependent on the catheter
material, the kilovoltage of the X-ray source and
the concentration of the contrast agent. Nylon
catheters have the largest effect on the angio-
graphicaily measured size and are therefore not
recominended for quantitative angiographic tri-
als. The effect of the contrast-filling versus con-

01
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trast-empty states are discussed later in this
chapter, Tt is hoped that by the introduction of
isucentric calibration techniques over the next
few years {also discussed later in this chapter)
many of the errors associated with catheter cali-
bration will be avoided,

LENGTH OF THE ANALYZED SEGMENT

Anatomic landmarks as bifurcations are used for
the manual definition of start and endpoints of
arterial segments to be analyzed to minimize the
problem of nonidentical analyses.

MANUAL CORRECTIONS

Only very rarely is it necessary to enter either
soft or hard corrections to the edge detection
procedure. Corrections should be discouraged
(particularly of the MLD) even in the presence
of a dissection with extraluminal contrast,
where the edge detection algorithm will typi-
cally include the extravasation in the presence
of a continuous large channel connecting the
true and false lumens and will typically
exclude the extravasation in the presence of a
discontinuous small connection between the
true and false lumens. The computer registers
for both the right and left hand contours, the
length of the artertal segments that were man-
ually corrected.

FRAME SELECTION

An end-diastolic cine-frame is selected for
quantitative analysis to avoid motion and blur-
ring effects.

Figure 12-7, Effect of cantrast concentration on quantita-
tive coronary angiography (QCA) performance, As part of
a multicenter QCA validation study, a series of phantom
stenoses were recorded in vitro (plexiglass hlocks}, The
stenosis channels were serially filled with 50% and 100%,
contrast and recorded on cinefilm. The cinefilim was then
analyzed by off-line QCA at 10 core angiographic labora-
tories in North America and Europe. It can be seen that
QCA measusements were most accurate when the
stenoses were filled with 100% concentration of contrast.
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CALIBRATION OF QCA
MEASUREMENTS

CATHETER CALIBRATION

Whether calibration of QCA measurements
should be based on contrast-empty or contrast-
filled catheters hras not yet.been universally
agreed upen [73-79]. Two studies, that have rec-
ommended the use of the contrast-empty state
have adopted a similar methodologic appreach
and have been performed on the same QCA sys-
tem that uses a fixed weighting of the first and
second derivative |73,79]. After calibration by
using a centimeter grid as a scaling device, QCA
measuremennts of contrast-filled and contrast-
empty catheters in vitro have been compared
with the true external diameters of guiding
catheters that have been measured by a preci-
sion micrometer (tolerance <0.001 mm). Such .
direct micrometer measurements of the external
diameter of guiding catheters in a dry state at
room temperature (20 °C less than the tempera-
ture at which catheters are recorded in vivo)
result in a measurement of on average 0.025 mm
smaller than the normal manufacturers’ stated
size [79]. Allowing for individual variations relat-
ing to the trilaminar composition of different

catheters (Table 12-3), QCA measurements in
the contrast-empty state have been found over-
all to provide the best agreement with the true
external diameter of the catheters.

The methodologic approach of the above
two studies [73,79], however, does not directly
examine the reliability of QCA measurements
when calibrated by a catheter, but rather
addresses QCA measurements of catheters when
calibrated by a centimeter grid. Furthermore, it
should be remembered that ultimately QCA
measurements are performed on contrast-filled
vessels and not on the atherosclerotic walls of
contrast-empty vessels. Although agreement of
measurements of catheters by QCA and by
micrometer were better when in the contrast-
empty than in the contrast-filled state, they
resulted in a smaller calibration factor {mm/pix-
ell) [73,76,79]. Thus QCA measurements of coro-
nary segiments will be smalier when calibrated
by contrast-empty catheters. We kinow thar QCA
systems underestimate measuremertts of coro-
nary luminal diameters of >0.7 mm when cali-
brated by contrast empty catheters {64,72].
Although the reasons for this underestimation
by QCA measurements probably relate to several
technical factors, we have shown that when QCA

TABLE 12-3. TRILAMINAR COMPOSITION OF CORONARY
GUIDING CATHETERS*

Manufactlurert Series Trilaminar composition

Bard lHumen Teflon, Kevlar braid, Pebax

Cordis Diaventional Frilon, Steel braid, Nylon

pvi e Brite Tip Teflon, Polyurethane, Ultrax
Atherectomy

Medtronic “:“Sherpa  Polyurethane, Steel braid, Teflon

Schneider " Soft Touch Teflon, Steel braid,

EEER Polyurethane
Scimed Triguide Teflon, Steel braid, Trilon

*Alf of the above guiding catheters were fourd to be underestimated by guanti-
tative coronary angiography (QCA) measurements, Underestimation was less
when the cathelers were analyzed in the contrast-empty state (-3%) compared
with the eantrast-filled state (-7%). The DVI atherectomy guiding catheter,
which does not contain steel braiding, was found to be underestimated the
most by QCA measurements (-7% in the contrast-emply state and -14% in the
contrast-filled state}, Use of angivgraphic guiding catheters as a scaling device
for calibration of QCA measurements will thus result in smaller measurements
of coronary stenoses when a contrast-filled catheter is used {ie, smalier cali-
hration factor {mm/pixel).

*Cordis, Miami, FL; Medtronic, Minneapolis, MN; Schneider, Buslock,
Switzerland; Scimed, Minneapolis, MN.
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measurements of the same coronary luminal
diameters are calibrated at the isocenter, this
underestimation Is significantly improved [72].
Thus until QCA systems no longer underesti-
mate measuirements of coronary luminal diame-
ters, there are few compelling reasons to select
the contrast-empty state during catheter calibra-
tion. This is perhaps particularly important dur-
ing the conduction of an atherectomy trial,
where luminal diameters will inherently be larg-
er than those encountered in an exclusively bal-
loon angioplasty trial.

In a study (perviously unpublished) to test
whether such caution is warranted we compared
QCA measurements of in vivo contrast filled
phantom stenoses of known diameter in porcine
coronary arteries when calibrated by three differ-
ent techniques: 1) calibration on a contrast-filled

guiding catheter, 2) calibration on the same guid-

ing catheter in the contrast-empty state, and 3)
calibration at the isocenter. The QCA systemn was
an experimental edge detection algorithm {80]
with variable welghting of the first and second
derivative, which was designed to overcome the
problem of overestimation of small diameters, The
guiding catheter used was an 8-F Schneider
(Buelach, Switzerland) guiding catheter that had
previousty been found in one of the above studies
[79] to be most accurately measured by QCA in the
contrast-empty state. The accuracy and precision
for the three calibraton techniques are given in
Table 12-4. Accuracy of QCA measurements of the
coronary stenoses was poorest when calibrated by

the conirast-empty catheter, improved slightly.
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when calibrated by the contrast filled catheter
(less underestimation of coronary luminal diame-
ters), and was best when calibrated at the isocen-
ter. The precision and standard error of QCA mea-
surements was best during calibration by the
contrast-filled catheter. While these results only
have direct implications for one catheter and one
QCA algorithm, they indicate a peint in the
process of QCA analysis that requires further
research and clarification, and most importantly
they indicate a potential point with significant
scope for improvement in the reliability of QCA
measuremeiits. A comprehensive study on QCA
calibration should be undertaken on several QCA
systemns to directly determine the accuracy and
precision of QCA measurements of contrast-filled
vessels when calibrated by contrast-empty
catheters in vivo and when calibrated by contrast-
filled catheters in vivo.

{SOCENTRIC CALIBRATION

An improvement in the reliability of QCA mea-
surements might be achieved by abandoning the
use of the angiographic catheter as a scaling
device entirely and aiming for isocentric calibra-
tion. In essence, the pixel size (inms) for each
image intensifier field size is known (from the
recording of a centimeter grid) and does not
change throughout a procedure {nor indeed
from day to day). By using a biplane radiograph
system a coronary stenosis can be filmed at the
isocenter by positioning the stenosis at the cen-
ter of the image in both planes. When a coronary
stenosis is filmed at the isocenter the errors

Calibration
technigue

Accuracy (signed

TABLE 12-4. CALIBRATION TECHNIQUES FOR QUANTITATIVE CORONARY ANGIOGRAPHY*

" “Absolute-mean : '-'-'_-.Précisidil (SD.of " Standard error

errar (unsigned .-

" _signed . (standard error of

Contrast-empty

guiding catheter -0.21
Contrast-filled

guiding catheter -0.18
At the isocenter

{centimeter grid) -0.08

differences), mm  differences), mm * differences), mm - the estimate), mm

Cim
022 0 2020 10,17
020 £0.24 +0.24

© 20,19

compazison,

*Comparison of three caltbration technigues for quantitative coronary angiagraphy. In vive phantom stenoses of known
diameler in porcine coronary arteries were used to compare the three techniques. A Schneider 8-F quiding catheter and
an experimental edge detection algorithm with variable weighting of the first and second derivative were used for this

34



QUANTITATIVE CORONARY ANGIOGRAPHY: AN INTEGRAL COMPONENT OF INTERVENTIONAL CARDIOLOGY

introduced by catheter calibration can be avoid-
ed. When an investigator fails to film the stenosis
precisely at the center of the image in one of the
planes (and thus inherently not at the isocenter
of both planes), a complex mathematical formu-
ta can be applied to correct for the displacement
from the isocenter [7]. If one accepts a deviation
of approximately 1 cm from the center of the
image in either plane this may still provide supe-
rior reliability of QCA measurements than that
provided by catheter calibration, which current-
ly does not correct for the out of plane distortion
of the angiographic catheter, which is located in
the coronary ostium. The coronary ostitm will
invartably be either further or nearer to the
image intensifier than the coronary segment
containing the stenosis. This source of absolute
error will particularly effect the QCA measure-
ment of stenoses located in the mid and distal
segments in each of the th-ee major coronary
arterics, while QCA analysis of stenoses in the
proximal segments (ie, American Heart
Association classification segments 1,5,6,11 [81])
will be less susceptibie to the calibration error
introduced by out-of-plane distortion.

During application of a laserwire for the
treatment of chronic total occlusions, biplane
imaging is required to guide the direction of
advancement of the laserwire to reduce the risk
of perforation. In Total Occlusion Trial with
Angioplasty assisted by Laser guide-wire
(TOTAL) isocentric calibration will be used at the
core angiographic laboratory, and should pro-
vide an indication of the relative merits and fea-
sibility of noncatheter calibration for future
interventional trials.

QCA BY GEOMETRIC AND
VIDEODENSITOMETRIC
TECHNIQUES

The two principle technigues for quantitative
angiographic measurement are edge detection
and videodensitometry. Only the edge-detection
resuts of QCA measurements have heen utilized
in muilticenter intervention trials to date. Edge
detection involves the detection of luminal bor-
ders by weighting of the st and 2nd derivatives
of the digitized brightness profile, which are
converted into absolute values after calibration
with an object of known diameter, such as the
shalt of a guiding catheter. Because the observed
morphology in a single-view angiographic image
is critically dependent on the projection, the use
of edge detection necessitates the incorporation
of multiple matched orthogonal views to provide
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a three-dimensional approximation of the dis-
eased segment.

More information can be extracted from a
single view angiographic image by considering
not only the relative changes in pixel brightness
values upon which the edge detection technique
is based, but also be integrating the absolute
pixel brightness values, The intensity of the X-
rays entering the image intensifier is in principle
related to the absorption path length of the inter-
vening medium by the Lambert-Beer law. The
brightness intensity assimilated between two
corresponding contour positions may thus pro-
vide a measure of the arterial cross-sectional area
and is independent of the projection (in the
transverse plane of the coronary segment), This
method (videodensitometry) can be practically
applied when the pixel brightness values are cali-
brated, je, when the relationship between the
pixel brightness values and the absorption path
length (mm) of the contrast-filled artery is con-
stituted. Videodensitometry assesses the relative
area stenosis by compating the density of con-
trast in the diseased and normal segments. The
major limitation to videodensitometry is the
strict requirement of an angiographic projection
perpendicular to the long axis of the vessel (to
prevent oblique cuts that would lead to overesti-
mation of the luminal area) and the absence of
overlapping, or closely parallel side branches or
other vessels in the segment to be analyzed
(which would interfere with the density of the
lesion due to background subtraction).
BDensitometry is also more sensitive than edge
detection to densitometric nonlinearities (X-ray
scatter and veiling glare) and to inconsistent con-
trast fiHling of vessels. New techniques for the
correction of background density irregularities
have been recently developed [82]; however, their
superior efficacy in improving the reliability of
QCA measurements by videodensitometry has
yet to be demonstrated by comparative studies,

Comparison of edge detection and video-
densitometry in validation studies using phan-
tom stenoses in vivo have shown promising
results for videodensitometry, although random
error (noise) rather than fnaccuracy continues to
be its primary limitation [83,84]. In a recent
comparison by Escaned and coworkers [85] of
the variability in QCA measurements by edge
detection and videodensitometry of a single pro-
jection of clinical angiograms, the variability of
videodensitometry measurements postangio-
plasty compared favorably with edge detection
and indicated that by virtue of its independence
of complex luminal morphology videodensitom-



etty might be of potential value in the clinical
assessment of dissections [85,86).

The clinical application of videodensitometry
in interventional research and practice has to
date been limited, Videodensitometry may be
used to detect intracoronary thrombus by a mis-
match in cross-sectional area measurements
from videodensitometry and edge detection in
two planes, Detection of intracoronary thrombus
may also be achieved by the use of pixel variance.
A potential application of QCA by videodensito-
metry may be the derivation of volumetric mea-
surements of coronary segments for the study of
serial changes in diffusely diseased vessels [87].
This application, however, may prove to be of
greater value for the study of progression-regres-
sion in coronary segments of small diameter
(where ICUS catheters would wedge) rather than
far the study of interventional cardiology [87}.

Thus, although the option to perform mea- -

surements by videodensitometry is an added
advantage for scientific research particularly for
small lesions where accuracy of videodensitom-
etry may be superior to edge detection and
where ICUS catheters will wedge, videodensito-
metry could not be considered as an essential
feature-for a functional QCA laboratory.

Given the resolution and silver grain size in
cinefilm, edge detection is unlikely to benefit sig-
nificantly from the introduction of on-line QCA
(typical pixel size with 5-inch image intensifier
setting = 0.14 mm) whereby the process of cine-
film exposure and development is bypassed.
Videodensitometry on the other hand, has been
vulnerable to the nonlinearities between X-ray
exposure and the densitometric characteristics of
cinefilm that ave only partly and crudely correct-
ed by accepting a logarithmic rather than a linear
relationship in densitometric analysis of cinean-
giograms. Given the 256 grey levels of digital
imaging and the linear relationship between
radiograph exposure and the pixel brightness
value, it is likely that we can expect some
improvement in the performance and relabitlity
of videodensitometry with the advent of digital
transfer of angiographic images to core laborato-
ries and by the use of videodensitometry on-line
int the cathelterization laboratory.

VALIDATION

Although, today there are approximately ten
commercially available QCA systems, there is as
yet no standardized or universally agreed valida-
tion procedures to enable direct comparisons
among QCA systems and the subsequent
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exchange and integration of data of angiographic
studies from different core laboratories. QCA
analysis involves the processing of an image
through a series of technical steps involving both
hardware and software components, Each step
including the projector, magnification, camers,
digital resolution as well as the edge detection
algorithm effects the reliability of measurements.
Importance should therefore be placed on the
selection of the hardware as well as the software
components when acquiring a QCA sysiem, and
the system should be calibrated after completion
of the entire image processing chain. A compre-
hensive review of the hardware and software
components for established QCA systems has
been previously described by Johan Reiber [88]. It
appears that most QCA systems are calibrated
according to the results of in vitro validation
studies. However it is only by the performance of
in vivo validation studies that the conditions of
heterogenous scatter and veiling glare encoun-
tered in the human thorax can be reproduced.
Thus, development of QCA systems upon in vitro
results may partly explain the overall poor results
of QCA validation revealed by in vivo studies [72].

Qualitative coronary angiography validation
studies can be stratified into those attempting to
determine the accuracy and systematic errors of
QCA measurements and those attempting to
determine the reproducibility of repeated mea-
surements in clinical practice. Both are of value
and are mutually complementary. To determine
the accuracy and the range over which overesti-
mation and underestimation of QCA measure-
ments occur, a series of stenoses of known diam-
eter are required. These stenoses, which are
usually made of plexiglass may be recorded in
vivo ot in vitro, The primary limitation of in vitro
studies is their underestimation of the errors
likely to be encountered in vivo or in clinical
practice, The primary limitation of studies
assessing reproducibility of QCA measurements
of clinicat angiograms is their inability to provide
any measure of reliability. Thus a QCA system
that is found to have excellent reproducibility of
clinical angiograms might be perceived by the
unwary as being reliable, even though if the
same QCA systerm was submitted to in vivo vali-
dation studies using phantom plexiglas stenoses
of known diameter the system might be found to
be reproducibly unreliable, eg, underestimation
of large diameters by 0.30 mm and overestima-
tion of small diameters by 0.05 mm. Thus both
forms of validation tests should be encouraged
and are necessary if we are to cradicate the sys-
tematic and random errors currently encoun-
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tered in both on-line as well as off-line QCA.

When reading the report of clinical trials, it is
common to encounter a brief sentence stating
that the QCA system deployed has been validat-
ed or that the QCA system has a reproducibility
of O.0X mim. What does this mean? Were the val-
idation studies performed with in vitro or in vivo
models? How were the validated measurements
calthbrated? Was it the reproducibility for interob-
server or intraobserver measurements? Was a
preselected stop frame used and analyzed
repeatedly at the same sitting or did the operator
of the QCA system have to select the frame on
each sitting in a blinded manner at 5 minutes, 2
hours, 30 days and 90 days apart [89,90+]? Given
the magnitude of the clinical implications of
QCA trials for interventional practice, reports of
QCA trials should include an adequate descrip-
tion in the methods section of the likely overesti-
mation and underestimation and reproducibility
of the reported QCA results on the basis of in
vivo QCA validation studies. Only then will the
reader be able to determine the true angio-
graphic outcome in the study population. This
description of QCA was partly provided in the
report of the CCAT trial, where in addition to
detailed descriptions of the angiographic acqui-
sition and angiographic analysis and calibration,
was the incluslon in the manuscript of the
results of the intraocbserver reproducibility by
the trial personnel for immediate reanalysis
(0.07 mm) and for 25 paired angiograms ana-
lyzed 6 months apart (0.20 mm) [56¢]. The
demand for such measures and publication of
quality control in the execution and reporting of
multicenter angiographic trials is likely to
increase over coming years,

Another problem contributing to the confu-
sion over validation studies is the absence of a
standardized set of cinefilms that could be used
to test all QCA systems. In light of this problem,
a cooperative validation study of QCA systems
using the same set of in vitro and in vive cine-
films calibrated by both the isocenter and with a
catheter as a scaling device, was recently under-
taken at ten centers in North America and
Europe [72]. Marked variation in performance,
among commercially available QCA systems as
well as those that have been developed in house,
was revealed. No system was found to be perfect
and all systems either underestimated or overes-
timated meastrements to varying degrees, The
resudts of the study would suggest that it would
be difficult for core laboratories using different
software or hardware QCA components to
directly share or merge data without the intro-
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duction of mathematical corrective functions for
the results of each system.

A difficulty encountered in making direct
comparisons between the performance of differ-
ent QCA systems, even when validated by the
same series of phantom stenoses, is deciding
which statistical parameter is most discerning
and informative. Traditionaily, validation of QCA
systerns has been based on the statistical parame-
ters of accuracy, precision, correlation coefficient,
standard error of the estimate, and the equation
of linear regression given by the intercept and
slope. Although each parameter provides a
unique index of a QCA system’s performance,
direct comparisons between QCA systeins is con-
founded by the interdependence of all parame-
ters and the application of one parameter in iso-
lation can be misleading. Would it be possible to
generate a single derived parameter to incorpo-
rate the essence of all the above parameters?
Accepting that some parameters reflect minor
problems that could be corrected by recalibration
of the system and others reflect more serious
problems of noise, it might be possible to convey
the most essential information about a QCA sys-
tem’s performance by only one or two parame-
ters, such as the correlation coefficient and the
corrected standard error of the estimate after nor-
malization of the measurements for an intercept
of zero and a slope of one [66], Applying this pro-
posal of normalization for a y intercept of zero
and a slope of 1 to the results of a recent multi-
center QCA validation study [72] of the in vivo
series of measurements calibrated by the
catheter, & simplified model for the comparison
of various quantitative coronary analysis systems
is presented, based on the exclusive use of the
corrected standard error of the estimate (SEEc)
and correlation coefficient (r) (Table 12-5).

CLiNtcaL AppLicaTiON OF QCA
VALIDATION REsuLTS

By modification of the principle of normaliza-
tion of QCA measurements for an intercept of
zero and a slope of one, the angiographic
results of trials such as BENESTENT and
STRESS could be merged and the angiographic
results of CAVEAT and CCAT merged by the cor-
rection of their respective QCA resulis (by their
known systematic errors from in vivo validation
studies of the QCA systems used in each trial)
for an intercept of zero and a slope of one. Thus
if a hypothetical QCA system was found during
an in vivo validation study with catheter cali-
bration to overestimate small diameters and
underestimate large diameters and thus have a



regression analysis of y = 0.20 mm + 0.80x then
all angiographic results produced by that sys-
tem would be normalized as true MLD = (mea-
sured MLD-0.20 min)/0.80.

Following the application of this normaliza-
tion for their respective QCA systems, the results
of the two stent trials could be merged and the
results of the two atherectomy trials merged.
Clearty such normalization will not improve the
reproducibility (random error) associated with
each QCA system; however, the desensitizing
effect on the trials exerted by the noise of each
QCA system (high standard deviation of mea-
surements) should be partially overcome by the
increase in the total number of observations
provided by the merging of the respective data-
bases (thus reducing the standard errar of the
mean and increasing the sensitivity of the
merged analyses).

FAILURE OF THE PARAMETER ACCURACY
TO CONVEY THE SYSTEMATIC ERROR
OF A QCA SYSTEM

The statistical parameter of accuracy can at
times be misleading, Given that most QCA sys-
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tems tend to overestimate small diameters and
underestimate large diameters, the regression
line of most QCA systems intersects the line of
identity at a polut above 0.5 mm on the X axis,
An example of how the reliance on one or simple
statistical parameters to convey an impression
of the performance of a QCA system can be mis-
leading is the use of accuracy. Tf in the conduc-
tion of a validation study the number of obser-
vations (phantom stenoses) above and the
number of observations below the point of inter-
section of the regression and identity lines are
equal, the reported accuracy for the QCA system
may be close to zero. This would occur for exam-
ple if the difference between QCA measure-
ments and the true values above the point of
intersection is -0.2 mm (underestimation) and
the difference between QCA measurements and

' the true values below the point of intersection is

+ 0.2 mm (overestimation). This deception arises
from canceltation of the signed differences of all
measurements for the entire validated range.
This inability of the parameter of accuracy to
convey the systematic error of QCA measure-
ments can be overcome by the reporting of the
absolute mean errer of QCA measurements. By

TABLE 12-5. NORMALIZATION OF THE STANDARD ERROR OF THE ESTIMATE
FOR AN INTERCEPT OF ZERO AND A SLOPE OF ONE~

Normalized
QCA system Intercept, num Slope Correlation SEE, nun SEEc, mm
1 0.19 0.74 0.89 +0.19 +0.27
2 0.14 0.76 .96 +0.12 +0.16
3 0.15 0.69 0.89 +0.19 +(1.27
4 0.04 0.66 0.91 +0.16 +0.24
5 0.00 0.83 0.98 +0.09 +0.11
6 .34 0.58 .91 +0.14 +0.23
7 0.12 0.63 0.90 +0.16 +0.25
8 0.05 0.71 0.87 +0.22 +0.31
9 0.17 0.57 0.91 +0.14 +0.24
10 0.20 0.60 0.83 +0.22 +(.36
Average .14 0.68 0.91 (.16 +0.24

*Given the interdepence of all conventional statistical parameters for the description of quantitative coronary angiography
{QCA) validation results, it hecomes difficult to select which statistical parameters should be utilitzed for direct comparisons
of different QCA systems. One approach wauld be to normalize the validation results of each QCA system under compari-
sen for an intercept of zero and a slope of onz. The normalized (corrected) standard ersor of the estimate (SEEc) for each
QCA system waould then be directly comparable between systems and pravide an index of the noise or random error to be
expected from each system after recalibration and elimination of systematic errors. The correlation coefficient will not alter
during the normalization precess and 1hus could be directly used for comparisons between CGCA systems. We have applied
this statistical proposal to the results of a recent multicenter QCA validation study whereby the results of ten different GCA
systems are presented. The results are for an in vive {porcine coronary arteries) series of phantom stenoses of known diame-
ter and were calibrated using a guiding catheter positioned in the coronary ostium.
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taking the unsigned differences, the deviation or
error of each measurement from the true value
is taken into account and conveys to the reader
the systematic error to be expected from QCA
measurements within the validated range, This
point is illustrated in Figure 12-8, where for a
hypothetical series of QCA measurements, the
accuracy is (.00 mm and the absolute mean
error is 0.15 mm.

Many previous QCA validation studies have
used the statistical approach proposed by
Bland and Altman [89], however, this approach
provides little additional information over lin-
ear regression analysis. Bland and Altman [91]
designed their statistical method to display the
agreement between two measurement systems
in the absence of a golden standard and thus
their approach is of limited value to a study
when the true value of the measured objects is
knewn. One method of ac ressing the problem
of comparative validation would be to express
accuracy and precision at any given true value
of a phantom stenosis in a categorical manner.
If a consensus was reached on the most rele-
vant absolute value of diameter at which accu-
racy and precision of QCA systems should be
compared (eg, 1.5 mm) then one value for
accuracy and precision could be given for each
QCA system, If, however, the regression line for
a QCA system crossed the line of identity in the
vicinity of this point {or nnear the midpoint of a
validated range) then the derived accuracy
value would appear deceptively favorable,
Alternatively, a series of three accuracy and
precisiont values could be given for each sys-
tem for three true values of lumen dimension,
eg, 1.0, 1.8, and 2.7 mm roughly corresponding
to likely measurements of minimal luminal

Accuracy vs absolule mean error
2,00 P
£ 1,604
§
£ 120
&
2
5 0.80
E
g 0,40 L Accuracy, .00 mm
L Absolute mean error, .15 mm
e T T T
0.00 0.40 0.80 1.20 1.60 2.00
True value of stenoses, mm
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diameter pre- and postcoronary intervention
and of reference vessel diameter,

QCA AND ANALOGUE VIDEOTAPE

With the increasing availability of digital (sub-
traction) angiography, many interventional
suites have already entered the era of the film-
less cath lab. While some radiograph systems
have digital export facilities, most currently use
analogue videotape for export and long-term
storage of cineangiograms. Videotape offers the
advantages of easy handling, instant replay,
and low cost [92-95] and thus in many institu-
tions videotape has been welcomed as a more

convenient recording medium than 35 mm

cinefilm. Despite the hasty replacement of

cinefilm at many interventional suites, the suit-
ability of video recordings for QCA has not yet

been established. The limited shelf life of 7

years for videotape may render it unsuitable for

important clineial trials on the results of which

Food and Drug Administration approval for a

device or pharmacologic agent may subse-

quently be sought.

Videotape may introduce additional noise
and potentially worsen the reproductibility of
QCA measurements by virtue of the introduction
of the following additional steps in the data pro-
cessing of angiographic images:

1. Video camera in X-ray image intensifiern.

2. Analogue to digital conversion to provide digi-
tal angiographic inages on hard disk (parallel
Winchester disks for real time processing).
These digital images may be compressed to
increase the number of stored frames in an
error-free or lossless compression format
without resultant deterioration in precision of

Figure 12-8. Accuracy of quantitalive coronary angiogra-
phy (QCA) meastirements, Linear regression of a hypothe-
tical QCA valiclation stucly where the accuracy reported
for the QCA system is 0.00 mm even though 1) not a sin-
gle individual measurement had an accuracy of .60 mm,
and 2) the systematic tendency to overestimate small
fuminal diameters and underestimate farge luminal diame-
ters. This highlights the inadequacy of the term accuracy
to portray the complete picture of a QCA system's perfor-
mance and systematic errors, and supports the use of the
parameter, absolute mean error, which is indepencdlent of
the sign (%) of the individual QCA measurements.



QCA measurements, or filtered to provide
edge enhancement (contrast).

3. Digital to analogue conversion for export to
videotape with conservation of the edge
enhancement if applied. The video-recorder
itself may introduce additional high frequency

noise,

4. Analogue to digital transfer (CCD camera in

QCA hardware).

CURRENT REVIEW OF INTERVENTIONAL CARDIOLOGY

The imminent replacement of video cameras by
CCD cameras in image intensifiers will provide
more geometrically accurate images (thereby
reducing pincushion distortion and avoiding the
primary on-line analogue to digital conversion).
To determine the potential application and
reliability of videotape recording for off-line QCA
for clinical studies we recently carried out two
studies, In the first we compared QCA measure-

TABLE 12-6. IN VITRO COMPARISON OF
QUANTITATIVE CORONARY ANGIOGRAPHY
MEASUREMENTS OF CINEFILM AND VIDEOTAPE RECORDINGS
WITH AND WITHOUT EDGE ENHANCEMENT

Recording  Accuracy, Precision,

medium mm mnt Correfation - Regression  SEE, mm
Cinefilm -0.10 +(.08 09970y =001 2005
Video-N 0.1 +0.18 . 0987 . y=0.3. 0.2
S m 85X
video-E -6.10 011 00992, y=:006 " 0.1t

) Sm +98X B

*Results of off-line quantitative coronary angiography (QCA) vatidation {CAAS Il of cire-
film and videotape recordings of in vitro stenoses. The videotape recordings tested were
of normal images and of images that had undergone a process of on- -Hne fittering—edge
enhancement using a Philips DCI system. The random erroz {najse) of QUA analyses was
feast for cinefifm analyses and greater for vzdm!ape The process of on-line edge .
enharcement was found to convey a reduction in random error {improvement in preci-
sion and standard error of the estimate [SEE] in subsequent off-line QCA amalysis, Video-
E—videotape recordings of edge enhanced anglographic images; Video-N—videctape
recor(llngs of normal (unfiltered} angiograpic 1mabes From Ozakl and Cowori\ers {9sl;
with permission, =

TABLE 12-7, AGREEMENT OF QUANTITATIVE CORONARY
ANGIOGRAPHY MEASUREMENTS OF CLINICAL STENOSES - -
BETWEEN CINEFILM AND VIDEOTAPE*

Mean of differences ' SD of differences,

Comparison {Agreement), nun © pun
Video-N—Cinefilm 0,14 +0.20
Video-E—Cinefilm 0.04 - +0.13

*Resulls of off-line quantitative coronary angiography (QCA) validation studies where
the results of QCA analyses of cinefilm were used as a reference for the assessment of
QCA measurements of videotape secordings. The terms accuracy and precision, how-
ever, are not used as the true values of the coronary stenoses pre- and post-percuta-
neous transluminal coranary angiography are unknown. Video-E—videotape record-
ings of edge enhanced angiographic images; Video-N—videolape recordings of nermal
{unfiltered) angiographic images.
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ments of cinefilm and videotape recordings of
experimental stenoses of known diameter in vitro
as well as comparing QCA measurements of the
two recording media of clinical coronary artery
stenoses pre or postballoon angioplasty [95]. All in
vitra and clinical angiograms were recorded on a
DCT X-ray system (Philips, Best, The Netherlands}
in the Thoraxcenter catheterization laboratory and
all off-line QCA analyses were performed on the
CAAS T QCA system (Pie Medical, Maastricht, The
Netherlands). The results of this study are present-
ed in Tables 12-6 and 12-7, Videotape recording
was associated with a deterioration in both accura-
cy and precision atthough edge enhancement of
the images (filtering of the digitized images on the
DCI system in the cath lab prior to their export (A
to D transfer) on videotape, was seen to convey
some improvement in the QCA measuremetits,

In our second study (previously unpublished}
we undertook a multicenter trial of videotape
recordings for QCA analysis. We compared the
accuracy and precision of video recordings of in
vitro stenoses from four different external cardiac
catheterization laboratories and examined the
effect of the application of edge enhancement
(compared with normal processing} from each X-
ray system. In this second study we also assessed
the potential application of a signal averaging

technique to reduce the additional noise of video
recordings (fe, to raise the signal to noise ratio).
The signal averaging technique consisted of the
digitizing by the QCA system of multiple video
frames of the same image (by using 4 custom-
designed frame grabber) and averaging of their
data (frozen linages were recorded on videotape at
a speed of one angiographic image per 25 frames
of videotape). All in vitro stenoses (on a back-
ground of plexiglass blocks and copper plates)
were filmed at the isocenter in the 7-inch image
intensifier field size with the smallest focal spot
size setting for each X-ray systemn (0.4 to .5 mmy),
Again the QCA system used for all off-line analyses
was CAAS 11, All QCA measurements were calibrat-
ed by the recording of a centimeter grid in each lab-
oratory. The average pixel size during QCA analysis
after optical magnification (x 2) and digitization of
the video images was 0.19 mim (this is considerably
targer than the typical pixel size of cinefilm record-
ings of 0.06 mm). Correction for pincushion distor-
tion was applied to all video images prior to analy-
sis. The results of this study are presented in Tables
12-8 and 12-9 and Figure 12-9.

Marked variability was seen Irom one
catheterization lab to the next. In the X-ray sys-
tem of catheterization kab 1, in addition to exert-
ing a marked effect on accuracy (from 0.07 mm

TABLE 12-8. FFFECT OF ON-LINE EDGE ENHANCEMENT
OF DIGITAL IMAGES EXERTS WIDELY VARIABLE AND
UNPREDICTABLE EFFECTS ON SUBSEQUENT OFF-LINE
QUANTITAIVE CORONARY ANGIOGRAPY ANALYSIS

" OF VIDEOTAPE RECORDINGS*

Normal processing, mm  Edge-enhanced, mm

Accuracy Precision  Accuracy  Precision

Catheter lab 1 -0.08 +0.09 -0.12 +0.10
Catheter {ab 2 0.07 +0L.40 -0.05 +0.39
Catheter lab 3 0.07 +0.32 -0.03 +0.10
Catheter lab 4 -0.05 30,10 -0.05 +0.19

*Resulls of off-ine quantitative coronary angiography {QCA) measurements of in
vitro stenoses on videolape recorded in four different catheterization labs,
Marked variability was seen from one catheterization lab to the nest. In the X-ray
systemn of catheterization lab 3, ia addition to exerting a marked effect on accura-
cy {from 0.07 mm to -0.03 mm} edge enbancement improved precision of off-
line QCA measurements. In contrast, edge enhancement of the images in
catheterization labs | and 2 had no effect on off-line QCA measurements and in
catheterization fab 4 edge enhancement was associated with a deterioration in
precision of off-line QCA measurements. On-line edge enhancement of digital
images in catheterization faboratories may exert a significant efiect on subse-
quent offdine QCA analysis of analogue videatape recordings of the enhanced
images. The effect varies considerably from: one X-ray systent {and the filtering
level selected) to ancther.
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te -0.03 mm)} edge enhancement improved preci-
sion of off-line QCA measurements. In contrast,
edge enhancement of the images in catheteriza-
tion labs 2 and 3 had no effect on off-line QCA
measurements and in catheterization lab 4 edge
enhancement was associated with a deteriora-
tion in precision of off-line QCA measurements.
Thus, it appears that on-line edge enhancement
of digital images in catheterization laboratories,
exerts a significant effect on subsequent off-line
QCA analysis of anatogue videotape recordings of
the enhanced images. This effect varies consider-
ably from one X-ray system (and the filtering
level selected) to another.

Signal averaging (by multiple frame grab-
bing) was found to convey no detectable
improvement in the reliability of QCA measure-
ments. The reliability of QCA measurements of
videotape recordings vary significantly from one
X-ray acquisilion system to another. These
results indicate that analogue videotape record-
ings of angiographic images are generally
unsuitable for the conduction of interventional
trials using off-line QCA at a core laboratory.
Occasionally individual X-ray systems with par-
ticular edge enhancement filter settings may
provide images of sufficient quality for off-line
QCA of videotape recordings presumably due to
faithful tracking by the off-line QCA edge detec-
tion algorithm of the enhanced edge previously
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inscribed by a reliable on-line edge-enhance-
ment algorithm. Thus, centers with filinless cath
labs with only analogue videotape export for-
mats that wish to participate in multicenter
interventional trials should be individually
screened by appropriate QCA validation tests to
determine the reliability of their angiographic
images for off-line QCA.

FUTURE DIRECTIONS
AND CONSENSUS

European and North American working groups
are currently assessing potential digital and ana-
logue storage media for the filmless catheteriza-
tion laboratory. Storage media currently under
consideration currently include hard disks, com-
pact discs, aptical disks, digital tape, and stan-
dard analogue tape. On the basis of availability,
freedom of data compression and decompres-
sion requirements, videotape initiatly appeared
attractive; however, the resolution and reliability
of video formats with or without edge enhance-
ment for off-line core lab quantitative angio-
graphic analysis appears to be inadequate for
research purposes, and compact disks will soon
be widely available in catherization laboratories.

While a degree of loss may be acceptable for
routine clinicat purposes, the compression and
decompression of angiographic images by a lossy

TABLE 12-9. RESULTS OF OFF-LINE QUANTITATIVE CORONARY ANGIOGRAPHY OF
SIGNAL-AVERAGED IMAGES OF IN VITRO STENOSES RECORDED ON VIDEOTAPE*

Number of frames averaged

edge enhanced

1 field
Filtration 16 frames 8 frames 4 frames 2 frames 1 frame (0,5 frame}
Catheter lab 1 +0.09 mm 0.8 3mm  20.12mm 0.1 mm  20.1Fmm £0.13 mm
normal processing
Catheter {ab 1 0. 10mm =008 mm =007 mm 2012 mm 2 0.10mm 2012 mm
edge enhanced
Catheter lab 2 +0.40mm 2048 mm  x049mm 04T mm £ 044 mm £0.47 mm
normal processing
Catheter lab 2 +0.39mm  £0.05mm 2006 mm 20017 mm £0.22mm 2033 mm

"In vitra validation study of aff-line quantitative coronary angiography (QCA) analysis (CAAS 1) of videatape recordings from
two catheter fabs with narmat video recordings and with the application of edge enhancement. Despite a subjective
improverent in images {visual assessment), signal averaging of the video images by the use of a muitiple frame grabber
was nat found to convey an improvement in the precision of off-line QCA measurements,

42



QUANTTFATIVE CORONARY ANGIQGRAPHY! AN INFEGRAL COMPONENT OF INTERVENTIONAL CARDIOLOGY

technique (which can achieve compression
ratios from [0 to 1 to 80 to I (for monochrome
images)}) would be unacceptable for QCA pur-
poses. Thus only error-free compression algo-
rithms (which normally achieve a compression
ratio from 2 to 1 to 10 to 1) should be used for
anglographic images, which will sithsequently be
used for QCA analysis. Each compression algo-
rithm offers different compression-decompres-
sion processing times as well as range of com-
pression ratios, Fractal compression appears to
be one of the most promising techniques for
angiographic images. Further advances will be
made when the manufacturers of radiograph sys-
tems agree on a common storage medium and
software language (eg, Diacom) for digital
exchange of angiographic images for QCA.

Over the past 2 years a group of international
investigators have held meetings to address the
current lack of standardization of data acquisi-
tion, analysis and validation for the conduction
of progression-regression and restenosis trials, Tt
is envisaged that the imminent report of this
international QCA consensus group will provide

guidelines for the design of future quantitative
angiographic studies.

Until sources of systematic and random
error in QCA measurements can be greatly
reduced, we should consider an integrated
approach for the assessment of coronary artery
disease. QCA (static picture) should be com-
bined with TCUS (murelography) as well as
dynamic data such as Doppler or other flow
ineasuring techniques (pressure wire).

While QCA offers objectivity and superior
reproducibility compared with visual assessiment,
extensive improvements are required before QCA
can be accepted as a reliable (ool for the predic-
tion of cardiac events, Wide differences exist in
the performance of currently available QCA sys-
tems, highlighting the difliculties in attempting to
make direct comparisons between absolute mea-
surements of one angiographic study with those
derived from a dilferent QCA system or with on-
line analysis in clinical practice.

(Qualitative coronary angiography validation
stuclies should be performed in a uniform and
standardized manner to provide meaningful
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Figure }2-9, Mullicenter validation study of quantitative
coronrary angicgraphy ((QCA) measurements of videotape
images recorded at different catheterization laboratories.
A and B, A series of phantomn stenoses were recorded in
vitro (plexiglass blocks) at different catheterization fabs.
The images were then recorded at each site onto analogue
videotape and brought 1o a core angiographic laboratory
where they undenwent QUA analysis (CAAS 1), QCA
results of the videotape images varied markedly from one
catheterization lab to another. In the figure, it can be seen
that in catheterization lab 1 (A) {QCA measurements have
been plotied against the true values on the graph) the
results were of high guality where the process of analogue
videotape recording subtended a minimal degree of ran-
dem error (precision = x 0.09 mm, standard error of the
estimate [SEE] = + 0.09mm), In contrast, in catheterization
lab 2 (B) the process of analogue videolape recording
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introduced an unacceptable degree of random error {noise
precision = % 0,400, standard errer of the estimate =
0.42mm}. As 1o be expected in the absence of edge
enhancemaent, video recording only introduced noise and
did notresult in a shift or systematic error of QCA mea-
surements, Of particuiar interest are the values of accura-
¢y reported for these twa series of validation resulis,
whereby the accuracy of QUA measurements of videotape
images from catheterization lab 2 (0.07mmy} is at least as
good as for cathelerization lab 1 (-0.08mm) and highlights
the importance of understanding the relevance and mean-
ing of the different statistical parameters ysed to describe
measurement systems. MLD—minimal luminal diameter;
video-N—videotape recordings of normal unfiltered}
angiographic images.



data that can be used to compare the perfor-
mance of QCA systems, to guide the recalibra-
tion of QCA algorithms and to facilitate the
maintenance of high standards of QCA for sclen-
tific studies and clinical practice.

Power calculations and study design of
angiographic wrials should be adjusted for the
precision of the QCA system utilized to avoid the
risk of failing to detect small differences in
patient populations.

Results of validation studies should be given
both as the normatized (corrected) values in addi-
tiont to the abselute values of the statistical para-
meters. [n the reporting of clinical angiographic
studies, absolute values of luminal diameter and
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values of statistical significance for differences
between study populations should be accompa-
nied by the results of the appropriate vatidation
parameters of the QCA system deployed to facili-
tate the interpretation of the study’s findings.
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Comparative Validation of Quantitative
Coronary Angiography Systems

Results and Implications From a Multicenter Study
Using a Standardized Approach
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Eline Montauban van Swijndregt, MSe; Kenneth G. Lehmann, MD; Yukio Ozaki, MD, Phb;
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Background Computerized quantitative coronary angiogra-
phy {QCA) has fundamentally aliered our approach to the
assessment of coronary interventional techniques and steale-
gies aimed at the prevention of recurrence and progression of
stenosis. It is essential, therefore, that the performance of QCA
systems, upen which much of our scientific understanding has
become integratly dependent, is evaluated in an abjective and
uniform manner.

Methods and Results  We validated 10 QCA systems at core
laboratories in North America 'and Europe. Cine films were
made of phantom stenoses of known diameter (0.5 to 1.9 mm)
under four experimental conditions: in vivo (coronary arteries
of pigs) calibrated at the isocenter or by use of the catheter as
a scaling device and in vitro with 5% contrast and 1005
conirast, The ¢ine films were analyzed by each automated QCA
system without observer interaction. Accuracy and precision
were laken as the mean and SD of the signed differences
between the phantom stenoses, and the measured minimal
luminal dizmeters and the correlation coefficient {r), the SEE,
the y intercept, and the slope were derived by their [inear

regression, Performance of the 10 QCA systems ranged widely:
accuracy, +0.07 to +0.31 mm; precision, £0.14 10 £0.24 mm;
correlation {r), .96 to .89; SEE, 20.11 to 20.16 mm; intercept,
+0.08 1o +0.31 mm; and slope, 0,86 1o 0.64,

Conelusions There is a marked variabilily in performance
between systems when assessed over the range of 0.5 to 1.9 mm.
The range of accuracy, intercept, and slope values of this report
indicates that absolule measurements of luminal diameter from
different multicenter angicgraphic trials may not be directly
comparable and additionally suggests that such absolute mea-
surements may not be directly applicable to clinical practice
using anr on-line QCA system with a different edge detection
afgorithm. Power calculations and study design of angiographic
trizls should be adjusted for the precision of the QCA system
used 10 avoid the risk of failing to detect small differences in
patient populatiens. This study may guide the fine-tuning of
algorithms incorporated within each system and facilitate the
maintenance of high standards of QCA for scientific studies,
{Circuiation. 1995;91:2174-2183.)

Key Bords » angiography ¢ coronary disease o stenosis

angiography (QCA) have made a significant

impact on the practice of interventional cardi-
ology. They have reported the results of vessel size,
lesion severity, and short- and long-term angiographic
outcome of patients undergoing interventional proce-
dures. On the basis of the BENESTENT, STRESS,
CAVEAT, and CCAT trials, angiographic guidelines
have been proposed for the application of interventional
devices, ™+ Furthermore, on the basis of restenosis pre-
vention studies such as MARCATOR, PARK, and the
US Angiopeptin trial and of progression-regression
studjes, pharmacological agents have been deemed to
be ineffective because by the QCA approach a difference
in minimal luminal diameter at follow-up has not been
detected.>S

( jlinical trials incorporating quantitative coronary
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The results of these trials, however, have been gener-
ated by different off-line QCA systems. It is not known
whtether their resulis are all of equal reliability and to
what extent cach system overestimaies or underesti-
mates the true coronary dimensions. To determine the
reliability of the angiographic results of interventional,
restenosis, and progression-regression trials, a validation
of 10 QCA systems at major ¢ore angiographic Jabora-
torigs in Morth America and Europe (including the core
laboratories that performed the QCA for all of the
above-mentioned trials) was undertaken,

QCA systems with poor precision may fall to detect
small but significant differences in study populations,
whereas QCA systems with poor accuracy may provide
misleading results of absolute measurements of minimal
luminal diameter. The results of studies based on vnre-
liable QCA systems may not be directly comparable to
those of more reliable systems. To render the results of
anplopraphic studies meaningful and universally appli-
cable, it is important that QCA systems be validaled in a
systematic and standardized fashion. Results of single-
center validation studies will vary according to the
individual characteristics of the models of the phantom
stenoses used and their radiographic acquisition,™1®
Without a standardized approach te validation, it be-
comes difficult to assess to what degree individual an-
giographic studies are reliable, the significance of their
failure 1o detect relative changes in minimal luminal
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diameter, and how much weight should be attributed to
absolute values of minimal liminal diameter derived
from individual QCA systems. Furthermore, il is only by
detailed validation studies that errors in QCA measure-
ments can be identified and thereby provide guidance
for the refinement of QCA systems.

To assess the QCA systems under radiographic con-
ditions reflecting clinical practice in addition to those of
optimal radiographic acquisition, phantom slenoses of
known diameter were used as a reference both in vivo
(after insertion in the coronary arteries of pigs) and in
vitro (Plexiglas blocks}, The QCA systems were assessed
by their measurement of the absolute value (in millime-
ters) of the minimal luminal diameter within the artifi-
cial stenoses, which has previously been shown to be
more reliable than relative measures (percent diameter
stenosis) of coronary artery dimensions based on the
definition of a reference contour, 113

Methods

Phantom Stenoses

The phantom stenoses used in vive as well as in vitro
consisted of radiolucent acryfate and polyamide cytinders
with precision-drilled circular lumens 0.5, 0.7, 1.0, 1.4, and
L9 mm in diameter. Optical calibration of the stenosis
channels using 40-fold magnification gavg a tolerance of
0.003 mm. Paralle! to the sterosis lumen, a sccond Jumen £.3
mm in diameter was drilled in the cylinders 1o enable their
attackment to the tip of 4F Fogarly cathelers (Vermed). The
lumens of the Fogarty catheters contained e removable
melallic styfet, which aided the intracorcnary insertion of
the phantoms as well as their positioning ir the radiographic
isocenter. Details of our experimental approach to QCA
validation have been described.?4-16

In Yivo Studies

The procedures followed were in accordance with institu-
ticnal guidelines for animal studies. The phantom stenoses
were inserted into the coronary arteries of anesthetized York-
shire pigs (45 to 50 kg). Twelve-French introducer sheaths werc
surgicaily placed in both carotid arferies to aflow the sequential
insertion of the phantom stenoses on 4F Fogarty catheters and
the insertion of the angiographic guiding catheter. To minimize
the effect of respiration on angiographic acquisitien, mechan-
ical ventilation was tempoerarily discontinued immediately be-
fare each contrast injection. With twe methods of calibration,
twa series of measurements were obfained for the in vivo
series, providing an assessment of the variability of ronisccen-
tric calibration,

In Yitro Studies

The phantom stenoses were serially Inserted inlo a Plexiglas
acrylate mode] to approximate the attenuation and beam
hardening {(peak kifovolt {kVp] level, 75 kV) produced by the
human thorax.!%1% The Piexiglas channel, including the artifi-
cial stenosis, was then filled with contrast medium {jopamidol
370, Bracco; 370 mg iodine/mL) at concentrations of 50% and
then F00%. Each phantom stenosis filled with contrast medium
was recorded on cine film, By use of two concentrations of
contrast medium, two series of measurements were obtained
for the in vitro series, allowing an assessment of the variability
intreduced by contrast concentration,

Calibration

All the in vitro cine frames were calibrated off-line by scaling
from a steel object of 3-mm diameter secorded at the radio-
graphic isocenter as previcusly described,!*7¢ Both the 3.mm
scaling object and subsequently the in vitro phantom stenoses
were filmed precisely at the isocenter of the x-ray system.)” The
calibration procedures available in each off-line QCA system

were applied to the images obtained by automated cdges1

Keanc et al  Validation of QCA Systems

detection 1o produce the corresponding calibration factors
{millimeters per pixel).

All in vivo frames were calibrated by sealing from the
isocenirjc 3-mm steel object; subsequently, the analysis was
repeated and frames were calibrated by scaling from the
angiographic catheter, which was achieved by the nonisocen-
tric radiographic acquisition of the unfilled tip of the
contrast catheter (positioned at the coromary oslium as in
routine clinical practice). A recent siudy using a centimeter
grid showed that QCA measurements correspond 1o the
outer diameter of the catheter and that the use of contrast-
empty catheters {—2,9%) yields more accurate results than
contrast-filled catheters (—7,19).2%21 The diameter of the
nontapering part of each 8F polyurethane catheter was
measured (diameters of the individual catheters ranging
from 2.49 to 2.54 mm) with a precision micrometer (No.
253.501, Miluloyo; accuracy, §.001 mm), resulting in the
respective calibration factors (millimeters per pixel). In the
in vivo serics, afler the intracoronary imsertion of each
phantom stenosis and before angiographic recording, the
radiopaque tip of the guide wire of the Fagarty catheter that
was located in the side channel of each phantom was used as
a marker in two planes to ensure that the phaniom stenosis
lay at the radiopraphic isocenter. The guide wire was then
removed before coronary angiography.

Image Acquisition and Processing

A manoplare Philips Poly Diagnost C2 machine equipped
with an MRC x-ray tube and powered by an Optimus CP
gencrator (Philips Medical Systems International BV) was
used for all radiographic Imaging. The $-in (12.5-cm} field
mode of the image intensifier (focal spot, 0.8 mm) was
selected, and the radiographic system settings were kept
constant (kVp, mA, ms) in each projection. All phantoms
were imaged in two projections sequentially and acquired on
35-mm cine film (CFE type 2711, Kodak) 2t a frame rate of
25 images per secoend with an Arritechno 90 cine camera
{Arnold & Richter) with an 85-mm lens, The cine films were
processed by a Refinal developer {Agfa-Gavaerl) for 4
minutes at 28°C, The film gradient was measured in all cases
10 ensure thal the optical densities of interest were on the
linear portien of the sensitometric curve, From each angio-
gram that fuifilled the requirements of quantitative analysis
(no superimposition of surrounding structures, no mgjor
vessel branching at the site of the phantom), a homoge-
reously filled end-diastolic coronary image was selected. Ten
in vitro and 19 in vivo frames were suitable for guantitative
analysis of the artificlal stenoses,

Quantitative Angiographic Analysis

The cine films of the phantom stenoses were analyzed
off-line by 10 QCA systems in nine participating centers,
Eszch cenler had a unique combination of QCA software and
hardware. The default settings of optical magnification,
light-emitting diode setlings, ¢ic, al each core laboratory
were used without alteration, It is assumed in this study that
each core laboratory {through continuous internal quality
control assessments) has established for itself the optimal
seltings and operations for its individual QCA system. The
resultant pixel size after digitization depended on the video
camera pixel matrix (Table [} of each system and ranged
from 0.07 to 0,20 mm/pixel, The list of participating centers
and details of their QCA systemss are given in alphabetical
order in Table 1 (it should be nroted that the subsequent
results for the 18 syslems arc given in a different order
anonymousty). None of the QCA systems tested had been
previously culibrated at prior validation testing with the type
of phantom used, One of the investigators (E.M.v.5.) visited
all the centers, bringing the same set of films for analysis to
cach center consecutively. The same set of preselected cine
frames was analyzed at each cenler 10 avoid the introduction
of any variahility between QCA systems asscciated with
frame selection by each operator.?? A technician working at
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Daotails of QCA Systems

Site Clne Projoctor

Optical Magnification
of Cine Film Images

Gamera (Video Converter)

Video Gamsra
Pixel Malsix

QCA System

A Vanguard XR35 Yos Vidicon tube Analogue Arlrek verslon 1.6; 1992
B _Tagamno 35A Yes Vanguard TV-§ Analogue 525 kne Arrek verslon 1.6, 1992
o] Tagarno 354X Yos Neawvicon Anglogue Artrek version 1.36; 1991
D CAP 358 Yas Vidicon Analogue Arrek version 1,6; 1991
E Arripro 35 Yos GCR chip ;gs AWOS

F Tagarne 33CX Yes CCD array }g;g CAAS [

G Tagarno 35CX Yos CCD arvay 1770 CAAS Il

H CAP 35E Yes CCD chip lg?g CMS

| Tagamo Yes CCO chlp igg In house

J Tagamo 35CX No CCD chip }ggg SWiss

QCAindicates quantitative coronary angiography; GAP, cine angiography projector; CCD, charged coupled device; AWOS, artery waork siation;
CAAS, coronary angiography analysis system; CMS, cardiovascular measurement system; and SM/3S, 8t Michael's/Sunnybrock system,

each center who was unaware of the true diamelers of the
phantom sienoses performed the automated QCA analysis
of all cine frames in the presence of the investigator. To
maintain scientific obiectivity and to ensure that the direct
comparisons between the 10 QCA systems were valid,
operator intervention or editing of the automated edge
detection was not permitted, An example of a contrast-filled
phantom stenosis in vive and its subsequent contours out-
lined by one of the QCA systems is given in Fig 1,

Statistical Analysis

The individual geometric measurements of minimal luminat
diameter were compared with the true phantom diameters
by simple subtraction and by linear regression analysis, The
mean of the signed differences between measured values and
thie known diameter of the phantom stenoses was considered
an index of accuracy and the 8§D of the differences an index
of precision,

Do €10t {ming . 437

4

e [{ENS]

Area ({corr) mm’

410 + 280 mm’ 951

stenosis BS %

Fic 1. The borders of a coronary segment contalning a phantom stenosls are outfined by the automaled edge-detection algorithm of
one of the validated quantitative coronary angiography systems. Diameter function Is plotted at bottom of figure.
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Correctlon for

Manuecturer of QCA Pincushion Distortion

Dighat Magnification
to Image for Anatysls

Final Pixe}

Malrlx of GCA Algortihm Princlple

ImageCemm, USA No
ImageComm, USA No
imageSomm, USA o
lmageComm, USA No
Slameans, Germany Na
Pio Madical, the Netheriands Yos
Pie Medlcal, tha Netherlands Yes
Medis, tha Nelherands No
Harvard University Yes
University of Toronto No

Yes 512 181 and 2nd dsrivalive
480
Yos &12 18t and 2nd darivalive
480
Yeos 512 1st and 2nd derivative
480
Yeos 512 151 and 2nd darivallye
480
Yas 512 Oplimal convolution
512
Ne 612 151 and 2nd derivative
612
Yeos 17719 1st and 2nd derivative
1330
Yes 512 1st and 2nd denivalive
512
Yes 612 1st and 2nd derivalive
512
HNo 1320 Density profile of tracker boxes
035

Results

The individual indexes of accuracy and precision are
given for all four validation series (in vivo with two
calibration techniques and in vitro with two contrast
concentrations) along with the average of their unsigned
(absolute) values for all 10 QCA systems validated in
Table 2. The averages for accuracy and precision, for
correlation coefficient and SEE, and for intercept and
slope for alt 10 QCA systems are given in Table 3.

Indexes of Agreement

Accuracy of the 10 QCA systems ranged from 0.07 to
.31 mm, and the correlation coefficient ranged from .96
to .89. The intercept of the regression line was positive
for alt 10 QCA systems and ranged from +0.08 to +0.31
mm, whereas the slope of the regression line for ajl 10
QCA systems was <10 and ranged from 0.86 to 0.64.
Application of these regression lines indicates percent-
age accuracies for the 1) QCA systems ranging from
+26% to —1% (mean, +7.2%) for measurements of
lumen diameters of 0.5 mm, percentage accuracies from

—7% to —24% (mean, —14.9%) for lumen diameters of
1.5 mm, and percentage accuracies from —11% to
—29% (mean, —20.5%) for lumen diameters of 3.0 mm.

Indexes of Noise and Consistency

Precision of the 10 QCA systems ranged from +0.14
to £0.24 mm, and the SEE ranged from =0.11 to
*0.16 mm, :

An indication of the variability of performance among
the 10 QCA systems can be visualized by comparing the
results of the in vivo test calibrated by the catheter for
two of the systems depicted in Fig 2.

Influence of the Validation Model

As expected, it can be seen in Table 2 that the
performance of each individual system varied from one
valldation test to another, In the in vivo series, sccuracy
was better when calibrated at the isocenter than on
catheter calibration in all 10 systems validated (see Fig
3). The method of ealibration did not influence the
precision or SEE of QCA. In the in vitro series, both

TaBLE 2. Accuracy and Precislon

In Vive in Vivo

Cathelor {socenter in Vitre 50%  In Vilvo 100% Averago

A 4 A P A e A P A P
1 ~009 023 007 021 -0,52 040 00t 018 007 018
2 -034 0¥ -00% 0.18 001 046 -034 0067 008 015
3 ~020 024 -044 031 -016 017 -017 044 017 022
4 =035 023 -011 045 -028 006 -013 014 031 015
5 ~019 013 -~009 048 -025 013 -015 013 047 014
] -0.13 026 -¢01 022 042 014 -007 024 008 022
T -030 026 -pOy 022 -02% G183 -023 043 o022 o018
B ~-028 026 ~025 020 -041 016 -013 017 027 020
9 -033 026 -026 022 -029 020 -~000 028 024 024
10 ~024 030 -045 024 -031 047 -021 019 023 023

Accuracy {A) and procision {P) are the mean and 5D of the difarences (mm) between the
measurement of luminal diameter derived by quantitative coronary anglography (QCA) and
the trie diamater of the phantom slenoses.

In viva catheter (ndicates In vive seriss of measuramants catibrated by the calheter; In viva
Isacentar, in vive senes of measuremsants calibrated at the Isocenten In vitro 50%, {n vitro
senias of measurements with 50% centrast calibrated at the isocenter; in vitro 100%, In vitro
searies of maasurements with 1003 centrast calibvated al the lsocenter, and avarags, average

of tha unsignad rasuls,

Reosulls for tha QTA systems (f through 10) are presented In Tables 2 and 3 in the same

order anonymousty and are In a different order than the systems detalled In Table 1.
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TABLE 3, Summary of Validation Results

Accuracy Praclolon Correlallon SEE Intercapt Slope
1 0.07 0.18 93 0.16 6.20 0.77
2 008 0.15 96 0.12 0.17 0.82
3 017 022 90 0.18 017 0.70
4 03¢ 0.15 96 0.11 0,11 0.79
5 017 0.4 .96 0.12 0.08 0.86
6 0.08 0.22 94 0.12 0.31 0.64
7 0.22 018 93 015 0.16 0.78
g o.27 .20 .92 0.16 o1 0.73
Q 0.24 0.24 .89 0.16 917 0.85
10 023 0.23 91 016 0.18 067

Accuracy, preclslon, and parameters of Enear regresslon (coirelalion, SE€, Inteccept, and
siops) for the 10 quantitalive coronary anglography (QCA) systems. The values glven are the
averages of the unsigned results from the four validation serias {the In vivo serles calibrated
by the cathater; the In vivo sefies calibrated al tha isocenler; the In vilro series with 50%
contrasl calibraled at the Isocenter; and the in vitro series with 100% contrast calibrated at

the Isctanter).

Rasulls for the QCA systems (1 through 10) are presented In Tables 2 and 3 Ia the same
order anonymousty and are in a different order than 1he systems dalaled In Table 1.

accuracy and the SEE were found to improve when the
concentration of the injected contrast was 100% com-
pared with 50% during validation of 8 of the 10 syslems,

Discussion

This study demonstrates the wide range of perfor-
mance provided by 10 QCA systems currently in use in
North America and Europe. The clinical implications
of such widely different results are considerable and
can be divided into the clinical implications of inac-
curacy and the clinical implications of imprecision of
QCA measurements.

ar * QCA System §
— + QCA System g
E aglh ~-Line of ldentity
]
S of
1=
o
7 s}
g
= 5
= L
Q
@]
051
o 1 1 1 L J
0 0.5 i 15 2 25

Phantom Diameters {(mm)

Fis 2, Graph showing In vivo dala for two of the quantitative
corenary anglography (QGA) systems validated, An Indlcation of
the varlabllity of performance of the QCA systems validated s
demonstrated by linear regression of the results for QCA sys-
tems 5 and 8, The raw data for the in vivo QCA analysls
calibrated by iha catheter as a scaling device has bsen plotied
on the y axis with tha true phantom stenosis diameters on the x
axis. Each dala polint represents a single analysts of a cine frame
from each anglographlc sequsnce. The accuracy was —0.19 mm
for system & and —0.33 mm for system 9; the precision was
+0.13 mm for system 5 and *0.26 mm for system §; the
correlation was .08 for syslem & and .91 for system 9; and the
SEE was +0.09 mm for system 5 and *0.14 mm lor system 9.

Clinical Implications of QCA Inaccuracy

All systems were found to have a posilive intercept
(>0} and a slope of <1, indicating that many clinical
studies to date using QCA may have overestimated the
baseline minimal luminal diameter of their study popu-
lations and underestimated the acute gain in minimal
luminal diameter after coronary intervention, For exam-
ple, with QCA system 9, the linear regression analysis of
which is displayed in Fig 2, a vessel of 2-mm diameter
will be reported as 1.31 mm, and a procedural improve-
ment in minimat luminal diameter from 0.5 to 1.9 mm
will be reported as a luminal gain of only 6.77 mm. This
may result in the establishment of angiographic guide-
lines that, when directly adopted in clinical practice
using on-line QCA,%142%24 may lead to device-vessel
mismatching and inappropriately aggressive [uminal
gains and when adopted in subsequent clinical teials may
lead to inappropriate inclusion criterja. By underestima-
tion in the range of typical reference vessel diameters (in
addition to overestimation in the range of typical mini-
mal Juminal diameters), clinical studies reporting their
QCA resulis exclusively in terms of percent diameter
stenaosis will be less instructive than studies disclosing the
absolute values of the minimat luminal diameter. These
findings contrast with visual assessments of luminal
diameter, which tend to overestimate acute luminal gain

o1
3
E 9
g‘ ol M Catheter
§ Elisocentsr
0.2

Palrod rasults for sach QCA system

Fis 3. Bar graph showing eflect of calibralion on accuracy of
tha In vivo series. The accuracy of quantitative coronary anglog-
raphy (QCA} Is seen to Improve during calibration at the iso-
center compared with the use of the anglographlc cathster as a
scating device. Solid bars Indicate catheter; shadad bars, iso-
center,
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(it should be noted, however, that the variability between
visual measurements has previously been shown to be
many times higher than between QCA measurementszs-2),
Measurements by some QCA systems were so dilfer-
ent from the true phanlom diameters and so different
from other QCA systems that the direct pooling of
absolute angiopraphic data from different core labora-
tories may be rendered invalid. Although little could
be done to correct for the random error in QCA
results before the sharing of data belween core angio-
graphic laboratories, application of a corrective func-
tion could be applied to compensate (recalibrate) for
the known systematic errors of each QCA system.
Specifically, the regression formula {y=a+b(x)] de-
rived from standardized validation studies of each
QCA system could be applied to the results of angio-
graphic trials, thereby normalizing to an intercept of 0
and a slope of | for each core laboratory [corrected
result=(measurcment result —intercept)fstope]. Such
a step might facilitate the meta-analysis of comple-
mentary intervention studies such as STRESS and
BENESTENT or such as CAVEAT and CCAT.

Clinical Implications of QCA Imprecision

It could be proposed that poor accuracy or consistent
overestimation or underestimation of absolute luminal
diameters does not inherently abrogate the value of
QCA in the detection of changes in serial angiographic
studies, and perhaps the inherent noise {random error)
of the system is more important for clinical trials. The
high absolute values for precision (up to %0.30 mm) and
SEE (up to *022 mm) provided by some systems
indicate that calculation of study power and sample size
for elinical studies should differ from one angiographic
core Jaboratory to another. For example, for a two-limb
angiographic restenosis study, a population size of 1022
patients would be required if QCA system 5 (precision,
+0.13 mm) were used, whereas a population size of 1356
patients would be required if QCA. system 10 (precision,
+0.30 mm) were used to detect a difference in loss of
minimal Juminal diameter at follow-up of =010 mm
{providing a value of a=.05 and a power of 90% and
allowing for a paticnt dropout rate of 15%).62930 How-
ever, it should be acknowiedged that the value of
precision reflects not only the random error of measure-
ments but also the systematic errors of a measurement
system.! It may therefore be more appropriate to use
the known SEE of a QCA system for the power calcu-
lations of clinical trials rather than the value of precision
of the QCA system. In the absence of such adjustments
in study design, differences between study groups may go
undetected or fail to reach statistical significance if a
QCA with a large random error is used.

The effect of the precision of 8 QCA system on the
ability to clearly detect a difference among study popu-
lations can be seen graphically in Fig 4, in which a
hypothetical study population has been analyzed by two
different QCA systers, one with a poor precision and
one with a good precision {the mathematicat analysis
used Lotus 1-2-3, Release 2.0 for Windows, Lotus 1923):
The patient populations in graphs A and D are identical
and represeni a hypothetical study population in a
restenosis trial 6 months after coronary intervention;
one group of patients (treated with placebo) has “reste-
nosis” (mean change in minimal luminal diameter at
follow-up of 1.0 mm), and the other group does not have
“restenosis” (mean change in minimal luminal diameter
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at follow-up of 0.0 mm) after successful treatment with a
drug. Graphs B and E display the precision (0.08 and
0.30 mm} of two hypothetical QCA systems used to
analyze the above study populations. Graphs C and F
show (he resultant measurements of the same study
population by the two different QCA systems. In graph
C, the significant difference between the two treatment
groups (placebo and active drug) has been clearly de-
tected by the highly precise QCA system. In graph F, the
difference between the treatment groups has been lost
(or the difference does not reach statistical significance}
when analyzed by the imprecise QCA system. Similarly,
a bimedal distribution of luminal renarrowing within a
population may appear as unimodal when assessed by an
imprecise QCA system.*?

In Vivo Versus In Yitro Dala

The tables of results provided in this report contain an
average of the four validation tests for each QCA
system. It is debatable, however, whether the results of
in vivo tests (in which veiling glare and scatter are
heterogencous because of overlying structures) and in
vitro tests (in which veiling glare and scatter are homo-
geneous) calibrated by different methods should be
grouped together and thus attributed equal importance
in view of their unique characteristics and implica-
tions.!"1®8 Correlation between the different validation
series was poor; however, this was to be expected, given
the different combinations of hardware and software
components of the 10 QCA systems (eg, different
weightings of the first and second derivative would be
expected 1o respond differently to the sharper change in
brightness profiie associated with 160% contrast or using
a steel object for calibration). Although the contrast of
the steel object was sharp, it was on the linear portion of
the sensitometric curve, and, indeed, rather than result-
ing in a greater underestimation of stenosis measure-
ments, QCA measurements calibrated by the steel object
were associated (to a major or minor degree) with less
underestimation of true diameters compared with cath-
eter calibration, as shown in Table 2 and Fig 3. This
finding of improved accuracy most likely results from the
isacenlric location of the steel calibration device rather
than the catheter, which Jay in the coronary ostium
proximal to the coronary segment containing the steno-
sis as in clinical practice (with subsequent out-of-plane
magnification). The resulis of the in vivo validation test
calibrated by the catheter most closely reflect the prac-
tice of off-line analysis as performed in multicenter
angiographic trials by a core laboratory, and in most of
the 10 systems these results were poorer than those of
the other three validation tests.

Influence of Hardware and Software Components of
Each QCA System

The influence of the camera and cine-video converter
on the final result of QCA analysis is highlighted by this
study, which showed that although three centers had the
same software package, remarkably different resulls
were obtained because of their unique combinations of
hardware components. Although our study was not
designed to determine which compenents of the QCA
chain were responsible for introducing the most naoise, it
is clear from our results that a core laboratory conduct-
ing follow-up studies should revalidate its QUA system
whenever a hardware or software component is ex-
changed or upgraded.?* This is of particular relevance
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Fia 4. Graphs showing the effect of the precision of quantitative coronary anglography (QCA} systems on the abllity to clearly detect
a difference among study poputatlons when a hypothetical sludy population (graphs A and D) has been analyzed by two different QCA
systems: one with good precision (graph B) and one with poor pracision (graph E). The diflerence betwasn the treated and placebo
patients has been detected {(graph G} by the precise QCA system, whereas analysls by the imprecise QCA system (graph F) falls to
detect the diflerence or fails to reach statistica! significance {the mathematical analysis used Lotus 123, Releass 2.0 for Windows, Lotus

1993). MLD indicates minimal furninal diameter,

to progression-regression trials, in which a QCA system
4 years old is likely to have been upgraded at the core
laboratory by more modem versions of the software.

Positive Directions and the Future of QCA

The results of this study have already been used by the
producers of some of the QCA systems to refine the
algorithms incorporated within each system, Many of
the systematic errors detected can be corrected by
recalibration of the QCA software or tuning of the
weighting of the first to the second derivative in the
edge-detection algorithm,3%36 whereas it would be
expected to be more difficult to clear a system of
noise, which usuvally reflects hardware impediments.
Experimental algorithms currently under develop-
ment include an adaptive dynamic weighting of the

first and second derivatives to overcome the problem
of overestimating mcasurcments of smatl vessels and
underestimating measurements of large diameters*?37
and a gradient field transform incorporating a “'short-
est-path” algorithm rather than a traditional smooth-
ing “minimal-cost” algorithm to cope with the abrupt
changes in luminal contour encountered after coro-
nary angloplasty.®

Given the considerable time, effort, and cost of con-
ducting restenosis and progression-regression trials, it
seems reasonable to aim for a precision of clinical QCA
measurements of =020 mm for the analysis of current
multicenter angiographic studies. It is hoped that such
an arbitrary threshold covld be reduced over coming
years when high-resolution digital x-ray cameras and
hieh-resolution digital export formats (with losstess com-
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pression) are widely available at all investigating centers.
An additional proposal that could be considered for
clinjcal studies to reduce the variability of QCA mea-
suremenlts would be for the investigators to reduce the
setting of the focal spot size of the x-ray source to its
smaliest value (currently 0.4 mm in most x-ray systems)
for the recording of the individual angiograms of pa-
tients parlicipating in angiographic trials. Other steps for
the reduction of variability of QCA measurements and
the standardization of angiographic acquisition have
been described in detail 372943

Despite the variabilities in QCA measurements high-
lighted by this study, we should remain appreciative of
the increased understanding of coronary artery discase
afforded to us by the widespread application of QCA
to scientific research and clinical practice, QCA has
alleviated the subjectivity and high variability of visual
assessments, 26384444 the errors and invalidity of the
percent diameter stenosis for the assessment of pro-
gressionfregression {pseudoprogression), 22543 and
the limitations of the dichotomous approach for the
evaluation of restenosis 2314758 The provision by
QCA of objective and absolute measurements of
coronary luminal diameter has significantly enhanced
our approach to the assessment of noninvasive and
invasive coronary interventions, It is hoped that the
findings of our study will serve as a stimulus for the
further improvement of QCA so that it may remain
the gold standard and complementary technique to
the new intracoronary imaging modalities for the
acute and serial assessment of coronary arlery
dimensions.

Study Limitations

Although this study assessed the varjabitity of mea-
surements provided by automated QCA of a standard-
ized set of cine films, it does not quantify the additional
variability that might be introduced by variation in
patient position and x-ray gantry settings during serial
angiographic studies*05? (although this is now minimized
by the design of most current trial protocols), the
recording and developing of cine films at different
institutions, frame selection (although this is now stan-
dardized by selection of end-diastolic frames?241}, and
the occasional manual correction of detecled contours
{although this should be kept to an absolute minimum in
angiographic core laboratories). The cumulative impre-
ciston, including these factors, has been quantified in two
clinical studies using one of the QCA systems validated
and has been found in both studies to be £0.20 mm (SD
of measurements of serial angiograms),?s58

It can be seen in Fig 1 that although the contours of
our phantom stenoses possessed an abrupt (90°) onset
and termination, they were smooth aver their 8-mm
tength. In clinical practice, many lesions are irregular,
with rapidly changing arterial boundaries after coronary
intervention, Given the use of a smoothing minimal-cost
algorithm along scan lines perpendicular to the axis of
the vessel, currently avaitable QCA systems might be
expected to fare less favorably if challenged with dissee-
tions and complex [esions compared with the angio-
graphic stenoses presented in our study. Initial results
with an experimental gradient-fieid transform algorithm
provide hope that future QCA systeimns might be able 1o
cope with more complex lesions.® This could perhaps be
best tested in future validation studies by postmortem
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casts of diseased human coronary arteries with ulcerated
plaques, dissections, and complex morphology.

The diameters of the phantom stenoses in this study
(05 to 1.9 mm) were in the range of obstruction
diameters of human coronary stenoses rather than typ-
ical reference vessel size. It is noteworthy that the
average minimal Juminal diameters before, immediately
after, and at 6-month follow-up are 1.03, 1.78, and 1.48
mm for balloon angioplasty,®® 0.98, 2,03, and 1.47 mm
for directional coronary atherectomy,? and 1,07, 2.5, and
1.83 mm for stent implantation.! The positive intercept
values of the regression line for all the systems in this
study indicate that most QCA systems tend to overesti-
male in the lower range of Juminal diameters (<1 mm),
The slope (b), however, was <1 for ail systems, indicat-
ing that for larger reference vessels, the QCA syslems
tested would underestimate the true lumen diameter. A
standardized set of phantoms of large diameter should
be produced for future muiticenter studies to compre-
hensively examine the performance of QCA systems
over the complete range of vessel size, The intracoro-
nary ingertion of phantom stenoses of large diameter
may, however, prove to be difficuit in the porcine model
in view of the limited size of the coronary artery lumen.

Conclusions

This study has revealed wide differences in the per-
formance of currently available QCA systems, high-
lighting the difficulties in attempting to make direct
comparisons between absclute measurements of one
angiographic study and those derived from a different
QCA system or with on-line analysis in clinical practice.
Power calculations and study design of angiographic
trials should be adjusted for the precision of the QCA
system used to avoid the risk of failing 1o detect small
differences in patient populations,

QCA validation studies should be performed in a
uniform and standardized manner to provide meaning-
ful data that can be used to compare the performance of
QCA systems, to guide the recalibration of QCA afgo-
rithms, and to facilitate the maintenance of high stan-
dards of QCA for clinical practice and scientific studies,
The entire chain of a QCA system should be revalidated
each time the version of QCA software is upgraded or a
hardware component is exchanged.

In the reporting of angiographic studies, absolute
values of luminal diameter and values of statistical
significance for differences between study populations
should be accompanied by the results of the appropriate
validation parameters of the QCA system used so as to
facilijate the interpretation of clinical studies,

Appendix

The following centers and investigators participated in this
study (both the centers and investigators are given in alphabet-
ical order).

Beth Isracl Hospital, Bosien, Mass: Donald Baim. Brigham
and Women's Hospital, Boston, Mass: C. Michael Gibson.
Cleveland Clinic, Cleveland, Ohlo: Stephen Ellis, Eric I. Topol.
George Washington University, Washington, DC: John Reiner,
Allan Ross. Hapital Universitaire Saint Jacques, Besangon,
France: Jean Pierre Bassand, Mount Sinal Hospital, Taronto,
Oniario: Allan Adelman, St Michaels Hospital and Sunny-
brook Health Science Center, Toronto, Ontarior Paul W,
Armstrong, Anatoly Langer, Normand Robert, Bradley
Strauss, Martin Yafle. Thomas Feflerson Hospital, Philadel-
phia, Pa: David Fischman, Sheldon Goldberg, Thoraxcenter,
Rotterdam, the Metherdands: Carlo di Mario, Jirgen Haase,
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angiography algorithm to circumvent overestimation of
small luminal diameters,
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In Vivo Validation of an Experimental Adaptive
Quantitative Coronary Angiography Algorithm to
Circumvent Overestimation of Smail Luminal Diameters

David Keane, MB, MRCPI, Ed Gronenschild, php, Cornelis Slager, M3c, Yukio Ozaki MD, PhD,

Jlrgen Haase, MD, php, and Patrick W, Serruys mD, PhD

The reliabliity of quantitative coronary anglography (QCA) measurements Is of funda-
mental iImportance for the study and praclice of interventional cardlology. In vive vali-
detlon results have consistently reported a tendency tor QCA systems to overestimate
amall luminal dlamoters. Such s systematic error may result in the underéestimation of
fuminal gain durlng Intracoranary precedures and In the underestimallon of progression
of coronary artery disease¢ during tongltudinal studies.

We report the In vivo valldatlon results of an experimental adaplive edge-detection
algorithm that was developed to reduce overestimation of smalf umiral dlamelers by
Incorporallng a dynamic function of varfable kernel size of the derivative operator and
varlable wetghting of tha ilrst and second derivatlves of the brightness prollle. The re-
suits of the experimental atgerithim were compared to those of the conventlonal parent
edge detection algorithm with fixed parameters.

Dynamlo adjustment of the edge-detection algorithm paramelers was found to Im-
prove measurements of small {<0.8-mm) Juminat diamelers as evidenced by an intercept
of +.07 mm for the algorithm with varlable welgiling compared to +0.21 mm for the
parent algorlthm with lixed weighting. A slope of <1 was found for helh the parent and
experimental algorithms with subsequent underestimation of large luminal dlameters,

Systematic errors In a QCA gystem can be Identitied and corrected by the execullon
of objective in vivo valldation studles and the consequent refinement of edge-detection
algorithms, The overestimation of small Tuminal dlameters may be overcome by the
incarporation of a dynamic edge-detectlon algorlthm. Further refinoments In edge-detec-
tion algorithms wllf be required to address tho Issue of underestimation of large luminal
diameters before the absolute values derlved from QCA measuremenis ¢an be consid-

ered accurate over the full range of clinfcally encountered luminal diamelers.

B 1995 Wilsy-Eias, Ing.

Koy words: coronary arterlography, quantitative coronary angiography, vatidation

INTRODUCTION

Computerized quantitative coronary  angiography
(QCA) has fundamentally altered our approach to the
assessment of interveational techniques and sirategies
aimed at the prevention of restenosis and progression of
coronary artery discase, The reliability of QCA measure-
ments is therefore of central impartance for the validity
of angiographic trials and the application of their results
te clinical practice.

Overestimation of small fuminal diamelers by auto-
maled QCA systems has been consistently reported for
both edge detection, as well as videodensitometric algo-
rithms [1-6]. The degree of reported overestimation var-

© 1995 Wiley-Llss, Inc.

ies according to the individual QCA system as weil us Lhe
validation modet (e.g., in vitro or in vive, focal spot size
of X-ray system). [n a recent muliicenter validation study
of QCA systemns at core angiographic laboratories in
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North America and Europe, we found that all 1¢ QCA
systems validated, overestimated measurements of smatl
luminal diameters [1]. The clinical implications of such
averestimation include the reporting in clinicel trials of
smaller tuminal gains than actually achieved al interven-
tion, the underestimation of progression [8,9] of coro-
nary artery disease in longitudinal studies, and the un-
derestimalion of the vasospastic response to ergonovine
provocation tests [10]. Furthermore, in the analysis and
interpretation of QCA validation studies, the overestima-
tion of small luminal diameters by a given QCA system
may partially compensate fo¥ the underestimation of
targe luminal diameters by QCA systems, resulting in the
reporting of a highly favorable accuracy value for the
QCA system, for the total range of diameters validated
[73.

While one approach to overcome this phenomenon
would be to provide a leok-up-table for the results of
small luminal diameter measurements based on regres-
sion analysis of in vivo validation studies, given the un-
predictable degree of X-ray scatter in the thorax and
possible motion blur of the hearl, a dynamic modifica-
tion of the edge-detection algorithm to address this issue
would be scientifically preferable. We reporst in vivo val-
idation results for an experimental QCA edge detection
algorithm which was developed (University of Lim-
burg), in an attempt 10 overcome the problem of overes-
timation of small luminal diameters by incorporating an
adaptive correction function. The experimental algo-
rithm was based on a conventional parent edge detection
algorithm, with fixed weighting (50:50) of the first and
second derivatives. A comparable approach to algerithm
modification has been reparted by Sonka et al. [13], who
also used an edge operator that was dependent on the
approximate diameter.

To determine the efficacy of the dynamic adaptive
algorithm, we compared the quantitative measurements
of this experimental algorithm with those oblained from
the parent algorithm with fixed weighting for the same
series of in vivo angiographic sienoses. Angiographic
“‘phantom’ stenoses of known diameter, mimicking hu-
man coronary artery obstructions, were serially inserted
in the coronary arteries of anesthetized pigs and the QCA
measurements of the cineangiograms oblained were
compared with the known dimensions of the phantoms,
to determine the retiability of the two QCA algorithms.

METHODS
Stenosis Phantoms

The stenosis phantorns consisted of radiolucent acry-
fate or polyimide cylinders with precision-drilled eccen-
tric circular lumens of 0.5, 0.7, 1.0, 1.4, apd 1.Y mm in
diameter, as previously described [2,3]. The cuter diam-
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cters of the cylinders were 3.0 or 3.5 mm amd all were
8.4 mm in leagth. Acrylate was used 10 produce the
phantorms with small stenosis dismeters (0.5 and 0.7
mm), whercas the less fragile polyimide was beter
suited to the drilting of lurge stencesis diameters (1.0,
1.4, and 1.9 mum). Paraliel 1o the stenosis lumen a second
channel of 1.3 mm in diameter was drilled in the cylin-
ders to attach them to the tip of 4 Fr Fogasty catheters
(Vermed, Neuilly en Thelle, France). The central jumens
of these catheters conlained a removable metal stilelte,
which was used for intracoronary insertion of the phan-
tems, us well as for their positioning in the radiegraphic
isocenter during the in vivo experiments,

Animal Preparation

Following an overnight fast, four cross-bred
Landrace-Yorkshire pigs of 45-50 kg in weight were
sedated with inteamuscular ketamine (20 mgrkg) and in-
travenous mejomidate (5 mg/kg). The animals were in-
tubated and connected 10 a respirator for internitiens pos-
itive-pressure venlilation with o mixture of oxygen and
nitrous oxide. Ventilutor settings were adjusted during
the experiments Lo maintain the arterial pH at 7.35-7.45,
pCO» at 3545 mm Hg, and the pQO; at > 150 mmtig.
Anesthesin was maintained with a continuous intrave-
nous infusion of pentobarbital (5-20 mg/kgshr).

Valved introducer sheaths (12 Fri Vygon, Ecouen,
France) were surgically placed in both carotid arteries 10
ullow sequential insertion of the ungiographic puiding
catheter and the stenosis phantoms, Aa 8 Fr introducer
sheath was placed in a lemoral artery for the intreduction
of a 7 Fr high-fidelity micromanometer (disposable mi-
crotip catheter, type 811/160, Cordis-Sentron, Roden,
Netherlands). Jugular venous access was secured for the
administration of medications and fluid. Each animal
received an intravenous bolus of acetylsalicylic acid (S0
mg) and heparin (10,080 18f), and a continuous infusion
of heparin (10,600 1U/Ar) was maintained throughout the
procedure, to prevent the formadion of an intrucorenary
thrombus,

Callbration of Quantitative
Coronary Measuremsants

Two different calibrution methods were applied to
each series of guantitalive coronary analysis measure-
ments:

Conventional catheter calibwation: The nontapering
part of the tip of each 8F polyurethane guiding catheter
(El Gamal, type 4, Schneider, MN) wus meusured (di-
ameters of the individual catheters ranged from 2,49 o
254 mm) with a precision micrometer (No, 293-311,
Mitutoyo, Tokyo, Japan; accuracy 0,081 mm}. The cath-
eter wus then intreduced into the ascending sorla via the
lefl carotid artery and engaged in the ostium of the letl
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coronary artery. Before injecting contrast medium the
catheter tip was fiushed with saline and recarded an cin-
efilm for subsequent off-line QCA.

Calibration at the isocenter: A cylindrical metallic
object (drill-bit} of known diameter (3.0 mm) was placed
i the isocenter of the X-ray system and recorded on
cinefilm, For the two QCA gystems, the availuble cali-
bration procedure using automaled edge detection was
applied to the images obtained, yielding the correspond-
ing catibration factors {mm/pixel).

Coronary Anglography and Placement of
Stenosis Phantoms in Vivo

Afier engaging the guiding catheter in the feft main
coronary artery, intracorenary isosorbide-dinitrate (1
mg) was administered to control coronary vasomalor
tone before the insertion of the phantoms. The stenosis
phantoms were serially wedged in the left anterior de-
scending or left circumflex artery and positioned in the
radjographic isocenter using the tip of the metal wire as
a marker, which was removed prior w angiography. Cor-
onary angiography was performed by ECG (R-wave)-
triggered injection of 10 mt iopamidol 370 at 37°C with
a programmed injection rate of 10 ml/fsec {rise time = 0)
through the 8 Fr guiding catheter, using a pressure in-
jector. To minimize the effect of ventilation an angio-
graphic acquisition, the respirator was disconnected dur-
ing contrast injection,

Image Acquisition and Processing

Cineangiography was performed at 25 frames/sec on 4
manoplane Philips Poly Diagnost C2 machine equipped
with an MRC X-ray tube and powered by an Optimus CP
generator (Philips Medical Systems Internalional BY,
Best, Netherlands). The 5-inch (12.5-cm) fietd mode of
the image intensitier (focal spot 0.8 mm) was selected,
and the radiographic system settings were kept constunt
(kVp, mA, msec) in each projection. All phantoms were
imaged at the isocenter sequentiatly in two projections,
with particular care taken to minimize foreshortening of
the segment of interest and acquired on 35-mm cinefilm
(CFE type 2711, Kodak, Paris, France}, using an Ar-
ritechno 90 cinecamera (Arnold & Richter, Munich,
Germany) with an 85-mm lens, The cinefilms were pro-
cessed by a Refinal developer {Agfa-Gavaerl, Le-
verkusen, Germany) for 4 min a1 28°C. The film gradient
was measured in abl coses to ensure that the optical den-
sities of interest were on the linear portion of the sensi-
lometric curve,

From each angiogram that fulfilled the requirements of
image qualdity for automated quantification (ne superim-
position of surrounding struclures, no major vessel
branching at the site of the phantom position), a homo-
geneously filled end-diastolic coronary imuge was se-

lected tor oft-line GCA, Twenty end-diustolic frames of
the phantom stenoses were suitable [or edpe-detection
anulysis. A sufficiently fong luminal coronary segment
wus selected for quantitative analysis un ali imitges.

Automated Edge Detection Algorithms

The software for both the experimeniad and the con-
ventional parent edge detection algorithms were loaded
on the same QCA hardware components {2,11,15]. On
both the canventional and experimental QCA system, u
6.9 x 6.9mm region of interest within the 18 < 24-mm
cineframe is digitized into a 512 x 312-pixce] matrix
using & CCD-camera (8 bits = 256 density levels) re-
sulting in a final resolution of 1,329 x 1,772 pixels. A
correction for pincushion distortion [14] was applied for
both series of analyses. For both systems, the user de-
fines a number of centerline points within the urteriat
segment which are subsequently connected by straight
tines, serving as a first approximation of the vessel cen-
lerling. The edge-detection algorithen is carried oul in
two ierations, Firsl, the model is the initially defined
centerling; second, the model is a recomputed centerline,
determined automaticatly as the midline of the contour
positions, which were detected in the first jteration.

The basic automated edge-detection algorithms for
both the experimentul and conventional parent alge-
rithms are similar and are based on the first and second
derivative functions applied 1o the brightness profiles
along scantines perpendicular to o model, using minimal
cost criteria. For the conventional system, the weighting
ol the first and second derivatives is (ixed at 50:50 for
analysis of all luminal diumeters. For the experimental
algorithm, the following appreach was adopled, A num-
ber of computer simulutions were performed to gain in-
sight into the parameters responsible for the overestima-
lion at small vessel sizes. Thearetical density profiles of
circular lumens were convolved with @ goussian funclion
1o reflect the Xeray system’s blurring tunciion. On these
profiles, the edge detection algorithm was applivd. [t was
ohserved that the computed diamelers are larger than the
true diameters below 1.5 mm. The overestimation in-
crensed with pixel size, the width of the blureing func-
tion, and the weight faclor of the second derivative
[16,17]. Also, the smaller the diameter, the targer the
overestimation. On the other band, & small kernel size of
the derivative operator has a fuvorable effect on the re-
sults because it compensates for the limited number of
pixels defining the extent of small diameters {15]. Note,
however, that smal! kernel size makes the edge-detection
algorithm more sensitive to noise in the image, us fewer
pixels are involved in the computation. On the basis of
these simulations, an algorithm was generated which
adiptively varies the weighting of the lirst and second
derivative and adjusts the kernel size as a funclion of the
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Flg. 1. QCA measuremenis callbrated by the anglographic
oathetar of the experimantal end ¢convenllonal edge-deteotion
algorithms were plofted agalnst the true velues of the stenosls
channels by Bnear regrosslon. The results of the experimental
algorithm are glven as light squares and a light ¢contlnuous
regressfton {ine; the results of the conventional algotithm are

approximate diameter measured in the first iteration. For
small diameters, the ratio of the first 1o the second de-
rivative was proportionally greater. Moreover, the kernel
size of the derivalive operator was adjusted to compen-
sate for the Hmiled number of pixels defining the extenl
of small diameters (15,16]. The experimental atgorithm
was adaptive only up to (and attenuated toward) a first
iteration diameter measurement of 1,7 mm,

Measurement of the Obstruction Diameter

Once the contours of the stenosis phantorms were de-
fined, the diameters of the artificial obstruction were
automatically derived from the diameter function on cach
coronary analysis system. For the purpose of compara-
live validation, user interaction on the computerized re-
construction of phaniom cenlours was excluded.

Statistical Analysis

Using both calibralion methods (calibration at the iso-
center and catheter calibration), the individual measure-
ments for obstruction diameter obtained by the two QCA
algorithms were compared with the true phantom diam-
eters, The mean of the signed differences between the
measurement values {*‘obstruction diameter™) and the
true diameters of the phanmiom stenoses was considered
an index of accuracy and the standurd deviation of the
ditferences an index of precision. The meun ubsolule
error was derived from the mean of the absolute (un-
signed) differences between the measured values and the
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glven as dark dlamonds and & dark contlnuous regression line;
and the line of Identity Is represented by the Interrupted line,
Overestimation of smat luminal dlameters as seen with the con.
ventlonal algorithm [y = 0.21 mm + 0.75 (x)) was avolded by
the exparimental algorithm by the incorporation of adaptive dy-
namic functlons fy = 0,07 mm + 0.75 {X1].

true diameters, The measured values were platied against
the true phantom diameters by linear regression. Mea-
surements with the same algorithm of the sume slenoses
derived from calibrution by the catheter and calibration al
the isocenter werc compared by Student’s f-test for
paired data,

RESULTS

The experimental algorithm with variable kernel size
and variable weighting of the first and second derivative
wis found te be ctfective in the reduction ot overestima-
tion of QCA measurements of small luminal diameters.
This improvement in the performance of QCA measure-
ments of smatl luminal diameter is evidenced in Figares
1 and 2, where the resulis tor the experimental algorithm
are compared 1o those of the parent algorithms both when
the measurements were calibrated by using the catheter
as i scaling device (Fig. 1) and when measurenments were
calibrated at the isocenter (Fig, 2). The values of Lhe
linear regression analysis are presented in Table L

When QCA meassurements were calibrated by the
catheter, the conventional edge-deteetion  algorithm
yielded an intercept of +0.21 mm and a slope of
{1.75(x). This overestimation of small diameters was re-
duced by the experimental algorithn, which bad an in-
tercept of 0.07 mm and a slope ol 1.76(x).

Culibration of QCA measurements at the isocenter for
the conventionul edge-detection algorithm, resulled in
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QCA (mm)

06 08
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Fig. 2. QCA measurements callbrated at the Isocenter of the
exporimental and conventlonal edge-detection algorithmas were
plotied against the true values of the stenosls channels by ln-
ear regresalon, The resuits of the experimental algorithm are
glven as light aquares and a lght continuous regression line;
the results of the conventlonal algorithm are glven as dark dl-

amonds and a dark conlinuous regresslon line; and the line of
Identily s represented by the Interrupted line, Overestimation
of small luminal dlametérs as seen wlth the conventionat algo-
rithm [y = 0.30 mm 1+ 0.80 (x}] was avolded by the experimental
algorithm by the Incorporation of adaptive dynamlc functlons
{y = 0.65 mm + .88 {x)}.

TABLE I. Luminal Dlameter QCA Measuremenls Callbrated by Calheter or by Isecenter for Experlmental and Conventional

QUA Adgorithms?

Accuracy (mm)  Peecision (mm)  Mean error (mm)  Correlation SE {mm)  Regression (mm)
Conventional QCA catheter galibration ~(,06 0,23 0.17 1,84 *().20 0.21 + D.75(x}
Experimental QCA catheter calibration -0.21 +0),22 0.23 0.91 0,19 U7+ {1.76(x)
Conventionat QCA isocenter calibration 0.07 +0.21 0,15 .91 ESFAL] 130+ (.80{x)
Experimental QCA isocenter calibration —{L08 =024 (2,20 0,59 +{,24 LU + 1).88(x)

*Note the tower intereept values for the regression line of the experimental
and variable weighting of the first and second derivative of the brighiness

bath a greater positive shift (infercept) and a higher slope
of +0,30 mm and 0.80(x), respectively. This averesti-
mation of small diameters was reduced by the experi-
mentul algorithm, which had an intercept of .05 mm
and a stope of 0.88(x).

Given the degree of overestimation of smatl diameters
by the conventional system (particularly during calibra-
tion at the isocenter) in conjunclion with the underesti-
mation of larger diameters, it is not surprising that the
overall accuracy {mean of the signed ditferences) for the
vatidated range of 0.5~1.9 mm was more favarable for
the conventional algorithm on account of the compensa-
tion [7] of the positive (small-diameter) and negative
(targe-diameter) signed values. Furthermore, despite the
low slope of the conventional algorithm {0.75(x) and
0.80{x) for the catheter and isocenter calibration, respec-
tively), the mean error [mean of the absolute (unsigned})
differences between the meusured values and the true
phantom values) for the conventional algorithm (0.17

algorithm which fncorporates variuble kernel size of the derivative aperator
profile

and 0,15 mm) was tower than [or the experimental al-
gorithm (0.23 and 0.20 mm}), on account of the greater
positive shift associated with the conventional algorithm
and associated superior performance in larger lumina
diameters.

DISCUSSION

The key findings of this study were (1} validation by
the analysis of in vivo stenases of a stundard conven-
tional QCA algorithin reveals a well-recognised problem
of overestimation of smatl luminal diameters as well as
underestimation of larger luminal diameters; {2) applica-
tion of an experimental dynamic algorithm with adaptive
weighting of the first and second derivative and an -
justive kernel size to circumvent the problem of overes-
timation of small luminul diumelers resulty in a reduction
in such overestimation of small { <0.8-mm) lumtral di-
ameters; (3) applicalion of this experimental adaptive
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algorithm to lurger luminal dimensions {>0.8 mm) re-
sulls in greater underestimation of meuasurements, partic-
ularly when calibrated by the catheter; and (4) although
the reduction in measured diameter achieved by applica-
tion of the adaptive algorithm is greatest for small lumi-
nal diameters and attenuated for targer diameters, the
experimental algorithm in its current form (the algorithm
is currently programmed (o exert some activity up to
diameters of [.7 mm) confers no overalt benefit for the
wlhole range of 0,5-1.9 mm diamelers validated on ac-
count of a greater underestimation of vessels > 0.8 mm.

Overestimation of Smatl Luminal Diameters

Overestimation of small lominal diameters is a {re-
queat finding of in vivo vatidation studies [1} and effec-
tive measures altempling to increase our understanding
and to overcome such overestimation are required. The
clinical implications of such overestimation of smali lu-
minal dimensions are significant. If in a clinical trial
using the conventional algorithm, an improvement in
coronary luminal diameter is achieved by balloon angio-
plasty or rotablator from 0.4 mm preprocedure to 1.8
mm postprocedure, a gain of 1.05 or 1.12 mm for cath-
eter or isocenteic calibration, respectively, will be attrib-
uted to the device, instead of a true luminal gain of 1.40
mm. Similarly, progression of a lesion in a longiudinal
study from a minimal luminal diameler of 1.0-0.4 mm
would be underestimated by the conventional algorithm
(progressicn would be estimated to be .45 or 0.48 mm
{or catheter or isocentric calibration, respectively). In the
current form of the experimental adaptive algorithm with
variable weighting programmed up to a diameter of 1.7
mm, no significant benefit would be conveyed over the
conventional algorithm - the luminal gain as above
would be reported as 1,06 or 1.23 mm for catheter or
isocentric calibzation, respectively, and the progression
as above would be reported as 0.46 or (.53 {or catheter
or isocentric calibration, respectively.

The reasons for the overestimation of small luminal
diameters by QCA systems remain unclear; potential fac-
tors include a poini spread funclion relating to the focal
spot size aad limited resolution of the entire X-ray im-
aging chain [16] and too targe a pixel size relative 1o the
vessel diameter, as well as too great a kernel size of the
derivative operator. While corrective numerical func-
tions, based on the known patiern of underestimation or
overestimation of QCA measurements, could be applied
to the results of angiographic trials, it may be more ef-
fective and reliable to correct the systematic inuccuracies
of a QCA system by the development and fine-tuning of
dynamic adaptive algorithms,

We have demonstrated that the overestimation of lu-
minal diameters of <0.8 mm can be effectively reduced
by the incorporation of a dynumic function of variable
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kernel size of the derivative operator and wvariable
weighting of the first and second decivative in the edge
detection algorithm. The experimental edge detection al-
gorithm, however, will require further modification
address the low slope of the system; i.¢., the underesti-
mation of larger luminal diameters before it could be
adopted in clinical practice.

Calibration

The use of angiographic catheters tor the calibration of
quantitative coronary analysss systems may inllucnce the
outcome of fuminal diameter measurements. Variations
in catheler compasition may result in varying X-ray at-
lenuation [18-20] and therefore in differences in the au-
tomated detection of the contour points. In our study,
anly one lype of catheter was used for calibration; there-
fore, the influence of ditferenl materiuls on calibration
was excluded. The resulis of the present study show that
the values using catheter calibration are smaller than
those using calibration al the isocenter (£ < 0.001),
Theoretically, a greater distance between image intensi-
fier and catheter tip than between image intensifier and
isecenter would result in out-of-plune magnification pro-
ducing smaller calibration factors (mmy/pixel). This error
can be circumvented by out-ol-planc correction as pro-
posed by Wollschliger et al. [21] or by calibration at the
isocenter of the X-ray system.

QCA Valldation Studies

Given the increasing role of GCA in the evaluation of
interventional cardielogy [7], it has became essemiial that
the performance of QCA ilself should undergo objective
and scientific evaluation, While in vitro Lest series are
more casily standurdized, their results are not always
representative of QCA measurements of clinical angio-
grams, as heterogencous beam scuttering and wvariable
bacground density within the thorax and the potential
influence of motion blur are unpredictable. In vivo val-
idation studies on the other hand ure ol clinical relevance
and provide un indication of the reliability of clinical
sngiographic trinls, the significance of their [uiture 10
detect relative changes in luminal diameter und how
much impertance should be attributed to absolute valucs
of luminal diameter derived from individual QCA sys-
tems. Furthermore, it is only by detailed validation stud-
ies that systematic errers in QCA systems can be iden-
tified and thereby provide guidance for the refinement of
algorithms incorporated within QCA software.

Statistical Parameters for QCA Studies
lnvestigators reporting and readers imerpreting QCA
data should be familiar with the limitations of the con-
ventional slatistical parameters used to deseribed QCA
validation studies [7). As recently deseribed in detail 7],



Quantitative Coronary Anglography Algorithm for Small Luminal Diameters

REFERENCES

the reporting of the “‘accuracy’™ of QCA measurements
over a validated range may fait to convey the error to be
expected from a given QCA measurement on account of
cancellation of the signed differences of overestimated
{below the intersection of the regression and identity
lines) and underestimated {above the intersection of the
regression and identity lines) measuremeals. This point
may be revealed by the reporting of ihe absolute mean
grror, which is independent of the sign (+/-) of the
differences between the true and measured values—il
can be seen in the results of our study that the ubsolute
mean error was consistently greater in value than the
value of the accuracy for both the conventional and ex-
perimental algorithms (Table I). Alternatively, the reader
might be well served by the provision of the accuracy of
measurements at a number of different dimensions,
rather than for the entire validated range as reported con-
ventionally; review of Figure 2 clearly shows that the
accuracy of measurements for dimensions of 0.4-0.8
mm is superior with the experimental algorithm, that the
accuracy for dimensions of 1.0~1,2 mm is equivatent for
the experimental and conventional algorithms, and for
dimensions of 1.4-1.9 mm that the accuracy of measure-
ments with the conventional algorithm is superior to
those of the experimental algorithm in its current form.
For the same reason, precision of QCA measurements
will be dependent on the range of validated diameters,
while the standard error of the estimate {SEE) will more
closely reflect the random error or noise to be expected
from the QCA system particularly after correction for an
intercept of O and a slope of 1 {SEEc) [4,7,22].

CONCLUSION

Systemalic errors in a QCA system can be identified
and corrected by the execulion of objective in vivo val-
idation studies and the consequent refinement of edge-
detection algorithms, The overestimation of small lumi-
nal diameters by QCA measurements may be overcome
by the incorporation of an iterative algorithm with dy-
namic adjustment of the kernel size of the derivative
operator and adaptive weighting of the first and second
derivative of the brightness profile of the vessel in refa-
tion to the diameter to be detected. Further refinements
in edge-detection algorithms will be required to address
the issue of underestimation of large luminal diameters
before the absolute values derived from QCA measure-
ments can be considered w be accurate over the ful
range of clinically encountered luminal diameters.
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Chapter V

Insertion of balloon-mounted "stent” stenoses of up to 2.2mm
in porcine coronary arteries for the in-vivo validation of
quantitative coronary angiography.

David Keane, Wim van der Giessen, Yukio Ozaki, Ad den Boer, Patrick W Serruys.
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2.9mm "stent” steneses in porcine coronary arteries

ABSTRACT :

Background. With the advent of "the bigger the better" policy and the increasing use of
new alternative interventional devices associated with large luminal gains, the need arises
for in-vivo phantom stenoses of large diameter for validation of quantitative coronary
angiography measurements {QCA).

Objectives. To address this challenge and increase the direct clinical applicability of QCA
validation results, we developed a new technique of in-vive phantom stenosis deployment,
permitting a range of stencses of up to 2.89mm to be inserted in porcine coronary arteries.

Methods. Balloon-mounted single channel "stent stenoses” were introduced through the
carotid arteries and positioned in proximal coronary segments under fluoroscopic guidance,
Cineangiograms of the stenoses were recorded for QCA validation of an edge detection
algorithm currently used for the analysis of interventional trials.

Results, For the QCA system validated, the accuracy over the entire range of 0.5 to
2.89mm stenoses was -.20mm compared to the previously reported accuracy of -.09mm
for the same edge detection algorithm when validated over a smaller range of stenocses of
0.5 to 1.9mm.

Conclusions. The underestimation of GCA measurements {-.20mm) revealed by these new
large diameter in-vivo stenoses, indicates that the development and fine tuning of QCA
algorithms should no longer be based upon cinefilms of conventional in-vitro stenoses
which fail to convey the heterogenous X-ray scatter and veiling glare encountered in-vivo
and indicate that clinical angiographic trials to date {particuiarly those with stenting and
atherectomy} may have underestimated the true luminal gain achieved by coronary
interventional devices and underestimated the absolute luminal loss reported at 6§ month
follow-up.
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INTRODUCTION :

Quantitative analysis of coronary arteriograms plays a major role in interventional
cardiology and clinical research {1-10]. Validation of the accuracy and precision of
quantitative coronary angiography (QCA)} has traditionally been based upon the use of in-
vitro models, whereby plexiglass blocks or watér are used to approximate the beam
hardening and attenuation of the X-ray beam in the human thorax [111, In order to increase
the quality and direct clinical applicability of GCA validation results, we have more recently
reported the insertion of plastic stenoses in porcine coronary arteries to simulate the
heterogenous scatter and veiling glare of the human thorax [12,13}. The range of phantom
stenoses using this approach {from 0.5mm up to 1.9mm} has, however, been timited by
both the technique used to deploy the stenoses as well as by the size of porcine coronary
vessels,

Given that most QCA systems have been found to underestimate measurements of large
diameter, the reported accuracy from validation studies using stenoses of 0.5 to 1.9mm
diameter will be more favorable than those using a larger range of diameters. The 0.5 to
1.9mm range has, however, been in the range of human coronary stenoses undergoing
conventional balloon angioplasty. The average minimal luminal diameter of coronary lesions
pre- and post- balicon angioplasty and at six month follow-up as observed in multicenter
trials are 1.03, 1.78 and 1.48mm respectively [14]. With the advent of coronary stenting
and atherectomy and the recently introduced interventional policy of "the bigger the
better" the minimal luminal diameter of lesions currently undergoing interventional
treatment have become significantly farger : 1.07, 2.5 and 1.83 mm for stent implantation
f16], and 1.29, 2.78 and 1.92mm for "optimal atherectomy"” {16] for luminal diameters
pre-procedurs, post-procedure and at 6 month follow-up respectively.

This new direction in interventional practice demands that QCA systems also perform
accurately in vessels with such large diameters.

In order to cover this new range of clinically encountered minimal luminal diameters, we
expanded our QCA validation methodology by using a new technique of in-vivo "stent
stenosis" deployment, allowing a range of stenoses of up to 2.89mm to be evaluated. The
cinefilms obtained were used to validate QCA by edge detection and to determine the
optimal image intensifier field size for angicgraphic studies.

METHODS:

Phantom stenoses, Seven phantom stenoses with diameters ranging from .5 to 2.9mm
waere studied. All phantom stenoses were constructed of radiclucent polyimide cylinders
with precision-drilled circular lumens {tolerance of .003mm). The absolute internal
diameters of the stenosis channels were measured to the nearest 0.001mm by a light
profile projector (Mitutoyo PJ300, Tokyo, Japan). The stenosis channels were of 0,60,
0.69, 1.00, 1.41, 1.95, 2.49 and 2.89 mm diameter.

The construction of the 0.6 to 1.95mm series of phantom stenoses was of the same
principle as previously reported [12,131. These were designed for both ease of removal
from the coronary artery as well as ease of insertion. Parallel to the stenosis lumen, a
second channel of 1.3 mm in diameter was drilled in the cylinders to enable their
attachment to the tip of 4 F Fogarty catheters (Vermed, Neuilly en Thelle, France}. The
jlumens of the Fogarty catheters contained a removable metallic stilette, which aided the
intracoronary Insertion of the phantoms as well as their positioning in the radiographic
isocenter.
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We dasigned our new larger "stent stenoses” with the primary aim of keeping the outer
diameter of the cylinders to a minimum usable size despite increasing the inner lumen of
the stent stenosis. A single channel cylinder was constructed for deployment on an inflated
angioplasty balloon. Once positioned in the coronary artery, the balloon was deflated and
withdrawn and the facility to remove these larger phantom stenoses was thus forfeited.

The length of all stenosis channels was 8.4mm. The outer diameter of the cylinders for
intracorenary insertion for the dual channel series of phantom stenoses, was 3.0mm for
the 0.5 stenosis phantom, and 3.5mm for the 0.7 to 1.95mm phantom stenoses. For the
single channel stent stenoses the outer diameter of the cylinders for intracoronary insertion
was 3.0mm for the 2.49mm phantom stenosis and 3.5mm for the 2.89mm phantom
stenosis.

Experimental Procedures. The procedures followed were in accordance with the
institutional guidelines for animal studias and complied with the Guide for the Care and Use
of Laboratory Animafs [17]. All stenoses were inserted in the coronary arteries of two
anaesthetized Yorkshire pigs {26 and 33kg). The animals were premedicated with ketamine
hydrochloride. General anaesthesia was induced by enflurane and sodium pentobarhital.
Sodium pentobarbital was also used to maintain general anaesthesia and finally at the end
of each study to sacrifice the animal by overdeose. Arterial blood gases, acid base balance,
electrolytes and haemoglobin were serially monitored throughout the studies.

The animals were given aspirin 900mg intravenously at the beginning of the procedure.
Heparin, 5,000iu, was given intravenously every hour. The phantom stenoses were bathed
in heparin prior to intracoronary insertion and the operators gloves and angioplasty batloon
were washed with heparin prior to handling of the phantom stenoses. Intracoronary
isosorbide dinitrate {Tmg) was administered prior to angiography of each phantom stenosis.
Non-ionic contrast medium, topamidol 755mg/ml (lopamiro 370, BRACCO, ltaly) was
heated to 37°C prior to intracoronary administration.

A 12 F and a 9F introducer sheath was surgically placed in the right and left carotid
arteries respectively to allow the sequential insertion of the phantom stenoses mounted on
Fogarty and balloon catheters and the insertion of the angiographic guiding catheter. An
8F soft tip guiding catheter {(ELG4 S, Schneider, USA) was used for intracoronary contrast
administration.

First the 0.5 to 1.95mm series of dual channel phantom stenoses were serially inserted
and located at the radiographic isocenter (as previously described {12,13]}. After
arteriography (see below} they were removed from the coronary arteries. Then the larger
series of single channel stent stenoses were inserted in the coronary arteries as follows:
A guidewire (0.018", 270cm, Road Runner'™, Cook Inc, Bloomington, IN) was first
introduced into the coronary artery through the guiding catheter. The guiding catheter was
then withdrawn and the tip of the guidewire was laft in the distal segment of ons of the
three main coronary arteries, A single channet polyimide cylinder was then mounted on a
noncompliant 3.5mm angioplasty balloon which was inflated to a pressure of 2
atmospheres prior to insertion through the 12 F carotid intraducer, thereby providing a
secure dumbell attachment of the stent stenosis as illustrated in figure 1. The balloon
mounted stent stenosis was then advanced over the guidewire to be positioned in the
proximal segment of the left anterior descending, circumnflex or right coronary artery. After
adjustment of the X-ray gantry to ensure that the stent stenosis lay at the radiographic
isocenter, the balloon was deflated and withdrawn with the guidewire to allow coronary
angiography. The latter single channel cylinders were retrieved post mortem by either
reinsertion and reinflation of the balloon or by thoracotomy.
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Figure 1. A single channel polyimide cviinder with an inner diameter of 2.49mm can be seen
to be firmfy mounted on a bafloon inflated to 2 atmospheres.

Figure 2. Coronary anglographic image of the luminal stenosis induced by a single channel
2.48mm polyimide cylinder which has been positioned in the proximal segment of a porcine
left anterior descending artery. QCA ({edge datection] measurement of the segmenr
containing the stenosis reveals an obstruction diameter of 2. 41 mm
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Radiographic acquisition.

The cineangiograms were recorded on a Coroskop T.0.P. X-ray unit which incorporated
a Polydoros IS/C generator and a Megalix 30/82 X-ray tube with a focal spot size of
0.4mm (Siemens A.G,, Munich Germany, - 1994 release}. Each intracoronary phantom
stenosis was placed at the isocenter of the X-ray system and recorded in two orthogonal
views in three image intensifier (I} field sizes 5" {13cm}, 7" {17cm) and 9" {23cm) thus
generating a total of 84 angiographic sequences for quantitative analysis.

The radiographic system settings were kept constant (kVp, mA, ms) in each projection, All
stenoses were imaged in two projections sequentially and acquired on 35-mm cinefilm {CFE
Type 2711, Kodak, Paris, France} at a frame rate of 25 images/s, using an Arritechno 90
cine camera {Arnold & Richter, Munich, Germany} with an 100 mm optical lens {over
framing). The cinefilms were processed by a Refinal developer {Agfa-Gevaert, Leverkusen,
Germany) for 4 minutes at 28°C, The film gradient was measured in all cases to ensure
that the optical densities of interest were on the linear portion of the sensitometric curve.,

Quantitative Angiographic Analysis.

Frame selection. The optimal angiographic frame from each of the 84 sequences was
selacted for QCA analysis. Frame selection was based on being end-diastolic, the absence
of overlapping vessels, minimal foreshortening and homogenous filling of contrast - an
example of a frame selected with automated contour detection is shown in figure 2,

Correction of pincushion distortion. Prior to the performance of the calibration and
quantitative analyses of the stenoses, computerized correction for pincushion distortion
was applied by the recording and subsequent off-line digitization of a centimeter grid.

Calibration. The QCA measurements were calibrated by the use of the guiding catheters
as a scaling device as performed during the conduction of clinical interventional trials
[8,9,18]. The nontapering catheter tips were measured with a precision-micrometer
(Mitutoyo No.293-501, Tokyo, Japan; accuracy 0.001 mm} taking the average of repeated
readings.

Automated Edge Detection. Cinefilms were guantitatively analyzed off-tine in a core
angiographic lahoratory using the standard edge detection algorithm of the Cardiovascular
Angiographic Analysis System {CAAS II; Pie Medical, Maastricht, The Netherlands) [18].
The entire 18 x 24 mm cineframe is digitized after optical magnification at a resolution of
1329 x 1772 pixels on a CCD camera. The edge detection algorithm is based on the first
and second derivative functions applied to the digitized brightness profile along scanlines
perpendicular to a model using minimal cost criteria. The contour definition is carried out
in two iterations. First, the user defines a number of centerline points within the arterial
segment which are interconnected by a straight line, serving as the first model.
Subsequently, the program recomputes the centerline, determined automatically as the
midline of the contour positions which were detected in the first iteration. Manual
correction of the automatically detected contours was neither necessary nor performed in
this study ({in routine practice at angiographic core laborateries, subjective manual
correction of the detected contours at the minimal luminal diameter is kept to an absolute
minimum e.4. in the case of complex dissections with contrast extravasation, which was
not present in any of our porcine coronary angiograms).

"Minimal" versus "obstruction” diameter measurements. On the CAAS {, the parameter of
"minimal fuminal diameter™ is taken as the shortest distance between the two luminal
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Figure 3. The "minimal fuminal diameter” (min diam) and the "obstruction luminal diameter”
fobs diam} in the CAAS Il system. The "minimal luminal diameter” is taken as the shortest
distance between the two luminal contours i.e. the absolute minimum of the diameter
function curve, The "ohstruction diameter” is determined as the diameter of the vessel at
the midpoint between the closest diameter positions on both sides of the minimurm luminal
diameter that exceed the minimum value by §%.
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contours [18]. Thereby, the absolute minimum of the diameter function curve is provided.
In addition to measuring the minimal luminal diameter, the CAAS Il also calcuiates a so-
called "obstruction diameter" [20}. The derivation of the “obstruction diameter" is
ilustrated in figure 3 and is determined as the diameter of the vessel at the midpoint
between the closest diameter positions on both sides of the minimum luminal diameter
which exceed the minimum value by 5%, This additional variable has been created in an
attempt to circumvent possible underestimations of the true value caused by quantum
noise - its efficacy and refiability relative to the more conventional "minimal luminal
diameter” measurement has not been previously validated.

Statistics. The QCA measurements for the minimal luminal diameter and the obstruction
diameter were compared with the true phantom diameters to generate values for accuracy
{mean of the signed differences) and precision (standard deviation of the signed
differences) and by linear regression (true phantom diameter as the independent variable)
to generate the indices of correlation, standard error of the estimate, intercept and slope,

RESULTS:

Accuracy and range of stenoses. The results of all analyses are presented in detail in table
1. Measurements for the entire range of phantom sizes {0.5 - 2,89mm} by QCA, using the
conventional 5" and 7" image intensifier field sizes, revealed an accuracy of -.20mm. In
contrast, analysis of only the 0.5 to 1.9mm range of phantom stenoses of our current
study (i.e. excluding the 2.49 and 2.89mm cineframes) yielded an accuracy of -.16mm:.

Regression analysis. Regression analysis of the results for the entire range of phantom
stenoses yielded an intercept and slope of y = .01 +.87(x} - see figure 4. The precision
and standard error of the estimate, were & .15mm and + ,12mm respectively.

Image intensifier field size. The resuits for the 8", 7" and 9" image intensifier field sizes
are presented in table 1. As to be expected, no systematic deterioration in accuracy
occurred with increasing pixel size from .063mm (7" image intensifier} to 0.082mm (9"
image intensifier}) while precision and standard error of the estimate {which are indices of
random error and noise), both deteriorated with the 9" image intensifier setting. No
improvement in precision or standard error of the estimate, however, was found when the
image intensifer field size was reduced from 7" to 5" {when the pixel size decreased to

050mm},

"Minimal” versus "obstruction” diameter measurements. The validation results for the
"minimal” and the "obstruction" diameter are given in table 1. A slight improvement in
accuracy of edge detection of .02mm was found when measurement of the "obstruction”
diameter {-.20mm} was compared to measurement of the "minimal" luminal diameter {-

.22mm).
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Figure 4. The true diameters of the phantom stenoses on the X-axis have been plotted
against their QCA measurements (obstruction diameter) on the Y-axis for the 6" and 7"
image intensifier field sizes. The accuracy was -.20mm for the entire range validated (0.5
to 2.88mm) and the regression fine has a slope of less than T {-.03 + .839(x)} indicating
underestimation of large lurninal diameters.
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accutacy precision correlation std enor regressien pixel size
5" image intensifier -21mm . 156mm .99 +.12mm -.03mm +.88{x} 050 £.00Zmm
7" imaga Intensifier - 18mm +.156mm .99 +,72mm -02mm +.90{x] 063 +.003mm
9" image intensifier - 18mm +.Z21mm .98 +.95mm AQ%mm +.83{x] 082 +.003mm
"obstruction” fuminal diameter -.20mm +.15mm .99 +.42mm - 03mm +.83ix) L0587 +.007mm
"minimal” luminal diameter -.22mm +.16mm 98 +.12mm -02mm +.87(x 087 +£.067mm
0.5 to 1.9mm phantem range - 16mm +=.14mm .88 +.08mm O07mm + 78(x) 0687 £.007mm

Table 1

Luminal diameter ieasurements for §7, 77 & 9" image intensifier setiings.

- “Obstruction” versus "minimal " luminal diameter measurements for 87 and 7" image intensifier settings combined.

- Resufts pf QCA measuremenis for the Q.5 to 1.8mimn range of phantom stenoses only for 5° and 77 image intensifier settings combined,
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DISCUSSION:

Experimental Technique. In this study, we report a solution to technically overcome the
limitations of earlier QCA validation studies by successfully inserting phantom stenoses of
2.5 and 2,9mm diameter on an inflated angtoplasty balloon in vivo, Given that these large
"stent” stenoses cannot be removed in-vivo, the maximum number of such single channel
stent stenoses which could be deployed in a single animal is three {one in the proximal
segment of the left anterior descending, the circumflex and the right coronary arteries).
This limitation can be overcome by the prior insertion and withdrawal of dual channel
phantom stenoses of smaller internal diameter using a fixed attachment to Fogarty
catheters,

QCA results. Over a series of in-vivo stenoses from 0.5 to 2.9 mm in diameter, QCA
measurements were associated with an accuracy of -.20mm and a precision of + ,15mm.
Such a degree of underestimation of large luminal diameters (slope = .89{x}}, is greater
than previously detected by in-vivo validation studies using a smaller range of phantom
stenoses and has significant implications for the interpretation of multicenter interventional
trials.

Effect of increasing range of phantom stencses on QCA measurements. By increasing the
range of in-vivo phantom stenoses (0.5 - 2.89mm} we have revealed a greater
underestimation {-.20mm} of measurements by QCA than demonstrated by our previous
in-vivo validation studies {-.09mm} using a smaller phantom stenosis range of 0.5 to
1.9mm [12]. This finding results from two methodological differences, Firstly the
cineangiograms in our previous studies were recorded on an older generation {1991} X-ray
system with a larger focal spot size of 0.8mm (instead of the 0.4mm focal spot size used
in our current study). This resulted in our previous studies in greater point spread function
and a positive shift {intercept] with overestimation of very small diameters which partially
compensated for the underestimation of larger values by bringing the overall accuracy {for
the 0.5 to 1.2mm range) closer to zero {i.e. by cancellation of the signed differences).
Secondly the absolute underestimation by edge detection increases with larger values and
thus inclusion of stenoses of >2.0mm in our current study resulted in a greater
underestimation for the entire range {0.5 to 2.89mm}. This concept can be elaborated by
considering a number of sample values: For a given QCA system with an intercept of
01mm and a sfope of .B7{x} it can be seen that measurement of a phantom stenosis of
1.00mm (typical pre-intervention minimal luminal diameter) will resuit in a reported QCA
measuraement of 0.88mm (accuracy of -. 1 2mm)} while measurement of a phantom stenosis
of 2.8mm (typical post-optimal atherectomy minimal luminal diameter) will result in a
reported measurement of 2.47mm {accuracy of -.33mm), It is thus clear that extension of
the range of in-vivo phantom stenoses can result in the reporting of greater absolute
inaccuracy for a QCA system. Furthermore our study confirms the degree of
underestimation of larger diameters predicted from extrapolation of the regression line
beyond the previously validated range {ie beyond 1.9mm}.

Implications for clinical triafs. While the degree of inaccuracy of QCA measurements of
large luminal diameters revealed by our study has not been detected by previous validation
studies using a smaller range of in-vivo stenoses, the tendency to underestimate Juminal
diameters of > 1.0mm is not unigue to the particular edge detection algorithm studied. In
a racent validation study of 10 QCA systems at core angiographic laboratories in North
America and Europe all were found to underestimate luminal diameters to some degree
[21]. The clinical implications of the underestimation of large luminal diameters include the
reporting in multicenter interventional trials of an underestimation of the true luminal gain
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achieved at intervention and underestimation of the % diameter stenosis of all lesions.
Furthermore, the degree of subsequent luminal oss at 8 month angiographic follow-up will
also be underestimated. Such underestimation of luminal gain and subsequent loss and %
diameter stenosis measurements will be particularly marked in interventional trials of
devices associated with large luminal gains (e.g. the optimal atherectomy trials ;
EUROCARE, BOAT, OARS [186]).

Until such time as QCA algorithms are developed and calibrated for images of in-vivo
stenoses, rather than in-vitro images which fail to convey the heterogenous X-ray scatter
and veiling glare of the thorax, it might be proposed that resuits of QCA measurements in
angiographic trials should be transformed by a jook-up-table based on the linear regression
results of in-vivo validation studies {eg for CAAS H this would be y = -.03mm + .898{x)).
Thus an angiographic trial using CAAS Il reporting @ mean luminal diameter of 2.bmm post
intervention might be more appropriatsly reported as indicating a true luminal diametar of
2.81mm (i.e, {2.6mm -+.03mm) / .89}, Furthermore, the results of angiographic trials
analyzed at different core laboratories with different QCA systems could be merged by
correcting for the systematic error of each system as determined by in-vivo validation
studies preferably using the same standardized set of in-vivo phantom cingangiograms.
Application of such a normalization or corrective function to the results of each core
angiographic laboratory might reveal that differences in luminal gain previously reported
by different clinical studies for the same device may be greatly reduced. The inaccuracy
in QCA measurements of large luminal diameters revealed by our study indicate that
caution should be applied before directly applying the absolute results of multicenter
angiographic trials to routine interventional practice in the catheterization laboratory,
particularly in this new era of "the bigger the better” and widespread use of devices
assaciated with large luminal gains in large vessels {eg stenting and atherectomy).

Image intensifier field size. We have shown that the use of either 5" or 7" image intensifier
field sizas provide a resolution of adequate quality for quantitative coronary angiography
and both should be permitted in the protocol of multicenter angiographic trials. The 9" field
size was found to incur a minor loss in precision and standard error of QCA measurements
without any change in accuracy or systematic shift. Therefore the occasional selection at
an angiographic core laboratory of a 9" frame (when available) for quantitative analysis
wotuld be acceptable when the 5" or 7" anglographic sequences are found to be unsuitable
for QCA analysis {eg due to poor contrast filling or vessel overlap), albeit accepting a
slightly poorer precision for the individual analysis.

"Minimal" versus "obstruction” diameter measurements. We have demonstrated that for
QCA measurements by the CAAS I system, the selection of the obstruction diameter
rather than the minimal luminal diameter conveys an improvement in accuracy of .02mm.
Even though this improvement is clearly small, we have now adopted the obstruction
diameter rather than the minimal luminal diameter as the primary endpoint in on-going
clinical trials.

Conclusion. To increase the direct clinical applicability of QCA validation studies for
recently completed and ongeing interventional trials, the range of in-vivo phantom stenoses
can be increased up to 2.89mm in porcine coronary arteries using a single channel "stent
stenosis” technique in combination with our previousily reported technique of insertion of
dual channel phantom stenoses of smaller diameter. Extension of the range of phantom
stenoses significantly affects the reported accuracy for a given QCA system and directly
supports the implications from previous studies using smatller in-vivo stenoses that
automated QCA algorithms underestimate large diameters in-vivo and thus underestimate
acute luminal gain and subsequent chronic fluminal loss following interventional procedures.
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The results of this study are of particular relevance to the interventional policy of "the
bigger the better" and widespread use of devices associated with large luminal gains in
large vessels {eg stenting and atherectomy}.
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ICUS vs. Edge Detection QCA vs. Videodensitometry QCA
ABSTRACT:

Objectives. The aim of this study was to determine whether corenary luminal area obtained
from intracoronary ultrasound {{CUS) agree with measurement obtained by edge-detection (ED}
or videodensitometric (VD) quantitative angiography pre and post coronary intervention, and
which factors play a role in the discordance between ICUS and quantitative angiographic
measurement.

Background. While the primary role of intracoronary ultrasound {ICUS} may be the imaging of
coronary mural pathology, precise quantification of luminal cross sectional area (MCSA)} would
offer a significant advantage.

Method. One hundred thirty patients who underwent successful balioon angioplasty (BA,
n=100} or directional atherectomy (DCA, n=30) were examined pre and post intervention.
Minimal cross sectional area {MCSA) obtained from the three quantitative techniques were
compared by the mean and standard deviation of their signed differences.

Results, Vessel size and lumen obtained after intervention was significantly larger in DCA than
BA. MCSA obtained by ICUS was significantly {arger than MCSA measured by ED and VD
both pre and post BA or DCA. Correlation of MCSA measurements by ICUS and ED was 0.59
pre BA and 0.57 pre DCA, which deteriorated to a correlation of 0.48 post BA and 0.41 post
DCA. The correlation between ICUS and VD was 0.50 pre BA and 0.48 pre DCA, the
correlation between ICUS and VD was 0.63 post BA and 0,568 post DCA, Post intervention
better correlation was shown between ICUS and VD than that between ICUS and ED.

One hundred iesions were classified according to the degree of vessel damage post BA. While
the correlation between measurements obtained from ICUS and ED was 0.13 in lesions with
angiographic dissection, 0.40 in the presence of angiographic haziness and 0,71 in the
absence of dissection and haziness, the correlation between measurements obtained from
ICUS and VD was 0.31 in lesions with angiographic dissection, 0.60 in the presence of
haziness and to 0.76 in. smooth lumen. The agreement both between ICUS and ED, and
between ICUS and VD deteriorated in lesions with dissection.

Conclusions. MCSA obtained by ICUS is significantly larger than MCSA obtained from both
ED and VD, Agreement between ICUS and ED considerably deteriorated after intervention. The
complex morphological changes induced by angioplasty may augment the discordance of
MCSA measurements by ICUS and quantitative angiography. VD may provide an acceptable
alternative for ED in fesfons with complex morphological changes induced by intervention. The
absolute values of lumen dimensions obtained from ICUS, ED and VD after angioplasty shouid
be interpreted with care, especially when used to decide on the necessity for further

intervention.
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INTRODUCTION :

While quantitative coronary angiography is still the golden standard in interventional
cardiology, many pathologlc studies indicate that angiography may underestimate the extent
and severity of atherosclerotic disease {1-4}, Intracoronary ultrasound is felt to be more
sensitive than angiography in the qualitative assessment of vessel wall morphology including
the detection of calcium ‘deposits and plaque rupture (5-15). Intracoronary ultrasound may
provide useful information in the guidance of coronary intervention procedure (16-18). Precise
guantitative analysis of luminal cross sectional area by intracoronary ultrasound would offer
a significant advantage. Previous studies have provided conflicting evidence on whether
quantitative measurement derived from ICUS agree with the measurement obtained from
quantitative coronary angiography {56,6,10,19-22),

To clarify whather intracoronary ultrasonographic measurement agrees with quantitative
coronary angiography, and which factors may play a role in the discordance between
ultrasound and guantitative angiographic measurement, we compared minimal cross sectional
luminal area obtained from intracoronary ultrasound and both edge-dstection and
videodensitometric quantitative angiography.

METHODS :

Patients. One hundred sixty-eight patients who had intracoronary ultrasound {ICUS}
examination pre balloon angioplasty (BA) or pre directional coronary atherectomy (DCA) at the
Thoraxcenter were candidates for this study. Twenty-three of these patients were exciuded
because intracoronary ultrasound {ICUS) examination post intervention was not performed.
Fifteen patients were excluded from the study because either their angiographic or ultrasound
recordings were of inadeguate quality for quantitative analysis. The remaining 130 patients
were selected for the study. Of these 130 patients, 100 patients were treated with BA and
the remaining 30 patients underwent DCA. Pre intervention, total occlusion of the target lesion
was observed in 7 patients and the ultrasound catheter completely occluded the coronary
lesion {cross sectional area of less than 1.61mm? with a 4.3Fr ultrasound catheter or cross
sectional area of fess than 0.73mm? with a 2,9Fr ultrasound catheter) in 87 patients. Pre
intervention intracoronary ultrasound images were analyzed in the remaining 36 patients. Post
intervention ICUS measurements were carried out in all 130 patients.

Balloon angioplasty {BA) or directional coronary atherectomy {DCA}. All patients received fuli
anticoagulant therapy including intravenous aspirin and heparin before intracoronary ultrasound
examination and intervention. Coronary angiograms were recorded on cinefilm after the
intracoronary administration of isosorbide dinitrate {1 - 2mg}. A 0.014 inch high torque floppy
guide wire (Advanced Cardiovascular Systems, Santa Clara) was inserted to guide the
ultrasound catheter and the balloon or atherectomy catheter. The size of balloon or
atherectomy device was determined to match the vessel raference diameter obtained from on-
line quantitative angiographic measurement.
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Table 1. Baseline clinical characteristics

BA DCA p value
Patients 100 30
Male/iemale 81118 27/3 ns
Age (years) 860 + 10 b7 £ 9 ns
Stable / Unstable angina 53/47 16/14 ns
Coronary vessel 100 30
RCA 31{31%) 7{23%) ns
LAD 47(47 %} 19{64 %]} ns
LCX 18{18%) 4(13%) ns
SVG.. 4 (4%) 0{0%) ns
Lumen measurement by edge-detection {mm)
MLD pre 1.14 + 0.41 1.23+0.44 ns
RD pre 2.88 + 0.65 3.06 £0.76 Relek|
MLD post 211 + 0.54 2.87 £0.656 001
RD post 2.99 £ 0.71 3.66 £0.52 .001
Lumen area measured ICUS fmm?}
MCSA pre 3.36 £ 0.99 2,77 £1.00 ns
MCSA post 5.19 £ 1.90 7.67 £2.2b 001

BA; balloon angioplasty, DCA; directional coronary atherectomy, LAD; left anterior coronary atery, RCA;
right coronary artery, LCX; left circumflex coronary artery, MLD; minimal luminal diameter, RD;reference
diameter, MCSA; minimal cross sectional area.

Quantitative coronary angtography {QCA}. The new version of the computer-based Coronary
Angiography Analysis System (CAAS 1}{23,24} was used to perform the edge-detection (ED}
and videodensitometric (VD) quantitative analysis. In the CAAS analysis which has previously
been described elsewhere (24-28), the entire cineframe of size 18 x 24 mm is digitized at a
resolution of 1329 x 1772 pixels, Correction for pincushion distortion is performed before
analysis. To standardize the method of analysis pre and post intervention, all study frames
selected for analysis were end-diastolic to minimize motion artifact, and arterial segments
were measured between the same identifiable branch points in muitiple matched views after
the administration of isosorbide dinitrate {29-30}.

Edge-detection (ED) QCA Analysis. Boundaries of a selected coronary segment are detected
using a weighted sum of the first and second derivative functions on the brightness profile of
each vessel scan line automatically (22,23}, The absolute diameter of the stenosis {in mm) is
detaermined using a contrast free guiding catheter as a scaling device {32). Using the diameter
function, the luminal diameter at the site of lesion (minimal luminal diameter; MLD} and a
computer-derived estimation of an interpolated reference vessel diameter {RD) at the site of
the lesion was determined. Minimal cross sectional area {(MCSA) was calculated from the
value of minimal luminal diameter {70} obtained from the edge-detection analysls in multiple
matched views pre and post intervention.
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Videodensitometric (VD) QCA Analysis. Videodensitometric measurement is based on the
relationship between the attenuating power of the lumen filled with contrast medium and the
X-ray image intensity {23,33), Using this relationship, a videodensitometric profile which is
proportional 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 on both sides of the detected luminal contours. Consecutive densitometric
profifes of the analyzed segment were acquired in all scan lines perpendicular to the vessel
including lesion, reference and non-diseased area. Conversion of the individual
videodensitometric profiles to absolute values was performed after a transformation of the
videodensitometric profile found in a cross-sectional area of non-diseased segment, assuming
a cross-sectional area at any point is proportional to the densitometric profiles at the point.
Minimal cross sectional area (MCSA)} was calculated from the average value obtained from the
videodensitometric system in multiple matched views.

Qualitative angiographic assessment. Qualitative coronary angiographic assessment was
performed by the consensus of at least two experienced angiographers. Angiographic
dissection was defined as a dissection classification type B, C, D, E and F {34).

image Acquisition of Intracoronary Ultrasound (ICUS). Following selective coronary
angiography, a mechanical intracoronary ultrasound imaging catheter {30-MHz, 4.3Fror 2.9Fr,
CardioVascular lmaging Systems, Sunnyvale, CA} was introduced over a 0.014 inch
guidewire. After the imaging catheter was passed into and beyond the lesion, a slow manual
continuous pull-back was started to obtain an initial assessment of the target lesion. A second
pull-back was performed using a motorized pull-back device with a constant speed of 1.0
mm/second. A simuitaneous fluoroscopic image of the position of the ICUS catheter-tip was
continuously displayed using a split screen format. Side branches visible on both the
ultrasound and angiographic images served as reference points to ensure that the coronary
sites of ultrasound and quantitative angiographic analysis were identical. ICUS images were
stored on super VHS videotape for subsequent analysis.

Quantitative assessment of Intracoronary uitrasound {ICUS). Luminal area was defined as the
integrated area central to the intimal leading edge echo. Images with minimal cross sectional
area (MCSA) were selected from the pull-back sequence by reviewing the position of the ICUS
catheter on the angiographic image using the split screen format and by review of the time
log and audio recording of the procedure.

Qualitative assessment of Intracoronary ultrasound {ICUS}. Presence of calcium was graded
into three categories - calcium free, focal deposit { <90 degrees of the vessel circumference),
and moderate or diffuse {>> 90 degrees}. Lumen morphology after intervention was graded into
three categories; a smooth lumen was defined as a regular and even shape of the lumen; an
irregular tumen was defined as an uneven or rough border of the lumen or partial tear and
crack of the plague toward the media; and a dissection was defined as a split or tear behind
the plaque (7,8},

Interobserver variabifity. To determine the interobserver variability of ICUS measurements, 30
lesions were independently measured by two observers. The mean signed difference and
correlation of the measurements of cross sectional area was 0.02+0.37mm? and 0,97
respectively.
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Statistical analysis. While previous studies (5,6,10,19-22} applied linear regression analysis
in comparison between ICUS and angiographic measurements, Bland and Altman {35} have
recommended the use of the mean and standard deviation of the signed differsnces between
two measurement systems as an index of agreement between two systems in the absence
of the known true values. Thus, we took the mean and standard deviation of the signed
differences between ICUS and QCA measurements as an index of agreement between ICUS
and QCA measurements instead of linear regression analysis. The individual measurements
obtained from ICUS and QCA were compared using the paired Student's t-test and corralation
coefficient.

RESULTS :

Part T - results for all lesion types -

Baseline characteristics comparison between BA and DCA. The clinical characteristics of the
patients are provided in Table 1, While no difference was found in age, gender, anginal
symptoms {38} and distribution of diseased vessel between the BA group and the DCA group,
reference diameter {RD) pre and post intervention and minimal luminal diameter (MLD) post
intervention obtained from edge-detection quantitative angiography was significantly larger
in the DCA than in the BA patients. While pre intervention MCSA obtained from ED, VD and
ICUS was not different between the BA and DCA groups, post intervention MCSA was
significantly larger in the DCA than in the BA patients as determined by all three measurement
systems.

Comparison between ICUS and ED pre and post BA. While pre BA {26 lesions} the mean value
of MCSA was 3.36 +£0.99mm? derived by ICUS and 1.12 +0.96mm’ obtained by edge-
detection (ED} measurements, post BA (100 lesions} mean MCSA was 5.19 +1.80mm?
derived by ICUS and 3.48 +1.76mm? by ED. The figures 1a and 1b display the agreement
between measurements obtained from ICUS and ED according to the statistical approach
proposed by Bland and Altman {35}. Pre BA the mean difference between the two
measurements was 1.43 +1.12mm°. Post BA {Fig 1a) the mean difference was 1.71
+1.87mm?”. Post BA the agreement between the two measurement systems deteriorated in
comparison with pre BA. MCSA obtained by ICUS was significantly larger than MCSA
measured by ED both pre and post BA {p<.001 and p<.0001 respectively}. The correlation
coefficient of measurements by the two technigues was 0.59 pre BA and 0.47 post BA
respectively.

Comparison between ICUS and ED pre and post DCA. While pre DCA {10 lesions) mean MCSA
was 2.77 2 1.00mm? derived by [CUS and 1.18 +0.81mm? by ED, post DCA (30 lesions)
mean MCSA was 7.67 & 2.26mm” derived by ICUS and 6.49 +2.56mm? by ED. Pre DCA the
mean difference between the two measurements was 1,33 & 1.02mm?. Post DCA {Fig 1b)
the mean difference was 1,18 + 2.62mm? The correlation coefficient was 0.59 pre DCA and
0.41 post DCA. MCSA derived from ICUS was significantly larger than MCSA measured by
ED both pre {p <.Q1) and post {p <.08) DCA. The correlation betweean the two measurement
systems deteriorated after DCA in comparison to pre DCA,
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Comparison between ICUS and VD pre and post BA and DCA. Mean MCSA determined by
videodensitometry (VD) was 1.32 +1.02mm? pre BA (26 lesions) and 1.16 +0.72mm? pre
DCA (10 fesions) ; and 3.92 + 1.82mm? post BA {100 lesions) and 4.44 +2.35rmm? post
DCA {30 tesions). MCSA obtained by ICUS was significantly larger than MCSA measured by
VD both pre and post BA and DCA. The correlation coefficient of the ICUS and VD
measurements was 0.50 pre BA and 0.48 pre DCA, and 0.63 post BA and 0.58 post DCA.
The mean difference and standard deviation between the two measurements was 1.156
+1.12mm? pre BA and 1,32 +1.00mm? pre DCA, and 1.27 +1.81mm?post BA and 0.83
+ 2.08mm? post DCA. Fig 2 displays the comparison of measurements between [CUS and VD.
Post intervention the agreement between ICUS and VD was better than the agreement
between ICUS and ED (Fig 1}. An example of ICUS, ED and VD measurements post
intervention can be seen in Figure 3.

Part 2 - results according to qualitative lesion characteristics :

Role of anglographic dissection in the agreement between |ICUS and ED after BA {Table 2).
One hundred lesions post BA were classified according to the following angiographic features
{Table 2); a} presence of angiographic haziness, b} presence of dissection, and c) absence of
haziness and dissection. The correlation coefficient of ICUS and ED quantitative measurements
was 0.71 in lesions without haziness or dissection, 0.40 in lesions with haziness, and 0.12
in fesions with angiographic evidence of dissection.

Table 2. Comparison of agreement between measurements of ICUS and edge detction QCA
according to lesion characteristics in 100 patients undergoing Balloon Angioplasty

Mean Standard Cormelation
difference deviation coefficert
©{mm?) (+mm? 3]
Lesfon characteristics on angiography
Absence of dissection and haziness {(n=47) 1.16 1.48 71
Presnce of haziness {n=26) 2.44 2.00 40
Presence of dissection (n=27} 1.96 2.14 13

Lesion characteristics on uftrasound

Smooth lumen {n=32) 1. 1.64 .63
Irreguiar lumen {n=38) 1.63 2,00 .49
Presence of dissection {n=30) 2,39 1.81 24

Calcium free lesion (n=286) 1.75 1.83 71
Focal calcium lesion (n=42)} 1.71 1.38 37
Moderate to diffuse calcium lesion {(n=32) 1.67 2.44 .16
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Figure 1. The agreement between [CUS and edge detection QCA (ED) post BA {A) and post DCA
(B} according to the statistical approach proposed by Bland and Altman {35).
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One hundred lesions post BA were graded according to their morphological pattern as
assessed by intracoronary ultrasound examination. The correfation of ICUS and ED guantitative
measurements was 0.63 in lesions with a smooth lumen as determined by uitrasound, 0.49
in lesions with an irregular lumen, and 0.24 in lesions with ultrasound evidence of dissection.
Lesions post BA were classified according to the degree of calcium deposits on ultrasound
examination. The correlation of ICUS and ED measurements was 0.71 in calcium free lesions,
0.37 in the presence of focal calcium deposits, and 0.15 in the presence moderate to diffuse
calcification. Thus the presence of dissection or calcium was associated with a deterioration
of agreement between ICUS and ED measurements.

Comparison of the agreement between ICUS and VD in dissected lesion post BA {Table 3).
Thae relationship of ICUS and ED measurements was examined in one hundred lesions post BA
according to their angiographic features (Table 3); The correlation of ICUS and ED
measurements was 0.76 in lesions without dissection or haziness, 0.60 in lesions with
haziness and 0.31 in lesions with angiographic evidence of dissection.

Table 3. Comparison of agreement between measurements of ICUS and Videodensitoetry QCA
in 100 patients undergoing Balloon Angioplasty

Mean Standard Comelation

difference deviation ooeffidert

{mm? {£mm?) {r)
Lesion characteristics on angiography
Absence of dissection and haziness (n=47) 1.02 1.40 786
Presence of haziness (n=26) 1.564 1.76 .60
Presence of dissection (n=27} 1.48 1.78 W31
Lesion characteristics on ultrasound
Smooth lumen {(n=32) 0.938 1.63 73
Irregutar lumen {n= 38} 1.14 1.72 .63
Presence of dissection {n=30} 1.76 t.47 43
Calcium free lesion {n=26} 1.25 1.63 .81
Focal calcium lesion {(n=42) 1.24 1.48 43
Moderate to diffuse calcium lesion {(n=32) 1.33 1.85 42

94




ICUS vs. Edge Detection QCA vs, Videodensitomeltry GCA

The relationship of ICUS and ED measurements were also examined in lesions post BA
according to their morphological pattern as assessed by ultrasound. The correlation of ICUS
and ED measurements was 0.73 in lesions with a smooth lumen, 0,63 in lesions with an
irregular lumen, and 0.43 in the presence of ultrasound evidence of dissection, especially in
the presence of angiographic or ultrasound evidence of dissection. The correlation of ICUS and
VD measurements was 0.81 in caleium free lesions, 0.44 in the presence of focal calcium
deposits, and 0.42 in the presence moderate to diffuse calcification.

The agreement and correlation of VD and ICUS measurements was higher than the agreement
and correlation of ED and ICUS measurements especially in lesions with moderate to diffuse
calcium {Table 2). A similar pattern was seen when lesions treated by DCA were categorised
according to their morphological characteristics {see Table 4).

Table 4. Comparison of agreement between measurements by ICUS, edge detection QCA (ED)
and videodensitoemtry QCA {VD} in 30 patients undergoing Directional Coronary Atherectomy

Mean Standard Comelation
difference deviation ooefficiers
{mm?) { +mm?) {r}
ICUS versus ED
Lesion characteristics on ultrasound
Absence of haziness and dissection (n=19}) 1.15 2.62 (.62
Presence of haziness or dissection {(n=11) 1.24 2.92 0.12
Lesfon characteristics on ultrasound
Smooth lumen {n =8} 0.68 1.99 0.74
Luminal Irregularity or dissection {(n=22) 1.37 2,84 0.25
Calcium free lesion [n=12) 0.67 1.99 0.68
Focat to diffuse caleium lesion {(n=18) 1.63 2.97 0.24
fCUS versus VD
Lesion characteristics on uftrasound
Absence of haziness and dissection (n=19} 0.82 1.81 .71
Presence of haziness or dissection {n=11) 0.68 2.67 0.27
Lesfon characteristics on ultrasound
Smooth lumen (Nn=28} 0.52 1.7 0.80
Luminal lrregularity or dissection {n=22} 0.95 2.21 0.44
Calcium free lesion (n=12) 0,33 1.40 (.84
Focal to diffuse calcium lesion (n=18) 1.16 2,42 0.40
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Figure 3. Quantitative angiographic analysis by edge detection (ED} and videodensitometry (VD)
and ICUS analysis post balloon angioplasty BA in the middle segment of the left circumflex coronary
artery. The ICUS image [right side) shows an frragular lumen with partial rupture of a soft eccentric
plaque. The elliptical and irregufar shape of the fumen may explain the discordance between
measurements of the minimal fumen cross sectional area (MCSA) obtained from ICUS (4.1 mm2} and
edge-detection QCA (minimal luminal diameter of 1.92mm (MCSA 2.89 mm2)} and videodensitometric
QCA measurement (3. 20 mm2). To overcome the limitation of single view quantitative angiography the
average of multiple matched views was utilized.
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DISCUSSION :

The unique features of our study design were as follows: 1} This is the first study to compare
both edge-dstsection and videodsnsitomstric quantitative angfographic measurements with
ICUS measurements, 2} The agreement of measurements in the absence of the known true
luminal dimensions was compared using the method proposed by Bland and Altman {35}. 3)
The influence of both luminal and vessel wall morphology on the relationship of ICUS and
quantitative angiographic measurements was examined 4} An attempt at intracoronary
ultrasound examination as well as quantitative angiography was made in all lesions both pre
and post intervention. 5} The study population was the largest ever performed for the purpose
of comparison of ICUS and quantitative angiographic measurements.

The principle findings of our study were as follows: 1) MCSA obtained by ICUS was
significantly larger than MCSA measured by either edge-detection or videodensitometric
quantitative coronary angiography both pre and post BA and DCA. 2} The agreement between
ICUS and ED deteriorated considerably after both BA and DCA. 3} The complex morphological
changes Induced by angioplasty contributed to the discordance of the agreement of two
measurement systems. 41 [CUS measurements were found to provide a better agreement with
videodensitometry than with edge detection, particularly in lesions with complex morphological
changes post intervention.

Agreement between ICUS and ED-QCA in previous studies. Previous studies have provided
conflicting evidence on whether luminal measurements obtained from intracoronary ultrasound
agres with edge detection quantitative angiographic (ED-QCA} measurements in human
coronafy arteriss. In general, previous studies which examined the relationship of the ICUS
and ED-QCA measurements in normal coronary segments reported a favourable correlation
between the two quantitative imaging modalities (5,10}, while those studies which included
lesions post angioplasty reported a poor correlation of the two measurement techniques
(6,21,22).

Role of vessel wall disruption post intervention and calcification on the agreement between
ICUS and QCA measurements, Our study clearly demonstrates that luminal area obtained by
ICUS was significantly larger than both ED and VD with considerable deterioration of the
agreement after BA and DCA. The agreement deteriorated in proportion to the grade of
damage induced by intervention in both ED and VD compared with ICUS. A progressive
deterioration in the relationship of ICUS and QCA measurements was seen in accordance to
the presence of an irregular lumen, Juminal haziness, or dissection. Thus exclusive reltance
upon either QCA or ICUS measurements for the guidance of coronary interventional
techniques and the determination of post intervention results may be unreliable. A simifar
progressive fall in the refationship between ICUS and QCA measurements was seen in
accordance with the degree of vessel wall calcification. Of interest, Fitzgerald et al. (7)
indicated that calcium has a direct role in promoting dissection by increasing shear stress
within the plaque during coronary angioplasty, and thus the deterioration of agreement
between ICUS and QCA in calcified lesions may indirectly relate to the predisposition to the
occurrence of dissection or haziness induced by intervention. In our study population, 31%
of lesions with moderate to diffuse calcification developed angiographic evidence of
intraluminal haziness and 41 % developed a dissection post intervention,
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Contributing factors to the discordance of ICUS and QCA measurements. A number of factors
may have contributed to the observed discordance of ICUS and QCA measurements. The
dissected lumen which may not be completely filled by contrast medium on account of a
poorly comrnunicating channel between the true and the false lumen or on account of nearly
stagnated blood in the false lumen which may contribute to the relative underestimation by
contrast angiography measurements, Ultrasound fall-out due to guide wire artifact and
elliptical angulation of the ultrasound catheter within the longitudinal axis of the vessel may
augment the discordance of ICUS cross sections with QCA measurements. Additionally,
introduction of the ultrasound catheter may itself result in tacking back of dissections and
stretching or dilatation of the vessel (Dotter effect) and thereby result in a larger lumen during
ICUS examinations post intervention compared to the less invasive technique of contrast

angiography.

QCA by videodensitometry provided a better agreement and less relative underestimation in
relation to ICUS measuresments than GCA by edge-detection. The underestimation by edge
detection relative to ICUS measurements may reflect the propensity of the cantour detection
algorithm to trace the change in brightness profile in the contrast-weak channe! between the
true and false lumens (37} while ICUS measurements and measurements by videodensitometry
in multiple views may have included the contribution of the false lumen. Such a phenomena,
however, would not account for the relative underestimation be edge detection in the pre-
intervention phase. It may also be possible that the interventional cardiologist tends to select
angiographic projections which best demonstrate both the sternosis pre intervention and the
residual stenosis post intervention, - "worst view" angiography. ICUS and videodensitometry
are not projection-dependent and both would provide a measure of the "depth" as well as the
"width" of the lumen cross section. Edge-detection, however, only provides a measure of one
diameter {the "width") of the lumen and assumes a elliptical cross section, Even after
averaging of multiple matched views as performed in our study, the assumed average cross
section may have been based upon muitiple "worst views" which although they were per-
protoco! > 30° apart, they were not necessarily truly orthogonal views, and thus the "worst
view" was not necessarily balanced by the "best view", Such a limitation to guantitative
angiography by edge-detection has been an inherent limitation to all coronary interventional
triats and attempts to address this limitation by three-dimensicnal imaging in truly orthogonal
views {with catheter- independent isocentric calibration} are currently under evaluation {38-
40). Of interest, in a recent study evaluating the performance of ten edge-detection QCA
systems at core laboratories in North America and Europe, all ten edge detection QCA systems
were found to tnderestimate the known true dimension of symmetrical phantom stenoses in
porcine coronary arteries in-vivo {28).

Conclusion. Minimal lumen cross sectional area measurements obtained by intracoronary
ultrasound are significantly larger than measurements provided by both geometric and
videodensitometric quantitative coronary angiography both before and after intervention.
Agreement between intracoronary ultrasound and geometric quantitative angiographic
measurements deteriorate considerably after intervention, Complex morphological changes
induced by intervention may play a role in such a discordance between the two guantitative
imaging technigues. Videodensitometry may provide an acceptable alternative for edge-
detection quantitative coronary angiography in lesions with complex morphology. Exclusive
reliance upon the absolute values of coronary lumen dimensions derived from intracoronary
ultrasound alone or from geometric or videodensitometric quantitative angiography alone to
guide coronary interventional procedures or to determine post interventional results may be

unreliable.
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Chapter VII

Structural design, clinical experience, and current indications of the
Coronary Wallstent.

David Keane, Peter de Jaegere, Patrick W Serruys.

Cardiofagy Clinics 1994, 12:689-97.
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STRUCTURAL DESIGN, CLINICAL
EXPERIENCE, AND CURRENT
INDICATIONS OF THE CORONARY

STRUCTURAL DESIGN

The Wallstent {Schneider, Biitach, Switzer-
land) has a stainless steel tubular mesh design
with longitudinal flexibility. A total of 18 to
20 monofilaments 0.07- to 0.10-mm thick are
used to fabricate each coronary Wallstent, re-
sulting in a metallic surface area in the ex-
panded state of approximately 20%* and a
metallic cross-sectional area 0,062 mm?.'"" This
relatively high metallic surface area {com-
pared with 8% for the new advanced cardio-
vascular system [ACS] stent) may be of theo-
retical importance as it appears likely that
stents of lower metallic surface area are less
thrombogenic and cause less inflammatory re-
sponse in the vessel walk The intersections of
the filaments of the mesh structure are not
fixed or soldered together, thereby affording
greater longitudinal flexibility in comparison
with that of the Palmaz-Schatz mesh design.
Vessel splinting is, thus, not prominent in
either native or vein graft coronary vessels
following Wallstent implantation. Early con-
cerns of friction from metal surfaces rubbing
together at points of filament intersection ap-
pear to be unwarranted, and signs of such
complications have not emerged from clinical
studies,

Dr. David Keane, MRCPYI, is a recipient of a travel grant
from The Peel Medical Research Trust, London, England

WALLSTENT

David Keane, MB, Peter de Jaegere, MD,
and Patrick W. Serruys, MD

The stainless steel alloy is cobalt-based, and
energy dispersion spectrometric studies have
identified elements of chromium, iron, nickel,
and moelybdenum in addition to cobalt,” thus
indicating that the Wallstent consists of a
more heterogenous alloy than many other
metallic coronary stents. The radiopacity of
the Wallstent during conventional cineangi-
ography is relatively low (compared with that
of the tantalum Wiktor and Strecker stents);
however, with advances in digital pulsed
fluoroscopy, the Wallstent mesh can usually
be identified (at 50 kV} even after removal of
the radiopaque markers of the delivery sys-
tem.”® Unlike some other stainless steel stents
(e.g., Palmaz stent) but similar to tantalum
stents (e.g. Strecker stent), the Wallstent has
been found not to move or deflect during MR
imaging, even under high magnetic field
strengths.'> ¥ However, as stents become in-
corporated into the vessel wall after several
weeks, MR imaging of patients with ferro-
magnetic stents is probably safe after a suita-
ble period has elapsed to ensure stable posi-
tioning of the device,”®

The Wallstent is self-expanding and, there-
fore, does not require a balloon for deploy-
ment. This may be particularly advantageous
in friable, diffusely diseased bypass grafts at
high risk for embolization yvith balloon angio-
plasty. Instead, the Wallstent is mounted en a

From the Department of Interventionat Cardiology, Thoraxcenter, Erasmus University, Rotterdam, The Netherlands

CARDIOLOGY CLINICS

VOLUME 12 « NUMBER 4 » NOVEMBER 1994

106



KEANE et al

low-profile catheter and is maintained in a
collapsed state until it is progressively re-
leased by the retraction of its rolling mem-
brane (Fig. 1). The doubled-over restraining
membrane and delivery mechanism prevent
accidental release of the stent, and a partially
deployed Wallstent can often be withdrawn
proximally or removed entirely.*

Dilatation of a balloon within the Wallstent
is normally performed after its release to ac-
celerate early expansion, to ensure symmetri-
cal and adequate apposition of the stent
against the wvessel wall, and to dissipate
thrombus within the stent (Fig. 2), The Wal-
Istent is thought to continue to expand untit
an equilibrium is reached between the elastic
recoil of the vessel wall and the radial force
of the stent.!

The low profile of the Wallstent compares

favorably with that of stents which require
batloon mounting, The outer diameter of the
coronary stent—mounted delivery catheter of
the Wallstent is 1.57 mm (Schneider, Bulach,
Switzerland) in comparison swith 1,65 mm for
the preballoon-mounted Palmaz-Schatz mesh
stent (Johnson & Johnson, Paris, France) and
2,13 mm for the balloon-mounted Gianturco-
Roubin coil stent (Cook, Bloomington, IN).
This feature increases the versatility of the
Wallstent and, coupled with its longitudinal
flexibility, results in its aptitude to negotiate
proximal vessel tortuositics and points of
small luminal diameter, Furthermore, its low
profile permits introduction of the Wallstent
through an 8-F guiding catheter (0.077-inch
internal diameter), and, thus, exchange of the
femoral sheath and guiding catheter during
the bailout management of an acute occlusive

prats i n el e

T, T, tubabars

43, \‘“w%;

7 Y,
AP S
e

I
‘0‘010::2::0‘0.‘9‘_‘.002‘""

o

P A R o

0
_Q‘
“

eleleletalelelelslelelelelelely!

)
QOO
BRI

.'00090

X ’Q’v::
(X
I

Figure 1, Deployment of the Wallstent requires the advancement of the Wallstent over a 8.014-in er 0.018-in guidewire
across lhe leslon, The distal marker band should be positioned slighlly beyond the distal edge of the stenosis to account
for distal shorlening of the stenl dusing expanslon. The central and proximal markers approximately define Lhe final
posiion of the stent. The rolling membrane Is inflated with contrast medium to 4 atmospheres prior 1o its gradual retraction
to facilitale the smooth and progressive release of the self-expanding stent.
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Figure 2. A balloon difalation is normally performed within the Wallsten! after its release lo oplintize deployment, This
plot of inflation pressure against the diameter of the Waflstent in vilro indicates that inltation pressures should be kept
under 4.5 atmospheres to avold significant alteration of the mesh configuration of the expanded Wallstent,

dissection with the Wallstent is rarely neces-
sary. This compares favorably with the Gian-
turca-Roubin coil stent for which, normally, a
9-F guiding catheter (internal diameter 0.089
inches) is required for introduction of a
Flexstent larger than 3.0 mm [this undesirable
exchange of guiding catheters and sheaths
during bailout management might be over-
come by the recent development of the Lu-
max 8-F guiding catheter {Cook), which has a
relatively large internal lumen of 0.086 inches
and allows delivery of the 4.0-mm Flexstent
stat].

An additional feature of the Wallstent is the
wide range of sizes available for coronary
vessels, ranging from 2.5 to 6.0 mm in diam-
eter in the expanded state with lengths of 15
to 30 mm. This range of diameters is adeguate
for two reasons. First, stenting of vessels 2.5
mm or less in diameter appears to carry an
unacceptable risk of subacute thrombosis, and
a Wallstent size of 0.5 mm greater than the
vessel size is required for optimal resulis to
ensure that sufficient radial force js exerted
on the vessel wall to prevent stent migration
and to overcome elastic recoil. Second, few
vessels are of greater diameter than 5.5 mm,
even among coronary vein grafts, Wallstents
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of greater than 6,0 mm in diameter are avail-
able, but they are usually deployed in periph-
eral vessels, The large range of lengths avail-
able for the Wallstent may be particularly
advantageous. It is helpful for the treatment
of long dissections and to avoid the deploy-
ment of more than one stent for long dissec-
tions, a factor known to increase the risk for
early thrombosis® and subsequent late reste-
nosis (particularly at the site of stent overlap
where the metallic burden on the vessel wall
is highest.") Also, the large range of lengths
permits the selection of a Wallstent of preater
length than the lesion, thus reducing the risk
of failing to cover the entire lesion length,
The length of the Wallstent may shorten
significantly upon expansion, This may result
in a failure to cover a lesion and necessitate
the deployment of a telescoping second Wal-
Istent to cover a stenosis or dissection. To
overcome the difficulty of unpredictable lon-
gitudinal shortening following radial expan-
sion, the design of the coronary Wallstent has
recently been modified to preduce a device
which is less prone to shortening (the less
shortening Wallstent)., This is achieved at a
cost of some loss of radial strength, Its tech-
nical features are depicted in Figure 3. The
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Less Stent on
shorlening instrumant

less shortening Wallstent undergoes approxi-
mately 25% shortening upon expansion, and
the braiding angle of its mesh is 104 degrees
in comparison with 140 degrees for the nor-
mal shortening Wallstent. The follow-up
phase of the first clinical study to evaluate
this modified design has just been completed.
All previously reported experience with the
Wallstent has involved the earlier normal
shortening design.

EXPERIMENTAL STUDIES OF
THROMBOGENICITY AND
POLYMERIC COATING

The primary reservation concerning clinical
use of the Wallstent has been a relatively high
incidence of acute thrombosis. This most
likely relates to its high stent-to-vessel surface
area. It is unlikely that the stainless steel alloy
of Wallstents is more thrombaogenic than the
composition of other metallic stents,

Among the stainless steel alloy stents, dif-
ferences in thrombogenicity have not been
found, In an exteriorized arteriovenous sili-
cone shunt mede! in baboons, the thrombo-
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Figure 3, To overcorne the problem
of marked shortening of the Wallstent
upon expansion, the design of the
mesh has been modified to produce
the Less Shortening Wallstent. The
braiding angle of the mesh has been
been reduced from 140° le 104°, This
is asscclated with an overall lower
density of metal struts per unit length

Normal but carries a cost of lower radial sup-
shortening port.

genicity of the chromium-free stainless steel
Palmaz-Schatz stent was compared with that
of the chromium-based stainless steel Wall-
stent. The Palmaz-Schatz stent accumulated
4.37 + 0.68 x 107 platelets/cm, which was
not statistically different from the Wallstent,
which accumulated 391 = (042 x 10° plate-
lets/cm.?

Although no thrombetic occlusions were
observed within 4 weeks in a noncomparative
study of a tantalum stent (Wiktor) in the cor-
onary arteries of 10 pigs,* evidence for lower
thrombogenicity of tantalum in comparison
with stainless steel stents has not been found
in comparative in vitro and in vivo studies
despite theoretical differences in ionic charge
between tantalum and stainless steel. In an in
vitro study by Hearn et al,® no significant dif-
ference in thrombogenicity was found be-
tween noncoated tantalum and staintess steel
stents exposed to human blood. Further work
from Emory University in both extracorpo-
real baboon and intracoronary porcine
models has confirmed that stainless steel
stents are not more thrombogenic than tan-
talum stents, '

In an effort to reduce the incidence of stent
thrombosis, the surface of the Wallstent was
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modified in 1989 to incorporate a polymer
coating (BioGold). In vivo research at the
Thoraxcenter has indicated that this poly-
meric coating may reduce the thrombogenic-
ity of the Wallstent?' In this comparative
study in porcine coronary arteries, thrombo-
genicity (by angiography) at 1, 4, and 12
weeks and vessel wall histology at 12 weeks
were studied in 15 polymer-coated Wallstents
placed with no medication and 48 uncoated
Wallstents placed with the administration of
acenocowmarol {16 stents), aspirin (16 stents),
and no medication (16 stents). A 38% throm-
botic occlusion rate within 1 week (uncoated
Wallstents with no medication) was pre-
vented by polymeric coating and by aceno-
coumarol but not by aspirin, Histologic anal-
ysis showed no difference in the thickness of
the neointimal hyperplasia between the
groups, and the BicGold polymer did not in-
duce an inflammatory reaction. This experi-
mental histologic finding is supported by the
retrospective angiographic comparijson of
those patients who received an uncoated Wal-
Istent before August 1989 versus those pa-
tients in whom a polymeric-coated stent was
implanted after August 1989, in which the
BioGold coating was found {o have no signif-
icant relationship on late restenocsis.'” The ef-
ficacy of this coating in the reduction of sub-
acute thrombosis, however, has yet to be
demonstrated clinically.

EARLY CLINICAL EXPERIENCE WITH
THE WALLSTENT

Valuable clinical experience with coronary
stenting was gained from a six-center Euro-
pean study of the Wallstent which was under-
taken in the 1980s.* ** Between March 1986
and January 1988, 117 Wallstents were im-
planted in the native coronary arteries (94
stents) or saphenous vein bypass grafts {23
stents) of 105 patients. Seventy-one stents
were implanted after dilatation of a restenotic
lesion, 14 were placed as bailout therapy for
an acute occlusion following balloon angio-
plasty, 5 were deployed after angioplasty for
chronic occlusion, and 27 were included as an
adjunct procedure to primary balloon angio-
plasty.

It is not sutprising that this early experience
was fraught with the controversy OF antico-
agulant management, Regimens ranged from
the use of subcutaneous heparin to routine
intracoronary urokinase. Many of the initial
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patients in this early experience were not
started on an oral anticoagulant regimen post-
stenting, and a few patients did not receive
aspirin, whereas others were maintained on
coumadin, aspirin, dipyridamole, and sulfin-
pyrazole. Even today, 8 years later, the strat-
egies proposed for anticoagulant therapy
post-stenting continue to differ widely with-
out international consensus.”

The overall mortality rate for the group at
1 year was 7.6% (eight deaths), Of these
deaths, six were most likely the result of stent
occlusion, Stent occlusion was angiographi-
cally confirmed at implantation in two of the
six patients and after 24 hours in one patient,
whereas in the other three, sudden death oc-
curred at 48 hours, 11 days, and 6 weeks,
respectively, after stent implantation.

Quantitative angiography (cardiovascular
angiography analysis™ system [CAAS]) re-
vealed that, overall, the minimum luminal di-
ameter improved from 1.21 + 0.56 mm to
1.88 = 0.43 mm after balloon angioplasty and
then further to 2,48 + 0.51 mm immediately
after stent implantation. Angiographic follow-
up was obtained in 90% of patients at a mean
of 5.7 *+ 44 months. At follow-up, the diam-
eter for the whole group (95 patients) had
decreased to 1.68 = 1.20 mm. The validity of
including or excluding total occlusions from
an angiographic follow-up analysis of reste-
nosis foHowing balloon angioplasty is unclear
in view of the unconfirmed mechanisms of
total occlusion” 2 With corenary stenting, it
seems more likely that total occlusions may
represent a different phenomenon than typt-
cal restenosis in view of the frequently docu-
mented occurrence of thrombotic occlusions
in the early period following stent implanta-
tion. When the total occlusions (27 stents in
25 patients) were removed from the angio-
graphic follow-up group, the minimal lu-
minal diameter at follow-up was 2.26 + 0.78
mm, Ten stents in nine patients of this group
and one segment proximal to a stent had a
diameter stenosis of more than 50% at follow-
up for a total restenosis rate of 14% of patients
in whom the Wallstent was patent at follow-

up.

LATER CLINICAL EXPERIENCE WITH
THE WALLSTENT

The previocusly described results from the
early experience, which was pioneering not
only for the Wallstent but also for all coronary
stenting, were compared with the subsequent
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results of the period from February 1988 to
March 1990.% 77 In addition, the camulative
clinical experience gained from 265 patients
{308 lesions) from March 1986 to March 1990
was analyzed according to whether the Wal-
Istent was implanted in a native coronary ar-
tery or bypass vein graft (Fig, 4).""" The se-
lection of cases during the early and late
periods differed significantly, with a higher
proportion of bypass vein grafts and primary
stenoses in the later period (1988 to 1990).
Early occlusions following Wallstent im-
plantation were less frequent in later years
{10% of stents) than in the early experience
(18% of stents). This may relate to the adop-
tion of a more effective and standardized anti-
coagulant regimen, increased operator expe-
rience, and refined patient/lesion selection in
the later years, In the combined early and
later experience, early occlusions were docu-
mented in 18% of native coronary arteries
compared with 7% of bypass vein grafts. The
lower incidence of thrombotic occlusion in
vein grafts may reflect, in part, that most of
these vein graft stents were implanted during
the later peried when the anticoagulation pe-
ried was more aggressive and, in part, the

greater vessel size (recent studies indicate that
thrombotic occlusion is less likely to occur in
vessels larger than 3.25 mm compared with
vessels smaller than 3.25 mm?),

Quantitative angiographic follow-up was
obtained in 82% of all patients. The outcomes
for native and bypass vessels are compared in
Table 1. Tt has been proposed that the higher
late restenosis rate in vein grafts may be the
price for lower early occlusion rates,'” By di-
minishing the formation of early occlusive
thrombus with more effective anticoagula-
tion, the residual nonoccluding thrombus
could form the substrate for late restenosis.”
This hypothesis is not supported by a more
recent abservation that the presence of throm-
bus at the time of balloon angioplasty is not
associated with greater luminal loss at follow-
up if total occlusions at follow-up are ex-
cluded from the analysis.® .

To gain a perspective of these relative re-
sults of the Wallstent in bypass vein grafts
and native coronary arteries, it is worth, for
comparative purposes, to consider the results
of a provisional report of early ischemic
events in bypass vein grafts and coronary ar-
teries following implantation of the Gian-
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Figure 4. Minimat luminal diameler (MLD) of nalive coronary arleries and bypass vein grafls preprocedure, postprocedure
and at follow up. The mean values have been calcutaled with and without the inclusion of tha early in-hospital occlusions.
(From Strauss BH, Serruys PW, Berrand ME, ef al: Quantitative anglographic foliow-up of the corenary wallstent in native
vessels and bypass grafts (European experience—March 1986 to March 1990). Am J Cardiol £3:476—481, 1992; with

permission.)

i1



DESIGN, EXPERIENCE, AND INDICATIONS OF THE CORONARY WALLSTENT

Table 1. EARLY AND LATE RESULTS FOLLOWING
WALLSTENT IMPLANTATION®

Percent Early Percent
Vessel Qccluslon Restenosls
Native coronary artery 19 39
Bypass vefn graft 8 j3:]

“Although the easly occlusion rate for veln grafts was lower than
that for native corenary arteries, the restenosls rata (>50% diam-
oeler slenosis) par patient was higher In bypass veln grafts than in
native corenary ateries. There was no difference in the late occlu-
sion rate between the two vessel types (16 lesions )'"

turco-Roubin coil stent." Periprocedural (<24
hours}) ischemic events occurred in 2% of vein
grafts compared within 8% of native arteries
(P=0.07), and the rate of later ischemic events
at 1 to 90 days was at least as favorable for
vein grafts as it was for native arteries."™ Inter-
pretation of these results, however, is con-
founded by differing clinical indications and
lesional characteristics between the two vessel
types and by the subsequent greater require-
ment for the depleyment of multiple stents in
bypass vein grafts.

CLINICAL EVALUATION OF THE
LESS SHORTENING WALLSTENT

One af the factors thought to have contrib-
uted to the high rate of stent occlusion in the
European registry of the coronary Wallstent
in the 1980s was the frequent deployment of
more than one stent to cover the target lesion.
This factor attributed to the high degree of
shortening of the Wallstent upon expansion.
To overcome this limitation, the design of the
Wallstent was modified to reduce the degree
of shortening with the development of the
Less Shortening Wallstent. A small study was
undertaken to determine the safety and effi-
cacy of implanting this new Wallstent for the
management of saphenous vein coronary by-
pass graft stenoses. Between November 1991
and March 1993, the Less Shortening Wal-
Istent was implanted in 29 patients at 6 cen-
ters in the Netherlands, Germany, and Bel-
gium.”

Thirty-five Wallstents were clectively de-
ployed in aorto-coropary vein grafts in 29 pa-
tients, Stent deployment was successful in 35
of 36 attempts in 30 lesions. In 5 of the 30
lesions, a second stent was required to cover
the proximal portion of the lesion. Angio-
graphic success (< 50% residual diameter ste-
nosis as determined by offline quantitative

coronary angiography) was achieved in all 29
patients. During the in-hospital phase, no ma-
jor adverse cardiac event occurred (reinler-
vention, re-CABG, myocardial infarction, or
death), and 5 patients had hemorrhagic com-
plications. Following hospilal discharge, one
patient had a subacute stent occlusion associ-
ated with symptoms and elevated cardiac en-
zymes at 11 days, another patient had symp-
toms and elevated cardiac enzymes (CK 300
U/1) at 22 days with a palent stent, five pa-
tients required balloon angioplasty within the
6 month follow-up period {four for restenosis
and one for stent ccclusion), and one patient
underwent re-CABG for a native artery ste-
nosis distal to the anastmosis of the patent
stented vein graft. The results of this intro-
ductory study suggest that the new Less
Shortening Wallstent may be associated with
a reduction in the requirement for multiple
stent deployment and a lower rate of throm-
botic occlusion in comparison to its pioneer-
ing protoiype, On the basis of these results, a
number of larger multicenter clinical trials
have been initiated to further evaluate the
new coronary Wallstent.

CURRENT INDICATIONS

Based on the data described previously the
Wallstent is a versatile stent which, by virtue
of its longitudinal flexibility and low profile,
can be deployed with a high degree of success
in complex lesions of both native coronary
arteries and bypass vein grafts.

Despite strict clinical indications that have
been proved by prospective randomized
trials, it could be proposed that there are, as
yet, no absolute indications for coronary
stenting. Indeed, traditional balloon angio-
plasty itself, the gold standard with which
stenting frequently is compared, 17 years
after its introduction® has yet to establish un-
equivocally its current indications in random-
ized, comparative meorbidity and mortality
trials in preference to medical therapy and
bypass surgery 271

Thus, it may be more appropriate in this
relatively early era of coronary stent evolu-
tion to refer to clinical applications and con-
traindications, Fewer patients are regquired
and randomization is not essential to detect
contraindications to  coronary  stenting,
whereas absolute indications [or coronary
stenting are more difficult to establish. Cur-
rently, these contraindications include persist-
ent intracoronary thrombus (after intracoro-
nary administration of thrombolytic therapy
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and, when necessary, confirmation with an-
gioscopy) and contraindications to anticoagu-
lant therapy. Relative contraindications in-
clude a vessel size of less than 3.0 mm,
excessive proximal tortuosity where introduc-
tion of the stent would be unlikely to succeed,
deployment of a stent in an unprotected left
main coronary artery, and the absence of in-
house cardiac surgical back-up.

It is unclear if an indication is established
by a large randomized tiial for one stent,
whether the same results can be expected
from a stent of similar design, In view of the
relatively early stage of the clinical evaluation
{8 years) of coronary stenting and the funda-
mental differences in metal surface area, strut
composition (with or without coating), stent
profile, delivery system, expansile mecha-
nism, longitudinal flexibility, radial strength,
and design among mesh stents (Wallstent,
Palmaz-Schatz, and Strecker) and among coil
stents (Wiktor, Gianturco-Roubin, and ACS),
it seems that, for at least the present, each
stent will have to prove its efficacy and safety
for each elinical indication. Furthermore, al-
though the coating of currently available
stents continues to necessitate systemic anti-
coagulant therapy, the absolute indications
for coronary stenting are likely to remain lim-
ited.

The clinical conditions in which the coro-
nary Wallstent has been applied (usually as
an adjunct to balloon angioplasty) during ob-
servational studies include the elective treat-
ment of primary stenoses, restenoses, and
chronic occlusions in native coronary arteries,
the elective treatment of primary stenoses in
vein grafts, and the bailout management of
acute vessel closure following coronary inter-
vention, By virtue of the high early throm-
botic rate in native vessels and the high reste-
nosis rate in vein grafts, it seems that,
currently, the only condition in which im-
plantation of a coronary Wallstent can be jus-
tified outside of a randomized trial are the
bailout management of acute nonthrombotic
occlusion (dissection) following  interven-
tional procedures in native vessels of 2.5 mm
or greater diameter and, possibly, the elective
treatment of bypass vein grafts with friable
lesions. In light of its unique mechanical
properties, the Wallstent might be expected to
excel over stents of different design in long
lesions in large-diameter vessels associated
with proximal tortuosity.

Upcoming prospective randomized trials
with the new less shortening Wallstent should
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determine whether the Wallstent has been a
victim of the pioneering era of clinical evalu-
ation: during the early learning phase of coro-
nary stenting associated with inadequate an-
ticoagulation regimens, inappropriate patient
selecton, and multiple stent placement {on
account of stent shortening), or whether ex-
posure of the coronary artery to the relatively
large stent surface area of the Wallstent pre-
sents an unacceptably high early thrombo-
genic burden or, possibly, late excessive stim-
ulus to vessel wall hyperplasia in bypass vein
grafts.
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ABSTRACT

Objectives : This study was conducted to assess the long-term angiographic outcome of
the first serles of stents {Wallstents) implanted at our institution between March 1986 and
December 1987.

Background : While the short-term {six months} angicgraphic outcoms of coronary stents
have been extensively reported, uncertainties persist concerning the long-term tolerance
of these metallic foreign bodies as well as the evolution of intimal hyperplasia after the

six month period,

Methods : Twelve patients in whom Wallstent deployment had been free of thrombotic
complications and free of restenosis at 6-months, underwent long-term angiographic
follow-up at five years. Absolute and percent obstruction diameters within the stented

segments were measured by quantitative coronary angiography.

Results : Minimal luminal diameter increased from 1.21 +/- 0.43 mm to 2.34 +/- 0.13
mm immediately after intervention and then slightly decreased to 2.12 +/- 0.27 mm at six
months and to 1.66 +/- 0.50 mm at five years. Percent diameter stenosis decreased from
59.1 +/- 10% pre-stenting to 24.2 +/- 10% immediately post-stenting and by 6 month
angiographic follow-up percent diameter stenosis had increased to 32.8 +/- 10%, without
further change at five years (34.9 +/- 12%). Only one patient had > 50% diameter
stenosis at b years {639% diameter stenosis}, thus indicating that from six months to five
year follow-up, progression of the minimai luminal diameter within the stent{.46 +/- .30
mm) was not greater than progression in the reference vessel diameter of the stented
coronary segment (.68 +/- .62 mmj}. Intimal hyperplasia within the stent averaged (0.36

+/-0.13 mm) at b years.

Conclusion : The resuits of this limited series of patients do not lend support to the
hypothesis that atherosclerosis within coronary stents may be accelerated or prolonged

beyeond six months.
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INTRODUCTION

Although the concept of implanting a tubular metaliic structure in a coronary segment to
maintain vessel patency after juminal difatation was introduced by Dotter in 1964 (1}, its
clinical application in humans was not undertaken until 1986 (2}. The self-expanding
woven mesh Wallstent {Figure 1} was the first to be used in human studies for this
purpose {2}. Despite the occurrence of a high rate of acute and subacute thrombosis, this
initial experience helped to define the clinical and angiographic criteria for patient selection

" as waell as to refine their anticoagulant management.

Whereas a 8-months angiogram is considered as a valid endpoint for assessing the result
of balloon angioplasty based on long-term follow-up studies {3,4,5), it is undetermined
whether the time course of restenosis is similar after the implantation of a metallic stent.
Although six months angiographic follow-up of patients at the five centers evaluating the
Wallstent has been reported (6,7}, no further angiographic follow-up has been performed
to assess whether luminal renarrowing within the Wallstent actually ceases after this

peried.

Histological studies of synthetic arterial grafts and non-degradable stents have indicated
that release of mediators and smooth muscle cell growth factors can continus even after
complete endothelialization of the foreign material has occurred (8-13). Abundant
myofibrillar cells and macrophages, the harbingers of the restenosis process, have been
found to originate in the immediate vicinity of the individual stent struts adjacent to the
internal slastic lamina and to fan out to fill the neointimal tissue in an evenly distributed
fashion. On the basis of such post-endothelialization findings it has been proposed that by
damaging the internal elastic lamina, stents render this natural barrier more permeable to
the migration of smooth muscle cells and provide a permanent stimulus to smooth muscle

profiferation and thus both accelerate and prolong the restenosis process {14},

To assess wheather the continued exposure to the mestallic surface and sustained pressure
{barotrauma) associated with coronary stents provide a permanent stimulus for neointimaf
proliferation, we addressed the B-years angiographic outcome of patients in whom a
Wallstent was implanted at our institution and in whom a subacute occlusion or restenosis
at 8 months had not occurred. Our study population included the first patient ever to have

received a stent (Figure 2],
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Figure 1.

Coronary Wallstent
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METHODS

Study population. Between March 1986 and December 1987, 27 stents were implanted
after dilatation of a restenotic lesion in native coronary arteries in 27 patients at our
institution (6). Of this pioneering experience, eight patients developed thrombotic occlusion
within 2 weeks and four patients developed restenosis at 6 month follow-up (> 50%
diameter stenosis). Thus fifteen patients were free of acute complications and late
restenosis at 68 months and represented our population study. Baseline characteristics and

lipid profile are shown in Table 1.

Stent design. The design of the stent and its method of implantation have been previously
described (2,6,15). Briefly, it is a self-expanding, stainless steel, woven mesh endovascular
prosthesis which can be positioned in the coronary artery according to the standard over-
the-wire technique through an 8 or 8 French guiding catheter. It is constructed of 16 wire
filaments, each 0.08 mm wide, constrained in an elongated configuration on a 1.67 mm
delivery catheter, the distal and bsing covered by a removable rolling membrane. The
prosthesis returns to its unconstrained original diameter as the rolling membrane is
withdrawn. The unconstrained stent diameter was selected to be 0.5 mm larger than the

visual estimate of the coronary artery diameter.

Quantitative coronary angiography. The initial procedure as well as the six-months' follow-
up angiograms were recorded on 35 mm cinefilm and the five year follow-up angiograms
were recorded on analogue videotape {16). Ail angiograms were analysed at a core
laboratory {Cardialysis, Rotterdam} by means of a computer-assisted cardiovascular
angiography analysis system (CAAS} as described elsewhere {1 7). Briefly, a selected frame
area encompassing the coranary segment of interest is optically magnified and digitized,
A computer-assisted automated edge detection technique is applied to determine the
vessel contour based on the weighted sum of the first and second derivative functions
applied to the digitized brightness information after cofrection for pincushion distortion. A
calibration factor based on a computer analysis of the non-tapering part of the contrast-
empty catheter is calculated, and absolute MLD as well as the interpolated reference
diameter based on a computed estimation of the original diameter of the artery at the level
of obstruction are measured accordingly. Percent diameter stenosis is then derived from

the observed and reference diameter values.

in addition to the above off-line quantitative analyses at the core laboratory, the five years
follow-up angiograms were studied on-line using the Automated Coronary Analysis {ACA)
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Figure 2.

First coronary stent implantation in a human in March 1986:

1) Upper left panel 1 Restenotic lesion in the proximal left anterior descending artery
2) Upper right panef : Immediate resubt post implantation of a Wallstent

3) Lower left panel ©  Six month angiographic follow-up.

4] Lower right panel ; Five year angiographic follow-up.
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software package of the Philips Digital Cardiac Imaging (DCI} system, as described
elsewhere {18}. These latter on-line assessments were preferred for manual tracing on the
metallic stents which were more reliably detected on the original digital radiographic
images. This enabled the following analyses to be made:

- Observed stent diameter | computed after manual drawing of the stent contour along the
vessel wall.

- Stent expansion : calculated as the {ratio of observed diameter/nominal unconstrained
stent size® 100).

- Mean intimal thickness : calculated as half the difference between observed stent
diameter and mean luminal diameter within the stent. This last measurement is computed
as the reference luminal diameter when the start-point and the end-point are selected at
the proximal and distal extremity of the stent fumen.

Other stent parameters assessed waeare : contour aspect, qualified as parallel or divergent,
lumen regularity, radiopacity, presence of calcification in proximity to the stent and the fate

of side branches originating at the site of the stent.

Statistical analysis. All continuous variables are expressed as mean values + standard
deviation. Individual comparisons of MLD, percent stenosis and reference segment
diameter between phases of follow-up were made by two-tailed t-tests for paired data. A
correlation coefficient was calculated to assess possible relations between guantitative

variables. A p value less than 0.05 was considered significant.

RESULTS

Clinical data. Among 15 patients eligible for long-term angiographic restudy, twelve (10
males, 2 females) underwent coronary angiography at a mean of 60.9 +/- 7.0 months
after stent implantation (48 - 756 months). The 3 remaining patients refused catheterization
and were asymptomatic and had a negative treadmill exercise test. Of the 12 patients who
underwent long-term angiographic follow-up, 10 were asymptomatic and 2 had class |
angina pectoris according to the Canadian Cardiovascular Society. One patient had
experienced recurrent angina 3 months after stenting and had been found to have

significant left main-stem disease for which he had undergone bypass surgery.
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Table 1.

Baseline Characteristics of The Study Population

No of patients

Mean age {yr)

Gender {M/F)

Smokers

Serum cholesterol baseline
Serum cholesterol follow-up
No of stents

Stent size

- 3.0 mm

- 3.6 mm

- 4.0 mm

imptlanted site

- LAD :

- LCxA :

- RCA :

Indication for stent

- Restenosis :

15

66.6 +/- 2.4

13/2

11

270 +/- 32

238 +/- 28

156

11

16
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Qualitative angiographic data. The vessel lumen within the stent was regular in & patients
and irregular in 7. The luminal irregularities in the 7 patients were due to the presence of
narrowing at the distal portion of the stent in 4 patients, at the mid portion of the stent in

2 others and throughout the stent in the remaining patient.

Side branches originating from the stented segmeant were patent in 8/8 patients without
a reduction in blood flow. The stent itself remained radiopaque in all cases, and no
calcification was seen in proximity to the stents. No disruption of the metallic structure of
the stent was seen. By the time of the control angiogram, two patients who were in class

| angina had developed new lesion involving small vessels.

Quantitative angiographic data. Mean MLD increased from 1.21 +/- 0.43 mm before
dilatation to 2.34 +/- 0.13 mm immediately after stent placement (p < .01} and
subsequently decreased slightly (n.s.) to 2,12 +/- (.27 mm at 6 months. At B years the
mean MLD had decreased to 1.66 +/- 0.50 mm indicating a progression of atherosclerosis
from & months to 5 years of .46 +/- .30 mm within the stent {p = .01} {Figure 3)*.
Mean reference segment diameter was 2,92 +/- 0,47 mm before dilatation, 3.12 +/-
0.33 mm immediately post stenting {n.s.}) and 3.18 +/- 0.36 mm at six months {n.s.}). At
b years the mean reference segment diameter had decreased to 2.50 +/- 0.37 mm
indicating a progression of atherosclerosis from 6 months to 6 years of .68 +/- .62 mm
in the coronary segment containing the stent {p < .01).

The percent diameter stenosis decreased significantly from 59,1 +/- 9,8% before {0 24.2
+/- 10.0% immediately post-stenting {p < .01}, and was 32.8 +/- 8.9% at 6 months (p
< 0.5) and 34.9 +/- 11.5% at b years {n.s.). Thus no significant deterioration {2.1%)
occurred in diameter stenosis after 6 months {Figure 4). While one patient had > 50%
stenosis within the stent at long term follow-up, the absolute change in percent diameter
stenosis from 6 months to B years in this patient was only 4.6%.

Percent stent expansion at b years was 88.6 +/- 4% (82.5 - 956.4}. Mean intimal thickness
within the stent was 0.3b +/- 0.13 mm (0.18 - 0.55). Negative correlation (-.79) was
found between the initial stent/artery size ratio and 5-years percent diameter stenosis, but
no significant correlation with ultimate MLD, stent expansion or intimal thickness was

found.
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DISCUSSION

Time course of restenosis and comparison with balloon angioplasty. This study clearly
shows that the restenotic process after stent implantation is time-limited and does not
appear to progress after the period of six months follow-up. Questions had always raised
concerning the fong-term tolerance of a stent and its interaction with the vessel wall
constituents {19,20). Six-month angiographic follow-up was always considered in the
literature as describing the ultimate outcome of any stent {6,21-26)). This was proven to
be true with balloon angloplasty, so that restenosis rate is almost always based on 6-
months' angiogram (3,27). A part from one angiographic study addrassing the one year
outcome of Palmaz-Schatz stents (28}, clinical but not angiographic issues of implanted
stents after 6 months have been reported {29}, Clinical follow-up, however, does not
accurately reflsct the restenosis process, as we know from balloon angioplasty, that silent
restenosis may be present even in the presence of negative treadmill exercise testing and

that silent restenosis may effect long-term prognosis [30-34).

The intentional oversizing in our first series of coronary stents may have resulted in more
severe acute injury to the vessel wall, a more profound denuding effect and more extensive
disruption of the internal elastic lamina, all factors associated in experimental studies with
a more severe hyperplastic reaction {35-37). The time course of this response, however,
which is greater than that induced by a conventional balloon {28}, seems to follow the
same pattern as PTCA, Wheareas most series addressing the late cutcome after dilatation
emphasize the long-term benefits provided by the bafloon {38-40) and some show that
percent stenosis may event tend to decrease after six months {27}, few cases of late

restenosis have been reported {27,41).

Experimental studies of different animal models show that, shortly after stent implantation,
a thin layer of platelets and fibrin becomes adherent to the deendothelialized surface and
neointima which covers the stent struts progressively thickens to reach its maximum after
about 8 weeks {35,42). Medial atrophy and inflammatory infiltrates are the other prominent
features described in short follow-up experimental studies {35}, Although smooth muscle
cell proliferation under denuded areas may continue at rates up to 50 times the control one
for periods longer than 12 months (43), the neocintima have been shown to undergo rapid
growth during the first two months before progressively thinning over the ensuing 6 to 9
months (42},
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Determinants of intimal hyperplasia. The magnitude of the hyperplastic response to injury
varies and depends on, among other factors, the stent to artery ratio, stent design and
animal models {44). The constituent metal type does not appear to exert different effects
on smooth muscle cell proliferation {37). Some animal studies suggested that a thinner
metallic structure, like that of the Palmeaz-Schatz stent, may induce only limited
proliferative reaction (45,46}, However, in human studies using the same device, maximal
intimal hyperplasia averaged 400 - 450 u in thickness and reached more than 650 u event
within those stents free of restenosis (47,48). Previously published data on the Wallstent”
revealed similar degrees of intimal thickness {200 - 500u) (2,10). Factors associated with
abnormally excessive progression of intimal hyperplasia include multiple stents per lesion,
saphenous bypass graft site and excessive over-sizing of the stent {49). In our patlents,
one single stent was implanted at one site, in a native coronary segment. Intentional stent
oversizing was corralated neither with ultimate intimal thickness nor with MLD changes
between 6 months and 5 years, indicating that the factors able to modulate celluiar

response cease to operate after the first few months.

Qualitative angiographic features of the Wallstent at 5 years. Radiological characteristics
of the Wallstent were unchanged hy time, side branches were still patent at ultimate
cantrol, as has been described with other stents {(50) and no angiographic calcifications

were seen around it, which suggests its long-term tolerance by the human body.

Study limitations. By examining the luminal renarrowing process beyond the 6 month
period in a limited number of patients who did not develop a thrombotic occlusion or
undergo reintervention at the stent site, we have inherently studied a selected population
of patients, It is conceivable that patients who develop a significant renarrowing within 6
months of stent implantation, might be more predisposed to a prolonged restenosis
process, however, in order to study such a population it would be necessary to withhold
reintervention for five years - a stance difficult to justify in patients with recurrent

symptoms.
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CONCLUSION

Contrary to previous concerns over the long-term effect of a metallic foreign body exarting
prolonged barotrauma in the coronary arterial wall, 5 year angiographic folow-up after
Wallstent implantation in patients without restenosis at 6 months suggests that
progression of atherosclerosis within the stent may not be accelerated. Such angiographic
evidence provides hope that the shoit-term benefits which have been recently
demonstrated in randomized trials of metallic stents may be maintained in the long - term.
Over the next few years, similar long-term angiographic studies should be undertaken with
other stent designs to determine whether the implications of our study can be generalized

or only limited to the seif-expanding stainless steel mesh stent.
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Chapter IX

Clinical and angiographic outcome following implantation of the new
Less Shortening Wallstent in aorto-coronary vein grafts :
Introduction of a second generation stent in the clinical arena.

D Keane, B Buis, N Reifart, TH Plokker, J Ernst, E Mast, J Renkin, G Heyndrickx,
MA Morel, P de Jaegere, PW Serroys.
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Clinical and Angiographic Outcome Following Implantation of the New
Less Shortening Wallstent in Aortocoronary Vein Grafts: Intreduction of a

Second Generation Stent in the Clinical Arena

D, KEANE, B. BUIS,* N. REIFART,** T.H, PLOKKER,{ I\, ERNST,T E.G. MAST,{ I. RENKIN,}
G, HEYNDRICKX,§ M. MOREL, P. pE JAEGERE, and P,W, SERRUYS

From the Thoravcenter, Rotiendam; YAcadeniish Ziekenhwds, Lotden, The Netherlands; **Kardiologische Gemeinschaftspraxis, Am Roten
Kreus Krankenhaus, Frankfuri, Germuany; 151 Antonins Zickenfniis, Niciwvegein, The Netherlands; $Université Catholiyite de Lowvain,

Brixelles; and §Zickenhinis Aalst, Aafst Belgium

One of the factors felt 1o have contributed to the high rate of stent veclusion in the European registry of the
coranary Wallstent in the 1980s was the frequent deployment of more than one stent to cover the target lesion,
This restulted from a high degree of shortening of the Wallstent upon expansion. To overcome this limitation the
design of the Wallstent was maodified to reduce the degree of shortening, We report the results of ¢ study of the
Sfirst patients to undergo implamtation of the new Less Shartening Wallstent. Thirty-five Wallstents were electively
deployed in aqurtocoronary veln grafis in 29 pationss. Stent deployment was suceessful n 35 of 36 attempis in
30 lesions. In five of the 30 lesions, a second stemt was required to cover the proximal portion of the lesion.
Anglagraphic success (< 30% residutal divmeter stenosis as detennined by off-line quantitative coronary angioy-
rapliy) was achieved in all 29 patients. During the in-fospital phase, ne major adverse cardiac event accurred
(reintervention, re-CABG, myocardial infarction, or death) and five patients had hemorrhagic complications.
Following haspital discharge, one pationt hud a subacite stert occlision associated with symptoms and elevated
cardiae enzynies at Tl days, anather paticat had symptoms and elevated cardine enzymes (CK 300 UA) ar 22
days with a patent stens, five putients reguived balloon angloplasty within the 6 manth follaw-up period (four
for restenosis and one for stemt acelusion), one patient underwent re-CARG for a native artery stenosis distal
to the unastomosis of the patent stented vein graft. The results of this Ditrednctory sindy suggest that the new
Less Shartening Wallstent nay fe associated with a reduction fn the requirement for mdtiple stent deployment
and @ lower rate of thrombotic ecclusion in compuarison to its pioneering prototype, On the basis of these results,
a number of larger midticenter clinical trials have been initiated to further evaluate the new coronary Wallstent,

(J Interven Cardiol 1994:7:557-564)

Introduction

To date, revascularization procedures for diseased
aortocoronary bypass vein grafts have been associated
with poor clinical and angiographic outcome.”? Re-
peat coronary artery bypass graft surgery (CABG) is
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technically more difficult, is associated with a higher
morbidity and monrtality, and has inferior long-term
clinical results when compared with a fiest bypass op-
eration,*~* While the inmediate results of balloon an-
gioplasty has been shown to be favorable in patients
with discrete lesions in venous bypass grafis,®” results
have been unfavorable in diffusely diseased, ulcerated,
or thrombosed venous grafls. Furthermore, it appears
that the rate of restenosis is high, varying from 40%
to 70% depending on the site of the lesions and vveratl
extent of disease in the graft 1

In our previous study of vein graft revascularization
with the Medinvent Watlstent {Lausanne, Switzerland)
in 26 patients and the polymer-coated Biogold
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Wallsteat in 43 patients between 1988 and 990,% we
reported a procedural success rate of H00% (postproce-
dural diameter stenosis of <2 50%). Despite this initiat
technical advantage and despite the implementation
ot a comprehensive antithrombotic regimen (pre- and
intraprocedural intravenous heparin and dextran, im-
inediate postprecedural intezcoronary urokinase and
postprocedural intravenous heparin [3—5 days), zceno-
coumarol |3-6 months], aspirin {300 mg/day], und di-
pyridamole |300-450 my/day]) the rate of in-hospital
thrombotic occlusion was [0%. Of 53 patients who
had ne major in-hospital complicatiens and underwent
foltow-up angiography at 4.9 months, restenosis (as
defined by > 50% diameter sienosis) was present in
25 (47%), three of whom had stent occlusions. The
primary reason for this excessively high rate of stent
ocelusion was felt to reflect the patient selection, The
patients had not been recruited within the rigorous in-
clustonfexclusion ceteria of a prospective trial but
rather had been selected outside the contines of u pro-
taco] for compassionate use often in patients with un-
stable angina and end-stage discase who had been
turned down from surgery.

Furthermore, the Medinvent Wallstent was charac-
terized by a high metallic serface aren, a high level of
radial force and marked shortening upon deployment,
The high degree of shortening resulted in difficulty in
predicting the final lecation and extent of the deployed
stent und thus necessitated the deployment of multiple
steals in a lurge proportion of patients as exemplified
in the above series where, 136 stents were implanted
in 69 patients (30 single stents in single lesions, 90
multiple stents in single lesions, and 16 multiple stents
in mutiple lesions}. The resultant augmented aceumu-
lative metallic surface area of multiple stents is felt to
have alse have contributed to the higher rate of sub-
acute thrombosis in the above series.? For this reason,
the design of the Wallstent was moditied to reduce the
degree of shortening associated with stent expansion.
The braiding angle of the stainless steef mesh was re-
¢duced from approximately 1407 to approximately 104°
with a reduction in shortening to approximately 256
of the stent’s length; the degree of shortening and final
braiding angle of this new Less Shortening Waklstent
viudes aecording to the degree of expansion of the de-
ployed stent and the stent:vessel size ratio, An inherent
advantage of this modification is a reduction in the
metallic surface area of the expanded stent albeit at o
cost of a concomitant reduction in radial foree.'-17

in view of the previous history of a prohibitive risk
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(10%) of stent thrombosis with its predecessor, it was
felt that a feasibility and safety trial of the new Less
Shortening Wallsteat should be undertaken in a con-
trolled context including monitoring by a safety com-
mittee that was independent from both the investiga-
tors as well as industry and had the mandate to termi-
nate the trial at any stage of recruitment.

Metheads

Study Design, The study was a noncomparative ob-
servational series in 29 patients undergoing implanta-
tion of the less shortening coronary Wallstent between
November 1991 and March 1993 in six investigating
centers. Patients with recurrent angina who had under-
gone saphenous vein coroniry arlery bypass graft sur-
gery (SV-CABG) at east 60 days prior to the current
admission were considered for inclusion. The key fea-
tures of the study population were as follows: Patients
had to be suitable candidates for a second surgical
bypass procedure. The patient’s history, signs, and in-
vestigations hud to indicate that the current clinical
symploms were attribidable lo myoccardial ischemia,
for which the graft stenosis was principally suspected
as being the culprit lesion, Patients had to give signed
informed consent that emphasized the critical impor-
tance of 6-month angiographic follow-up, The inclu-
ston and exclusion criteria are listed in Table 1.

Technical Considerations, The new less shorten-
ing coronary Wallstent (Schneider-USA, Minneapolis,
MN, USA) has an uncoated stainless steel tubular

Table 1. Inclusion and Exclusien Criteria

Inclusion Criteria Exclusion Criteria

(1) a lesion which
encompassed the distal
TIMT grade 2 anastomosis {either end-

(2) u stenusis length of to-end or side-to-shde
< ) mm, with the (2) & target vessel which
unconstratned dimension does not regionally
of 1he stent providing a supply a major vascular
margin of at Jeast 4 mm bed
on either side of the (3) a target vessel with
lesiun significant distal disease

(3) u vessel size of 3.5-5.5 () more than ea¢ previous
mm in diameter angioplasty at the

pruposed stent

implantation site

(1) a flow {run-off) in the
turgel vessel of at teast
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mesh design, Eighteen to twenty 0.07-0.10 mm thick

monofilaments are used to fabricate each coronary

Wallstent resulting in a metallic surface area in the

expanded state of approximately 20%'® and a metallic

cross-sectional area 0.062mm2' The intersections of
the filaments of the mesh structure are not fixed or
soldered together, thereby providing greater fongitudi-
nal flexibility. The outer diameter of the coronary
stent-mounted delivery catheter of the Wallstent is

1.57 mm, which compares favorably to other stents.'”

The low profile of the Wallstent permits its introduc-

tion through an 8Fr guiding catheter (0.077 inch inter-

nal diameter).

The Wallstent is self-expanding and, therefore, does
not require a balloon for deployment. This may be
particularly advantageous in friable, diffusely diseased
bypass grafts at high nisk of embolization with balloon
angioplasty, Instead, the Wallstent is mounted on a
low profile catheler and is maintained in a collapsed
state until it is progressively refeased by the retraction
of its rolling membrane.!” The doubled-over restrain-
ing membrane and delivery mechanism prevent acci-
dental release of the stent,

An additional feature of the Wallstent is its wide
range of available sizes for coronary vessels of up o
6.0 mm diameter in the expanded state with lengths
of up to 40 mm. Wallstents of > 6.0 mm diameter arc
available but they are usually deployed in peripheral
vessels and the biliary tree and have a reduced tongitu-
dinal flexibility. The large range of lengths available
for the Wallstent may be particularly advantageous:
first for the treutment of long lesions in diffusely dis-
eased vein grafts; second to avoid the deploymem of
more than one stent—a factor known to increase the
risk of carly thrombosis® and subsequent late resteno-
sis (particularly al the site of stent overlup where the
metallic burden on the vessel wall is highest®!); and
third it permits the selection of a Wallstent of greater
length than the lesion thus reducing the risk of failing
to cover the entire tesional length.

Definitions.

—Angiographic suceess was defined as a postproce-
dural (Wallstent implantation) residual diameter
stenosis of < 50% as determined by quantitative
coronary angiography at the core laboratory using
the average of multiple matched views.

—Procedural success was defined as an angiographic
success in the absence of any of the following in-
hospital major adverse cardiac events; re-PTCA, re-
CABG, myocardial infarction, or death.
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—Restenasis was defined as a diameter stenosis of >
50% in the treated lesion as determined by quantita-
tive coronary angiography at the core laboratory
using the average of multiple matched views.

—Stuely end points: The primary clinicai end point of
the trial was the occurrence of any of the following
four major adverse cardiac events; re-PTCA, re-
CABG, myocardial infarction (cardiac enzymes
more than twice the upper limit of normal) or death.
The prmary angiographic end point was the reste-
nesis rate gt angiographic follow-up, The secondary
clinical end point was anginal symptams at 6 month
follow-up.

Anticoagulant Therapy. Investigators were en-
couraged to commence the patient on anticoagulant
therapy | or 2 days before the planned procedure.
However, when the investigator proceeded directly to
intervention after diagnostic angiography, anticoagse-
lant therapy was started on the day of the procedure
itselt, The pharmacologicel protocol was as follows:

——Aspirin (not enteri¢ coated) 325-500 mg duily be-
fore the procedure and §0—100 mg daily perma-
nently after the procedure,

—Dipyridamole beginning | or 2 days prior to stent
impluntation and coentinuing for 6 months there-
after.

—Warfarin 5 mg daily beginning | or 2 days prior to
implantation and adjusted to maintain an interna-
tional normatized rutio (INR) of 2,2—4.1 (at an in-
ternational sensitivily index of 2.4).

—Nifedipine 30-60 mg (slow release) once daily be-
ginning the day of the procedure.

—Heparin intravenousty. A bolus of 10,000-20,000
fU was given at the beginning of the intervention
and subsequently monitored every 30 minutes 1o
maintain the activated clotting time (ACT) greater
than 300 seconds umtil the procedure was com-
pleted. The sheath was removed when the ACT fell
helow 150 seconds, One hour after sheath remowval,
heparin was restarted to maintain the partial throm-
boplastin time (PTT) at [.5-2.% times normal. The
heparin was continued for 5 days or untif the INR
was greater than 2.2,

—[extran intraverously. Following a preceding test
dose of dextran 1 (Promit) 20 mL over 2—15 min-
utes, fow molecular weight dextran (dextran d4)
was administered for 2 hours before the procedure
at a rate of (00 mi/hr, At the start of the procedure,
the dose of dextran was reduced to 75 mL/hr. Dex-
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tran was discontinued 3 hours after sheath removal
or after a maximum of 1 L had been administered.

Quantitative Coronary Angiography. Angio-
grams were oblained immediately pre- and postproce-
dure (Wallstent implantation) and at 6-month follow-
up. At teast three projections {of > 30° apart} of the
coronary segment scheduled for stent implamtation
were recorded on cinefilm before intervention, The
same projections were repeated afier the intervention
and at follow-up angiography. The angiograms were
recorded in such a way that they were suitable for
quantitative coronary angiography (QCA).2%%

The quantitative analysis of the aortocorenary vein
graft stenoses pre- and postprocedure and at 6-month
follow-up was performed by an off-line semiauto-
mated edge-detection system (Cardiovascular Angiog-
raphy Analysis System, CAAS—Pie Medical, Maas-
tricht, The Netherlands) at a core angiographic labora-
tory (Cardialysis, Rotterdam, The Nethertands) after
digitization of the cineangiograms.?*>* The average of
multiple matched views with orthogonal projections is
reporied whenever possible. Correction for pincushion
distortion was enabled by the prerecording on cinefilm
of a centimeter grid in all participating catheterization
laboratories. All measurements were calibrated by the
use of the angiographic guiding catheter in the con-
trast-emply state. The accuracy and precision of (his
QCA system has been found to be —0.09 mm and +
0.23 mm during measurements of in vivo phantom
stenoses using catheter calibration® and the reproduc-
ibility of measurements of serial clinical angiograms
with this QCA system®”*® at this core angiographic
taboratory®” has heen found to be + (.20 mm, > 8

Statistics, Descriptive statistical methods have been
used to report the results. As one patient had two le-
sions treated within the one graft, the results of quanti-
tative coronary angiography of this patient are taken
as the mean value for the two lesions.

(3) Previous implantation of stents in coronary ar-
teries—one patient.
(4) One patient was 78 years old,

The mean age of the patients was 62.5 years (27
mazle, 2 female). Four patients had unstable angina,
The mean age of the grafts was 9.5 years and 19 of
the grafis had multipie distal anastomoses. Four of the
lesions had calcification and four of the stenoses were
recurrent following a previous intervention at the same
site, The clinical features of the patients and vein graft
characteristics are given in Table 2,

Stent Deployment. Stent deployment was success-
ful in 35 of 36 attempts in the 20 patients, More than
one stent was used in seven patients; in five patients
the stent was placed too distally and only partialfy
covered the lesion and subsequent implantation of an
overlapping second stent covered the lesion entirely
in all four patients. In one patient, two stents were
implanted in two separate lesions within the same vein
graft, and in another patient the stent delivery system
was inserted and removed without implantation due
to inability to release the stent. The mean nominat stent
diameter and nominal implanted stent length were 4.50
+ 0.61 mm and 26.86 = 4.03 mm, respectively,

Table 2, Clinical Characteristics of Study Population

Total Number of Patients 2%

Mate/Female 2712

Age 62.5 (40-78 years)
Smokers 10
Hypertension 7
Hypercholesterolemia 15
Diabetes 1

Angina stable/unstable 25/4

Prior myocardiat infarction 18

Prior PTCA (lo samo or other segment) 1

Prior PTCA at target site 4

Age of bypass grafts 9.5 (2-18 years)

Distribution of grafts:

Left anterior descending 10
Left circumBlex 9
Results Right coronary artery 10
Multiple dista) anastomases (**jump™ 19
Four of the 29 patients broke the inclusionfexclusion . gralls)
riteria for the following four reasons: Number of lesions stented 30
crilena for the g fou .€i1». . Portion of graft stented
(1) Two separate segmenis in the same graft were Ostiat 14
treated by the implantation of Wallstents (one Body 12
Wailstent at each lesion)—one patient, ?iilﬂl I 4
; . cified Jesions 4
2} Another segn ive coronary un- Cali
2) E.:g ]e].]t na na!. ¢ any firtcry Balloon dilatation within stent 25
derwent concomitant intervention—one patient,
560 Journal of Interventional Cardiology Yol. 7, No. 6, 1994
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Procedural Success. Procedural success as defined
by < 50% residual diameter stenosis in the absence
of any in-hospital major adverse cardiac event (re-
PTCA, re-CABG, myocardial infarction, or death) was
achieved in all 29 patients.

In-Hospital Complications and Events. The fol-
lowing in-hospital complications occurred: femoral
hemorrhage—three patients (of these hree patients,
two required transfusions and one required surgical
removal of the femoral sheath); hematuria—two pa-
tients (one of these patients had nephrolithiasis and
the other had benign prostatic hyperplasia); acute oc-
clusion of the native right coronary artery after con-
comitant balloon angioplasty at this aderial segment
{protocol violation), which was successfully managed
during the primary interventional procedure by batlout
stent (Palmaz-Schatz) placement.

Complications and Events Following Discharge,
Eight major adverse cardiac events occurred in seven
patients within 6 months of stent implantation. These
consisted of repeat balloon angioplasty to the origi-
nally stented site in five patients; Q wave myocardial
infarction in one patient (the peak creatine phosphoki-

% DS
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nase (CK) was 885 U/L and was associated with stent
occlusion 11 days postsienting, which was managed
by balloon angioplasty); non-Q wave myocardial in-
farction in one patient (the peak CK was 300 U/L at
22 days poststenting and was associated with a patent
steat—minimal luminal diameter of 2.66 mm); and
repeat coronary artery bypass graft surgery due to a
stenosis in the native coronary artery distal to the graft
anastomosis in the presence of a patent stented site in
the vein graft in one patient. In addition to the above
events within the 6-month study period, an additional
pattent presented with increased symptoms at 8
months, which was managed by balloon angioplasty
to the stented segment. While no patient had residual
angina at the time of hospital discharge, seven patients
had angina at |- and 6-month follow-up visits.

Quantitative Coronary Angiography. Coronary
angiograms suitable for quantitative analysis were ob-
tained in all 29 patients pre- and poststent implanta-
tion. Follow-up angiography was obtained at 6 months
or sooner if clinically necessitated in 25 patients. Four
patients refused follow-up angiography.

Off-line quantitative analysis of the 29 patients gave

RR: 32%

%

50%
401

Pre
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F~qp

Figure 1, Changes in percent diameter stenosis (%D3) from prestenting through poststenting to follow-
up for the 25 patients with angiographic follow-up. Procedural success (<0 50% diameter stenosis
paststenting) was achieved in all patients, Restenosis {> 50% diameter stenosis at follow-up) occumed
ineipht of the 23 patients yiclding a restenosis rate KR of 32%. In four patients a significant improvement
in minimal luminal diameter was obseryed at follow-up {see text),
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an average vessel size of the saphenous vein grafis
presienting of 3.66 = (.89 mim. This indicated a ratio
of the nominal stent diameter to vessel diameter of
[.27 and a nominal stent diameter to vessel diameter
difference of 0.84 + 0.64 mm. In the 29 patients,
minimal luminal diameter (MLD) prestenting was 1.32
+ 0,68 mm, which increased 10 298 = 0.71 mm
poststenting. Angiographic success as defined by <
50% residual diameter stenosis postprocedure by
quantitative coronary angiography ai the core labora-
tory was achieved in all 29 patients.

Restenosis as defined by > 50% diameter stenosis
at follow-up by quantitative coronary angiography at
the core laboratory cecurred in 8 of the 25 patients with
angiographic follow-up providing a restenosis rate of
32%. Of the eight patients, three had total occlusions
(one total ocelusion was associated with a myocardiat
infarction at 11 days and the other two total ocelusions
were observed at 6-month follow-up). The mean loss
in luminal diameter over follow-up of the 25 patients
was (.64 £ 1.1] mm resulting in 3 MLD at follow-
up of 2,31 & 1.13 nun. The net gain index for the 25
patients was 0.25 * .35, whereby net gain index =
(gain in MLD at intervention—Tloss in MLD at follow-
up)vessel size. The individual changes in percent di-
ameler stenosis from prestenting through poststenting
to follow-up for the 25 patients is displayed in Figure
[ where it can be seen that while cight of the patients
had greater than 50% diameter stenosis at follow-up,
further improvement in stent diameter stenosis oc-
curred in other patienls over the follow-up period. At
follow-up, the absolute MLD had increased from the
poststenting value in seven patients. In four of these
patients the absoluie increase in MLD was = 2 stan-
dard deviations of the clinicul reproducibility of the
QCA system in serial angiographic studies (i.e.,, =
(.40 mm),

Discussion

In this series, deployment of the new Less Shorten-
ing Wallstent was successtul in 35 of 36 aitemplts.
Historically the procedural success for deployment of
the Wallstent has always been high, reffecting its tech-
nical performance.?®=*' The unique trackability of-
fered by the Wallsteat results from three features:(1}
tow profile (1,57 mm); (2) longitudinal flexibility; and
3) the smooth rolling membrane (covering sheath),
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which protects the struds until the stent is across the
lesion to be stented."?

Because the Wallstent is not a balloon expandable
stent, precise positioning can be echnically exacting
as evidenced by the use of muliiple stents. This is
particularly critical for ostial lesions. Deployment of
a second Less Shortening Wallstent was required (to
cover the proximal portion of the lesion) in five of the
30 lesions stented (16.6%), which compares favorably
to the previously described vein graft experience with
the original Wallstent design (136 stents deployed in
74 lesions).” This problem was primarily encountered
by those operators on the learning curve of Wallstent
deployment and was not seen with the more experi-
enced operators.

The 3.4% (by patient) incidence of subacule stent
ccclusion {one subacute occlusion at Il days post
stenting) in our current study again compares well with
the previously reported incidence of early (acute and
subacute) ccelusions with the original Wallsteat de-
sign (8% by patient in vein grafts and 19% by patient
in native arteries),>**¥ Although, the reasons for sub-
acute occlustons poststenting are mualtifactorial, it is
fikely that the lower requirement for muftiple stent
deploynent in addition to a slight reduction in metallic
surface area per stent associated with the less shorten-
ing design of the new Waklstent may have contributed
to the low incidence of subacute stent occlusion.

The incidence of bleeding events in our series was
high. This may relate to the aggressive anticoagulation
policy adopted in our study protocol, which was ad-
vised by the manufacturer of the device (Schneider,
Bulach, Switzerland) and by the independent satety
commitiee of the trial. This was felt 10 be necessary in
view of the previously high rate of subacute ccelusion
observed with the previous Wallstent design as de-
scribed above.

The mean residual percent diameter stenosis
poststenting in our 29 patients was 20,6 + 9,8%, with
a percent diameter stenosis of > 30% in five of the
29 patients. This is lower than our current sient prac-
tice and recently we have defined angiographic sue-
cess as << 20% diameter stenosis for upcoming inter-
ventional trials,®*3% The increasing use of intracoro-
nary ultrascund to guide stent deployment and ensure
maximal and vniform stent expansion and apposition
to the vessel wall should further reduce the incidence
of subacute thrombosis and improve long-term angio-
graphic outcome.

Because of the low profile of the Wallstent, a large
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amount of predilitation is not required. This reduced
the risk of disruption of friable degenerating tissue
within the grafts, This was reflected by the low inci-
dence of patients in whom an acute elevation of car-
diac enzymes occurred poststent implantation; no pa-
tient had a significant elevation of CK during the in-
hospital phase while two patients (8.3%) had an eleva-
tion at [1 and 22 days post stenting as described ear-
lier. This incidence compares favorably with the CA-
VEAT 1l experience of CK elevation following direc-
tional coronary atherectomy in venous bypass grafts. >

In addition to the relatively low rate of restenosis
(32%) in this serics of vein graft lesions,®~' it is of
interest 1o nole the occurrence of & negative loss in
lumnintal diameter (i.e., further expansion of the lemen)
over a 6-month follow-up in seven patients. In four of
these patients the negative loss was = two standard
deviations of the clinicat reproducibility of QCA mea-
surements at the core laboratory {i.e., = 0.40 mm?72%)
and thus is highly likely to represent a significant ex-
pansion in uminal diameter in these patients. This
most likely reflects the self-expanding nature of the
Wallstent, which may continue to expand after deploy-
ment,*

The resuits of this introduciory study suggest that
the new Less Shortening Wallstent may be associated
with an improvement in requirement for multiple stent
deployment and a lower rate of thrombotic occlusion
in comparison Lo its pioneering prototype. On the basis
of these results, a number of larger multicenter clinical
trials have been initiated to further evaluate the new
coronary Wallstent.
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Zickenhuis, Nieuwegein NL (2 patienws), Université Catholique de
Louvain, Bruxelles B {1 patient), Ziekenhuis Aalst, Aalst B (1 pa-
ttent).
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Chapter X

Cilinical and angiographic outcome following implantation of the
Palmaz-Schatz stent in small coronary arteries.
Implications for vessel selection and stent sizing.

David Keane, Aida J Azar, Carlos Macaya; Wolfgang Rutsch, Uirich Sigwart, Antonio
Colombo, Jean Marco, Syivio Klugmann, Peter Crean, Marie-Angele Marel,
and Patrick W Serruys, on behalf of the BENESTENT Investigators*.
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Palmaz-Schatz stent in small coronary vessels

ABSTRACT

Background: While recently compieted trials indicate that stent implantation may improve
both clinical and angiographic outcome following coronary intervention, it is unknown if
such advantages are conveyed in coronary vessels of < 3.0mm diameter.

Methods: To determine whether small vessel size subtends an increased risk of adverse
cardiac events during and following elective stent placement, we performed both a
categorical and continuous analysis of vessel size using an intention-to-treat approach in
the patients who were randomized to receive a Palmaz-Schatz stent (n = 259) or to
undergo balloon angioplasty alone in = 257 ) in the BENESTENT trial.

Results: Using a categorical approach we divided the stent population into two groups
according to vessel size > 3.00mm (n = 118} and <3.00mm {n = 132), In small vessels
the stent to vessel diameter ratio was significantly higher (1.23) than in large vessels
(1.07} with subsequent significantly greater relative gain (Rel Gain = procedural
improvement in minimal luminal normalized for vessel size), however, the loss index (late
loss at follow-up / acute procedural gain) was significantly greater in small vessels
{p <.001}). Small vessel size conveyed a significantly higher (p < .05} risk of adverse cardiac
events including procedural failure (procedural failure = procedural cross-over, >50%
residual diameter stenosis, or occurrence of in-hospital event), subacute thrombaosis (SAT},
and myocardial infarction (MI}, need for revascularization {rePTCA & CABG), and
occurrence of any cardiac event during 6 month follow-up.

For those patients randomized to balloon angioplasty, a similar pattern between vessel size
and need for revascularization was seen, however, small vessel size was not associated
with a higher rate of bailout stent, post-procedural abrupt vessel closure or subsequent MI
during follow-up In the balloon angioplasty population.

Logistic regression indicated that decreasing vessel size (as a continuous variable) was
associated with an increasing risk of cardiac events for both the stent and balloon
angioplasty populations.

Conclusion: While recent studies have indicated a favourable clinical sutcome following
elective coronary stent placement, the relative merits of coronary stenting may be reduced
in vessels of <3.00mm diameter,
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Falmaz-Schatz stent in smalf coronary vessels

INTRODUCTION

Two recently completed randomized trials, BENESTENT (1} and STRESS [2], comparing
slective coronary stent implantation with balloon angioplasty, have indicated that stent
implantation may improve both ¢linical and angiographic outcome following coronary
intervention. Analyses of previous non-randomized data of coronary stenting have provided
conflicting evidence on the outcome of stenting in small coronary vessels. The results of
previous analyses have been obscured by a number of confounding variables in their study
popufations including diverse indications for coronary stent implantation (bailout,
suboptimal result, and elective}, diverse lesion characteristics {restenotic lesions and
primary lesions in native arteries and vein grafts), and diverse clinical status {unstable and
stable angina).

The per protocol inclusion criterla of the BENESTENT trial required that the size of the
target coronary vessel be more than 3.0mm as determined by the investigator and the
STRESS trial required a vessel size of greater than or equal to 3.0mm. Despite such per
protecol inclusion criteria, quantitative coronary angiographic analysis (QCA) at the trial
core laboratories indic.ited a mean vessel size of 3.00 and 3.0%mm in the BENESTENT and
STRESS trials respecti sely. It is unknown whether the relative advantages conferred by
coronary stent implantation are limited to large vessels and specifically If the rate of
subacute stent thrombosis and the degree of lumen renarrowing is different in small
vessels following stent implantation.

To determine whether small vessel size conveys an increased risk of adverse cardiac
events during and following elective stent placement and following balloon angioplasty, we
performed both a categorical and continuous analysis of vessel size using an intention-to-
treat approach in the patients who were randomized to receive a Palmaz-Schatz stent or
to undergo balloon angioptasty alone in the BENESTENT trial.

METHODS

Details of the methodology and primary outcome of the BENESTENT trial have been
previously published [1]. For inclusion patients wete required to have stable angina due to
a single de novo lesion in a native coronary artery. The target lesion needed to be <15mm
jong and to be located in a vessel of more than 3.0mm in diameter (as determined by the
investigator) which supplied a normal functioning myocardium. Patients with an ostial
lesion, a lesion at a bifurcation, or a lesion in a previously grafted vessel were excluded
from the study, as were patients in whom an intracoronary thrombus was suspected.

Balloon angioplasty was performed according to the routine practice of the investigators,
Deployment of the Palmaz-Schatz stent was performed with either the premounted
sheathed Stent Delivery System or with a bare stent which was crimped by the operator
on a standard angioplasty balloon. Following stent implantation, additional intrastent
halloon inflations were often performed. Post intervention aft patients who received a stent
were managed with intravenous heparin, warfarin, and acetylsalicylic acid.

Quantitative coronary angiography. Quantitative coronary angiography at the core

angiographic faboratory {Cardialysis, Rotterdam, The Netherlands) was performed on the
Cardiovascular Angiography Analysis System (CAAS - PIE Medical, Maastricht, The
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Table 1

Palmaz-Schatz stent in small coronary vessels

Clinical Characteristics of Patients with Small and Large Coronary Vessels

Stent & Balioon Populations Combined

Vessel Size Vessel Size p-value
> 3.00mm <3.00mm Chi Sq.
n = 236 n = 266
Female Gender 15% 23% .02
Diabetes Mellitus 6% 7% n.s
Smoker 25% 23% n.s
Previous Myocardial Infarction 22% 17% n.s
Left Anterior Descending Artery 53% 72% <.001
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Netherlands} (3-13]. Calibration of the quantitative analyses was achieved by the use of
the guiding catheter as a scaling device {14-20). Vessel size was measured at each study
phase after the administration of intracoronary nitrates. Standardization of angiographic
procedures was adhered to during acquisition by the investigator and during analysis at the
core laboratory in order to reduce the variability of serial quantitative angtographic
measurements [21,21]. Rather than using an operator selectad reference point, CAAS
determines the size at the target coronary segment using a computer derived interpolated
reference diameter [4,10,21]). The interpolated reference diameter is derived from the edge-
detected diameter function of the non-stenotic proximal and distal subsegments. The
reference vesssl diameter values are estimated by fitting a straight line to the dlameter
function proximal and distal to the obstruction followed by a shift such that 80% of the
diameter values are below the adjusted straight line. This [ine then represents the
recenstructed reference diameter function and gives an estimate of the arterial size at each
point along the analysed coronary segment. The interpolated reference vessel diameter is
taken as the value of the reconstructed diameter function at the position of the minimal
luminal diameter. The advantages of this approach is that it is essentialfy user independent
and thus highly reproducible and that every measurement is based on multiple
measurements {every scan line) proximal and distal to the lesion. The limitation of this
technique is in ostial lesions where a proximal segment is unavailable, however, in
BENESTENT ostial lesions weare excluded per protocol. All measurements of both vessel
size as well as minimal luminal diameter were the mean values of muitiple matched
projections.

Anglographic Indices. In order to make valid comparisons bstween coronary vessels of
different size the following angiographic indices were examined ;

Vessel Size = Interpolated reference diameter pre intervention

MLD = minimal luminal diameter of the angiographic segment analysed

Acute Gain = MLD post intervention - MLD pre intervention

Late Loss = MLD at 6 month follow-up - MLD post intervention

Relative Gain = Acute gain normalised for (divided by} vessel size

Relative Loss = Late Loss normalised for {divided by} vessel size

Net Gain Index = Relative Gain - Relative Loss

Loss Index = Late Loss normalised for {divided by) Acute Gain

Clinical events. Pracedural fallure was defined as procedural cross-over, >50% residual
diameter stenosis, or occurrence of in-hospital event. Clinical events analyzed for both the
in-hospital phase and subsequent follow-up to 7 and 12 months included: 1) cardiac death
{ona patient in the balloon group committed suicide and this was therefore not included
under ecardiac death}, 2) myoeardial infarction, 3} coronary artery bypass surgery, 4)
reintervention, 5} abrupt vessel closure. Abrupi vessel closure following balloon angioplasty
typically occurs during the interventlonal procedure or within 6 hours of the procedure [23-
32}, while following coronary stent placement abrupt vessel closure due to stent
thrombosis is delayed up to 14 days with a median of 4-5 days and therefore may not
occur until the patient has been discharged from hospital [33-41]. Following stent
ptacement in the BENESTENT trial subacute sterit thrombosis {within 14 days of stent
implantation) was diagnosed in 10 patients. In eight patients, occlusion of the vessel was
demonstrated angiographically, while in two cases the diagnosis was clinical. Of these
latter two patients, one sustained an acute myocardial infarction which was successfully
treated by systemic thrombolytic therapy with electrocardiographic evidence of
reperfusion. In the second case the patient presented to his local hospital with chest pain
and ST elevation on ECG and died before angiography could be performed.
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Statistical analysis. From the total intention-to-treat population of BENESTENT [1}, 502
patients {2b2 assigned to balloon angioplasty and 250 assigned stent imptantation} in
whom vessel size was quantified were included in our analysis. Using a categorical
approach we divided the stent and balloon angioplasty populations into two groups each
according to vessel size >3.00mm and <3.00mm. Odds ratio with 95% confidence
intervals were calculated for the development of a clinical event for both small vessels
(<3.00mm} and large vessels {>3.00mm). The influence of vessel size on clinical and
angiographic outcome was examined using the technique of muitivariate logistic
regression, allowing for the influence of minimal lJumen diameter pre (MLD-pre}, minimal
iuminal diameter (post), as well as the clinical variables diabetes mellitus, gender, and
previous myocardial infarction. A p value of <.05 was taken as an indicator of statistical
significance.

RESULTS

In the stent group 118 patients had a vessel size of > 3.00mm and 132 patients a vessel
size of <3,00mm. In the balloon angioplasty group 118 patients had a vessel size of
> 3.00mm while 134 patients had a vessel size of < 3.00mm. The clinical characteristics
of the patients with small { < 3.0mm} and large {> 3.0mm)} coronary vessels are compared
in table 1, Patients with small vessels were more likely to be female {23% versus 15% for
patients with small and large coronary vessels respectively, p<.0B}. Small coronary
segments were more commoniy located in the left anterior descending artery (72% versus
53% for small and large vessels respectively, p<.001}.

The angiographic cutcome and clinical outcome of patients with small or large coronary
vessel size in the stent and balloon angioplasty groups are compared in tables 2 and 3
respectively, The individual vessel size of the patients who developed abrupt vesset closure
in the both the stent and balloon angioplasty populations are displayed in figure 1.

Stent population. In small vessels the stent {(nominal) to vessel diameter ratio was higher
{p<.0%1) with consequent greater relative gain compared to large vessels {p<.05). At 6
month angiographic follow-up, however, the relative loss and loss index were greater in
small vessels (p<.001 and p<.01 respactively).

In patients randomized to stent implantation, small vessel size conveyed a significantly
higher {p<.05) risk of adverse cardiac events including procedural failure, subacute
thrombosis {SAT), myocardial infarction {Ml}, need for revascularization {rePTCA & CABG]),
and occurrence of any cardiac event during follow-up to 7 or 12 months.

In the stent population, logistic regression indicated that decreasing vessel size (as a
continuous variable) was associated with an increasing risk of cardiac events for the stent
population. The relationship of vessel size and probability of a clinical event post stent
implantation is displayed in the logistic regression curve in figure 2.
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Table 2
Angfdgraphic Outcome for Small and Large Vessels
Stent Vessel Size Vessel Size p-value
>3.00mm <3.00mm
n=118 n =132
Stent : Vessel Ratio 1.07 £.11 1.23 +.17 <.01
Acute Gain 1.49 £.44mm 1.28 +.38mm <.001
Relative Gain 0.44 +.13 0.49 .15 .02
Late Loss 0.69 £.52mm 0.71 %.60mm 10
Relative Loss 0.17 .18 0.27 +.24 <.001
Loss Index 0.40 .41 0.59 +.57 <.
Net Gain 1.32 +.44mm 1.01 £.41Tmm <.001
Balloon Vessel Size Vessel Size p-value
>3.00mm <3.00mm
n=118 n =134
Balloon : Vessel Ratio 1.02 +.11 1.18 +.12 <.01
Acute Gain 1.01 %£.39mm 0.90 +£.31mm .02
Relative Gain 0.30 £.12 0.34 +.11 .01
Late Loss 0.24 +.49mm 0.37 +£.46mm .04
Relative Loss 0.07 £.14 c.14 £.17 .03
Loss Index 0.31 £.70 0.42 +.76 .25
Net Gain 0.93 *.43mm 0.77 £.32mm 001
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Table 3
Clinical Outcome for Small and Large Vessels

Stent Vessel Size Vessel Size p-value

>3.00mm <3.00mm Chi Sq.
‘ n =118 n=132

Subacute Stent Thrombosis 1 9 .02

Cardiac Death 0 2 18

Myocardial Infarction 1 9 .02

CABG 4 11 10

Re-intervention 11 23 .06

CABG or Re-intervention 14 3t .02

CerebroVascular Accident ) 0 n.s

Any Clinical Event - 7 Months 1B 36 .004

Balloon Vessel Size Vessel Size p-value
>3.00mm < 3.00mm Chi Sq.
n=118 n= 134

Bailout Stent during procedure 4 9 n.s

Abrupt Vessel Closure post procedure 3 4 n.s

Cardiac Death ) 0 n.s

Myocardial Infarction 4] 5 n.s

CABG 4 8 n.s

Re-intervention 17 41 002

CABG or Re-intervention 21 46 .003

CerebroVascular Accident 1 1 n.s

Any Clinical Event - 7 Months 26 54 .002
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Balloon angioplasty population. The bafioon {nominal) to vessel ratio was significantly
greater in small vessels {p <.01) with consequent greater relative gain in small vessels. As
in the stent group, small vessel size was assoclated with greater subsequent relative loss
and a higher loss index at 6 month angiographic foflow-up.

For those patients randomized to balloon angioplasty, small vessel size was associated
with a greater requirement for subsequent revascularization. Unlike the stent group, small
vessel size in the balloon angioplasty group was not associated with a higher rate of
procedural crossover (bailout stent), post procedural abrupt vessel closure or subsequent
myocardial infarction during follow-up to 7 or 12 months.

As for the stent population, logistic regression indicated that decreasing vesssl size (as a
continuous variable) was associated with an increasing risk of cardiac events for the
balloon angioplasty population.

DISCUSSION

The key findings of this study are ; 1} during both stent implantation as waell as balloon
angioplasty, smaller coronary vessels are treated with relativefy larger devices (higher
device : vessel ratio} with consequent greater acute relative gain in lumen diameter ; 2}
smaller vessels subsaquently sustain greater relative loss and a higher toss index (Juminal
renarrowing over 8 months normalized for vessael size and gain respectively}; 3} In both the
stent and bhalloon groups this greater relative loss in lumen diameter is associated with a
greater requirement for revascularization procedures during follow-up; 4) While in those
patients undergoing stent implantation smaller vessel size is associated with a greater risk
of procedural fallure, subacute stent thrombosis, and myocardial infarction during follow-
up, in patients undergoing balloon angioplasty smaller vessel size is not associated with
a significantly higher risk of bailout stent, procedural failure, abrupt vessel closure or
myocardial infarction during follow-up.

Previous studies. Sutton et al. on behalf of the Gianturco-Roubin Intracoronary Stent
Investigator Group undertook an analysis of predictors of adverse events after acute and
elective coronary stenting on a pooled registry database [36]. They found vessel size of
patients who experienced an adverse clinical event post stenting to be 3.16 +0.69mm
compared to a vessel size of 3.06 £0.62mm in those patients without an event [p = .14
onh univariate analysis and p = .0001 on multivariate analysis}. In a stepwise logistic
regression model, they found larger vessel size was assoclated with an increased odds
ratio for a clinical event of 2.87 {95% C.I. 1.74 - 4.71}. These findings are at variance to
expectations and to the results of our current study. The potential confounding variables
which may have contributed to the findings of the study by Sutton et ai include ; the
absence of a single standardized core angiographic iaboratory ; vessel size was determined
by calliper measurement in an adjacent coronary segment in the single worst view ; the
pooling of native artery with bypass graft results ; and the spectrum of indications for stent
implantation {predominantly for the acute management of dissections and the elective
management of restenotic lesions).

Schomig et al., in a report of their experience with the Palmaz-Schatz stent in bailout
therapy, found the difference in vessel size between patients who developed a subacute
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Vessel Size in Patlents with Abrupt Vessei Closure foliowing Balloon
Angloplasty and following Stent implantation

9 . 3
g - 4
= = = Balloon (7 patienis) -
Stent (10 palients) .
5 T,
Figure 1

Palar plot of the individual vessel size of each of the patients who developed an abrupt vessel
clasure following balloon angiopfasty (7 patients] and following stent implantation (10 patients).
While smalf vessel size was assoclated with a higher risk of subacute thrombosjs, vessel size
was not predictive of abrupt vessel! closure following balloon angioplasty.
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Influence of Vessel Size on Clinical Outcome foliowing
Coronary Stent Impiantation

70

B0 :
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Vessel Size
Figure 2

By fogistic regression, decreasing coronary vessel size (as a continuous variable) was associated
with an increasing probablility of a clinical event over 7 months post stent implantation,
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stent occlusion {n=21) and those without a subacute occlusion {n=280) was not
statistically significant (3.7 £0.4mm and 3.3 £0.6mm, p=.16} [43].

In a previous univariate relative risk analysis from our group of restenosis following
implantation of the coronary Wallstent, vessel size was not found to be predictive of
restenosis. In a more recent analysis from our grodp of the influence of vessel size on the
restenosis process following successful {per protocol) balloon angioplasty, vessel size was
found after normalization for confounding variables to exert an independent negative affect
on luminal loss and a positive effect on minimal lumen diameter at & month angiographic
follow-up [43]. These findings are consistent with those of our present study of a greater
relative loss and loss index in vessels < 3.0mm in patients undergoing balloon angioplasty
in the BENESTENT trial and might be predicted from geometrical or mechanical
considerations.

Clinical implications. The precise reasons as to why operators select a higher device to
vessel ratio in smallar vessels is not clear and may possibly relate in part to the common
practice of visual guidance of interventional procedures rather than the more reliable
guidance of on-line quantitative coronary angiography to provide absolute measures of both
vessel size as well as minimal lumen diameter [20}].

Our study has shown that while the relative influence of vessel size on acute and 6 month
angiographic outcome is similar for stent implantation and balloon angioplasty, the
influence of small vessel size on adverse clinical events is different for stent implantation
and balloon angioplasty. Specifically, while small vessel size is not associated with an’
increased risk of abrupt vessel closure or myocardial infarction following balloon
angioplasty, small vessel size is associated with an increased risk of abrupt vessel closure
and myocardial infarction post stenting. Current approaches to reduce the risk of subacute
stent thrombosis by the development of stent coatings (44-46] and the introduction of
improved antiplatelet regimens [47-50] may be expected to improve the outcome of
stenting in smaller coronary vessels. Until such expectations are confirmed by prospective
studies in vessels of < 3.0mm, balloon angioplasty may continue to be the elective
procedure of choice in smaller vessels.

Conclusion; While recent studies have indicated a favourable clinical and angiographic
outcome following elective coronary stent placement, the relative merits of coronary
stenting over balloon angioplasty may be reduced in vessels of <3.0mm diameter,
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APPENDIX

BENESTENT Study Group

The following institutions and investigators participated in the BENESTENT study. The
number of patients enrolled at each center are given in parenthesis:

1)
2)
3}
4)

5)
6)
7)
8)
9
10}

i1}

12}
13}
T4)

16)
16}

17)
18)
19}
20)
21)
22}
23)
24}
25}

26}

27)
28)

University Hospital San Carlos, Madrid, Spain {76): C Macaya, F Alfonso, J
Goicolea, R Hernandez , A Iniguez,

University Hospital Rotterdam - Dijkzigt, Thoraxcenter, Rotterdam, The Netherlands
(57} PW Serruys, P de Jaegere, MA Morel, PJ de Feyter, M van den Brand,
Onze Lieve Vrouwe Gasthuis, Amsterdam, The Nethertands (50): F Kiemeneij, GJ
Laarman, R vander Wieken,

Universitatsklinikum Rudolf Virchow/Charlottenburg, Berlin, Germany {39} W
Rutsch,

Onze Lieve Vrouwe Ziekenhuis, Aalst, Belgium (38): G Heyndrickx, B de Bruyne,
Sahlgrenska Hospital, Goteborg, Sweden {38}: H Emanuelsson, P Albertsson,
Clinique Pasteur, Toulouse, France {32): J Marco, J Fajadet, S Doucet, O Bar,
Sart-Tilman, Centre Hospitalier Universitaire, Lidge, Belgium (32): V Legrand,
Hépital de la Citadells, Liége, Belgium (19): P Materne, J Boland,

Instituto Cardiovascular de Buenos Aires, Buenos Alres, Argentina {19): J Bslardi,
J Berrocal, R Piraino

Royal Brompton, National Heart and Lung Hospital, Londen, United Kingdom {12):
U Sigwart, N Buller, K Priestley

Centro Cuore, Milano, Haly {(11); A Colombo, L Maiello,

CHUYV, Lausanne, Switzertand {11}): JJ Goy, E Eeckhout,

Middelheim Ziekenhuis, Antwerpen, Belgium {10): P van den Heuvel, F van den
Brande,

Gregorio Maranon, Madrid, Spain (10): J Delcan, E Garcia,

Ziekenhuis de Weezenlanden, Zwolle, The Netherlands (8): H Suryapranata, J
Hoorntje,

St Antonius Ziekenhuis, Nieuwegein, The Netherlands (8}): Th Plokker, G Mast,
Hospital Maggiore, Trieste, italy (8} S Klugmann, E Della Grazia, A Salvi,

Hopital Cantonal Universitaire, Genéve, Switzerland {7): P Urban, E Camenzind
Academisch Ziekenhuis Groningen, The Netherlands (6): P den Heijer, R van Dijk,
Academisch Medisch Centrum, Amsterdam, The Netherlands (6): J Piek, K Koch,
Christian Albrechts University, Kiel, Germany {8): R Simon, F Herrmann,

Centre Cardiologique du Nord, Paris, France {6): MC Morice, T Rover,

James Hospital, Dublin, Ireland {B): P Crean,

Catharina Ziekenhuis, Eindhoven, The Netherlands {3): H Bonnier, J Koolen, ¥
Bracke,

Cliniques Universitaires St Luc, Université Catholique de Louvain, Bruxelles, Belgium
{2}: W Wijns,

CHUR, Nancy, France {2): N Danchin, Y Juilligre,

Polyclinique Volney, Rennes, France (2): C Bourdonnec,

157



Palmaz-Schatz steat in small coronary vessels
REFERENCES

1 Serruys PW, de Jaegere P, Klemeneij, Macaya C, Rutsch W, Heyndrickx G, Emanusisson H, Marco
J, Legrand V, Materne P, Belardi J, Sigwart U, Colombo A, Goy JJ, Vandenheuvsl P, Delcan J,
Morel MA on behalf of the Benestent Study Group. A comparison of balloon-axpandabie-stent
implantation with balloon angioplasty in patients with coronary artery disease. N Engl J Med
1994;331:489-95,

2 Fischman DL, Leon MB, Baim DS, Schatz RA, Savage MP, Penn 1M, Detre K, Veltri L, Ricei D,
Nobuyoshi M, Cleman MW, Heuser B, Almond D, Teirstein PS, Fish BRD, Colambo A, Brinker J,
Moses J, Shaknovich A, Hirshfeld J, Bailey S, Ellis 8, Rake R, Goldberg S. A randomized compatrison
of coronary-stent placement and balloon angioplasty in the treatment of coronary artery disease. N
Engl J Med 1994;331:496-b01.

3 Reiber JHC, Booman F, Tan HS, Slager CJ, Schuurbiers JHC, Gerbrands JJ, Measter GT. A
cardiac image analysis systam : Objactive quantitative processing of angiccardiograms. Computers
in Cardiology 1978;239-42,

4 Kooijman CJ, Relber JHC, Gerbrands JJ, Schuurbiers JCH, Slager CJ, den Boer A, Serruys PW,
Computer-aided quantitation of the severity of coronary obstructions from single view
cineangiograms. Proceedings of the First Internaticnal Symposium on Medical Imaging and lmage
interpretation, Berlin, 1982; Institute of Electrical and Electronic Engineers (IEEE) Saciety Press, Md,
Catalogue No 82 CH 1804-4;1982:59-64,

5 Serruys PW, Booman F, Troost GJ, Reiber JHC, Gerbrands JJ, van den Brand M, Cherrier F,
Hugenholtz PG. Computerized quantitative coronary angiography applied to percutaneocus
transluminal corenary angioplasty: advantages and limitations. In: Transluminal Coronary
Angiography and intracoronary Thrembolysis. Coronary Heart Disease IV. M Kaltenbach M, Gruntzig
A, Rentrop K, Bussmann WD (Eds.}. Springer-Verlag, Beirlin 1982:110-24,

6 Reiber JHC, Serruys PW, Kooijman CJ, Wijns W, Slager CJ, Gerhrands JJ, Schuurbiers JHC, Den
Bosr A, Hugenholtz PG: Assessment of short-, medium-, and long-term variations in arterial
dimensions from computer-assisted quantitation of coronary cineangiograms, Circulation 1985;71:
280-8.

7 Beatt KJ, Luijten HE, de Feyter PJ de, van den Brand M, Reiber JHC, Serruys PW: Change in
diameter of coronary artery segments adjacent to stenosis after percutaneous transiuminal coronary
angioplasty: Fallure of percent diameter stenosis measurement to reflect morphologic changes
induced by balloon dilatation. J Am Coll Cardiol 1988;12:315-23.

8 Haase J, Keane D, di Mario C, Escaned J, Slager C, Serruys PW. How Reliable are Geometric
Coronary Measurements? In-vitro and in-vivo Validation of Digital and Cinsfitm-hased Quantitative
Coronary Analysis Systems, In : Serruys PW, Foley DP, de Feyter PJ, (eds). Quantitative Coronary
Anglography in Clinical Practice, Kluwer Academic Publishers, Dordrecht, Boston, Londen: 1984:27-

9 Baptista J, Arnase M, Fioretti P, Roelandt J, Keane D, Escanned J, Boersma E, DiMario C, Serruys
PW. Quantitative coronary angiography in the estimation of the functional significance of coronary
stenoses, Coirelations with dobutamine-atropine strass testing. J Am Coll Cardicl 1994;23:1434-9,

10 Keane D, Serruys PW. Quantitative coronary anglography : Current limitations and practical
guidefines. Am Coll Cardiol Current Journal Review 1994,3:50-3,

11 Haase J, Slager C, Keane D, Foley D, den Bosr A, Doriot P, Serruys PW. Quantification of
Intracoronary Veolume by Videodensitometry: A validation study using fluid filling of human coronary
casts, Cathet Cardiovasc Diag 1994:33:89-94,

168




Palmaz-Schatz stent in small coronary vessels

12 Haase J, Keane D, DiMario C, Escanned J, Ozaki Y, Slager C, van Bremen R, van der Giassen
W, Serruys PW. Percutaneous implantation of coronary stenosis phantoms in an anaesthetized swine
model to validate current quantitative angiography analysis systems. In: Raiber J, Serruys PW, eds.
Progress in Quantitative Coronary Arteriography. Kluwer Academic Publishers, Dordrecht, Boston,
London: 1994:49-65,

13 Ozaki Y, Keane D, Herrman J, Foley D, Haase J, den Boer A, Di Mario C, Serruys PW. Coronary
arteriography for guantitative analysis : An experimental and clinical comparison of cinefilm and
video recordings. Am Heart J 1995;129:471-5,

14 Reiber JH, Kooijman CJ, Boer A den, Serruys PW. Assessment of dimensions and imags quality
of coronary contrast catheters from cineangiograms. Cathet Cardiovasc Diagn 1985;11:521-531

15 Leung W-H, Demopules PA, Alderman EL, Sanders W, Stadius ML, Evaluation of catheters and
metallic catheter markers as calibration standard for measurement of coronary dimension. Cathet
Cardiovas Diagn 1990;21:148-153

16 EHis SG, Pinto IMF, McGillem MJ, Deboe SF, LeFree MT, Mancini GBJ. Accuracy and
reproducibility of quantitative coronary arteriography using 6 and 8 French catheters with cine
angiographic acquisition. Cathet Cardiovasc Diag 1991;22:562-55

17 DiMario C, Hermans WRM, Rensing BJ, Serruys PW. Readers’' comment. Calibration using
angiographic catheters as scaling devices-importance of filming the catheters not filled with contrast
mediurm. Am J Cardiol 1991:68:1377-78

18 Koning G, Zwet PMJ van de, Land CD von, Reiber JHC. Angiographic assessment of dimensfons
of 6F and 7F Mallinckrodt softtouch coranary contrast catheters from digital and cine arteriograms.
International Journal of Cardiac Imaging 1992;8:153-161

19 Herrmann JP, Keane D, den Boer A, Serruys PW. Radioclogical quality of coronary guiding
catheters: A quantitative analysis. Cathet Cardiovasc Diagn 1994;33:55-60,

20 Keane D, Serruys PW. Quantitative coronary angiography: an integral component of
interventional cardiology. In: Topol EJ, Serruys PW (eds). Current Review of Interventional
Cardiology, 2nd edition, Current Medicine, Philadelphia USA. 1995 in press.

21 Hermans WRM, Rensing BJ, Pameyer J, Serruys PW. Experlencas of a quantitative coronary
angiographic core laboratory in restenosis prevention trials. Reiber JHC an Serruys PW (eds).
Advances in quantitative coronary arteriography, Kluwer Academic Publishers 1893:177-92,

22 Gronenschild E, Janssen J, Tijdens F. CAAS lI: A second generation system for off-line and on-
line quantitative coronary angiography. Cathet Cardiovasc Diagn 1994;33:61-75.

23 Cowley MJ, Dorros G, Kelsey SF, van Raden M, Detre KM, Acute coronary events associated
with percutaneocus transiuminal coronary angioplasty. Am J Cardiol 1984;53:C12.

24 Holmes DR, Holubkov R, Vliestra RE, et al: Comparison of complications during percutaneous
transluminal coronary angiopfasty from 1977 to 1981 and from 1985 to 1986 The National Heart
Lung, and Blood Institute Percutaneous Transluminal Coronary Angioplasty Registry, J Am Coll
Cardiol 1988;12:1149-

25 Detre KM, Heolubkov R, Kelsy S, Cowley M, Kent K, Williams D, Myler R, Faxon D, Holmes D Jr,
Bourassa M, Block P, Gosselin A, Bentivoglio L, Leatherman L, Dorros G, King S Ilf, Galichia J, Al-
Bassam M, Leon M, Robertson T, Passami E, Co-Investigators of the NHLBI PTCA Registry.
Percutaneous transluminal coronary angioplasty in 1985-86 and 1977-81, The National Heart Lung,
and Blood Institute Registry. N Engl J Med 1988;318:265-70

159




Paimaz-Schatz stent in smalf coronary vessels

26 Detre KM, Holmes DR, Holubkov R, Cowley M.J, Bourassa MG, Faxon DP, Borros GR, Bentivoglio
LG, Kent KM, Myler RK. Incidences and consequences of periprocedural occlusion. Tha 1985-86
National Heart Lung, and Blood [nstitute Parcutaneous Transluminal Coronary Angioplasty Registry.
Circulation 1990;82:739-750

27 Simpfendorfer C, Belardi J, Bellamy G, Galan K, France 1, Hollman J. Frequency, management,
and follow-up of patients with acute coronary occlusions after percutaneous transluminal coronary
angioptasty. Am J Cardiol 1987;59:267.

28 Lincoff AM, Popma JJ, Ellis 8G, Hacker JA, Topol EJ. Abrupt vessel closure complicating
coronary angioplasty: Clinical, angiographic and therapeutic profile. J Am Coll Cardiol 1992;19:926-
35,

29 Sinclair IN, McCabe CH, Sipperly ME, Baim DS. Predictors, therapeutic options, and leng-term
outcome of abrupt reclosure, Am J Cardiol 1988;61:61G.

30 Ellis 8G, Roubin GS, King SB, et al, Angiographic and clinical predictors of acute closure after
native vessel coronary angioptasty. Circulation 1988;77:372

31 deFeyter PJ, van den Brand M, Jaarman GJ, vanDomburg R, Serruys PW, Suryapranata H. Acute
coronary artery occlusion during and after percutaneous transluminal corenary angioplasty.
Fraquency, prediction, clinical course, management, and follow-up. Circutation 1991;83:927-936.

32 de Feyter PJ, de Jaegere PPT, Serruys PW. Incidence, predictors and management of acute
coronary occlusion after coronary angioplasty. Am Heart J 1994;127:643-6561.

33 Schatz RA, Baim DS, Leon M, et al. Clinical experience with the Palmaz-Schatz coronary stent:
initial results of a multicenter study. Circulation 1991;83:148-61.

34 Roubin GS, Cannon AD, Agrawal SK, Macander PJ, Dean LS, Baxiey WA, Breland J.
Intracoronary stenting for acute and threatened closure complicating percutaneous transluminal
coronary angioplasty. Circulation 1992;86:916-27.

35 George BS, Voorhees WD, Roubin GS, Feanot NE, Pinkerton CA, Raizner AE, King SB, Holmes
DR, Topol EJ, Kereiakes DJ, Hartzler GO. Multicenter investigation of coronary stenting to treat
acute or threatened closure after percutaneous transluminal corenary angioplasty: Clinical and
angiographic outcomes, J Am Coll Cardio! 1993;22:135-43,

36 Sutton JM, Ellis SG, Roubin GS, Pinkerton CA, King SB I, Raizner AE, Holmes DR, Keriakes DJ,
Topol EJ, for the Gianturco-Roubin Intracoronary Stent investigator Group, Major clinical events after
coronary stenting. Circulation 1994;89:1126-37.

37 Hearn AJ, King SB, Douglas JS, Carlin SF, Lembo NJ, Ghazzal ZMB. Clinical and angiographic
outcomes after coronary artery stenting for acute or threatened closure following percutanecus
transluminal coronary angioplasty. Initial results with a balloon-expandable stainless steel design.
Circulation 1993:88:2086-96.

38 Herrmann HC, Buchbinder M, Clemen M, Fischman D, Goldberg S, Leon MB, Schatx RA,
Teirstein P, Walker CM, Hirshfeld JW. Emergent use of balloon-expandable stenting for failed
parcutaneous transluminal coronary angioplasty Circulation 1882;86:812-19.

39 Kiemeneij F, Laarman GJ, van der Wieken R, et al. Emergency coronary stenting with the Palmaz-
Schatz stent for failed transluminal coronary angioplasty, Results of a learping phase. Am Heart J
1993:126:23-31,

40 Haude M, Erbel R, Straub U, st al. Results of intracoronary stents for management of coronary

160



Palmaz-Schatz stent in smalf coronary vessels
dissection after balloon angioplasty, Am ! Cardiol 1991;67:691-6.

41 Carozza JP, Kuntz RE, Levine MJ, et al. Angiographic and clinical outcome of intracoronary
stenting in human coronary arteries: a menocentre experience with the balloon-expandable Palmaz-
Schatz stent. Br Heart J 1991;66:337-345b.

42 Schémig A, Kastrati A, Mudra H, Blasini R, Schuhlen H, Klauss V, Richardt G, Neumann FJ.
Four-year experience with Palmaz-Schatz stenting in coronary angioplasty complicated by dissection
with threatenad or present vessel closure. Circulation 1994;90:2716-24,

43 Foley DP, Meikert R, Serruys PW. Influence of coronary vessel size on renarrowing process and
late angiographic outcome after successful balloon angioplasty. Circulation 1994;90:1239-51.

44 van der Giessen WJ, Beusekom HMMM, van Houten CD, Woerkens LJ, Verdouw PD, Serruys
PW. Caronary stenting with polymer-coated and uncoated self-expanding endoprostheses in pigs.
Coronary Artery Disease 1992;3:631-40,

45 van Beusekom HMM, Serruys PW, van der Giessen W.J. Coronary stent coatings. Coronary
Artery Disease 1994,;5:590-6.

46 Emanuelsson H, vd Giessen W, Serruys PW, on behalf of the BENESTENT Group, BENESTENT
Il : Back to the future. J Interventional Cardiol 1994;7:587-92.

47 Morice MC, Bourdonnec C, Lefevre T, Blanchard D, Monassier JP, Lienhart Y, Commeau P,
Makowski S, Labrunie P, Cribier A, Coronary stenting without coumadin. Phase ifl. Circulation
1994;90(Suppl 4):1-125 (abstr}.

48 Colombo A, Nakamura S, Hall P, Maiello L, Blengino S, Martini G. A prospective study of Wiktor
coronary stentimplantation treated only with antiplatelet therapy. Circulattion 1994;90:1-124{abstr}

49 Fajadet J, Carvalho H, Jordan C, Laurent JP, Marco J. Reduction of early complications after
Gianturco-Roubin coronary stenting using a new anticoagulation protocol, Eur Heart J
1994;:15(Supplh:536{abstr}.

50 Colombo A, Hall P, Nakamura S, Almagor Y, Maielio L, Martini G, Gaglione A, Goldberg SL, Tobis

JM. Intracoronary stenting without anticoagulation accomplished with intravscular ultrasound
guidance. Circulation 1995;in press.

161




162




Chapter Xl

A quantitative angiographic study of inflation and recoil of the
Gianturco-Roubin stent in native coronary arteries :
Results of a learning phase with implications for stent sizing and deployment.

David Keane, Yukio Ozaki, Clemens von Birgelen, Peter de Jaegers, Patrick W Serruys

{in review)
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ABSTRACT

Background: The Gianturco-Roubin stent is composed of a balloon-expandable stainless-
steel incomplate coil with a clamshell configuration. Its low mestallic surface area is
achieved by a relatively large distance between its transversely parallel struts. To
determine the acute expansile and elastic properties of the stent in-vivo, we studied the
behaviour of the stent during deployment in native coronary lesions by detailed quantitative
coronary angiographic analysis.

Methods: Thirty-nine Gianturco-Roubin stents were implanted in the native coronary
arteries of 38 patients between October 1992 and October 1994 for the management of
primary lesions, restenotic lesions, and acute or threatened closure after primary balloon
angioplasty. All lesicns were predilated by primary coronary angioplasty prior to stent
deployment. A nominat {manufacturer’s) stent size of on average .61 *.61min greater
than the reference vessel diameter was selected, This report includes our early learning
experience with this stent design and the performance of an additional high pressure
intrastent inflation of a non-compliant balloon was only performed latterly in eight of owr
patients, Computerised quantitative coronary angicgraphy was performed on the inflated
balloon and inflated stent as well as pre and post balloon and stent dilatations.

Results: Neither the mean nor the minimal luminal diameter achieved post stenting matched
the nominal diameter of the Gianturco-Roubin stent. Acute procedural changes in minimal
luminal diameter were from 1.10 £ .53mm pre-intervention through 2.87 +.51mm during
baltoon inflation to 1.66 x.78mm post primary balloon angioplasty. Minimal luminal
diameter subsequently increased significantly during stent inffation to 2.97 +.42mm but
fell to a final result of 2.56 1.39mm post stent deployment. Performance of an additional
high pressure intrastent inffation with a non-compliant balloon resulted in a significant
improvement in final angiographic outcome {2.68 +.34mm, p < .05). Analysis of the
standard deviation of the diameter and analysis of the difference between the minimal and
mean diameter {as indices of lumen irregularity] of the inflated balloons and stented
segments Indicated a non-uniform stent expansion and recoil. Recoil post stenting of the
minimal Juminal diameter was 15.7 +11.6% {0.34 +.68mm)}, while elastic recoil post
stenting of the mean diameter was 8.9 +9.3% (0.30 £.33mm}.

Conclusions: Inflation and recoil of the Gianturco-Roubin stent is not uniform which may
relate to the large interstrut distance {with protrusion of intima or plaque between the
struts} and use of a highly compliant premounted balloon. Even with a policy of stent
oversizing (stent vessel ratio = 1.23 +.2bmm), aresidual diameter stenosis of 20% may
persist, This study supports the recent change in interventional practice from matching the
size of the Gianturco-Roubin stent to the vessel diameter to the new policy of stent
oversizing, and the performance of post delivery high pressure intrastent inflations with a
non-compliant balloon under the guidance of on-line QCA.,
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INTRODUCTION :

Seven different metallic coronary stents, each of unique design, are currently available for
clinical implantation. These can be loosely grouped into different design categories, the
mesh stents (The Less-Shortening Wallstent [1,2], Palmaz-Schatz [3,41,}, the interrmediate
design of the AVE Micro (zig-zag axial struts), and the coil design (Gianturco-Roubin [5,6],
Wiktor [7], Cordis, Multilink). While the mesh stents generally offer strong radial support
{particularly the AVE Micro and Palmaz-Schatz stents) and have more longitudinal or
oblique orientation of their struts, they do have a farge metallic {particularly the Wailstent
and Palmaz-Schatz} and therefore potentially thrombogenic surface area. in contrast, the
coil stents offer a relatively low metallic burden and a greater degree of longitudinal
flexibility and a fower propensity to shorten upon expansion. These potential advantages
of coil stents, however, come at a price of potentially providing lower circumferential
support. Furthermore, the coil stents have a more transverse orientation of their struts and
thus provide less lengitudinal continuity in their scaffolding of the vessel wall, In an
attempt to reduce this limitation of coil stents, the struts of the Wiktor, Cordis and ACS
stents have been crenutated to increase the longitudinal scaffolding provided to the vessel
wall. In the case of the Gianturco-Roubin coil stent, however, the stainfess steal wire is
straight and not crenulated. Instead, the Gianturco-Roubin stent is composead of .008 inch
wire wrapped in a serpentine manner so that every 360° the wire makes a 180° turn. The
resultant series of parallel U and inverted U-shaped loops allows the coil to expand in a
clam-shell manner. The transversely parallel struts of the Gianturco-Roubin stent, however,
are spaced at a distance of Tmm to each other (figure 1}. To determine the acute expansile
and elastic properties of the Gianturco-Roubin stent and the effect such large interspacing
of the transversely oriented straight struts may have on the behaviour of the Gianturco-
Roubin stents in-vivo, we performed detailed quantitative angiographic analysis before,
during and following deployment of the Gianturco-Roubin stent in the native coronary
arteries of 35 patients.

METHODS :

Patient population. Thirty nine Gianturco-Roubin stents were successfully implanted in the
native coronary arteries of 35 patients for the management of primary lesions, restenotic
lesions, and acute or threatened closure after primary balloon angioplasty. The average age
of the patients was 57 + 10 years and 30 of the 35 patients were male. Eleven of the
patients had a previous balloon angioplasty at the site of the target lesion. Three of the
patients had peviously undergone coronary artery bypass surgery. Nine of the patients had
a history of myocardial infarction. No patient had left ventricular ejection fraction below
40% and no patient had diabetes mellitus. Qualitative angiographic assessment of the
target lesions pre-intervention revealed that 8 of the lesions were ACC / AHA {8] type A,
21 lesions were type B, 6 of the lesions were type C. The clinical characteristics and
qualitative angiographic profile of the coronary fesions are given in Table 1.
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Figure 1. The Gianturco-Roubin coronary flexible stent is composed of a monofilamentous, surgical
stainless steel wire, 0.006 inch in diameter, wrapped i a serpentine manner around a compliant
polvethylene balloon catheter so that every 360 the wire makes a 180° turn [8]. This results in a
series of interdigitating U and inverted U-shaped loops and allows the coif to expand in a clam-shell

manner as the balloon is inflated .
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Table 1

Clinical Characteristics and Procedural Details
Age 57 + 10 years
Gender 30 male / 5 female
Hypertension 8 patients
Hypercholesterolaeima 12 patients

Smoking history

Mever 12 patients
Previous 10 patients
Current 13 patients

Number of diseased coronary vassels

1 vessel disease 22 patients
2 vessel disease 9 patients
3 vessel disease 4 patients

Coronary vessel

left anterior descending artery 19 patients
right coronary artery 11 patients
laft circumflex 5 patients

Pre-balloon angioplasty ACC / AHA Lesion Type

A 8 fesions
B 21 lesions
C 6 lesions

Indication for stenting post balloon angioplasty

slective management of restenosis ; 7 patients
unplanned management of a suboptimal result ; 4 patients
bailout of dissection with threatened closure (TiMI [11] flow 2 or 3); 17 patients
hallout of acute vessel closure (TIMI flow Q or I}; 7 patients

Interventional procedure. During the primary balloon angioplasty procedure the maximal
inflation prassure was 11.3 +3 atm.’'s with an average of 3.8 + 1.8 inflations performed,
The indication for stenting was elective management of restenosis [7] following previous
balloon angioplasty in 7 patients, unplanned management of a suboptimal result of balloon
angioplasty in 4 patients, bailout management [9] of a dissection with threatened [9,10]
closure (TIMI [11] flow 2 or 3) in 17 patients, and baifout management of an acute closure
{TIMI flow O or I} in 7 patients. An attempt to cover the full extent of the lesion or
dissection was made in each patient. In four of the lesions, a second stent was required
to cover the length of the dissection. Three of the stents had a length of 12mm while the
other 36 stents were 20mm long. A policy of selecting a nominal stent diameter greater
than the vessel size was practised throughout the study. The nominal {manufacturer's)
diameter of the stents deployed were 3.64 +.45mm [range 3.0 to 4.0mm]. The maximal
inflation pressure with the premounted balloon to deploy the stent was 6.6 +2.0 atm.'s
with a total number of 3.8 +1.8 inflations of the premounted balloon being performed.

This report includes our early learning experience with this stent design {commencing in
October 19982) and during our two year period of evaluation of the Gianturco-Roubin stent
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Figure 2a-e. Quantitative coronary angiographic analysis was performed pre-balloon inflation (A),
during balloon inflation (B), post-balloon inflation (C), during stent inflation (D}, and post-stent
deployment (E].
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information became available from studies at the University of Alabama to indicate that the
performance of an additional high pressure intrastent inflation of a non-compliant balloon
should be performed routinely in nearly all patients undergoing implantation of a Gianturco-
Roubin stent. Accordingly following delivery of the stent on the premounted balloon,
additional high pressure {13.3 +3.7atm.'s} intrastent inflations of a non-compliant balloon
was performed latterly in eight of our patients.

Contrast coronary angiography was performed after the administration of intracoronary
nitrates pre-intervention, post-balloon angioplasty, post stent deployment, and post
additional inflation of a non-compliant intrastent balloon. Angiograms were also recorded
without luminal contrast at peak inflation pressure after waisting of the angioplasty balloon
and waisting of the stent baltloons were deemed by the operator to have disappeared.

Quantitative angiographic analysis., Subsequent computerised quantitative coronary
angiographic measurements on the cineangiograms were conducted on the inflated balloon.
and inflated stent as well as pre and post balloon and stent dilatations, thus providing a
total of five consecutive procedural phases of quantitative analysis 1) pre bailoon
angioplasty; 2) during balfoon inflation; 3} post balloon angioplasty; 4) during stent
inflation; and 5) post stent deployment {figure 2a-e}. During analysis of the body of the
inflated angioplasty balloons and intrastent deployment balloons, the 1mm tapered balfoon
terminals beyond the limits of the stent were not included. The quantitative angiographic
parameters of the analyzed segment which were studied at each procedural phase were
the minimal luminal diameter [12,13], the mean luminal diameter [12,13}], the standard
deviation of the luminal diameter {as an indicator of the irregularity of the luminal borders},
and the interpolated reference vessel diameter of the coronary segment.

The computerized quantitative coronary angiographic analysis of the cineangiograms was
performed with the Coronary Angiography Analysis System {CAAS i) [14]. After the
selection of views which were most suitable for guantitative angiography {e.g. absence of
overlapping side branches and foreshortening [15,16]}, a 6.9 x 8,.9mm region of interest
within the 18 x 24mm cineframe is digitized into a 512 x 512 pixel matrix using a CCD-
camera (8 hits = 256 density levels} resulting in a final resolution of 1329 x 1772 pixels.
A correction for pincushion distortion was applied for all analyses by the recording of a
centimeter grid at each image intensifier setting at each interventional suite in our cardiac
catheterisation faboratory prior to the study £14], To initiate the analysis the operator
defines a number of centerline points within the arterial segment which are subsequently
connected by straight lines, serving as a first approximation of the vessel centerline. The
adge detection algorithm is carried out in two iterations, First, the model is the initially
defined centerline and second, the model is a recomputed centerline, determined
automatically as the midline of the contour positions which were detected in the first
iteration.

Calibration of all angiographic measurements was achieved by the use of the coronary
guiding catheter as a scaling device [17). The non-tapering part of the tip of each guiding
catheter was measured with a precision-micrometer (No. 293-501, Mitutoyo, Tokyo,
Japan: tolerance 0.001mm). The calibration procedure using automated edge detection
was applied to the images obtained, yielding the corresponding scaling factor (mm/pixel),

Statistical analysis. Recoil post stent deployment was calculated for both the minimal and
mean diameters from quantitative analysis of the intrastent deployment balloon recorded
at peak inflation pressure and the luminal diamster post stent deployment as follows :

{minimal diameter of the inflated stent - minimal luminal diameter post stenting) * 100
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minimal diameter of the inflated stent
and

{mean diameter of the inflated stent - mean luminal diameter post stenting) * 100
mean diameter of the inflated stent

Student's t-test for paired data was used to compare quantitative angiographic parameters
of the same patients at different procedural phases. A p value of <.06 was taken as an
indication of statistical significance. '

RESULTS :

The average vessel size was found to be 3.04 +.52mm pre-intervention which was .61
+.61mm smaller than the nominal stent size thus indicating a stent : vessel size ratio of
1.23 +£.25, While vessel size did not change during primary balloon angioplasty, the
vessel diameter increased significantly to 3.28 +.36mm following stent deployment
{p<.05). The final residual percent diameter stenosis post stenting was 22 + 8%, Neither
the mean nor the minimal luminal diameter finally achieved post stenting matchead the
selected nominal diameter of the Gianturco-Rouhin stent,

The dynamic changes in minimal {and mean} luminal diameters at each procedural phase
are displayed In figure 3 and changes in all angiographic measurements are given in table
2, The minimal luminal diameter was found to increase from 1.10 £.53mm pre-balloon to
2.87 +.51tmm during balloon inflation and subsequently to decrease to 1.56 +.78mm
post primary balloon angioplasty. Minimal luminal diamater subsequently increased during
stent inflation te 2.87 +.42mm but fell to a final result of 2,66 *x.39mm post stent
deployment. In the eight patients in whom an additional high pressure inflation was
performed with a non-compliant balloon, the minimal luminal diameter was found to further
improve significantly changing from 2.28 +.42mm following stent delivery to 3.39
+.48mm during high pressure inflation (Swiss Kiss} to a final angiographic result of 2.68
+.34mm (p < .0B).

Uniformity of stent inflation, Although the inflated primary angioplasty balloons and
intrastent deployment balloons were filmed at peak pressure when waisting of the balloons
were felt to have disappeared by the operator, marked differences were observed between
the minimal diameter and the mean diameter and large standard deviations of the diameter
of the maximally inflated balloons and stents were observed (figure 3). The minimal
diameter of the primary angioplasty balloon during peak inflation pressure was .29
+.23mm smaller than the mean diameter of the inflated balloon and the standard deviation
of the diameter of the inflated balloon was .17 +.11mm {table 2}, During peak inflation
of the pre-mounted intrastent deployment balloon, the minimal diameter of the inflated
stent was ,37 +.20mm smaller than the mean diameter of the inflated stent and the
standard deviation of the diameter of the infilated stent was .19 +£.07mmm. In those
patients in whom an additional inflation of a non-compliant intrastent balloon was
performed the minimal diameter of the inflated stent at peak pressure was ,20 +.08mm
smaller than the mean diameter of the inflated stent and the standard deviation of the
dlamster of the inflated stent was .13 +.03mmm
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Figure 3. Serial intraprocedural changes in minimal and mean {uminal diameter measurements for
all patients studied. The minimaf luminal diameter of the treated lesion can be seen to decrease
frecoil} following deflation of the primary angioplasty balloon and following deflation of the stent
deployment balfoon.
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Table 2

Results of quantitative angiographic analysis at each of five intraprocedural phases

Pre- Balloon Post- Stent Post-

balloon inflation balloon inflation stent
Min Lum Diam 1.10 2.87 1.66 2.97 2.56
{MLD) +.53mm +.51mm +.77mm +.42mm +.39mm
Mean Lum Diam 2,52 3.15 2.82 3.34 3.09
{MeanlLD) +.46mm +.46mm +.67mm +.37mm +.37mm
MeaniD-MinLD 1.35 0.29 1.00 0.37 0.63

+.6imm +.23mm *.3Bmm +,20mm +.¥7mm
Standard Dev of 0.65 017 9.59 0.18 0.34
Lum Diam {SDD} +.16mm +.11mm +.,22mm +.07mm +,11mm
Interpolated Ref 3.04 3.08 3.28
Vessel Diam {iVD} +.52mm +.,63mm +.,36mm
% Diam Stenosis 62% 49% 22%
(%03} +16% +22% +8%

Following stent deployment acute recoil of the minimal luminal diameter of the stented segment was

165.7% +11.6% , which was significantly larger than recoll of the mean luminal diameter of the
stented segment, 8.9 £9.3% (p<.001). The interpolated reference vessel diameter (VD) [14] was
seen fo increase folfowing stent deployment. With an interventional policy of stent oversizing,
nefther the mearn nor the minimal luminal diameter reached the nominal size of the stents deployed
(3.64 +.45mm).

Stent recoil of the minimal and mean diameter. Diameter measurements of the intrastent
deployment balloon during peak inflation pressure were compared with the diameter
measurements of the resulting stented [umen after removal of the deployment balloon.
Recoil of the minimal luminal diameter was significantly greater than receil of the mean
luminal diameter of the stented segment. Recoil post stenting of the minimal luminat
diameter was 15.7 +11.6% (0.48 +.35mm), while elastic recoil post stenting of the
mean diameter was 8.9 +9.3% {0.30 +.33mm} {p < .001). In those patients in whom
an additional inflation of a non-compliant intrastent balloon was performed recoil of the
minimal luminal diameter was 20.6 +6.3% (0.71 £.27mm) and recoil of the mean
diameter was 11.656 £8.0% (0.44 +£.33mm) (p < .001}.
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DISCUSSION :

The key findings of our study are ; firstly, that despite a policy of oversizing by 0.61
+,61mm of the Gianturce-Roubin stent, a final residual diameter stenosis of 22 +8% was
found to persist; secondly, that elastic recoil post deployment of the Gianturco-Roubin
stent is significant and inhomogeneously distributed and will vary considerably in value
according to whether recoil of the minimal diameter or mean diameter is considered; and
thirdly, quantitative angiographic analysis of the lumen diameter throughout the stented
segment indicates that the longitudinal scaffolding of the vesse! wall may not be uniform
over the length of the Gianturco-Roubin coil stent.

Stent sizing, We have demonstrated that when the Gianturco-Roubin stent is deployed in-
vivo, the stent rarely achieves its nominal diameter {as determined by the manufacturer's
in-vitro testing). Even when an additional post-deployment high pressure intrastent inflation
of a non-compliant balloon is performed, neither the minimal nor the mean diameter of the
stented segment reaches the nominal diameter of the stent. Potential contributing factors
to these findings might include a) an additional high pressure intrastent inflation of a non-
compliant balloon was only performed latterly in eight of our patients when the
angiographic resuit was deemed by the operator to be suboptimal rather than being
routinely performed in all patients, b) use of the pre-mounted highly comphiant
polyathylene delivery balloon to deploy the stent, which by protruding through the 1mm
interstrut intervals may not exert an adequate and uniform expansile force directly on the
stainless steel coils, c) inability of this coil stent when deployed as a single unit (i.e.
without telescoping or overtapping multiple stents} te eliminate recoil throughout the
stented segment, d} a policy of selecting a stent of greater nominal diameter than the size
of the target vessel will make it more difficult to fully expand the stent to reach its nominal
diameter than if a stent of equal size to the vessel diameter is selected, and e} a
systematic tendency of QCA measurements to underestimate large luman diameters has
been recently recognised [18,19], although this would primarily limit the reliability of the
absolute values of measurement more than Hmit the reliability of relative measuremenis of
changes in luminal diameter throughout the procedural phases.

Quantitative angiographic analysis of coronary stenting. The QCA system employed in our
study provides an interpolated reference diameter measurement [14] rather than a less
reproducible and less objective manual selection of a proximal or distal diameter point by
tha QCA analyst. It can be seen from Table 2, that while the reference vesse! diameter did
not change from 3.04 +.52mm pre-intervention to post primary balloon angioplasty (3.05
+.63mm), the reference vessel diameter did increase significantly after stent deployment
to 3.28 +.36mm {p < .05). This increase in vessel size post stenting may result from
improved flow and dilatation of the segment distal to the stent, or may relate to the
contribution of maximally dilated intrastent subsegments to the assimilation of the
interpolated reference vessel diameter. As a result of the increase in interpolated vessel
diameter post stenting, the reported final residuat diameter stenosis is 22%, rather than
a residual diameter stenosis of 16% if the pre-intervention vessel size was considered. Of
interest in the BENESTENT trial [20], where the same QCA system was used to measure
luminal diameters, the reference vessel increased significantly from 2.99 % .45mm pre-
intervention to 3,16 +.43mm post implantation of a Palmaz-Schatz stent, as a result of
which the post stent residual diameter stenosis was reported as 22% rather than a value
of 17% Iif the pre-intervention vessel size was considered. In contrast, however, in the
STRESS trial [21] where vessel size was taken as an average of manually selected proximal
and distal diameter points, vessel size was reported as not to have increased from pre-
intervention {3.03 +.42mm) to post Palmaz-Schatz stent deployment (3.05 +.40mm)
with a reported residual diameter stenosis of 19%. Thus for the evaluation of an
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interventional device which results in an increase in the interpolated reference vessel
diameter, assessment of acute angiographic outcome should not be limited to the residual
% diameter stenosis, but also consider the absolute improvement in minimal fuminal
diameter. Furthermore, guidance of stenting procedures by visual assessment rather than
the performance of on-line GQCA may fail to appreciate the absolute gain in luminal diameter
in addition to failing to appreciate non-uniform and inadequate balloon inflation and
subsequent stent expansion {186},

Previous studies. Our findings are consistent with those recently reported by the group at
the University of Alabama at Birmingham in a study of sizing of the Gianturco-Roubin stent
[22] and lend support to their recommendation of a change in interventional practice from
matching the stent size to the vessel size to a policy of stent oversizing. While, they
recommended a stent oversizing by 0.0 to 0.4mm [22], we feel that when the Gianturco-
Rouhin is deployed as a single unit without overlapping multiple stents, oversizing by
20.56mm may be required to improve the final angiographic outcome. While the highly
compliant pre-mounted polyethylene balloon provides the unsheathed Gianturco-Roubin
stent with a more firm grip on the delivery system and thereby reduces the risk of
premature stent dislodgement, the subsequent performance of a high pressure intrastent
inflation of a non-compliant balloon may be required to obtain an optimal result. Given that
the nominal diameter of the pre-mounted polysthylene balloon is 0.5mm greater than the
nominal size of the Gianturco-Roubin stent, it is important that when adopting a policy of
stent oversizing that initial delivery inflation pressures with this balloon should not exceed
the recommended delivery inflation pressure of 4-6 atm.'s in order to avoid the risk of
distal dissection by the unrestricted expansion of the compliant bailocon beyond the distal
limits of the stent [23,24].

Following the adoption of the current strategy of routine additional high pressure intrastent
inflations of a non-compliant balloon, the primary function of the pre-mounted compliant
balloon is now more fimited to safely deliver and position the stent in the target lesion,
rather than to optimize stent deployment and it could therefore now be proposed that the
balloon diameters achieved during the initial inflation of the pre-mounted compliant balloon
should not be used by the operator to estimate the final angiographic potential of the stent.
Furthermore, if a 3.5mm Gianturco-Roubin stent is placed in 3.0mm vessel then a non-
compliant balloon of 3.5mm should be used for high pressure inflations. Further studies will
be required to determine the effsct of oversizing by 20.5mm on restenosis over six menths
(23 -251. It is likely that the degrea of oversizing of different stents should be related to
the distribution of radial force exerted by each individual stent design and that a general
guideline for sizing of all stent designs would be inappropriate.

Elastic recoil, A differance of .37mm between the minimal diameter and the mean diameter
of the inflated intrastent balloon and a difference of .658mm between the minimal luminal
diameter and the mean luminal diameter post stent deployment was observed [12,13].
Explanations for the variability in stretch and recoil throughout the stented lesion may
include that atherosclerotic lesions in native coronary arteries may have a non-uniform
distribution of elastic and non-distensible tissue and secondly that the design of the
Gianturco-Roubin stent may be inherantly predisposed to the protrusion through its tmm
interstrut spacing of the compliant polyethylene balloon during inflation and subsequent
encroachiment of the vessel wall into the lumen after stent deployment. Determination of
elastic recoit by assessment of the mean diameter of the stented segment alone will
underestimate the residual functional significance of recoit which ts primarily determined
by recoil of the minimal luminal diameter. This finding is of relevance for the guidance of
stent deployment by on-line QCA in clinical practice as well as for the design of future
studies on the acute angiographic outcome following stent deployment.
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Figure 4a-c. The large interstrut distance of Imm of the Gianturco-Roubin stent allows the
performance of interventional procedures in a sidebranch of the stented coronary segrent through
the strut intervals, Fig 4a; an occlusive dissection in the bifurcation of the left anterior descending
{LAD) and diagonal (D1} arteries occurred following primary halfoon angioplasty. Fig 4b; a 20mm
Gainturco-Roubin stent is placed in the LAD covering the segments proximal and distal to the
diagonal artery, Fig de; the second guidewire in the diagonal artery is withdrawn and then
readvanced inside the Gianturco-Roubin stent and through the strut intervals back into the diagonal
artery. An AVE Micro stent is then advanced over the guldewire through the strut Intervals into the
diagonal artery where Jt is successtully deployed. Such a procedure would not be possible through
a stent without farge interstrut intervals.
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in a pravious study from our group of acute recoil following implantation of the Wiktor
stent {a crenulated tantalum coil stent} in restenotic lesions in native coronary arteries
following previously successful balloon angioplasty using the same automated edge-
detection QCA system, recoil of the mean diameter was found to be 8.2% (0.25
+.32mm), while recoil of the minimal luminal diameter was not reported {261. In a study
by Haude et al. on acute recoil following implantation of the Palmaz-Schatz stent in
restenotic lesions in native coronary arteries, a manual {eye-hand) edge detection
methodology was used and recoil was defined as the difference between the maximal
balloon size assuming uniformity atong the entire length of the inflated balloon and the
subsequent residual minimal lumen diameter [27]. With this methodology recoil following
implantation of the Palmaz-Schatz stent was reported to be 3.5% {0.10 +.07mm)} [27].
In a different study by Schémig st al of patients treated by implantation of the Palmaz-
Schatz for the management of dissection complicating balloon angioplasty, elastic recail
was defined as the difference between the maximally inflated intrastent balloon diameter
and the resulting final minimal lumen diameter, however, it was not stated as to whether
the mean or minimal intrastent balloon diameter was analysed [28], In this latter report,
elastic recoil following Palmaz-Schatz implantation was found to be 16% {.51 +34mm)
[28}, The discrepancy (3.5% versus 16%) between the two reports [27,28] of elastic
recoil following implantation of the Palmaz-Schatz stent, highlight the importance of
defining whether the minimal or the mean diameter of the intrastent balloon is taken for
determination of recoil and that uniformity of balloon inflation should not be assumed
[12,13]. Until a standardized quantitative angiographic analytical approach is adopted by
independent studies attempting to examine recoil post stenting, direct comparisons of the
compliance of different stent designs in vivo cannot be drawn. Furthermore, direct
interstent comparisons should await the execution of stent studies in equivalent patient
population groups (e.g. in patients undergoing elective stent ptacement for restenocsis or
patients undergoing bailout stenting of dissected primary stenoses}.

Stent design. While our quantitative angiographic analysis of the Gianturco-Roubin stent
would indicate that the lumen of the stented segment may not be uniformly expanded, it
should be acknowledged that the acute and long-term clinical results associated with
implantation of the Gianturco-Roubin coronary 5tent have been extensively reported
particularly in the baflout management of acute and threatened closure following balloon
angioplasty and have been found to be at least comparable to those of other stents
[5,6,10,9,29-32}, The reported favorable clinical results may in part rasult from some of
the positive aspects of the structural design of the Gianturco-Roubin stent. Potential
advantages of the farge 1Tmm intervals between the parallel struts of the Gianturco-Roubin
stent include the following: Firstly, the metallic {and thus the thrombogenic) surface area
of the stent is thereby reduced (10% surface area in the expanded state). Secondly, the
large interstrut intervals allows the stent following optimal deployment to be embedded
more deeply inte the the intimal fayer of the vessel wall thereby further reducing the
metallic surface area exposed to the lumen [6]. Thirdly, the free proximal and distal
terminals of the stent are felt to embed into the vessel wall which may provide the stent
with longitudinal grip and stability to prevent recoil caused by spiralling of the coil stent
and to prevent migration of the stent during or after deployment. Fourthly, the larger
intarstrut distances reduce the amount of "jailing” of side branches, whereby the ostia of
side branches remain unobstructed with minimal risk of occluding side branches and
rendering it possible to perform an interventional procedure in a side branch through the
strut intervals (see figure 4). Fifthly, the longitudinal flexibility of the stent is enhanced.
Sixthly the paraltel transverse orientation of the non-crenulated struts results in the
Gianturco-Roubin stent being the only stent which does not shorten fongitudinally upon
radial expansion. Seventhly the paraflel strut orientation offers a transverse mechanical
advantage over oblique and axially orientated strut designs for the resistance of radial
compression.
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Figure 5.

Gianturco-Roubin steatinflation & recoi!

/

Top panel : Coronary angiogram of a right coronary artery in which
a Glanturco-Roubin stent {arrows) was placed for the management
of a long dissection, The radiopague markers (inset image) of the
premounted stent-delivery balloon are located 1-2mm beyond the
lirits of the stent.

Second panel from top : Intracoronary ultrasound cross-sectional
image within the stented coronary segment revealing a soft plaque
of law echogenicity between 4 - 11 o'clock and a highly echogenic
strut of the coll stenit which is seen to be symmetrically deploved
and in apposition to the vessel wall throughout the visualised
transverse arc.

Third panel from top : A longitudinal reconstruction of the sequential
intracoronary ultrasound data sets which were acquired using an
automated pull-hack device showing a widely patent fumen and well
deployed stent

Bottom panel : A blood-speckie identification program (Echovision,
CVIS, Sunnyvale, CA, USA} which distinguishes between the
varying backscatter pattern of flowing blood cells in the vessel
lumen and the more stable pattern of the vessel wall, has been used
for three-dimensionsal reconstruction of the ICUS data sets which
are displayed here in a "clam-shell” view [34], In order to obtain a
three-dimensional image the voxels {image volumetric elements)
fdentified as part of the blood pool by the automated detection are
remaved. Note the slight artefact in the proximal left side behind the
stert where part of the low echogenic plague has been
misinterpreted as part of the blood pool.
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Study Limitations, A prospective policy of inflation of a non-compliant balloon following
delivery of the Gianturco-Roubin stent in all patients might have produced additionat
improvement in the acute angiographic results in our patients. We have now adopted this
policy for stents of all design. While we use on-line QCA for guidance of all stent
procedures, intracoronary ultrasound guidance of stent deployment was only performed
in a minority of our patients undergoing Gianturco-Roubin stent deployment (see figure B}.
The additional and independent value of intracoronary ultrasound for the guidance of stent
deployment has, however, yet to be firmly established as most studies reporting the value
of intracoronary ultrasound have not used on-line QCA to first optimize the angiographic
result prior to ultrasonic evaluation [33,34,351. It is fikely that intracoronary ultrasound
may be of greater value for the deployment of poorly radiopaque stents such as the
Gianturco-Roubin stent compared to radiopague stents such has the AVE Micro stent,
where expansion of the individual struts can clearly be seen in orthogonal radiographic
projections, The imminent introduction of on-line ECG-gated three-dimensional
reconstruction [36] of intracoronary ultrasound images may present a significant advance
in the acute evaluation of stent daeployment and of the mechanical behaviour in-vive of
different stent designs.

CONCLUSIONS :

Detailed quantitative angiographic analysis reveals that inflatien and recoil of the Gianturco-
Roubin stent are not uniform which may relate to the large interstrut distance and use of
a highly compliant pre-mounted balloon. Even with a policy of aversizing {stent size 0.61
+.,61mm > vessel diameter), a residual diameter stenosis of 22% may persist when the
Gianturco-Roubin stent is used as single unit without overlapping of multiple stents.
Foliowing delivery of the Gianturco-Roubin stent on the pre-mounted balloon to the target
stenosis, performance of a high pressure intrastent inflation with a non-compliant balloon
may improve the angiographic resuit. This study supports the recent change in
interventional practice from matching the size of the Gianturco-Roubin stent to the vessel
diameter to the new policy of stent oversizing, and the performance of post delivery high
pressure intrastent inflations with a non-compliant balloon under the guidance of on-line

QCA.
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Chapter Xl

GRACE - Gianturco Roubin stent in Acute Closure Evaluation:
Substrate, challenges, and design of a randomized trial of bailout therapy.

David Keane, Gary Roubin, Jean Marco, Neal Fearnot, Patrick W Serruys.

J Interventional Cardiol 1994:7:333-9.
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The Substrate—Abrupt and
Threatened Vessel Closure

Coronary interventional techniques carry a signifi-
cani risk of abrup! vessel closure either during or soon
after the procedure, Abrupt closure can be defined as
a sudden obstruction in a coronary artery resulting in
either.a complete or critical reduction in blood flow, 12
Typically acute closure is accompanied by chest pain
and or electrocardiographical evidence of myocardial
ischemia. Although most reported series of abrupt ves-
sel closure have been devoted to those complicating
the most common percutaneous transluminal coronary
technique, namely batloon angioplasty,'~'? abrupt ves-
sel closure may result from all coronary interventional
techniques!!~18._even though many of the newer de-
vices may have been panly designed to improve the
procedural success rates for coronary lesions with high
risk features.'?

The timing of periprocedural coronary artery ccclu-
sion foltowing balloon angioplasty varles among re-
ports. In the NHLBI report of the experience at 15
cenlers from the period of 1985-1986, 72% of occlu-
sions occurred inside and 28% occurred outside the
catheterization laboratory.” In a series of abrupt vessel
closure in 109 patients, Lincoff et al.” reported a me-
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dian time from first balloon inflation to vessel closure
of 27 minutes with a range of 0 minutes to 5 days.

The determination of the irue incidence of acute
occlusion has been hampered not only by the use of
different criteria to define acute occlusion, but also
in the selection of the study population in which the
incidence was reported, The principle reports have ex-
cluded either none, some, or alf of the following pa-
tient groups: acute myocardial infarction; out-of-labo-
ratory events; unsuccessful balloon angioptasty; and
balloon angioplasty in saphenous vein grafts. Conse-
quently, the reported acute closure rates have varied
from 2% in a study adopting all of the above exclu-
sion criteria® to 8.3% in a study with none of the
above exclusion criteria.” Of eight series with different
exclusion criteria, each involving > 1,000 patients,
reflecting an accumulative experience from 1979
1991,1-26-10 he weighted and crude averages of
their reported incidence of abrupt closure feltowing
balloon angioplasty were both 5.3%. Nonetheless,
these data often do not include cases where vessel clo-
sure is either silent or accompanied by mild or atypicat
symptoms. Nor do they necessarily include patients
who die, show ECG or enzyme evidence of myocardial
infarction, or for a variely of reasons are referred for
coronary arlery bypass surgery. Accordingly, abrupt
closure after balloon angioplasty has probably been
underestimated in most previous studies.

The clinical consequences of abrupt vessel closure
are significant. The NHLBI Regisiry reported that
20% of alt deaths, 40% of myocardial infarctions, and
25% of coronary artery bypass operations recorded at
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[ year follow-up occurred in the 6.8% of patients who
had periprocedural coronary occlusion,™®

Mechanism of Abrupt Vessel Closure

Once arterial spasm has been excluded by the intra-
coronary administration of nitroglycerine, abrupt ves-
sel closure is found to be predominantly caused by
either dissection, thrombus, or a combination of both,
Although contrast angiography has detected intralumi-
nal thrombus in up to 44% of patients with coronary
occlusion, often superimposed upon mediat dissec-
tion,"*192! angiography appears to be a suboptimal
imaging modality for the study of the mechanism of
acute vessel occlusion.'®?? In an angiographic study
of 109 patients with abrupt vessel closure, Lincoff et
al,” diagnosed dissection in 28% of patients, thrombus
in 20% of patients, an additional combination of
thrombus and dissection in 79% of patieats, and were
unable to determine the mechanism of acute closure
in 45% of patients.

The sensitivity of the above contrast angiographic
studies (particularly with respect to thrombus recogni-
tion) would appear to be low in the light of recent
studies using intravascular imaging modalities. Tn an
angioscopic study by Jain et al.2 of ten patients with
an acute occlusten following balloon angioplasty, in-
travascular thrombi were observed at the site of the
acute occlusion in nine of (he ten patients and were
occlusive in (wo patients; fragmented plaque and tis-
sue flaps secondary to dissection of the aderial wall
was seen in all ten patients and were occlusive in eigit
patients; seven of the occlusive dissections were asso-
ciated with nonocclusive mural thrombi, and the two
occlusive thrombi were associated with superficial
(nonocchusive) dissections; onky one patient had evi-
dence of an occlusive dissection withoul thrombus
present,? Thus, although the primary cause of acute
closure was most often an occlusive dissection, nonoc-
clusive intracoronary thrambi were associated with
these dissections in all but one of tent cases.? It is
likely that the mechanism of acute occlusion during
and following the use of the newer interventional de-
vices differs from that of balloon angioplasty (e.g.,
following stent implantation, spasm and dissection ap-
pear less frequently than acute and subacute thrombus
formation). .

These engioscepic findings throw into question the
principle that thrombus presents a relative/absolute

Journal of Interventional Cardiclugy

1856

contraindication to stenting. Indeed many issues con-
cerning the interaction between intracoronary throm-
bus (which has been previously underestimated by
contrast angiography) and coronary stents have yet to
be addressed. Is angioscopically detected thrombus
different from angiographically detectable throm-
bus—is it purely a matter of volume? Should intracor-
onary thrombolytic therapy be routinely administered
prior to, following, or instead of coronary stent implan-
tation? What precisely happens to thrombus when
compressed by a balloon or stent? Is such compressed
{7 dispelted) thrombus less likely to propagate within
a stent than uncompressed thrombus by reduction in
surface area of the thrombus? It seems likely that the
higher rate of thrombotic occlusion seen after bailout
stenting compared to elective stenting of primary le-
sions, relates at least in part to the higher preexisting
burden of thrombus in threatened and acute occlu-
sions, The extent of vessel wall damage and release
of “‘tissue factors’' responsible for platelet activation
and thrombus formation almost certainly also play a
role.

Little is known of the incidence of medial hematoma
in the absence of dissection and while intravascular
uftrasound may be cur only tool for diagnosing nondis-
secied hemorrhage in the media, we will remain unable
to determine the true incidence of such a diagnosis in
total occlusions until the advent of forward scanning
intravascutar ultrasound technology. Perhaps this
mechanism in addition to acute recoil may contrdbute
to those fesions that are currently referred to as a sub-
optimal result,

Therapeutic Strategies for Abrupt
Yessel Closure

Although the reported therapeutic strategies for
acute occlusion include standard balloon, 2425 perfu-
sion hatloon,?*-?% and laser ballcon angioptasty,’ in-
tracoronary stenting,’! directional coronary atherec-
tomy,* thrombolytic therapy,?** ulirasonic dissolu-
tion, catheter reperfusion,®-*¢ and intraaortic balloon
counterpulsation,® currently, the two most frequently
practiced approaches are balloon angioplasty and
stenting. These latter two management strategics are
under comparison in the GRACE trial (Gianturco-
Roubin stent Acule Closure Evaluation) (Gianturco-
Roubin stent, Cook Inc. Bloomington, IN, USA}, The
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GRACE trial will address the immediate and long-
term efficacy and safety of urgent stent implantation
in the setting of failed balloon angioplasty or other
interventional devices. The contro! limb will be ran-
domized to prolonged and/or repeated balloon dilata-
tion with a minimal accumulative postrandomization
inflation time of 15 minutes,

It may be tempting to believe that stenting offers a
more definitive and, therefore, more effeclive solution
than balloon angioplasty for acute and threatened ves-
sel closure. Before this stance should be adopted uni-
versally, however, scientific evidence that can only be
provided by a randomized trial is required to confirm
whether this preconception is indeed true. I is also
critical that we learn to identify which categories of
threatened closure are most and least suitable for bail-
ol coronary stenting or prolonged and/or repeated
balloon angioplasty. Much of our confidence in stent-
ing has evolved from experience gained in elective
stenting. The favorable clinical and angiographic re-
sults of coromary stenting (with the Palmaz-Schatz
mesh stent [Johnson & Johnson Interventional Sys-
tems, Warren, NJ, USAJ) ohtained in the recent Bene-
stent®® and STRESS (STent in REStenosis Stady)™®
studies apply only to elective stenting of single proxi-
mal primary lesions ideally suited to stenting in native
coronary vessels of > 3.0-mam diameter in patients
with stable angina. The lesions that are most likely to
develop abrupt closure following intervention are
those lesions that are known to increase the risk of
subacute thrombosis following coronary slenting ie.,
long lesions, type C lesions containing intracoronary
thrombus or dissection**? and thus our confidence
in stenting should be checked until we learn of the
results of prospective randomized trials using standard
definitions of comparative treatment of angio-
graphically unattractive vessels with threatened and
total occlusions (e.g., what is the best management
strategy for a threatened closure of a complex distal
lesion of 15-mm length in a small vessel of 2.5-mm
diameter with proximal tortuosity and possible
thrombus?),

Our current preconceptions of the results for the
bailout management of acute or threatened closure by
stenting or profonged and repeated balloon angioplasty
may be distorted by several confounding variables.
Results to date have been based on noncomparative
observational sertes that have been plagued by (often
retrospective) definitions of threatened vessel clo-
sure.*® Tn addition, different case selection, end point
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definitions and stages of device development between
previously reported observational series make conclu-
sions difficult, For this reason a prospective random-
ized trial of bailout management has become necessary
in order to make a valid scientific judgement on the
optimal bailout strategy. The GRACE inclusion crite-
ria permits a range of vessel closure eriteria with indi-
vidual subanalyses planned for tolally occlusive dis-
sections, and, at the opposite end of the spectrum of
entry criteria, “‘the suboptimal result’” with > 50%
diameter stenosis.

The Gianturco-Roubin stent is a stainless steel coil
stent that is premounted on a highly compliant balloon.
While its longitudinal flexibility is excellent, the pri-
mary limitation of the current prototype is its relatively
high profile, which may fimit its deployment in distal
lesions. Proximally tortuous vessels, especially if
calcified, necessitate the exchange of the guiding cath-
eter or guidewire during the bailout procedure. The
efficacy of the Gianturco-Roubin stent in the manage-
ment of acute and threalened vessel closure has been
documented in several observational series.*** In
one such series reporied by Roubin et al.,*> deploy-
ment of the stent was attempted in the bailout manage-
ment of 115 patients with acute (10% of vessels) or
threatened closure al a single center between 1989 and
1991 by operators experienced at stent deployment.
Angiographic success (<0 509 residual diameter ste-
nosis) was obtained in 939 of vessels. In three pa-
tients, it was not possible to track a stent into the tesion
on account of diffusely discased, calcified and/for tor-
tuous proximal segments. In two other vessels, stents
had been successfully deployed in the right coronary
artery proximally and attempts at deployment of a sec-
ond stent through the proximal stent failed. In all five
cases the nondeployed Gianturco-Roubin stent was re-
moved from the patient. Overall in-hospital mortality
was 1.7%% and coronary artery bypass surgery was re-
quired in 4.2%; Q wave myocardial infarction oc-
curred in 7% and non-(Q wave myocardial infarction
in 9%, Stent thrombosis occurred in 7.6%. A major
hemorrhagic event occurred in 10% of patients; these
consisted of four gastrointestinal bleeds, two retroperi-
toneal hemorrhages, and six local groin hematomas.
Additional complications relating to anticoagulation
therapy post stenting included pericardial tamponade
in one patient {who had also received intracoronary
urokinase). Another 13 patients required a transfusion
of one or more units. Six percent of patients required
vascular surgical repairs, four for expanding pseu-
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doaneurysms, and one for failure to control femoral
arterial bleeding, Four other patients developed local
femoral arterial complications; three pseudoaneu-
rysms and one arteriovenous fistula, none of which
required surgical intervention. Thus it can be seen that
while coronary stenting may achieve an acceptable im-
mediate angiographic result in a high percentage of
patients, the cost in terms of clinical events is signifi-
cant, These events relate primarily to the delicate bal-
ance between the thrombogenicity of the stented vessel
and the indaced hemorrhagic consequences of antico-
agulation.

What can we expeet from repeated and/or prolonged
balloon dilatation? Most of the farge series of abrupt
vessel closure treated by balloon angioplasty were re-
poried before the widespread availability of the auto-
perfusion catheter and the coronary stent, Thus, the ef-
fect of technical advances and evolving patient selec-
tion shotild be taken into consideration when compar-
ing noncontemporaneous series of balloon angioplasty
with mnore recent stenl series. In a single center experi-
ence reported by de Peyter et al.! of bailout manage-
ment of acute vessel closure of [04 patients belween
1986 and 1988, repeat redilatation with a standard bal-
loon was attemgpted in 95 patients, Of these 95 paticnts,
angiographic success was oblained in only 33 patients
(3 of whom subsequently reoccluded), The overall
mortality for the 104 patients treated in this prestent
era was 6% and the myocardial infarction rate (com-
bined non-Q wave and Q wave) was 36%. Clearly
these resufts are less favorable than those reported
more recently for bailout stenting, Perhaps the most
significant difference in the above two series of bailout
management by repeat balloon dilatation reported by
de Feyter et al.! and by stenting reported by Roubin
et al.*? is the very different inclusion criteria. In the
series reporting cutcome for repeat balloon dilatation
all patients had either a complete (FIMI flow () or
critical reduction in flow (TIMI flow 1 or 2), while in
the series reporting outcome for bailout stenting only
10% had TBMT flow O or 1 and only another 16%
had TIMI flow 2. This major difference in inclusion
crileria again serves to emphasize the scientific inval-
idity of drawing hard conclusions on the comparative
efficacy of two devices on the basis of nonrandomized
observational series, Despite the apparent limitations
of stenting, the need to purswe carefully performed
clinical studies is compelling. In a recent repori*™ of
the multicenter experience of the Gianturco-Roubin
stent, 156 patients with established acute closure
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(TIMI O or I flow) were identified. In this cohort, stent-
ing resulted in a relatively favorable outcome with a
2.69 mortality (7.7% emergency coronary arery by-
pass surgery and 7.6% incidence of myocardial infarc-
tion {3.8% Q wave).

With the advent of the perfusion balloon, results of
small series would indicate that the prolongation of
the inflation time (to approximately 18 minutes) per-
mitted by the perfusion balloon conveys a therapeutic
advantage over the shorer inflation times (approxi-
mately £1 minutes) of conventional repeated balloon
dilatation.*” Further prolongation of inflation time of
a perfusion balloon lo several hours, however, appears
1o convey no further advantage.’®

Accepting the above caveats, it might be cautiously
expected that those patients in the GRACE tral who
are randomized to prolonged and/or repeated balloon
inflation would be unlikely to have such a high angio-
graphic success rate compared to those randomized to
stenting. However, for those patients who do respond
to repeat balloon dilalation without crossing over to
stenting, the subsequent clinical event rates are likely
to compare very favorably with those patients assigned
to stenting,

A key feature of the GRACE trial (possibly of more
benefit to the balloon limb) is a minimal period of
wailing 15 minutes after obtaining angiographic suc-
cess by bailout management to ensure that the vessel
patency is maintained. In a report by Satler et al.*” of
1,000 conseculive cases, who underwent repeat angi-
ography 10 minuies after the last balloon inflation of
elective bailloon angioplasty, partial or total loss of
the initial gain was observed in 7% of cases requiring
further balloon dilatation. A second period of 10 min-
utes was allowed before the final angiographic study.
In this series, the incidence of abrupt vessel closure
after patients left the catheterization laboratory was
< 1%, suggesting that repeat dilatation may prevent
subsequent abrupt vessel closure in patients with early
loss of the initial improvement after balloon angio-

plasty.
Lessons Learned from Prestudy and
the Concept of the Evelving Protocol

One important aspect of the trial design is the inclu-
sion of a prestudy phase of over 200 patients during
which investigators must exhibit proficiency at im-
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plantation of the Gianturco-Roubin stent. Before com-
mencing the formal GRACE trial, the investigator
must have a less than 5% rate of subacute closure or
thrombesis and << 10% rate of hemorrhagic complica-
tions during the prestudy. Furthermore, investigators
should have enough potential patients to meet the min-
imum cases per institution criterion, This design con-
cept represents a new direction in interventional trials
with emphasis on optimal performance by all investi-
gators at the upper plateau of the leaming curve.

Significant procedural experience has been gained
during the GRACE prestudy at the 21 paricipating
centers, Over 300 stents have been implanted in over
250 patients. While investigators with less previous
stent experience were encouraged to begin the
prestudy with elective stenting of primary lesions, over
two thirds of the stents of the prestudy have been im-
planted for the nonrandomized bailout management
of acute or threatened closure. Thus the procedural
experience gained during the prestudy should serve
well the randomized phase.

Given the rapid evolution of coronary stenting and
the enthusiastic embracement of new developments in
this field, the results of any clinical trial of coronary
stenting are atmost redundant before the completion
of the randomization and follow-up. A teial of bailout
therapy such as the GRACE trial would be padicularly
prone to rapid developmenis in coronary stenting,
given that even at centers with a high volume of inter-
ventional procedures the incidence of abrupt vessel
closure remains low and thus recruitment of 250 pa-
tients is kkely to require [2 months, To overcome this
risk, the GRACE trial has attempted to adopt evolving
clinical strategies learned during the conduction of its
prestudy. When the first deaft of the protocol was writ-
ten in 1992, anticoagulation posistenting by the admin-
istration of intravenous heparin for several days tol-
lowed by the administration of warfarin for 3 monaths
was practiced almost universally and this standard reg-
imen was, therefore, incorporated in the original study
protocol. During the GRACE prestudy, allcrnative ap-
proaches 1o reduce the incidence of thrombotic occlu-
sion were developed in Europe by investigators partic-
ipating in GRACE. A survey of the preferred anticoag-
ulation practice of the GRACE participants revealed
that some of the centers no fonger prescribed warfarin
routingly post elective or bailout stenting. The use of
ticlopidine had been adopted in many of the French
centers as an alternative to warfarin® 32 and the use
of intravascular ultrasound to confirm optimal and
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symmetrical sient expansion was introduced in an Ttal-
ian center to reduce the incidence of subacute throm-
bosis. ™ To ensure that the results of the randomized
phase of the GRACE trial would have implications for
current practice, those investigators who had estab-
lished these alternative anticoagulation strategies in
their routine practice were pemmitted to do so in the
trial by a revision of the GRACE profocol.

The issues of stent sizing and postdeployment dila-
tation have also continued to evolve. During the wril-
ing of the original GRACE prolocol in 1992, most
investigators matched the nominal (fabelted) stent size
to the vessel size (i.e., {o the diameter of the *‘normal’”
proximal and distal segments) and postdeployment dil-
atation with another balloon was not routinely per-
formed, Quantitalive coronary angiographic studies at
the University of Alabama and at the Thoraxcenter
of patients in the prestudy of GRACE® revealed a
signiftcant degree of under expansion that follows fow
pressure deployment of the Gianturco-Roubin coil
stent by the premounted highly compliant polyethyl-
eng balloon. As a result, the GRACE protocol on stent
sizing was revised to advise a policy of stent oversiz-
ing (by 0.5-mm) and when necessary to perform fur-
ther dilatations with a noncompliant balloon or to im-
plant additional Gianturco-Roubin steats to increase
the total radial force. Preliminary quantitative coro-
mary angiographic analysis of the baseline data of those
patients that have recently entered the randomized
phase of GRACE has confirmed that the policy of stent
oversizing has indeed been adopted.

Conclusion

The need for a multicenter randomized trial to study
the clinical success of stenting versus proloaged and/
or repeated balloon inflation for the treatment of acute
closure is apparent. The rapid developments in the
clinical practice of stenting have presenled exciting
challenges for the design and execution of such a trial.
The experiences from a prestudy and a flexibility of
the protocol to accommodate evolving strategies of
stent practice, should ensure that the results of the ran-
domized phase of GRACE will have clinical relevance
for the praclice of coronury stenting by operators who
are advanced along the plateau of the procedural leam-
ing curve.
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Editorial

The Bailout Stent

Is a Friend in Need Always a Friend Indeed?

Patrick W. Serruys, MD, PhD; David Keane, MB, MRCPI

hen invited to wrile an editorial on bailout:
stenting, many titles came to mind—*“The

Double-Edged Sword,” “Friend or Foe,”
and “Jekyll and Hyde™ —to convey the current balance
of the efficacy and the risk associated with bailout stent
therapy. Rather than consolidating the rofe of stenting
in the emergency management of abrupt or threatened
acclusion following coronary interventional procedures,
the observational study reported by Hearn and col-
leagues in this issue of Circulation! raises further ques-
tions over the benefit-to-risk ratio of bailout stenting.

See p 2086

Abrupt vessel elosure occurs during coronary balloon
angioplasty in 5.6% of patients, whereas an additional
1.7% of patients develop an occlusion during the fol-
lowing 24-hour period.? The mechanisms of abrupt
coronary occlusion include a combination of dissection,
subintimal hemorrhage, thrombus formation, vasecon-
striction, and elastic recoil® When acute coronary oc-
clusion persists, it feads to myocardial infarction in
about 40% of cases and death in about 4%,

In the early experience of balloon angioplasty, abrupt
occlusion was managed by emergency coronary artery
bypass surgesy. In contrast to clective surgery, however,
emergency surgery was found to convey a high morbid-
ity and mortality risk. As experience with balloon
angioplasty grew, the practice of immediate redilatation
was developed. While prolonged balloon inflation with
or without a perfusion balloon or laser balloon angio-
plasty offered an alternative to emeigency surgical
management, they rarcly achieved definitive success,
Thrombolytic therapy (either intravenous or intracoro-
nary) has been anecdotally successful. However, the
overall experience has been disappointing, Moreover, if
the patient proceceds to emergency surgery, prior throm-
bolytic therapy may complicate the operation. Despite
these strategies, abrupt closure alter caronary interven-
tion continues to result in unacceplable morbidity and
mortality. With such room for improventent, stenting
with its scaffolding properties opened a new avenue,
and while initially viewed by some as a bridge to surgery,
it is now heralded by many as the path to avoid surgery.

The opinions expressed in this editorial comment are not neces-
sarily those of the editors or of the Amercan Heard Association.

From the Department of Interventional Cardiology, Thorax-
center, Erasmus University, Rotterdam, The Netherlands.

Correspondence to Dr Patrick W. Serruys, Department of
Interventional Cardiclogy, Thoraxcenter, Erasmus University, Fe
2332, PO Box 1738, PR 0¥}, Rolterdam, Fhe Netheslands.

The Paradox

Considerable overlap exists between the lesional
characteristics predisposing to abrupt closure following
coronary interventional procedures and the relative
contraindications to eleclive stenting (and thus it could
be thought that the bailout stent gives coronary stenting
a bad reputation): Univariate and multivariate analyses
of qualitative and quantitative criteria have shown that
severe, long, complex tesions, at a branch or bend point,
of ACC/AHA type B, C, containing intracoronary
thrombus or dissection and unstable angina lead to an
increased likelihood of acute closure following balloon
angioplasty. While factors found to predict subacute
thrombosis after stent implantation have included bail-
out indicatien (odds ratio, 5.4), lesion length, type C
lesion, stent size <3.25 mm, residual thrombus, and
unstable angina.’®

Unfortunately, in the setting of an abrupt vessel
closure attended by acute ischemic consequences, an
operator is unable to electively select only thase vessels
and lesion characteristics that are idealy suited to stent
implantation. Thus, vessels containing characteristics
that might normally be regarded as relative contraindi-
cations to stenting frequently impose themselves on the
interventionist who is left with a choice of cither
stenting under unfavorable conditions or adopting an
alternative, less-ciicctive strategy known to carry a
higher risk. Stenting in bailout management could be
considered the best of a bad lot. In large vessels,
subtending a substantial amount of myocardium, which
develop a totally occlusive dissection, the case for
bailout stenting appears clear (white), whereas for small
vessels <2 mm developing a subocchusive thrombosis
following intervention, the preference for slenting over
alternative nonsurgical strategies is weak (black). Un-
fortunately, like many aspects of medicine, most cases
fall into a “gray” intermediate category.

LEmpty Threats?

Studies of emergency therapy are inherently con-
founded by terminology and the quality of data acqui-
sition, In the case of bailout stenting, although the term
“acute closure” of a vessel appears steadfast and clear,
the term “threatened closure’ appears soft and open to
interpretation by the operator, Indeed, a threatened
event such as an “impending myocardial infarction” is a
diagnosis that in reality can only be confirmed after the
event if intervention is withheld. In the observational
study reported by Hearn et al, the definition of threat-
ened occlusion included cither static or dynamic ele-
ments.! A static component such as a large dissection
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will remain subjective, whereas the incorporation of an
evolving pracess such as a recorded decrease in luminal
diameter or change in TIMI grade flow over time offers
a more rigorous approach. In most reports on bailout
stenting, outcome for threatened occlusion has been
growped to include a wide spectrum of angiographic,
ECG, or clinical criteria, thus rendering the results
difficult to interpret and limiting their direct applicabil-
ity to clinical practice.

The Learning Curve and the Legacy

The historical series of bailout coronary stenting
reported by Hearn et all reflects the early experience of
coronary stenting. Between September 1987 and De-
cember 1999, Gianturco Roubin stents were implanted
in 103 patients. In view of the approximately 3- to 6-year
time span from stent implantation to publication of the
results, the report is to some extent of limited relevance
to the current practice of coronary stenting. The design
of the pioneering series necessitated the referral to
bypass surgery of all nine patients in the first phase of
the study and an additional nine patients in phase H in
whom potential closure would have incurred a signifi-
cant risk of mortality. Their rate of emergency coronary
artery bypass surgery for ongoing ischemia after stent
implantation was 11 of 98 patients (119%) in whom
stenting was attempted and in whom surgery was not
mandated by the study protocol, Their rates of in-
hospital q wave myocardial infarction and mortality
after stenting were 4.9% and 4.0%, respectively. It is not
possible to decipher whether their results with bailout
stenting improved over the 3-year study period as the
sequential breakdown of their results is presented in
only two phases, with the first phase containing only the
first nine patients as above.

In a second single-center observational series of
baifout therapy with Gianturco Roubin stents in 115
patients between October 1989 and June 1991 involving
at operator previously experienced with Gianturco
Roubin stent implantation, the in-hospital rates for
emergency bypass surgery, q-wave myocardial infare-
tion, and mortality were 4.2%, 7%, and 1,7%, respec-
tively.s A comparable outcome was subsequently re-
ported in a multicenter study of similar design.? These
results were favorable considering that in a meta-
analysis of nine series of bailout stent therapy incorpo-
rating an accumulative experience of five different stent
prototypes in 464 patients from 1986 through 1991,
mean rates of in-hospital emergency bypass surgery,
myocardial infarction, and mortality were 8.4%, 10.6%,
and 4.1%, respectively.®

The Prospects

Clearly, the results of the above bailout studies com-
pare poorly with those reported for elective stenting
from the same era. It would also be envisaged that over
recent years the outlook for all stenting has improved
due 1o advances in procedural and postprocedural man-
agemenf. Following the observations that subacufe
thrombosis and restenosis occur more frequently in
stents of smaller size and the quantitative angiographic
observations that even during maximal stent inflation
the nominal manufacturer’s size of a stent is rarely
achieved and that recoil immediately after stent implan-
tation is the order of 209, policies have changed from
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matching stent size in the reference vessel diameter toa
policy of choosing a stent of slightly larger nominal size
than the reference vessel size to compensate for the
above limitations, On the basis of a large databank at
the Thoraxcenter of balfoon angioplasty procedures,
only approximately 20% of the pepulation would be
able 1o receive a stent of more than 3.0 mm under a
policy of striet matching for vessel size. In the series
reported by Hearn et all a stent size of >3.0 mm was
chosen in only 16% of patients which compares with the
series of Roubin et al where 17% of stents deployed
were >3.0 mm,® The stent sizing chosen by Hearn et at
may, however, have been influenced by their process of
patient selection whereby patients were selected if they
had “lesions that, if closed after stent placement, would
not result in massive myocardial ischemia or hemody-
namic instability.” It is noteworthy that the recent
Benestent 1 and STRESS trials on elective stenting
excluded vessels of <3.0 mm.

A second change in policy is the criterion of prace-
dural success. In the report of Hearn et al,! procedural
success was defined as <509 residual diameter steno-
sis. As with other interventional techniques the current
aim in coronary stenting is now changing to achicve a
“zero™ percent residual diameter stenosis. This latter
change in policy is likely to have a major effect in both
short- and long-term oulcome after coronary stenting
particularly in patients receiving a stent of small size.

Accurate implementation of both the new stent-sizing
policy and the policy of greater luminal gain (the bigger
the better) has recently been made possible by the
almost ubiquitous presence of on-line computerized
quantitative coronary angiography in the interventional
suite.

The advent of intracoronary imaging hus further
improved procedural management, Intracoronary ultra-
sound can be used to detect asymmetrical stent expan-
sion or residual dissection behind a stent, whereas
angioscopy can provide valuable information on stent
deployment with the detection of luminal encroachment
at sites of articulation in a mesh stent or protrusion of
intima between struts in a coil stent, both of which may
be amelioraied by the placement of a second stent or
prolenged or high-pressure inflation of a noncompliani
batloon within the stent. Furthermore, angioscopy can
detect the development of thrombus within a stent that
can be treated with intracoronary urckinase or [-PA. As
a reflection of its practical value, angioscopy altered
management in 18 cases in a recent series of 50 stent
implantations (unpublished data from the Scripps Clinic
and Research Foundation and the Arizona Heart
Institute).

‘The postprocedural hazard of subacute thrombosis
continues (0 curb cnthusiasm for coronary stenting.
Once solved, the inherent complications of our current
approach to its prevention will be obvialed, ie, internal
hemorrhage and local femoral arterial complications.
While the development of material that is less throm-
bogenic than stainless stecl and tantalum has so far
been disappointing, local coating of struts with heparin
may offer some hope® and will be addressed by the
ongaing pilot phase of the Benestent II trial, In the
meantime, the aptimization of anticoagulant controf by
the use of the coagulant markers. TAT and F,,; have
helped to drastically reduce the incidence of subacute




thrombosis,*1 Furthermore, improved mechanisms of
achieving local hemostasis by Vasoseal® and collagen
plugs in addition to the use of mechanical devices such
as Femostop® and clamping devices, have facilitated
uninterrupted anticoagulant therapy following steat im-
plantation. Recently, some investigators have opted to
not anticoagulate patients receiving large-diameter
stents after optimal deployment has been confirmed by
intracoronary imaging,!2 However, the safety of this
approach has not been determined,

The Selection

Al series of bailout stenting have reported a high
implantation success rate, which is remarkable taking
into account the technical difficulties that may be en-
countered in a bailout situation. Disappearance of
angiographic landmarks and spasm of the vessel seg-
ment may render stent delivery and correct positioning
difficult: The selection of the diameter, length and type
of stent, and selection of the guide wire and guiding
catheter may all influence deployment success, In the
case of acute takeoff and tortuosity, longitudinal flexi-
bility of the stent is desirable,

Stent selection may also be guided by mural tomo-
graphic information provided by intracoronary ultra-
sound. Lesions characterized by excessive elastic recoil
may require a “hard” stent with strong circumferential
support such a mesh stent with sturdy metallic struts,
whereas lesions that have been extensively disrupted
may require only a “soft” stent with a lighter architec-
ture and minimal metallic surface area, The precise
effect of lesional characteristics and the role of intra-
coronary ultrasound in the determination of stent re-
quirements are an area of future research.

‘In Doubt — Let’s Randomize’

Are randomized trials of baifout coronary stenting
cthical? A fractured radius is currently managed by
fixation in a plaster of Paris, Yet the need for a
randomized controlled trial of fixation of limb fractures
has been deemed to be unnecessary, As we feel confi-
dent from observational studies that bailout stenting
can be effective in the prevention of myocardial infarc-
tion and the preemption of emergency bypass surgery,
how can randomized trials of baitout stenting be war-
ranted? Until such time as the thrombotic and hemor-
rhagic sequelac of coronary stenting can be overcome,
randomization of paticnts to the nonstenting fimb of a
controlled Irial seems ethical, The policy proposed by
Andreas Grunizig and echoed by Spencer King—*in
doubt —Let’s randomize” —still appears reasonable,

The Gianturca Roubin Stent Acute Closure Evalua-
tion (GRACE) trial will address the immediate and
long-term efficacy and safety of urgent stent implanta-
tion in the setting of failed balloon angioplasty or other
interventional device. The control limb will be random-
ized to profonged and/or repeated balloon dilatation,
One important aspect of the trial design is the inclusion
of a prestudy phase on 200 patients during which
investigators must exhibit proficiency at implantation of
the Gianturco Roubin stent, Before commencing the
formal GRACE frial, the invesligator must have a less
than 5% rate of subacute closure or thrombosis and less
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than 10% rate of hemorrhagic complications during the
prestudy. Furthermore, investigators should have
enough potential patients to meet the minimum cases
per institution criterion, This design concept represents
a new direction in interventional trials in keeping with
the wpcoming directional atherectomy trials EURO-
CARE (<20% residual stenosis required) and OARS
and BOAT, with emphasis on optimal performance by
all investigators at the upper plateau of the learning
curve,

The Showdown

To convincingly evatuate the relative merits and de-
merits of bailout stenting, large, multicenter random-
ized trinis need to be conducted exclusively by experi-
enced operators at high-volume centers over a short
period of time and reported expeditiously to have an
impact on current practice.
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Chapter XIV

The new AVE Micro coronary stent as a single stent or
as a complementary device for multiple stenting.

David Keane, Yukio Ozaki, Peter Ruygrok, Pim de Feyter, Simon Stertzer*
and Patrick W, Serruys.

Catheterization Laboratory, Thoraxcenter, Erasimus University, Rotterdam
&

*Division of Cardiovascular Medicine, Stanford University Medical Center

Part of this chapter will be published in Am J Cardiol 1998;in press.
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AVE Nicro -srenl as a single or complementary device
ABSTRACT :

Background. The range of short lengths (4 to 16mm)}, the radiopacity of the stent struts, and the
premounted ballocon-expandable user-friendly delivery system, render the new AVE Micro stent
suitable for either the treatment of short focal dissections as a single device or for the treatment of
long complex dissections as a complementary device in combination with longer stents of different
design. In particular, the short design of the Micro stent render it ideal for improving the inflow and
outflow of longer stents and for bridging the gap betwesn both proximally and distally deployed
stents.

Methods. We report our experlence with this novel stent as a versatlle component of a muitiple stent
strategy for the traatment of complex coronary dissections. Deployment of 36 AVE micro stents was
attempted in 28 coropary lasions in 25 patients who developed acute or threatened closure after
balloon angioplasty. Fourtesn stents were deployed in the left anterior descending artery, 12 in the
circumflex, and 10 in the right coronary artery. Twelve of the 28 lesions were at ostial or bifurcation
sites. All patients were managed with intravenous and oral anticoagulant therapy post intervention,
Luminal dimensions at the site of the Micro stent deployment were measured using a computer-
based quantitative coronary angiography system {CAAS 11). The acute angiographic results as well
as the thirty day clinical event rate are reported, '

Precedural outcome. Stent deployment was successful in 35 of 36 attempts (98%]). In one patient
the attempted stent deployment was unsuccessful and the patient was managed by emergency
coronary artery bypass surgery while in twenty-four patients stent deployment was successful. In
five of the twenty-four patients Micro stents were deployed as a single device to treat short
dissections while in ninsteen patients Micro stents were deployed as part of a multiple stent strategy
for long dissections. In four of the ninsteen patients who received multiple stents, all of the stents
were Micro. In fifteen of the patients the Micro stent was deployed in combination with longer stents
of differant design. In ten patients Micro stents were advanced through proximally deployed stents
and in four patients stents of different design were advanced through proximally deployed Micro
stents. In no patient did stents become caught in othert stents during stent detivery, however, in one
patient following successful delivery of the Micro stent to the target site proximal migration of the
stent occurred during the deployment process.

Clinical events. The patient who underwent emergency coronary artery bypass surgery made an
otherwise uneventful post-operative recovery. The clinical course of the 24 patients in whom stent
deployment was successful was fres of coronary re-intervention, bypass surgery and death. A
myocardial infarction was observed in 2 patients {89%), in one of whom the stent was implanted
within 24 hours after the onset of acute myocardial infarction and in the other acute vesse| occlusion
was present for 58 minutes prior to stent implantation. A femoral haemorrhage and haematuria
requiring blood transfusion was observed in one patient (4%). No subacute occlusion was observed.
Event-free survival at 30 days following stent implantation was 88% (22 of 25 patients},

Angiographic outcome ; Minimal luminal diameter {(MLD} was 0.79 x0.56mm pre BA, 2.67
+0.40mm during balloon inflation, 1.21 +0.62mm post BA, 3.26 +0.47mm during stenting, 2,70
+0,48mm post stent, 3.42 +0.46mm during balloon inflation post stenting {Swiss Kiss}, and 2.85
+0.44mm post Swiss Kiss, Average percent diameter stenosis was reduced from 70% pre BA
through 55% post BA to 16% post stenting. During the initial stent implantation, stent recail was
0,66 £0.31mm (17 £9% of MLD during stent inflation), A Swiss Kiss was performed in 14 Micro
stents with an average pressure of 143 atmosphere and residual stenosis was reduced from
2.54mm (20% diameter stenosis) to 2.85mm (15% diameter stenosis) in these lesions. Angiographic
success [ < 30% residual diameter stenosis) was achieved in all stented lesions.

Conclusion, The resuits of this early experience would indicate that the new AVE micro stent may
be deployed as either a stand-alone stent or as complementary device for multiple stenting with a
high procedural success rate and a minimal learning curve. Specifically the Micro stent can be
successfully passed through other proximal stents which have been optimally deployed. While
primary deployment of this new balloon-expandable stent significantly reduced residual diameter
stenosis and restored coronary flow after failed BA, performance of additional high-pressure intra-
stent balloon inflations {Swiss Kiss) may optimize the angiographic outcome.
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INTRODUCTION :

One of the major risks associated with balloon angioplasty {BA) is acute or threatened
closure of the coronary artery. When acute coronary occlusion persists following balloon
dilatation, 27 to 40% of the patients sustain a myocardial infarction and 4 to 5% of the
patients die [1-8]. Several non-randomized studies have suggested that deployment of the
Wallstent [9,10], Gianturco-Roubin stent [11-1561, or Palmaz-Schatz stent [16,17,18 may
be of value in the bailout management [20,21] of acute or threatened closure following BA.
Given the spectrum of structural design and metallic composition of currently available
stents it cannot be presumed that clinical results obtained with one stent will be
necessarily matched by stents of alternative design and each stent will thus have to
undergoe individual clinical evaluation. A number of second generation stents have recently
been developed and are currently entering the clinical arena. One of the most recently
developed stents is the AVE micro stent, This short stent represents a new direction in
coronary stent design characterized by a simple batloon expandable deployment technique,
0.008" stainless steel struts with moderate radiopacity, a zig-zag structure, and is
composed of 4mm welded and unconnected segments providing a range of lengths from
4 to 16 mm {see Figure 1).

This study reports our early experience with the AVE micro stent in the clinical arena.
Clinical events up to thirty days (to cover both the period of in-hospital events and period
of risk of subacute thrombosis) are reported as well as the acute angiographic results,
Quantitative angiographic measuremants at the site of the Micro stent deployment were
made at 7 intraprocedural phases; pre primary balloon angioplasty, during primary balloon
inflation, post balloon angioplasty at the time of acute or threatened vessel closure, during
stent inflation, post stent deployment, during high pressure intra-stent balloon inflation
(Swiss Kiss}, and final post Swiss Kiss, using a quantitative coronary angiographic analysis
system {CAAS Il}.

METHODS :

Patients : To determine the feasibility and safety of deployment of this new stant, we
deployed 36 AVE micro stents in 28 native coronary artery lesions in 26 patients who
developed acute or threatened closure after balloon angioplasty (BA). Clinical
characteristics of the study population are provided in Table 1. Average age was 55 7
ranging from 45 to 88 years old and 21 patients were male. Sixteen patients had stable
angina and the remaining 9 patients had unstable angina [21]. Of the 9 patients with
unstable angina 4 patients had Braunwald type Il and 5 had type Il [21].

Criteria of acute and threatened vessel closure ! Post BA lesion morphology was
categorized according to the dissection criteria proposed by Huber et al [22] and coronary
flow distal to the lesion was classified according to the TIMI criteria [23]. Acute occlusion
was defined as TiMI O flow. Threatened closure was defined as TiMI 1,2 or 3 flow with
visible dissection type C, D, E or F, or as dissection type A or B and TIMI 1,2 or 3 flow
with a residual diameter stenosis of greater than 50% (22,23},

Stent Design : This short stent is characterized by a simple balloon expandable deployment
technique, 0.008" stainless steel struts with moderate radiopacity and a zig-zag structure.
Metallic surface area in the expanded state has been found in vitro to be 8.4% for the
stent of 3.6mm diameter. This stent is composed of 4mm welded and unconnected
segments providing a range of lengths from 4 to 16 mm (Figure 1}.
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Figure 1, A 8 mm AVE Micro stent. The AVE micro stent is a pre-mounted balloon-expandable stainfess steel
stent composed of 4mm welded or unconnected segments.
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Table 1. Clinical characteristics of 25 patients

Number of Patients

(25)

Gender, male 21
Angina pectoris type*

Stable : 16

Unstable 9
Prior Ml 10
Prior BA 11
Prior CABG 2
Coronary risk factors;

Hypercholesterolemia 12

Systemic hypertension 10

Cigarette smoking a

Diabhetes 3

Mi; myocardial infarction, BA; balfoon angioplasty, CABG, ceronary artery bypass grafts, *Angina
pectoris classification [21].

Balloon Angioplasty and Stent Implantation : Balloon angioplasty and stent deployment
were performed according to standard clinical practice by the femoral approach at the
Thoraxcenter {Rotterdam, The Netherlands}. The coronary stents were delivered on a pre-
mounted halloon catheter, The size of the balloon is .25mm larger than the stent diameter
to allow for stent recoil. Selection of the nominal stent size was determined to match the
vessel reference diameter obtained from on-line quantitative angiographic measurement.
Of the 36 stents used in 28 lesions, 13 were of 3mm diameter, 19 were 3.5mm and 4
were 4mm in diameter. Of the 36 stents 9 were 4mm in length, 22 were 8mm, 2 were
12mm, and 3 were 16mm in length.

During the primary balloon angioplasty, the neminal balloon diameter was 3.04 £0.41mm
and the maximum inflation pressure given was 9,6 +3,1 atmospheres, Following initial
deployment of the stent high pressure inflations (14.6 +3.1 atmospheres) to optimise
stent expansion {Swiss Kiss) were made with balloons of 3.68 x0.52mm nominal
diameter,

The coronary position of the Micro stent relative to the other multiple stents and the order
of deployment of the multiple stents is provided in Table 3.

Anticoagulant therapy : At the beginning of the procedure, patients were given an
intravenous bolus dose of 10,000 i.u. of heparin, and subsequently 5,000 i.u. as required
to maintain the ACT {activataed clotting time} > 300s throughout the procedure. The post
intervention anticoagulant regimen was conventional [24] : One hour following removal of
the femoral shaath, a haparin intravenous infusion was commenced to maintain the APTT
{activated partial thromboplastin time} between 70 to 90s until oral anticoagulant therapy
{Coumadin} had achieved a PT INR {prothrombin time international normalised ratio} of 2.5
to 3.5. Coumadin was prescribed for three months post stent implantation and aspirin
indefinitely [24].
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Figure 2. Reconstruction of a right coronary artery by multiple stenting following successful recannalization
of a chronic total occlusion [Al. Following successful advancement of a guidewire through the proximal
occlusion, balfloon angioplasty was performed throughout the epicardial course of the vessel. Twa Wallstents
{nominal diameters 6.0 and 5.5 mm, norinal length 45 and 45 mm when maximally expanded] were placed
in AHA segments I and 2 (proximal and mid right coronary arteryl [Bl. Two manually crimped Palmaz-Schatz
stemts (16mm nominal length) were placed in AHA segment 3 (distal right coronary artery) leaving a short
unstented gap between the distal end of the Wallstent and the proximal end of the Palmaz-Schatz stent. A
single AVE Micro stent (diameter 4.0mm, length 4.0mm)} was deployed to bridge the unstented gap using
the radiopacity of the short thick struts to aid the precise positioning and to avoid overiap with the other
stents [Cl. Contrast angiography of the resuftant vessel reveals a continuity of vessel calibre throughout the
reconstituted artery with an appropriate degree of tapering [D].
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Quantitative coronary anglographic analysis : The new version of the computer-based
Coronary Angiography Analysis Systemn {CAAS 11)[25,26} was used to perform the
quantitative analysis. In the CAAS analysis which has previously been described elsewhere
[26-29], the entire cineframe of 18 x 24 mm is digitized at a resoclution of 1329 x 1772
pixels. Correction for pincushion distortion is performed before analysis. Boundaries of a
selected coronary segment are detected automatically, The absolute diameter {mm) of the
stenosis is determined using the guiding catheter as a scaling device. To standardize the
method of angiographic analysis, the following measures were taken ; all study frames
selected for analysis were end-diastolic to minimize motion artifact, and arterial segments
were measured between the same identifiable branch points after the administration of
isosorbide dinitrate [30,31] at each stage of the procedure,

Study endpoints and definition @ The primary clinical endpoint of the study was the
occurrence of any of the following adverse cardiac events ; acute or subacute stent
thrombosis, repeat intervention, coronary artery bypass surgery, myocardial infarction or
death. Procedural success was defined as tachnically successful deployment of the stent
in the absence of an adverse cardiac event. Angiographic success was defined as a less
than 30% residual diameter stenosis following final deployment of the stent. Subacute
thrombosis was defined as a stent thrombosis within 14 days of deployment. Acute clinical
outcome included all cardiovascular events occurring within 1 month of stent deployment.

Statistical analysis : Paired Student's t-test was used to compare sequential changes at
the same segment in the same patients. A p value of less than 0,05 was considered
significant,

RESULTS :

Lesion characteristics : The angiographic characteristics of the treated lesions are given in
table 2. Of 28 lesions, 10 lesions were the teft anterior descending coronary arteries, 8
were the right coronary arteries and the remaining 10 lesions were the circumflex coronary
arteries. Five of the lesions were ostial and seven were at sites of major bifurcation, Pre
balloon angioplasty, the lesions were categorized according to the AHA/ACC Task Force
criteria [32]. Of the 28 fesions, 3 lesions were type A, 17 were type B, and the remaining
8 lesions were type C. Post primary balloon angioplasty, at the time of acute or threatened
vessel closure 3 lesions had a type A dissection (with >50% diameter stenosis}, 1 a type
B dissection (with >50% diameter stenosis), 14 a type C dissection, 1 a type D
dissection, 8 a type E dissection and 1 a type F dissection [22]. At this pre-stent phase,
TiMI flow [23] was grade O in 1 lesion, grade 2 in 9 lesions and grade 3 in 18 lesions and
the angiographic appearance of intracoronary thrombus (intraluminal filling defect} was
prasent in 8 lesions [33].
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Table 2, Angiographic lesion characteristics of 28 lesions

Number

Location of lesions
LAD 10
RCA 8
LCX 10

Portion of artery stented
ostial or major bifurcation site 12
middle segment 16

Modified AHAJACC classification*
type A
type B1
type B2
type C

=W

Type of dissection before stent**
type A 3
type B i
type C 4
type D 1
type E 8
type F 1

TIMI flow before stent***
TIMI O
TIMI| 1
TV 2
TiMI 3

[ N = R

oo

Thrombus before stent****

Indication for stenting
Threataned closure 27
Acute complete occlusion 1

BA; balloon angioplasty, CABG; coronary artery bypass grafis, LAD; left anterior coronary artery,
RCA; right coronary artery, LCX; left circurnflex coropary artery. *AHA/ACC task force [32],
**Dissection classification [22], ***TiMI flow (23], ** * *Presence of thrombus{33].

Procedural outcome : Stent delivery was possible in 35 of 36 stents (279%). In one patient
the stent could not be advanced beyond a curved branch point to the target stenosis in the
mid-left anterior descending artery. The unexpanded stent was withdrawn through the
guiding catheter without difficulty and the patient was managed by emergency bypass
surgery after which the patient had no further event. In a second patient, a 12 mm stent
was deployed at the origin of the left anterior descending artery. During the process of
stent inflation the proximal unwelded 4mm unit of the 12mm stent migrated proximally
into the mainstem of the left coronary artery. This 4mm unit was then expanded fully in
the left mainstem and the patient had an uneventful clinical course,
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In five of the twenty-four patients Micro stents were deployed as a single device to treat
short dissections while in nineteen patients Micro stents were deployed as part of a
multiple stent strategy for long dissections. The Micro stent was used to both improve the
inflow and outflow of lfonger stents of different design as well as to bridge the gap
between longer proximal and distal stents. In table 3, the relative position and order of
deployment of each of the Micro stents are listed individually. In four of the nineteen
patients who received multiple stents, all of the stents were Micro. In fifteen of the
patients the Micro stent was deployed in combination with longer stents of different
design. In ten patients Micro stents were advanced through proximally deployed stents and
in four patients stents of different design were advanced through proximally deployed
Micro stents. In no patient did stents hecome caught in other stents during stent delivery,
An example of the stent implantation to the lesion of dissection after BA can be seen in
Figure 2.

In-hospital events : One patient in whom stent delivery was unsuccessful underwent
emergency bypass surgery and made an uneventful post operative recovery. The clinical
course of the other 24 patients in whom stent deployment was successful was free of
coronary re-intervention, bypass surgery and death. A myocardial infarction was observed
in 2 patients (8%]), in one of whom the stent was implanted within 24 hours after the
onset of acute myocardial infarction and in the other patient acute vessel occlusion was
present for 58 minutes prior to stent implantation. A femoral haemorrhage and haematuria
requiring blood transfusion was observed in one patient {(49%). All patients remainad event
free post hospital discharge and thus the event-free survival at 30 days foflow-up was
88% (22 of 25 patients).

Quantitative angiographic analysis : Quantitative angiographic analysis provided
measurements of luminal diameter at each procedural phase, Minimal luminal diameter
{(MLD) was seen to change from 0.79 *0.56mm pre primary balloon angioplasty to 1.21
+0.62mm post balloon angioplasty at the time of dissection. Implantation of the AVE
micro stent increased the MLD to 2,70 +£0.48mm (p<.001). The changes in MLD from
pre primary balloon angioplasty through stent implantation to post Swiss Kiss are displayed
in Figure 3. In 16 lesions which required post stent balloon dilatation (Swiss Kiss} MLD
increased significantly from 2.54 +0.48mm (pre Swiss Kiss) to 2,85 +0.44mm (post
Swiss Kiss, p<0.01}. Absolute value of the acute stent recoil in the initial implantation
{MLD during stent inflation - MLD post stent) was 0.56 +0.31mm and acute recoil ratio
of this stent {MLD during stent inflation - MLD post stent / MLD during stent inflation} was
17 +:9%.

Angiographic success was achieved in all fesions with successful deployment of the stent.
Thus, the angiographic success rate of all fesions attempted was 96% (27 of 28 {esions).
Average percent diamster stenosis decreased significantly from 70% pre intervention to
a final residual value of 16% post stent deployment. Figure 4 shows the sequential
changes in percent diameter stenosis. Performance of a Swiss Kiss in 14 lesions achieved
a further reduction in residual percent diameter stenosis from 20% pre Swiss Kiss to 15%
post Swiss Kiss (p <.05).
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Table 3
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Patient

Vessel
AHA segment

Combination of
Multiple Stents

Order of Deployment
of Micro Stent

RCA-1 & 3
RCA-2
CX-11

LAD-8

LAD-6
CX-13
LAD-8
CX-13
RCA-1
RCA-3
LAD-6
RCA-1
LAD-BviaSVG
LAD-6
CX-13
RCA-1
LAD-7
RCA-2

CX-i1

Micro 7 Micra
Micro f Micro
Micro [ Micro

Micro / Micro / Micro

PS / Micro

GR / Micro

GR / Micro

sP8 [ Micro
Micro f WS

WS / Micro

FS ! Micro

Micro / PS

WS / Micro

sP3 { sP5 | Micro
PS5 I Micro / Micro

Micro / Micro / PS

Micro [ Micro f Micro / PS
W5 /WS | Micro / PS / PS

PS / PS / Micro / Micro / Micro / FS

distal then proximal
distal then proximal
distal then proximat

middle then proximal then distal

Micro bafore P5
Micro after GR
Micro after GR
Micro after sPS
Micro after WS
Micro after WS
Micra after PS
Micro before F5
Micro after WS
Micro after sPS

2 Micros after PS
2 Micres before P8
3 Micros before PS
Micro after WS and PS

3 Micros after 2 prox & before dist PS

Muttiple stenting with AVE Micro stent in combination with other AVE Micro stents fpatients [ - 4) and in combination with fonger stents

of different design (patients & - 19).
RCA = right corenary artery | LCX = [eft circumflex artery | left anterior descending artery | AHA segment No. 1-16 = coding system
of the American Heart Association for coronary segment location | viaSVG = native coronsry artery with proximal oceclusion stented
through saphenaus vein graft | Micro = AVE Micro stent | WS = Wallstent | sPS = sheathed Palmaz-Schaiz stent on premounted

delivery system | PS = bare Palmaz-Schatz stent crimped by eperator on 3 standard angloplasty bafloon | GR = Glanturco-Roubin stent
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DISCUSSION ;

The key findings of this early experience were as follows: 1) Delivery to the target lesion of the
radiopaque premounted AVE Micro stent as a stand-alone stent or as a complementary device for
multiple stenting can be achieved in a high proportion of cases (27 of 28 lesions) ; 2} Following
delivery of the stent {27 lesions}, angiographic success as defined by <30% residual diameter
stenosis can be achieved in a high proportion of cases (27 of 27) ; 3) Acute recoil following
dilatation of the micro stent in vivo compares favourably with other stents [34,35] ; 4) Despite the
bailout indication for stenting, deployment of this low metailic surface area stent {8.4 %) resulted
in a low risk of acute or subacute stent thrombosis {0 of 27 stented lesions].

Successful delivery of the micro stent may be attributed to two characteristics of the stent design.
Firstly the 1.66mm profile of the micro stent in its unexpanded halloon-mounted state compares
favourably with that of other stents and thus an intraprocedural exchange of the guiding catheter
or guidewire should rarely be necessary. Secondly, the unconnected junctions of the modules and
the 4mm and 8mm length of the individual modules provide the stant with hinge joints and very
limited rigid segments to aid the negotiation of tortuous vessels. The monorail delivery system and
the ease of identifying the individual .203mm thick struts further enhance the deploymeant of the
Micro stent. The oblique longitudinal orientation of the Micro stent struts reduce the chance during
multiple stenting of the struts catching in other stents despite the absence of a protective sheath,

Conventionally multiple stenting is performed by the deployment of the most distal stent first. This
conventional order of deployment avoids the potential risks associated with passage of stents
through other stents whereby the struts of the stents may catch. Racently, the importance of
optimal stent deployment for the reduction of risk of subsequent subacute stent thrombosis has
been increasingly recognized. Optimal deployment entails maximal stent and vessel expansion,
apposition of the stent struts against {or embedded into) the vessel wall at all points, and the
obtainment of a symmetrical lumen. Such optimal deployment has the additional benefit of
facilitating and reducing the risks associated with the advancement of additional low profile stents
through stents which have already been deploved proximally - see Table 3.

The proximal migration during inflation of 2 4mm segment of an unconnected 12mm stent into the
left mainstem in one of our patients, indicates that only connected (welded} units of the AVE Micro
stent shouid be placed in ostial lesions to prevent such an occurrence,

Although 24 of 28 lesions had dissection type C, D, E, and F after primary balloon angioplasty,
stenting was effective in tacking back the dissection flap and restoring TIM! 3 flow in ali 27 lesions
stented. Whife 8 of the lesions with threatened closure had angiographic evidence of intracoronary
thrombus prior to stenting, deployment of the micro stent without the administration of
intracoronary thrombolytic therapy resulted in neither acute nor subacute thrombosis during follow-
up. The absence of stent thrombosis may relate to the low metallic surface area of the micro stent
{8.4% for the 3.5mm stent in the expanded state) and the optimal expansion of the stent (<30%
residual diameter stenosis in all stented lesions} with the additional performance when necessary
of a Swiss Kiss [36,37].

Two of our patients (8%) had significantly elevated creatine phosphokinase {CPK) levels and ECG
changes of myocardial infarction. In one of these two patients stent implantation was performed
within 24 hours of the onset of an acute Q-wave myocardial infarction and the patient became
asymptomatic post stenting and CPK levels continued to decline post stenting without a further
rise. In the other patient acute vessel closure had been present for b8 minutes prior to stent
deployment. This patient had no further chest pain post stent implantation and the peak CPK level
in this patient was 720 iu/l, Lincoff et al. indicated that peak CPK fevels directly related to the time
to stent placement after the onset of vessel closure and significant CPK elevation was commonly
observed when vessel closure persisted for more than 49 minutes [13]. Thus, the elevated CPK
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MLD

{mm) 13.42

2.85

171,21

0.79

0 — : ! : ! i 1 1
PRE BA POST AVE POST BA POST

BA STENT AVE POST- SWISS-
' AVE KISS

Figure 3. Changes of minimal luminal diameter (MLD} in 28 lesions from pre-procedure through stent
implantation. Swiss Kiss (see text] was carried out in 16 lesions. MLD improved significantly after AVE stent
impfantation and after the performance of a Swiss Kiss (14.6 + 3.1 atmospheres).
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Figure 4. Changes in percent diameler stenosis (% DS) from pre procedure to post stent implarta tion in 28
lesions. A Swiss Kiss with high pressure (14.6 + 3.1 atmospheres| was performed in 18 lesfons and the
percent diameter stenosis improved from 20% to 15%.
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levels in our two patients were felt to reflect their clinical events prior to stent deployment rather
than the occurrence of an acute or subacute thrombosis post stenting.

Both single center and multicenter observational series of bailout stenting have been reported for
the Wallstent [10], Palmaz Schatz stent [11-15], Gianturco Roubin stent [16-18). These have been
associated with a deployment success rate of 89 to 98%, a myocardial infarction rate of 4 to
43%, a CABG rate 1 to 60%, a subacute thrombosis rate 7 to 16%, and a mortality rate of 1 to
7%. More recently a number of new stents have become available for clinical evaluation, these
include the Cordis and Multilink {A.C.S. - Advanced Cardiovascular Systems) stents, While the
structural design of the above stents can be grouped into two categories of mesh stents and coil
stents, the AVE micro stent represents a new design concept. Given their fundamental differences
in structural design {profile in the unexpanded state, longitudinal flexibility, mechanism of
deployment, metallic surface area in the expanded state, interstrut distance, strut orientation, and
radial strength) each stent will have to prove its own safety and efficacy for each clinicat indication
in prospective trials. It is likely that stents with a low metallic surface may be more suited to the
more thrombogenic substrate of bailout stenting, while the more rigid mesh stents with higher
imetallic surface area stents may be more suited to the elective treatment of primary or recurrent
stenoses with strong elastic recoil In non-tortuous vessels.

This study revealed sequential changes of luminal diameter from pre primary intervention, through
stent implantation, to the performance of a Swiss kiss. Percent diameter stenosis decreased from
70% {pre balloon angioplasty) through 55% [post balloon angioplasty) to 15% {post Swiss kiss}.
While previous in-vitro testing of this stent has found recoil to be 8.7 % for the 3.5mm diameter
stent, in this quantitative angiographic study of the stent in diseased coronary arteries in-vivo we
found recoil to be 17 + 9% (0.66mm) with an average stent diameter of 3.37mm. Furthermore, the
post stent MLD achieved matched or was greater than the nominal stent size in only 4 of 27
stented lesions. The performance of a high pressure {14 atmospheres} Swiss kiss may result in an
increase in MLD by 0.31mm, and may be a useful complementary techniqgue when on-line
quantitative angiographic analysis is available to guide the optimization of stent deployment.

Conclusion. Early experience with the new AVE micro stent would indicate that delivery of the
stent to the target lesion and the subsequent achievement of optimal angiographic results can be
expected in a high proportion of cases with the use of additional high pressure intrastent balloon
inflations when necessary. The Micro stent may effectively serve as a stand-alone stent or as a
complementary device for multiple stenting where it can be used to improve the inflow and outflow
of longer stents of different design or to bridge the gap between proximal and distal stents. The
proximal migration during inflation of a 4mm segment of an unconnected 12mm stent into the left
mainstem in one of our patients, indicates that only connected (welded} units of the AVE Micro
stent should be placed in ostial lesions to prevent such an occurrence, The safety of deploying the
AVE micro stent for the management of threatened or acute vessel closure as indicated by the low
rate of clinical events in this early series indicate that further clinical evaluation of the stent is

wairanted,
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Chapter XV

Does the method of transluminal coronary revascularization influence
restenosis ? : Balloon angioplasty, directional coronary atherectomy,
Wiktor stent, and Wallstent compared.

David Foley, David Keane, Patrick W Serruys.

Br J Clin Pract 1995,48:7-16.
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DOES THE METHOD OF TRANSLUMINAL CORONARY
REVASCULARISATION INFLUENCE RE-STENOSIS? BALLOON
ANGIOPLASTY, ATHERECTOMY AND STENTS COMPARED

DP FOLEY, MB, MRCPI, D KEANE, M8, MRCPI, PW SERRUYS, MD. FESC, Department of Interventional Cardiology, The
Tharaxcentre, Erasnins University, Rotterdam, The Netherlands

SUMMARY Luminal renarrowing alter successful coronary angioplasly is now recognised as a
continuously distributed process which is determined largely by the exient of luminal increase
achieved at angioplasty. In this study an alternative analytical approach is applied to determine
whether luminal renarrowing following coronary intervention Is related to the mechanism of
luminal increase (ie by balloon, by atherectomy, by a self-expanding stainless steel mesh stent, or
by a ballcon-expandable tantalum coil stent). The resuits confirm the known proportional
relationship between luminal renarrowing during follow-up and luminal improvement at
intervention, regardless of the device used. However, significant differences were observed
between the devices, which may reflect device-specific characteristics of the hyperplastic
response to vessel injury and may have clinicat implications.

plagued by what has now become known as the

‘Achilles heel’ of re-stenosis' which, according to
current (albeil incomplete) understanding, appears to con-
sist of the healing respense of the vessel wall (o the injury
imparted during treatment,” Attempis to prevent or conteol
this phenomenon have taken the form of clinical trials of
aplethora of pharmacological agents,” aud have in additien
led to technological advances culminating in the develop-
ment of a succession of alternative devices for primary
transtuminal revascularisation,’ No pharmacological trial
has yet provided the antidote to re-stenosis’ and, despite
optimism over alternative percutaneous revascularisation
devices, none of the new strategies has thus far fulfilled its
expectations in preventing luminal renarrowing.™”

Clinieal trials comparing directional athercctomy with
conventional balloon angioplasty have reported no signifi-
cant reduction in the categorically defined angiographic
re-stenosis rate by atherectomy and no significant acuie or
long-term ¢linical benefit of this device. Trials evaluating
the Palmaz-Schatz stent have repored improved clinical
and angiographic outcone, but this reduction (rather than
prevention) in luminat renarrowing came at the price of an
increased rate of haemorrhagic complications; full reports
and comprehensive analyses of lindings of these trials are
awaited.

Observational studies comparing stent implantation
with directional athierectomy and balloon angiopfasty have
concluded that the device is essentially imelevant: it is,
rather, the acute angiographic result that is the most impor-
tant predictor of long-term results. Our group has pre-
viously performed comparative studies on patient groups
treated by different devices by ‘matching’ cach patient for
lesion lecation, severity and vessel size with a comparable
patient treated by balloon angioplasty." " n these studies,
differences in expected relative luminal loss were detected
between directional atherectomy- and balloon

S ince its inception, ballcon angiopiasty has been

angioplasty-treated patients, as well as belween patients
treated by the Wallstent or balloen angioplasty and those
treated by excimer laser or balloon angioplasty.

This clinical study was intended to compare the effect
on late re-stenosis of balloon angioplasty, directional
atherectomy and implantation of a Wallstent (self-expand-
ing stainless steel mesh stent") or Wiktor stent (balloon-
expandable tantalum coit stent), by using previously de-
scribed quantitative angiographic parameters of refative
tuminal gain and less us angiographic correlates of vessel
wall injury and hyperplastic response (re-stenosis).

METHODS

For the purposes of this study, clinical and quantitative
angiographic data were obtuined from already completed
prospective multicentre clinical trials"*™ and ongeing
clinical experience at our centre,™"**'** The study popula-
tion cunsisted of 234 patients (1452 lesions) who had
been treated by balloon angioplasty, 120 patients (123
lesions} whoe had undergone directional coronary atherec-
tomy, 104 patients (110 lesions) in whom an endofuminal
sell-expanding stainless sieel mesh stent was implanted,
and 100 patients {1} lesions) treated by balloon-expand-
able tantalum coil stent implantation for native coronary
artery disease, Pertinent baseline demographic data are
given in Table 1,

The balloon angioplasty patients had been enroiled in
two separate Eurepean multicentre placebo-controlled re-
stenosis prevention trials, the detuils of which have already
been published.'"™" Tn each of these trials the piarma-
cological agent under investigation was found to have no
significant effect on the process of fuminal renamowing,
so all the patients were pooled for the purposes of the
present study, Entry criteria for these two studies were
similar, all patients scheduied for angioplasty with angio-
graphically proven native primary coronary artery disease
affecting single or muftiple vessels and with clinical symp-

ADDRESS CORRESPONDENCE TO: Professer Patrick W Serruys, MD. PrD, FESC, FACS, Depattment of Interventional Cardiology,
Erasmus University Ee 2332, Thoraxcenter, PO Box 1738, 300¢ DR Rotterdam, The Nethsriands
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Table 1. Demographlc data for the four patlent aroups. Male/female ratlos, age, ireated vessel and frequency of
dlabetes are similarly distributed. The directlonal atherectomy and balloon-expandable stenl groups have a
greater frequency of class Il and IV and unstable angina, and no chronic total occlusions were ireated by either
of these devices. Leslon type varies widely between groups

Balloon angloplasly

Directional atherectomy

Balloen-expendable stent  Self-expanding stent

Patients 1234 120 100 104
Lesions 1435 123 iof 10
Male/female (%) 887/247 (80/20) 97/23 (81/19) B5/15 (85/15) B7/17 (84116}
Age (years) 56.4 19 657.610.8 56,6 11,7 57 +11
Leslon type

primary 100% 70% 0 14%

restenosis a 25% 100% 49%

bail-gut 0 5% 0 33%
Vessel

tAD 47% 65% 52% 55%

RCA 30% 22% 34% 35%

LCX 23% 13% 14% 10%
Total occlusion 4% ¢] 1] 4%
Diabstes 7% 6% 2% 5%
Classes lllor iV angina  52% 73% 66% 50%
Unstable angina 12% 51% % 26%

tems of stable or unstable angina pecteris being considered
for inclusion. Spccnﬁc exclusion criteria and procedural
details can be found in the original publications.'™" Only
those having a successful ditatation, defined by the opera-
tor as a reduction in lesion severity to <50% diameter
stenosis, were actually included in the trials for the ultimate
assessment of angiographic outcome. Eventually a totat of
1234 patients with 1452 lesions had full angiographic
follow-up.

Patients undergoing implantaticn of the Wallstent were
recruited at six centres involved in a non-randomised trial:
for the treatment of acute coronary artery occlusion during
balloon angioplasty (14%), as an adjunct to suboptimal
angioplasty (19%), re-stenosis after angioplasty (49%),
and primary coronary artery disense (18%, of which 4%
were for chronic total occlusion).™™"® The Wiktor stents
were implanted for symptomatic 'mgiographically docu-
mented re- stenosis after balloon angioplasty in a multicen-
tre trial.” The respedlve implantation 1110!11(}{]010& and
anticoagulation regimens have been described.”
tients experiencing in-hospital stent occlusion (<14 days
after implantation) were excluded, as this isa consequence
of a thrombotic event, not intimal hyperplasia, and is not
of inferest in this study.

Directionad atherectomy, using the Simpson atherec-
tomy catheter, was performed at two specialised institu-
tions: as a primary procedure in 70% patients, as a bailout
after complicated balloon augiopldsly in 5%, and for re-
stenosis after previous intervention in 25%. The atherec-
tomy procedure has been described in detail elsewhere, ™!

Quantitative coronary angiography
- Coronary angiography wis performed before and immedi-
ately after infervention and at 6 month follow-up. The
angiograms were recorded using a fixed table system and
35 mum cinefilm at a minimum speed of 25 frames/sec
according to the guidelines of the core angiographic labo-
ralory, whereby a series of previously reported measures
were laken to reduce variability in radiographic acquisi-
tion.®”* All cineangiograms were analysed using the

cotntputer-assisted cardiovascular angiographic analysis
system (CAAS, validated and described in detail else-
where™") (Figure 1).

Anglographic variables

In this study we examined the refationship between luminal
improvement at intervention and luminal renarrowing during
follow-up for lesions treated by balloon angioplasty, direc-
ticnal atherectomy or slent implantation; to that end,
per-lesion analysis (1o include the potential infleence of all
treated lesions, where multilesion infervention was per-
formed) was done using the following parameters:™**

Figure 1. Pepicls the dlfference in % diameter
stenosis (% DS) measurement by conventional
‘user-defined’ reference diameter (RefD)} proximal
and/or distal to the lesion and the automated
interpolated reference dlameter (IRD}, provided by
the Cardiovascular Anglographle Analysis System
{CAAS). The computer algorithm automatically
meastres the dlameter along each scanline {every
0.1 mm) of the detected conlours of the segmenlt,
proximal and distal to the lesion (excluding the
lesion itself). Then a polynomial function
reconsiructs ihe contours over the diseased
segment (shown as smooth, thick, slightly tapering
lines). The IRE Is the diameter of the reconstructed
contours at the minimat luminat diameter (MLD),
glving a %DS of 66%

5.7>?7—— e ///’—E_—;;Z:]

RefD RO @J f1el
3.2mm 2.4mm
,//.amm 3.4mm
e e B e

75%0S using 66%0DS 71%DSsS U.SI"Q
user-defined using IRD user-defined

proximal RefD \__/ proxima! RefD

76%08 using mean of
proximal and distal
user-defined RelD

R
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‘Table 2. Relevant quaniitative anglographic measurements, given as means tstandard devialion {95% Cl)

Balloon angioplasty
n=1435 (95%C1)

Directional atirerectomy Balloon-expandable
=123 {§5%Cl)

Self-expanding stenl

stent n=100 (85%Cl} n=110 {85%Cl)

MLD preintervention

{in mmj 1.02 +0.37* (1.0-1.04)
MLD postintervention
{in mm} 1,78 £0.36" (1.76-1.80)

MLD at follow-up {in mm}) 1.60 $0.657" (1.47-1.53)

Vasssl size (IRD
preintervention}) {in mm}

Gain in MLD at
intervention (in mm;)
Loss in MLD durng
follow-up (in mmy)
Relative galn (in MLD at
intervention) {in mm)
Re'ative loss {in MLD at
intervention) (in mm)

Net gain index at
follow-up {in mm)

2.63 10.54" (2.60-2.66)
0.76 10.40* (0.74-0.78)
0.26 $0.51* (0.25-0.31)
0.29 £0.16* {0.28-0.30)
0.1 40.21" {0.10-0.12)

0.18 20.21°(0.17-0.19)

1.17 30.39 (1.13-1.21)

2.46 10,42 (2.37-2.55)
1.78 £0.63 (1.65-1.91)

3.25 +0.64 (3.12-2.38)
1.20 +0.49 (1.19-1.30)
0,67 +0.57 (0.53-0.71)
0.42 +0.20 (0.38-0.48)
0.26 40.24 {0.21-0.31)

0.18+0.20 {0.15-0.23)

1.1 £0.31 (1.04-1.18) 1.21 20,54 (1.11-1.31)

2,43 +0.331 (2.36-2.50)
1.71 £0.66 (1.57-1.85)

2.60 +0.51 (2.50-2.70)

1.89 +0.90 (1.72-2.08)
2,86 40.49% (2.76-2.96)  3.10 +0.61 (2.99-3.21)
1322032 (1.25-1.39)  1.3920.63 {1.27-1.51)
0,71 4060 (0.58-0.84)  0.71 +0.92 (0.54-0.88)
0.47 £0.13 (0.44-0.50)  0.46 0,39 (0.43-0.49)
0.2340.28 (0.18-0.28)  0.23+0.25 (0.18-0.28)

0.21 $0.23 (0.16-0.26)  0.23 +0.31 (0.17-0.29)

*Gignificant difference batwesn PTCA and sach of the other three groups, P<0.05 for each comparison (Student's tesl).

1 Sigrificant difference between the talloen-expandable stent group and each of the other three groups (P<0.05).

¥ Marginally sigaificant difference between the balloon-expandabls and self-exprnding stent groups (P=0.048).

RO = interpotated reference diameter; MLD = minimal tuminat diameter; PTCA = percutaneous transluminal coronary angioplasty

e Gain = {MLD postintervention - MLD preintervention)
Loss = {MLD postintervention - MLD at follow-up)
Relative gain = gainfvessel size

Relative loss = loss/vessel size

Net gain index = (MLD w1 foHow-up - MLD
preintervention)/vessel size.

where MLD is the minimal lominal diameter, and the
vessel size is represented by the interpelated reference
diameter preintervention (Figure 1); ‘gain’ and ‘loss’ re-
spectively represent the absolute improvement in MLD
achieved at intervention and the absolete change during
follow-up, measured in mm; ‘relative gain’ and ‘relative
loss” depict these absolute changes in luminal diameter,
nomalised for the vessel size in each individual case; ‘net
gain index’ is a measure of the ultimate net effect of the
intervention in question, in tems of the change in minimat
luminal diameter from pre-procedure to follow-up, nor-
malised for the vessel size.

As the main focus of interest was the relationship be-
tween luminal improvement at intervention and deteriora-
tion during foltow-up, only those lesions having an identi-
fiable increase in MLD, defined as a relative gain grester
than {0, ‘were included. Consequently, of 1452 lesions
treated by balloon angioplasty with satisfactory angiographic
follow-up, 1435 were included, as well as 122 of 123 treated
by atherectomy and all lesions in both steat groups.

Statistical methods

Statistical analyses were carried out using a stundard com-
mercially available statistical package (BMEP statistical
software, University of California, Berkeley, CA).”

The data ebtained by quantitative angtographic unalysis
are given as means =S and SEM. Patient groups were
compared by analysis of variance: for differences regard-
ing minimal luminal diameter pre- and postintervention
and at follow-up, for vessel size {interpolated reference
diameter preintervention), for absolute gain and loss in
minimat luminal diameter, relative gain and relasive loss

in minimal luminal diameter, and net gain index. If signifi-
cant differences were found by analysis of variance, the
Student r-test was applied to all possible intergroup com-
parisons to pinpoint sources of difference.

Peurson's correlation coetficient is used to assess the
association between relative gain and relative loss for ecach
patient graup. A least-squares linear regression analysis of
relative loss on relative gain was performed in each group
and resultant regression cquations compared by analysis
of variance. To examine for possible hidden differences
between the patient groups treated by the different devices,
with regard to the refative gain/relative loss relationship at
variots levels of relative gain, the patient groups were
subdivided into ‘small’, ‘moderate’ and ‘large’ relative
gain incremests by oblaining the lower and upper guartiles
for relative gain for each group, ind then taking the means
of these as the cut-off paints.

RESULTS

Mean quantitatively derived values, with standard devia-
tions and 95% confidence intervals arc given in Table 2,
for minimal luminal diameter pre- and postintervention
and at follow-up, for vessel size {(interpolated reference
diameter preintervention), for absolute gain and loss in
MLD, refative gain and relative loss in MLD, and net gain
index, with respect to each patient group. The mean values
for the ubsolute measurements of ML pre- and postinter-
vention and at follow-up, for vessel size (interpulated
reference diameter preintervention), and for absolute gain
and loss in MLD are significantly less for the bulloen
angioplasty group than for each of the other three groups.
There are no significant differences benween the directional
atherectomy, self-expanding stainless steel stent and balloon-
expandable tantalum ¢oil stent groups for any of these
variables, except that the mean vessel size in the
balloon-expandable stent group is significantly smaller than
irt the atherectomy and self-expanding stent groups and the
mein MLD postintervention in the balloon-expandable stent
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Flgure 2. a,b,c,d: Scatterplots of relative loss on relative galn for lestons treated by balloon angloplasty

{a, n=1435), directionat coronary atherectomy (b, n=123), balloon-expandable tantalum coll stent Implantation
{¢, =101} and self-expanding stainless steel mesh stent implantation (d, n=110), with regression lines and their
95% confidence limits superimposed. Although there Is considerable data scatler In each graph, which is
reflected by the relatively weak coefficients of correfation, the assoclation between these variables Is sirlkingly
statistically significant; more notably, least-squares regresslon reveals a definite linear dependency of relative
loss on refalive gain, for each treatment group, as described by their respective regression lines and P values

Table 3. Regression and correlation coefficients for the refatlve galn/relative loss relationship for each group

Balloon angioplasty Directionaf atherectomy Balloon-expandable stent  Self-expanding stent

Line slope 0.43 0.78 0,75 0.33
Intercept - 0,02 -0.10 ~0.09 0.07
Pearson’s praduct momsnt

corrglalion coefficlent r 0.34 0.68 0.39 0.21
Significance value P of both

correlation and regression  <0.00005 <0.00005 0.0002 0.03

group is less than in the self-expanding stent group.

The mean refative gain achicved by balloon angioplasty
and the mean relative loss are both significantly less than
for any of the three other treataent modalities, which do
not themselves ditfer significantly with respect to these
parameters, The mean net gain index does not vary signifi-
cantly between the four patient groups.

Examination of the balloon angioplasty group with
regard to the relationship between relative gain and
relative loss produces a correlation coefficient r=0.34
(P<0.00005). Linear regression analysis yields a regres-

sionequation (y=fx+«) of: relative toss = 0,43 relative gain
-0.02 (P<0.00005) (Figure 2}, Regression equations tor the
other three groups are shown in Table 3 and illustrated in
Figure 2, Analysis of variance reveals a significant differ-
ence between the regression lines (P=0.00002). Results of
intergroup comparisens are shown in Table 4 and the four
regression tines plotted in Figure 3. Direct comparisons
between all possible group combinations, also by analysis
of variance, are shown in Tuble 4 and the four regression
lines plotted in Figure 3. Significant differences are ob-
served between the balloon angioplasty group and both the
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directional atherectomy and balloon-expandable tantalym
coil stent groups, and also between the directional atherec-
tomy and self-expanding stent groups. A trend towards a
signiticant difference is observed between the balloon
angioplasty and self-expanding stent groups.

Subdivision of the patieml groups (to furher anatyse
overall differences and to examine for possible hiddea
differences between the groups, with regard to the relative
gain/relative loss relationship) according to the method
previcusly described, produces cut-off points of 0.3 and
0.5 for ‘small’, “moderate’ and ‘large’ relative gain. Where
relative gain was ‘small’ (<0.3) there were 845 lesions in
the PTCA group, 41 in the directional atherectomy group,
13 in the balleon-expandable stent group, and 16 in the
self-expanding stent group; for ‘moderate’ relative gain
(0.3-0.5) the corresponding group sizes were 443, 47, 46,
and 51; where relative gain was ‘large’ (20.5) there were
147 in the PTCA group, 34 in the directional atherectomy
group, 42 in the balloon-expandable stent group, and 43 in
the self-expanding stent group, Analysis of variance of
regression between the subgroups is shown in Table 4.
Overalt differences observed between the balloon

1

e
oo

o
[}

Relative loss

G 0.2 0.4 0.6 08 1
Relative gain

Figure 3, Linear regresslon plots for all four patient
groups (A = directional atherectomy; B =
halloon-expandable stent; C = self-expanding stent;
D = balloon angioplasty} superimposed. Analysls of
variance reveals significant differences between the
respective regression lines, as explained in the text

angioplasty and both the directional atherectomy and bal-
loon-expandable tantalum coil stent groups as well as the
difference between the directional atherectomy and the
self-expanding stent group appear to be explained by difl-
ferences encountered where RG 20,5 (P=0.001, P=0.00
and P=0,08 respectively)., The balloon angioplasty and
self-expanding stent groups differ significantly where RG
<03 (P=0.01).

Intergroup comparisons at the various fevels of relative
gain to detect the actual, as opposed to predicted, differ-
ences in relative [oss between the patient groups are shown
in Table 5 and Figure 4. A pattern of increasing mean
relative loss is apparent, from small, to moderate, to large
relative gain. In fact the incremental increase in relative
gain is associated with significaat increases in relative loss
for the ballvon angioplasty group (P<0.01 for each ‘step
up’in relative gain). Where RG is large (0.5), a statistically
significant difference is detected for relative loss between
the balloon angioplasty and directional athereclomy
groups, and a trend towards a difference is apparent be-
tween bailoon angioplasty and Wiktor stent groups,

DISCUSSION

Our group and others have shown that luminal renarowing
over 6 months is related to the extent of luminal gain
{injury} achieved at coronary intervention,”>™ " While
others have reported no influence of the nature of the
device used for intervention on the degree of Iate luminal
renarrowing, our findings suggest otherwise. Definite
differences have been shown here between balloon
angioplasty, directicnal coronary atherectomy and stent
implantation with respect to the degree of renarrowing
(relative loss), which may be anticipated as progressively
greater degrees of luminal increase (relative pain)
achieved with these different devices. The use of relative
gain, refative loss and net gain index (rather than absolute
changes) in luminal diameter adjust for the known con-
tfounding influence of significant differences in vessel size
between the patient groups treated by the different devices,
which render the subsequent differences observed for
absolute luminal gain at intervention and toss during fol-
low-up difficult to interpret.

Although ballcon angioplasty does not generally achieve
s great a mean refative gain as the other three devices, which
do net differ significantly, balloon angioplasty is also not
attended by the same degree of relative loss, so that the

Table 4. Outcome of analysis of variance of the relative gain/relative loss relationship between the patlent
groups, given as P values. The overall differences belween the regression lines are shown In the first column;
the next three describe the differences hetween the patient groups at various fevels of relative gain, Small,
moderate and large relative galn levels were definad by first obtaining the lower and upper quartiles for relative
galn fn each group, and taking the means of these values as the respective fower and upper cut-off points

QOverall ‘Small’ {<0.3) ‘Moderate’ (0.3-0.5} ‘Large’ (~0.5)
differences relative galn refelive gain refzllve gain
PTCA vs DCA 0.00007" 0.52 0.45 0.001"
PTCA vs balloon-expandable stent 00009 . 0.74 0.24 o0.06f
PTCA vs self-expanding stenl o086t 001 0.35 0.44
DCA vs balloon-expandable stent 0.98 0.51 0.37 0.58
DCA vs sell-expanding stent 0.04" 0.15 0.91 0,08t
Balloon-expandable vs self-expanding stent 0.20 0.48 0.76 040

‘Staustically signit.cant gHerence.
tclear, aithough net statistically significant d-ference,

OCA = directional coronary atherectomy; PTCA = percutangous fransiuminal coronary angloplasty
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ultimate net benefit (net gain index) was found to be similar
for each treatment modality in this study,

Linear relationship of relative gain and refative toss
Despite the relatively weak correlation there is an undoubt-
edly linear relationship between relative gain at interven-
tion and relative loss during follow-up for each treatment
device, as illustrated by the regression lines {Figure 3),
with the ¢leur message that the greater the improvement in
minimal luminal diameter achieved by intervention —
regardless of the device used — the greater the subsequent
magnitude of luminal renarowing. This maxin: is essen-
tially in agreement with the pathological information pro-
vided by the porcine model employed by Schwartz ef al,*
and has now been reported by many investigators.*

Differences between groups treated by different devices
With regard to compariscn of the devices assessed in this
study {Figure 2), a therapeutic procedure where the regres-
sion line describing the retative gain/relative loss relation-
ship has a gentle slope (bisecting the origin) might be
considered in general preferable to ene that is attended by

0.5 Ceatloon angioplasty [E]Balloon-sxpandable
[ setf-expanding Fi'Alhereciomy

o e
=] iy

Relative loss
o4
"
1

>0.5

<03

Relative gain

Figure 4. Intergroup comparisons are shown at the
various levels of relative gain {RG) to detect the
actual, as opposed to predicted, differences in
relative loss between patient groups. A paltern of
increasing mean relative loss is apparent, from small
to moderate to large RG. The incremental increase In
RG Is associated with sfgniflcant Increases in relative
loss for the balloon angloplasly group (P<0.01 for
each ‘step up' in RG). Where RG Is large (0.5}, a
statistically significant difference is detected for
relative loss between batloon angfoplasty and
directional atherectomy groups, and a trend towards
a difference Is apparent belween balloon angioplasty
and Wiklor stent groups

asteep slope. By this scheme, directional atherectomy and
bulloon-expandable stent implantation are associated with
less favourable profiles than balloon angioplasty or self-
expanding stent implantation. Analysis of variance of the
regression lines reveals a highly significant difference
(P=0.00002), which is interpreted as demonstrating that
the relationship between relative gain in minimal luminal
diameter at intervention and relative loss during follow-up
for the respective patient populations, of which the four
groups in this study are samples, cannot be described by
the same regression {inc.

Comparisons between the patient groups to characterise
this overall difference with regard to the relative gain/rela-
tive Joss relationship {Table 3) reveal that the atherectomy
and balloon-expandable stent groups are similar (P=0.97),
and that both groups differ significantly from tire balicon
angioplasty group (P=0.00007 and P=0.0009 respec-
tively). In addition, the directional atherectomy group {but
not the balloon-expandable stent group) differs signifi-
cantly from the self-expanding stent group (P=0.04), There
is also a clear, although not actually ‘significant’, differ-
ence between the ballcon angioplasty and self-expanding
stent groups (P=0.06), which is apparently explained by
the dilference between the groups at the lower levels of
relative gain (P=0.01). This may be duc to the fact that in
all cases of self-expanding stent implantation in this study
a relative gain greater than .13 was achieved, wheveas
15% (=238} of lesions treated by balloon angtoplasty that
had been considered successfully dilated (diameter
stenosis <50% us assessed by the interventionalist) were
associated with arelative gain of less than ¢his. The overall
differences observed between the balloon angioplasty
group and the directional atherectomy and balloon-
expandable stent groups are, conversely, explained by
differences at the upper end of the relative gain spectrum
{20.5). These observations may relate to the inherent meth-
adological properties of the devices for the mechanical
achievement of increase in luminal dimensions whereby
there may be diftering degrees of occuft frauma imparted
1o the vessel wall by the different devices, to attain a given
proportional luminal improvement, that become most ap-
parent at higher levels of relative gain.

Mechanistic considerations

Directional atherectomy. It could be hypothesised that the
type and extent of injury imparted by the iraumatic re-
moval of tissue during directionul coronary atherectomy,
with cxposure to the circulation of extensive areas of
denuded intimal, medial or even adventitial layers,“"‘s creale

Table 5. Mean relalive loss values xslandard deviation and 95% Ci of the mean for each patient group with
regard to ‘small’, ‘moderate’ and 'large’ Increments of relative galn, as derived from the mean of the lower and

upper relative galn (RG) quartiles for each group

Balioon angioplasty

{95%C1) (95%C1)

Directional atherectomy Balloon-expandable

Self-expanding stent

stent (95%CI) (95%C1}

Mean relative foss at
‘small’ (<0.3) RG

Mean relative loss al
‘moderate’ {0.3-0.5) RG

Mean relative loss at
‘large’ (>0.5) RG

0.06 0,17 (0.05-0.07)

0.16 $0.20° (0.14-0.18)

0.11 20,171 (0.05-0.17)
0.18 40,171 (0.13-0.23)

0.25 20,20 (0.19-0.29) 0.4320.301%(0.32-054)  0.34 20.28% (0.25-0.43)

0.04+0.23 (-0.13-0.40}  0.15+0.25 (0,02-0.27)

023017 (0.18-0.28)  0.19+0.25 (0.11-0.25)

0.30 20.33 (0.20-0.44)

Significant d:fference in relative loss with incremental increase in relative galn in the balloon angioplasty group (P<0.01).
TSigniﬂcant d:fference in refative loss with incremenlal increase in relative gain in the cirectional atherectomy greup (P<0.05).
*Significant difference batween tha baloon angiop'asty and ditectional alherectomy groups (P<0.003).

$Trond towards a significant ditference between the bal'oen ang'oplasty and baloon-expandable stent groups (P=0.058).
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a luge substrate for an aggressive healing response to
re-endothelialise the resultant “wound’ surface.’ Also, the
potential local turbulence and shear-force ultering effects
of an irregular, scatloped luminal configuration (as often
persists afier successfut directional atherectomy '), may
delay re-endothelialisation and thus premote excessive
neointimal formation.” The extent of 1he ensuing intimal
thickening may thus be more directly dependent on the depth
and magnitude of injury™ than is the case for the other
devices.

Balloon angioplasty, 1t is not difficuit fo imagine that the
cxtent and depth of vessel wall disruption caused by lesion
stretching and tearing during balloon angioplasty™ de-
pends, 1o a greater or lesser extent, on a large number of
individual factors such as lesion length and symeetry,
praque composition (proportion of loase connective and
dense tibrous or calcified tissue) and velume, vessel cur-
vature and elasticity, presence of thrombus or intimal
dissection.”™™ The angiographic relative gain in minimal
luminal diameter may not therefore reflect the degree of
intimal injury so accurately, and thus is not quite so clearly
associated with subsequent relative loss (luminal renar-
rowing) as is observed with atherectomy. Furthermore,
although {as previously mentioned) we have feund relative
gain to be the greatest single determinant of luminal renar-
rowing in stepwise multivariate regression amalysis, a
number of other clinical, lesion and procedural factors
have been reported to be predictive of or assaciated with
greater risk of re-sienosis: wnstable angina, shorer dura-
tion of angina, angina class (I or IV}, lesion length >10
mim, eccentricity, pre-procedurat lesion severiy, locition
inabend, stailer arterial size, calcification, residual trans-
stenotic gradient >20 mmHg, angiographically visible
thrombus atter angioptasty etc.™"*"The influence of these
fuctors atteauates the relationship between relative gain
and relative loss, to variable degrees, in these patients, In
addition, the luminat contour immediately after suceessful
balloon angioplasty often adopts an irregular non-circular
configuration and is much more often disrupted by intimal
dissection than is appreciated by angiograply, ™%
Measurement of the minimal luminal diameter, und thus
relative gain and relative loss values, are therefore subject
to potential imprecision after balloon angioplasty, particu-
Taely when compared with stent implantation, whese the
lumen postintervention tends to assume a smoother and
more circular contiguration,” and also perhaps when
compared with directional atherectomy, after which lumi-
nal disruption and dissection is less often observed by
intravascular ultrasound.***

Stent implantation, The use of an implantable endouminal
prosthesis, whether a balloon-expandalie tantalin coil oc
self-exprenidding stainless steel mesh, introduces additional
compounding factors such as the scaffolding effect of the
device, the embedding effect of the wires, the long-term
presence of a foreiga body (with its inkerent thrombogenic
effect and inability to mount an appropriate physiologicat
response), the potential molecular effect of the electrical
charge of the stent molecules, us well as the unquantifiable
persisting barotraumatic injury of the self-expanding stent on
the vessel wall." ™ As a further entungiing issue, the
smoothing effect of the stent in reducing turhulence and shear
stress' ™ may facilitate rapid endothelial recovery and there-
fore returd smooth muscle cell praliferation,™ although the
luminal contour several weeks atter stent implantation may

adopt an indented, undulating appearance (with potential
turbulence effects), depending on the helical structure.
These and other as yet unknown considerations dilute the
assaciation of vessel wall injury and tissue response in
stented patient groups with a consequently relatively weuk
correlation between luminal improvement afier stenl im-
plantation and renarrowing during follow-up,

Despite the apparent graphic difference between the
regression lines of the two stent groups, analysis of vari-
ance reveals no statistically significant difference (P=0.2).
This is due to the wide 95% confidence intervals of the
regeession line for each group, which might constric
somewhit with the addition of further patients or in faci be
afeature of the multifarious nature of the vessel wal injury
and subsequent response provoked by implantation of
appreprintely sized endoluminal prostheses. The group
treated by self-expanding stainless steel mesh stent im-
plantaion in this study is non-hemogeneous, with a mix-
ture of emergency implantitions (for acute or threwtened
vessel closure during balloon angioplasty), re-stenotic and
primary lesions, and the bulloon-expanding stent group
consists exclusively of re-stenotic lesions, These lesion
categories are reported to be associated with differing
long-termangiographic outcome,” " swhich might contrib-
ute to the differences observed between the two groups.
However, a previcusly published retative risk analysis for
re-stenosis in the patient group treated by implaatation of
self-expanding stainless mesh stent demonstrated no signifi-
cant differences in re-stenosis rates (by two commonly used
re-stenosis criteria) between the three lesion categories.

It muist also be recognised that the inclusion of re-steno-
tic lesions only, in our group treated by implantation of this
slent, may coatribute to the observed differences between
the tantatum coil stent and balleon angioptasty groups,
even though the evidence indicating a significantly differ-
ent response to repeat wa injury in such patients is some-
what conflicting and thus far not wholky conclusive, "

Where relative gain is in the moderate range (0.3-4.5),
there is no obvious long-tenm advantage of any device, us
evidenced by the similar predicted and actual relative foss
lor all four groups in that range.

Limitations, The coronary angiogram is a two-dimensional
luminal silhouette, providing only indirect evidence of the
milieu in a coronary vessel, which may undergo protound
disruption after intervension, in the absence of angio-
graphic abnormality.*"™ This is a limitation of all angio-
graphically based studies, which we have attempted to
minimise by the use of an automated contour detection
system for quantitative angiographic analysis, to provide
objective, reproducible and absolute measuremenis of lu-
minal dimensions. Accepting this inherent limitation of coro-
nary angiographly we believe that relative gain wnd relative
loss represent 1lie best available angiographic correlates of
arterial wall injury and imimal hyperplasia respectively,
The effect of other clinical, procedurat and lesion-
reluted characteristics on the relative gain/relative loss
relationship was not considered, It is conceivable that the
apparently greater frequency of unstable angina in euch of
the patient groups treated by directional #therectomy and
balloon-expandable tantalum coil stent implantation con-
tributes to the differences observed between these groups
and the balloon angioptasty group. Also, the balloon
angiopiasty group comprises exclusively primary lesions,
whereas the atherectomy and self-expanding stent groups
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include a mixture of primary, ‘bailout” and re-stenotic
lesions, and the balloon-expandable stent group comprises
re-stenotic lesions only, which may contribute to the be-
tween-group differences observed. However, in reply 1o
these points, a number of recent studies from our group
(including stepwise regression analysis of multiple clini-
cal, angiographic and procedural factors) have found lu-
minal improvement at intervention or ‘relative gain’ to be
the slronéest determinant of fuminal renarowing or rela-
tive Toss.” ™ We were thus most interested in exploring
a dynamic relationship between these isolated variables as
a clinical evaluation of the injury/hyperplasia hypothesis,

The imbalance in patient numbers between the balloen
angioplasty group and the other three might be considered
to contribute to the observed intergroup differences in the
relative gain/relative toss relationship. Furthermore, some
of the atherectemy and self-expanding stent data represent
the initial clinical experience with these devices, whereas
the angioplasty data are obtained from recent Furopean
clinical trials, which may also have some bearing on inter-
group differences. On the other hand, additional differ-
ences might become apparent between the two stent groups
or between the directionat atherectomy and self-expanding
stent groups with larger patient numbers, as the wide 95%
confidence intervals for mean values and tine slopes in the
stent groups would most likely be reduced if these groups
were larger. Perhaps amalgamation of similarly acquired
quantitative angiographic data from other institutions
would solve this shortcoming.

We accept that the correlation coefficients describing
the refative gainfrelative loss association are weak. This
demonstrates the flimitation of applying simple geometric
principles to deseribe a compound, multifactorial phe-
nomenon. However, tests of the significance of the asso-
ciation between relative gain and relative loss are strik-
ingly significant for balloon angioplasty, directional
atherectomy and balloon-expandable stent groups and
mildly significant for the self-expanding stent group, dem-
onstrating that these variables are clearty related beyond
chance. Similarty, the regression cquations describing their
interrelationship clearly ilustrate a linear dependency of
relative loss on relative gain. We recommend application
of this approach to homogeneous patient groups tecated by
different devices to ascertain more refined information
with respect to various clinical syndromes.

CONCLUSION

Differeirces in the relative gain/relative loss relationship
between the devices studied may retlect the inherenily
disparate intensity of will injury characteristic of each, in
the achievement of their bencficial effects, which become
particularly evident at it higher scale of luminal improve-
ment, Despite these differences, nene of the devices evalu-
ated demonstrates the qualities of an ideal device, which
would not provoke any vntoward luminal renarrowing in
response (0 muaximisation of lwminal ircrease during
angioplasty. The ultintate routes to the prevention of re-
stenosis, therefore, cannot lie solely in devices 1o achieve
increasing luminal improvements, bu¢ must be via an ap-
proach integrating pharmacologists, histopathologists,
molecutar biologists, geneticists as well as interventional-
ists in the development of an ‘agent’™™ for the control or
prevention of the tissue response to the apparently un-
avoidable injury imparted to the vessel wall during the
revascularisation process.
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Coronary lumen quantification at 6 month follow-up of the new
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Cordis stent 6 month follow-up QCA & ICUS
ABSTRACT :

Background, While the radiopacity of tantalum stents may facilitate their deployment in coronary
arteries, the outline of the radiopaque stent struts embedded in the vessel wall may interfere with
the reliability of automated quantitative angiographic analysis of the stented lumen in the
presence of intimal hyperplasia at 6 month angiographic follow-up.

Methods, To determine the reliability of geometric (edge-detection} quantitative angiographic
analysis {QCA) of restenosis within the new Cordis tantalum stent, QCA and intracoronary
ultrasound {ICUS) measurements were compared in both an experimental restenosis model and
in the clinical follow-up of patients. In the experimentat series, plexiglass phantom vessels with
concentric stenosis channels ranging from 0.75 to 3.0 mm in diameter and with a reference
diameter of 3.0mm were imaged both prior to and following their insertion in tantalum stents.
For the experimental series, measured values of minimal luminal diameter (MLD} and of the
reference diameter obtained from QCA and ICUS were compared with the true diameters of the
plexiglass vessal to determine the accuracy and precision of measurements. In the clinical series
the agreement of QCA and ICUS measurements were studied in twenty-three patients who had
undergone coronary implantation of the Cordis stent and twenty-three patients who had
undergone balloon angioplasty 6 months previocusly. Measurements of the reference vessel
diameter by QCA were based on a computer derived interpolated diameter which assimilates the
diameter of the entire length of the analysed segment, while measurement of the reference
vessel diameter by ICUS was based on measurement at one point,

Results. Experimental results for minimal luminal diameter. The reliability of QCA measurements
deteriorated in the presence of the radiopaque stent (accuracy of QCA fell from -.07mm to -
.12mm}, while the reliability of lumen measurements by [CUS was independent of the presence
of the radiopaque stent {-.12mm and -.13mm prior to and following introduction of the stent
respectively}.

Experimental results for reference vessel diameter and % diameter stenosis. Without the stent,
the average MLD obtained from QCA of the 1.00mm plexiglass vessal was 1.00 +.01mm and
the 3.00mm reference vessel diameter was 2.8% #.,056mm providing a 64 + 1% diameter
stenosis. Following introduction of the stent, the average MLD was 0.992 £.06mm and the
average reference vessel diameter was 3.36 £0.17mm providing a diameter stenosis of 71
+2%,. ICUS measurements {2.77mm) of the reference vessel diameter {3.00mm} were
unaffected by the presence of the stent.

Clinical series. The agreement of ICUS and QCA measurements (ICUS - QCA) was poorer in the
balloon angioptasty patients {.68mm +.42mm) compared to the stented patiepts {-.OBmm
+.42mm). Similarly, the correlation of iICUS and QCA measurements was .40 in the balloon
angioplasty population and .80 in the stented patients.

Conclusion. In the 6 month follow-up of patients who have undergone implantation of the highly
radiopaque Cordis tantalum stent, assessment of restenosis can be reliably quantified by QCA
by the use of the minimal luminal diameter rather than the percent diameter stenosis.
Assessment by QCA of the reference diameter of the stented coronary segment at follow-up
should not be performed in the interpolated mode but may in the case of this highly radiopaque
stent be more accurately performed by the selection of reference points outside the stent.
Alternatively for the conduction of multicenter studies the pre-intervention interpolated reference
vessel diaimeter may be utilized for the determination of the relative loss and net gain index.
While ICUS measurements are unaffected by the radiopaque stent, the poorer accuracy of ICUS
measurements, the mechanical problem of ICUS catheter wedging in stenoses of < 1.00mm, and
the substantial cost of ICUS catheters will restrict the widespread application of ICUS for the
assessment of intrastent restenosis.
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INTRODUCTION :

The increasing use of coronary stents for the elective prevention of restenosis and the baitout
management of acute or threatened vessel closure following coronary angiopfasty has resulted
in a greater need for reliable quantitative measurement of angiographic outcome. Whife most of
the currently available stents are of moderate radiopacity, the new tantalum Cordis stent is highly
radiopaque. Although during the interventional procedure itself, the strong radiopacity of the
tantalum stent facilitates the exquisite positioning of the stent in the target lesion and the
subsequent precise placement of additional non-compliant balloons for high pressure intrastent
inflations, the radiopaque stent struts may interfere with the assessment of restenosis within the
stent at angiographic follow-up.

In a previous in-vitro study by our group comparing the effect on videodensitometric quantitative
angiocgraphic measurements of a stainless steel stent {Palmaz-Schatz, Johnson & Johnson, NJ},
a cobalt alloy stent (Wallstent, Schneider, Bulach, Switzerland}, and a tantalum stent (Wiktor,
Medtronic, MN), it was found that the radiopaque tantalum stent (Wiktor} resulted in a consistent
overestimation of the minimal {uminal cross-secticnal area by 9-56% compared to the controf
values {varying with the contrast concentration and size of the phantom vesssl) [1], Furthermore,
in the quantitative angiographic analysis of the multicénter Wiktor restenosis study, it was found
that automated edge detection was unreliable in 8% of patients at angiographic follow-up
requiring operator interaction [2,3]. The new Cordis tantalum stent has a greater impact on the
radiopacity of the contrast-filled lumen than the Wiktor tantalum stent on account of its more
dense and highly crenulated strut configuration.

To evaluate the potential application and reliability of computer-based quantitative coronary
angiographic anatysis {QCA) of restenosis within the new radiopague stent, we compared
automated QCA and manually traced intraceronary ultrasound measurements of the vessel lumen
with and without the radiopaque stent in both an in-vitro plexigfass restenosis model as well in
the 6 month follow-up of patients who had undergone implantation of the Cordis stent and
patients who had undergone balloon angioplasty 8 months previously.

METHODS :
PART | EXPERIMENTAL SERIES

Experimental image acquisition of plexiglass restenosis mode} with and without stent.

For the in-vitro assessment of restenosis measurements within @ new radiopague stent, phantom
vessels were filmed prior to and following their insertion in balloon-expanded Cordis stents of 3.5
mm nominal diameter. The phantom vessels were composed of radiolucent plexiglass cylinders
{45 mm length, 3.6 mm in outer diameter) with precision-drilled concentric circular fumens of
0.76, 1.0, 1.25, 1.6, 2.0, 2.5 and 3.0 mm in diameter [4-8]. The length of each phantom
stenosis channel was b mim and the adjacent "normal reference” channel length of the proximal
and distal segments was 20 mm. The plexiglass channel including the artificial stenosis was filled
with contrast medium (iopamidol 370; 370 mg iodine/ml (Bracco, Milano, italy)). Cinefilm
acquisition was performed with additional plexiglass blocks {60 mm anteriorly and 50 mm
posteriorly), These plexiglass blocks provide a more appropriate kV-level and a scatter medium
which more closely approximates the radiclogical scatter of the human thorax during
angiography. Angiograms were performed using a 5" field of the image intensifier, with separate
recordings using two different focal spots {G.4mm and O.7mm}. The radiographic system settings
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were kept constant (kV, mA, x-ray pulse width) for each radiographic acquisition. All phantoms
were imaged at the radlographic isocenter of the X-ray gantry [8] and acquired on 35-mm
cinefilm {Kodak CFE Type 2711, Paris, France), For each of the seven phantom vessels, 10
cineframes were selected both prior to and following their insertion in the Cordis stents providing
a total of 140 cineframes for quantitative analysis,

PART I CLINICAL SERIES

Coronary balloon angioplasty. Balloon angioplasty was performed using 8 French polyurethane
catheters in 23 lesions of 23 patients at the Thoraxcenter, Erasmus University, Rotterdam. The
size of balloon was selected to match the reference vessel diameter obtained from on-line
quantitative angiographic analysis after the intracoronary administration of isosorbide dinitrate.
Of the 23 lesions treated, a 2.5bmm diameter balloon was used in 6 lesions, a 3.0mm in 10
lesions, a 3.5mm in B lesions and a 4.0mm balloon in 1 lesion. Of the 23 lesions, 11 were in the
left anterior descending coronary artery {LAD), 5 in the left circumflex coronary artery {L.CX), and
7 in the right coronary artery (RCA). The follow-up anglogram and intracoronary ultrasound
{ICUS) examination were performed at 6 +2 months after balloon angioplasty.

Coronary stent implantation. Following predilatation, implantation of a new radiopaque coronary
stent {Cordis, Miami, U.S,A} was performed using 8 French polyurethane catheters in 23 lesions
of 23 patients at Kokura Memorial Hospital, Kitakyushu, Japan. Twenty-one stents were
implanted in 21 lesions of 21 patients and four stents were deployed in two lesions of two
patients (two stents in each lesion). Of the 25 stents used in 23 lesions, 14 stents were 3.0mm
in diameter and 11 stents were 3.5mm in diameter. Of the 23 lesions, 11 were in the LAD, 5 in
the LCX, and 7 in the RCA. The follow-up angiographic and ICUS examination were performed
at 6 1 months after stent implantation. The number and location of lesions were identical in
the balloon angioplasty and stent implantation groups.

Clinical angiographic image acquisition at 6 month follow-up. Six month follow-up coronary
angiography was performed after the administration of intracoronary isosorbide dinitrate [10-12]
prior to manual injection of contrast medium {iopamidol 370; 370 mg iodine/ml) at 37°C. The
5" field of the image intensifier was selected and the radiographic settings were kept constant
{kV, mA, x-ray pulse width) in each projection. All clinical images were acquired on 35-mm
cinefilm at a frame rate of 2b images per second. An average of 2.6 cineframes per patient were
selected for quantitative angiographic analysis, Minimal Juminal diameter (MLD), reference vessel
diameter (RD) and luminal dimension at the proximai and distal extremities of the radiopaque
stent were measured.

Quantitative angiographic analysis. Cinefilms from both the experimental and clinical series were
quantitatively analyzed using the computer-based Cardiovascular Angiographic Analysis System
{CAAS II; Pie Medical, Maastricht, The Netherlands} {4-8,13-17]. Prior to the performance of the
calibration and analyses of the stenosas, computerized correction for pincushion distortion was
applied by the recording and subsequent off-line digitization of a centimeter grid placed in front
of the image intensifier in each cardiac catheterization laboratory. For both the experimental and
clinical angiograms, quantitative measurements were calibrated by the use of the recorded
contrast-free catheter tip as a scaling device [18]. The nontapering catheter tip was measured
with a precision-micrometer (Mitutoyo No.293-501, Tokyo, Japan; accuracy 0.001 imm}. In the
experimental study a sufficiently long segment of the plexiglass cylinders including the phantom
stenosis with or without the stent was selected for analysis. in the clinicaf study frames without
foreshortening nor overlapping side branches were selected [19,20). Arterial dimensions of
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clinical frames were measured at specific distances from identifiable branch points in end-
diastolic frames.

In the CAAS |l systemn, the entire cineframe of size 18 x 24 mm is digitized at a resolution of
1329 x 1772 pixels. In the CAAS system, the edge detection algorithm is based on the first and
second derivative functions applied to the digitized brightness profile along scanlines
perpendicular to a model using minimal cost criteria [17]. The contour definition is carried out in
two iterations. First, the user defines a number of centerline points within the arterial segment
which are interconnected by.a straight line, serving as the first model, Subsequently, the program
recoimputes the centerline, determined automatically as the midline of the contour positions
which were detected in the first iteration. A computer derived estimation of the original
dimensions of the vessel at the site of the cbstruction was used to determine the interpotated
reference vessel diameter.

If the automatically detected contour did not faithfully track the border of the lumen, the level
was changed of the light emitting diode {LED}) which regulated the image brightness during
digitization of the cineframe. Manual correction of the automatically detected contours was not
performed in either the experimental phantom nor the clinical studies. Minimal luminal diameter
{MLD)} and reference diameter {RD) were quantified in multiple matched views.

Image Acquisition of Intracoronary Ultrasound {ICUS). Following selective coronary angiography,
a mechanical intracoronary ultrasound imaging catheter (30-MHz, 4.3Fr or 2.9Fr, CardioVascular
Imaging Systeams, Sunnyvale, CA} was introduced over a 0.014 inch guidewire. In the
experimental series, a slow manual pull-back was performed to assess the luminal dimension at
the site of stenosis. In the clinical serias after the imaging catheter was passed into and beyond
the lesion, a motorized pull-back (CardioVascular imaging Systems, Sunnyvale, CA} with a
constant speed of 0.5 mm/second was started to obtain an initial assessment of the target
lesion. A simultaneous fluoroscopic image of the position of the ICUS catheter-tip was
continuously displayed. Side branches and stent struts visibfe on both the ultrasound and
angiographic images served as reference points to ensure that the coronary sites of ultrasound
and quantitative angiographic analysis were identical. ICUS images were stored on super VHS
videotape for subsequent analysis.

Quantitative assessment of intracoronary ultrasound (ICUS). Luminai area was defined as the
integrated area central to the intimal leading edge echo. Images with minimal cross sectional area
{MCSA) in the stent were selected from the pull-back sequence by reviewing the position of the
ICUS cathetsr on the angiographic image. Contrary to the QCA measurements, calculation of the
reference vessel diameter by ICUS is based on a point measurement and is not interpolated.
Minimal luminal diameter and reference vessel diameter was calculated from MCSA {(r®). To
determine the interobserver variability of ICUS measurements, 30 lesions were independently
measured by two observers. The mean signed difference and correlation of the measurements
of cross sectional area was 0.02 +0.37mm” and 0.97 respectively,

Statistical analysis. In the experimental study, the individual measurements of MLD were
compared with the true phantom diameter using the paired Student’s t-test and linear regression.
The mean of the signed differences between the true phantom diameters and the individual MLD
values derived from measurements of QCA and ICUS was considered an index of accuracy and
the standard deviation of the differences an index of precision.

In the clinical study, the mean and standard deviation of the signed differences between
measurements of MLD derived from QCA and from ICUS were used as an index of agreement
hetween measurements, This statistical approach to the comparison of two measurement
systerns has been previously recommended by Biland and Altman [21],
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QCA vs Plexiglass Vessel
without and with stent
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Figure 1. QCA measurements oblained from 70 cineframes of the plexiglass restenosis mode!

without (figure 1a} and subsequently with (figure 1h} insertion of the vessel in the tantalum stent. The
measurement values have been plofied against the true diameter of the contrasi-filed lumen of the

lexiglass vessel (linear regression).
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ICUS vs Plexiglass Vessel
without and with stent

A ° ~
3 k-
T
£
2
7
@ =
Q
1 -
= .,085 + .910x, r = .989
0 1 o 1
0 i 2 3 4
plexiglass vessel without stent (mm)
B. ;
3
E
E
n 2
o
©
1
y = .084 + .903x, r = .986
0 1 1 1
0 1 2 3 4
plexiglass vessel with stent (mm)
Figtire 2, ICUS measurements oblained from 40{rames of the plexiglass restenosis model without

(figure 2a) and subsequently with (figure 2b) insertion of the vessel in the tantalum stent. The
measurement valuas have heen plotted against the frue diameter of the contrast-filled lumen of the

plexiglass vessel (linear regression). 299
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RESULTS :
PART } - EXPERIMENTAL SERIES

Experimental results for minimal luminal diameter. The results for measurements of the minimal
fuminal diameter within the plexiglass vessel with and without the stent are presented in table
1 and in figure 1 a & b (QCA)} and figure 2 a & b {ICUS). Prior to positioning the plexiglass
vessels in the stents, measurements of the phantom vessel lumen by QCA were more accurate
than ICUS. The reliability of QCA measurements, however, deteriorated in the presence of the
radiopaque stent (accuracy of QCA fell from -.07mm to -.12mm), while the reliability of lumen
measurements by ICUS was independent of the presence of the radiopaque stent {-.12mm and
-.13mm prior to and following introduction of the stent, respectively).

Measurement Accuracy Precision Significance | Correlation
QCA without stent -0.07 +0.08 p<.001 0,987
QCA with stent -0.12 +0.70 p<.001 0.992
ICUS without stent -0.12 +0.09 p<.001 0.988
ICUS with stent -0.13 +0.11 p<.0017 0.986

Table 1. QCA and ICUS measurements values of the minimal fuminal diameter were compared to the true
luminal diameter of the plexiglass vessel (1.00mm).

Experimental results for reference vessel diameter and % diameter stenosis. Results of reference
vessel measuraments by QCA and ICUS are displayed in figure 3 a & b. Measurement by QCA
of the reference vessel diameter within the stent was significantly larger than without the stent
{p <.001) and the percent diameter stenosis was consequently significantly more severe with the
stent than without the stent {p <.001). Without the stent, the average MLD obtained from QCA
of the 1.00mm plexiglass vessel was 1,00 =0.01mm and the reference vessel diameter was
2.81 £0.06 mm providing a 64 + 1% diameter stenosis. Following introduction of the plexiglass
vessel in the stent, the average MLD was 0.99 +0.086mm and the average reference vessel
diameter was 3.44 +(0.10mm providing a diamster stenosis of 71 +2%. ICUS measurements
(2.77mm) of the reference vessel diameter (3.00mm) were unaffected by the presence of the
stent.

An example of automated guantitative angiographic analysis of the contrast-filled plexiglass
vessel without and with the tantalum stent is provided in figure 4,
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Reference Diameter of Plexiglass Vessel
by QCA and by ICUS
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Figure 3. Comparison of reference diameter obtained from QCA {3a) and ICUS (3b) without and

with the radiopaque stent. While measurement obtained by QCA of the reference vessel diameter within
the stent was significantly larger than without the stent (p<0.001}, {CUS measurements were unaffected

by the radiopaque stent (n.s.).
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Figure 4. The contrast-filled lumen of the plexiglass vessel is shown without the stent in the left
panel and following insertion of the vessel within the radiopaque stent in the right panel. Automated
quantitative angiographic analysis was found to faithfully track the confour of the stenotic segment (frue
value = 1.00mm) in both the absence and subsequent presence of the stent (minimal luminal diameter
= 0.99min and 0.98mm, respectively). Aufomated quantitative angiographic analysis of the normal
reference vessel diameter (frue value = 3.00mm), however, was significantly effected by the presence
of the radiopaque stent, with undulations and evident tracking out to include the contour of the stent
struts rather than fracking the true edge of the contrast filled lumen. The maximal diameter was found
to be 3.77mm following introduction of the stent. The overestimation of the reference vessel diameter
in the presence of the stent resulted in an exaggeration of the severily of the percent diameter stenosis,
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PART 1l - CLINICAL SERIES

The results of measurements of MLD from ICUS are plotted against those from QCA for the
balloon angioplasty and coronary stent patfents in figure 5 a and figure b b respectively. Of the
23 stented lesions, 3 showed signs of catheter wedging of the ICUS catheter and in the
remaining 20 fesions minimal cross sectional area and MLD was measured. Of the 23 balloon
angioplasty lesions, 8 showed a signs of catheter wedging. The agreement of ICUS and QCA
measurements (ICUS - QCA} was paoorer in the balloon angioplasty patients {.68mm +.42mm}
compared to the stented patients {-.05mm +.42mm). Simitarly, the correlation of ICUS and QCA
measurements was .40 in the balloon angioplasty population and .60 in the stented patients.

To ensure that the differences between QCA and ICUS measurements of the minimal fumen
diameter were not related to analysis at different locations in the stented coronary segment by
ICUS and QCA, measurements were also compared at the proximal and distal extremities of the
stent which were clearly identifiable during both QCA and ICUS analysis. The results of
measurements of the luminal dimension at the proximal and distal extremity of the each
radiopaque stent (46 measurements} from ICUS are plotted against those from QCA in figure 6.
The agreament between the two sets of measurements at the extremity of the stent was -
0.06mm +0.42mm (mean and standard deviation of the signed differences) associated with a
correlation coefficient of 0.63,

An example of angiographic measurement of the MLD of a patient with a new radiopaque stent
can be seen in figure 7. The difference between ICUS and QCA measurements was small both
at the sfte of the MLD and at the stent extremity.

DISCUSSION :

The principle findings of our study were : a} in the plexiglass restenosis model, QCA provided
maore accurate measurements of minimal fuminal diameter than ICUS; b} following introduction
of the plexiglass vessel in the radiopaque stent, the accuracy of QCA measurements deteriorated
while the accuracy of ICUS measurements of both the minimal luminal diameter as well as the
reference vessel diameter was unaffected by the radiopaque stent; ¢} measurements by QCA of
the interpolated reference vessel diameter of the plexiglass vessel were rendered inaccurate by
the presence of the radiopague stent and resulted in the overestimation of the severity of the %
diameter stenosis; d} in the 6 month follow-up of patients post coronary intervention, agreement
of ICUS and QCA measurements was higher in patients who were stented compared to those
who underwent balloon angioplasty alone.

Comparison hetween ICUS and edge-detection QCA measurement. Previous studies which
examined the relationship of the iCUS and QCA measurements in normal coronary segments
reported a favourable correlation between the two quantitative imaging modalities {22,23), while
those studies which included lesions post balloon angioplasty reported a poor correlation of the
two measurement techniques [24-26]. Complex morphological changes caused by balloon
angioplasty may result in a deterioration of agreement between the two measurement systems
post balloon angioplasty. As it is assumed that coronary lumen may be more circular and smooth
post stent implantation than those post balloon angioplasty, the better agreement obtained
between ICUS and QCA measurements may be conveyed by the lumen symmetry enforced by
stent implantation.
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Figure 5, The figures display the agreement befween measurements oblained from geomelric

QCA and ICUS according fo the statistical approach proposed by Bland and Altman (21) af 6 month
follow-up of patients who had undergone balfoon angioplasty (5a) and of patients who had undergone
implantation of the radiopague stent (5b). In 5a the difference in values between the ICUS and QCA
measurements has been plofted against thelr mean value in 15 lesions without wedging of the ICUS
catheter af follow-up in the balfoon angioplasty group. In 5b the difference in values between the ICUS
and QCA measurements has been plofted against their mean value in 20 lesions without wedging of

the ICUS catheter at foliow-up of the stented patients.
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Coronary Lumen Diameter at Proximal &
Distal Stent Extremities at 6 months
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Figure 6. The figure displays the agreement befween measurements oblained from QCA and

ICUS at the 46 proximal and distal extremities of the 23 stents at 6 month follow-up according to the
statistical approach proposed by Bland and Altman (21). The differences between ICUS and QCA
measurement valies have heen plotfed against their mean value.
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Figure 7. At six month follow-up angicgraphy, the radiopacity of the tantatum stent can be traced
by aufomated edge detection without contrast media (left panel). In this patient, aufomated edge
detection of the minimal luminal diameler appeared to function reliably following contrasf Injection (right
panel).
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Limitation of QCA. During QCA measurement of the minimal luminal diameter within a stented
vessel segment, the automated edge detection algorithm will trace the true diameter of the
contrast-filled lumen at the point of most severe stenosis in between the radiopaque stent struts
i.e. in the interstrut intervals, QCA measurements of the minimal Tuminal diameter will thus
remain reliable for two reasons; firstly at 6 month follow-up in the presence of significant intimal
hyperplasia, the outer edge of the radiepaque stent struts will be deeply embedded in the vessal
wall at an adequate distance from the border of the contrast-filled true lumen and will thus not
interfere with the automated edge detection process; and secondly the measurement is based
on a very limited segment of the coronary lumen {according to the degree of smoothing or
minimal cost criteria) which is shorter in length than the gap between successive radiopaque
stent struts.

Howaever, during measurement of the interpolated reference vessel diameter QCA measurements
by automated edge detecticn may be unreliable for two reasons; firstly, beyond the subsegment
of maximal restenosis the outer contour of the radiopaque stent struts lie in close proximity to
the border of the true lumen and may therefore interfere with the automated edge detection
which may be unable to differentiate the outer contouwrs of the lumen and stent struts; and
secondly the interpolated reference vessel diameter is based on multiple scanlines over a large
extent of the analysed segment which will incorporate both scan lines which do and scanlines
which do not include the outer contour of the radiopague stent struts.

Rather than using a subjective operator-selected reference point, the default mode of the CAAS
system determines the size at the target coronary segment using an objective computer derived
interpolated reference diameter [4-8,13-17]. The interpolated reference diameter is derived from
the edge-detacted diameter function of the non-stenotic proximal and distal subsegments. The
reference vessel diameter values are estimated by fitting a straight line to the diameter function
proximal and distal to the obstruction followed by a shift such that 80% of the diameter values
are below the adjusted straight line. This line then represents the reconstructed reference
diameter function and gives an estimate of the arterial size at each point along the analysed
coronary segment. The interpolated reference vessel diameter is taken as the value of the
reconstructed diameter function at the position of the minimal luminal diameter. The advantages
of this approach is that it is essentially user-independent and thus highly reproducible and that
every measurement is based on multiple measurements {every scan line} proximal and distal to
the lesion, The limitation of this technique is in ostial lesions where a proximal segment is
unavailable and in the case of this new highly radiopague tantalum stent where selection of a
reference point either proximal or distal to the Cordis stent {or an average of both} may prevent
the overestimation of vessef size associated with use of the default interpolated reference vessel
diameter mode.

Limitation of intracoronary ultrasound. ICUS can provide clinically useful information on lesion
and vessel characterization as well as for the guidance of optimal stent deployment [27-301
However, the 2.9 French size of the ultrasound catheter restricts the application of ICUS for
lumen quantification to lesions of > 1,0mm in diameter on account of mechanical wedging of the
catheter. In our study 3 of 23 stented lesions and 8 of the 23 lesions previcusly treated by
balloon angioplasty showed signs of catheter wedging and these measurements waere therefore
excluded from analysis {these proportions {3/23 and 8/23) would be consistent with expectations
of the different long-term angiographic outcome conveyead by the two intarventional technigues).
Thus while ICUS may be useful immediately post intervention for assessment of stent
deployment, by the time of 6 month follow-up those lesions with significant restenosis may be
unsuitable for ICUS evaluation., Furthermore, as the price of ultrasound catheters remain
expensive {approximately $1,600}, it is difficult to justify the use of ICUS for the follow-up of
alf stented patients.
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Implications. For patients undergoing 8 month angiographic folfow-up of this new radiopaque
stent, measurements by QCA of the minimal luminal diameter may be performed reliably, When
a QCA system is used which offers a default interpolated reference vessel diameter mode, the
reference vessel diameter of the stented segment may be overestimated and thus the severity
of the percent diameter stenosis overestimated unless a manually selected reference pointis)
proximal and/or distal to the tantalum stent is used. Alternatively for the determination of relative
loss (absolute loss in minimal luminal diameter normalised for vessel size} the interpolated
reference vessel diameter measured pre intervention may be used.

At the time of stent implantation and thus prior to the development of intimal hyperpiasia, the
stent struts will be in apposition to the vessel wall and thus the outer contour of the radiopaque
stant struts should be coincident with the outer contour of the contrast filled lumen. At this
procedural phase, we do not find in clinical practice that the radiopacity of the stent struts
interfere with on-line QCA measurements during stent deployment, Thus determination of the
absolute {(MLD post - MLD pre) and relative {MLD post - MLD pre normalised for reference vessel
diameter pre} gain achieved at stent implantation, the absolute {(MLD post - MLD follow-up} and
relative (MLD post - MLD follow-up normalised for reference vessel diameter pre} loss in minimal
luminal diameter over 6 months, and the loss index {loss / gain} {restenosis process) as well as
measurement of the absolute minimal luminal diameter at follow-up (final cutcome) should be
feasible with QCA in patients undergoing implantation of this tantalum stent.

Conclusion. In the 6 month follow-up of patients who have undergone implantation of the highly
radiopagque Cordis tantalum stent, assessment of restenosis can be reliably quantified by QCA
by the use of the minimal luminal diameter rather than the percent diameter stenosis.
Assessment by QCA of the reference diameter of the stented coronary segment at follow-up
should not be performed in the interpolated mode but may in the case of this highly radiopaque
stent be more accurately performed by the selection of reference points outside the stent.
Alternatively for the conduction of multicenter studies the pre-intervention interpolated reference
vessel diameter may be utilized for the determination of the relative loss and net gain index.
While ICUS measuremaents are unaffected by the radiopaque stent, the poorer accuracy of ICUS
measurements, the mechanical problem of ICUS eatheter wedging in stenoses of <1.00mm, and
the substantial cost of ICUS catheters will restrict the widespread application of ICUS for the-
assessment of intrastent restenosis,
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Comparative guantitative analyses of 8 stenf designs
Abstract

Background. Although all coronary stents currently undergoing clinical evaluation are
metallic, each stent is unique in design with resultant variable radial compliance and
different degrees of radiopacity. In the selection process of an individual stent for an
individual patient, the clinician should be familiar with the technical characteristics of
each stent. The mechanical characteristics of stents are important to gain insight into
the altered vessel wall compliance and the force exerted by the stent wires on the
vessel wall post stent implantation while the radiographic characteristics are of clinicat
importance for the facilitation of the deployment procedure and the analysis of the
angiographic outcome.

Methods. To enable the comparison of the relative advantages and disadvantages and
potential clinical niche of each stent design, we performed a comparative analysis of all
the stents which are currently available for clinical evaluation. We performed our study
in three parts ; In part {, to gain insight into the range of radial compressibility proffered
by each of the currently available coronary stents we investigated 8 self- and balloon-
expandable stents by measuring the Pressure-Diameter ratio relation in vitro in a
customized measurement system, In part i, we determined the relative radiopacity of
each stent by comparing the video signal of a lineplot through the radiographic profile
of each stent successively. In part lll, we determined the influence of each metallic
stent on the reliability of automated quantitative angiographic measurements by both
the geometric {edge detection) and densitometric techniques of the contrast-filed
vessel lumen.

Results, Our study revealed marked variability among the currently available stents in
terms of their radial compliance, their radiopacity, and their interference with the
reliability of automated quantitative angiographic measurements by both geometric
{edge detection) as well as vidsodsnsitometric te¢hniques. The findings of our studies
were consistent with the expectations from the strut thickness and configuration and
the metallic composition of each stent design. The comparative results may be of
relevance for the selection of different stents for different coronary indications and the
analysis of subsequent angiographic outcome.
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Comparative quantitative analyses of 8 stent designs

INTRODUCTION

Coronary stents are intended to scaffold the coronary vessel wall, tacking back intimal
dissections post balloon angioplasty and preventing acute and chronic recoif with
consequent reduction in restenosis over 6 months, Although all coronary stents
currently undergoing clinical evaluation are metallic, each stent is unique in design with
resultant variable radial compliance and different degrees of radiopacity. In the selection
process of an individual stent for an individual patient, the clinician should be familiar
with the technical characteristics of each stent, While the range of diameters, lengths
and profile of each stent are readily available and easily compared among the different
stent designs there is yet no standardized information on the relative mechanical
behaviour or the comparative radiographic features of each stent design.

To enable the comparison of the relative advantages and disadvantages and potential
clinical niche of each stent design, we undertock a comparative analysis of the
mechanical behaviowr and radiographic features of the all the stents which are currently
available for clinical evaluation. We performed our study in three parts :

In part |, to gain insight into the range of radial compressibility proffered by each of the
currently available coronary stents we investigated 8 self- and balloon-expandable
stents by measuring the Pressure-Diameter ratio relation® in vitro in a customized
measurement system.

In part I, we determined the relative radiopacity of each stent by comparing the video
signal of a lineplot through the radiographic profile of each stent successively.

in part lli, we determined the influence of each metallic stent on the reliability of

automated guantitative angiographic measurements by both the geometric (edge
detection) and densitometric techniques of the contrast-filled vessel lumen.
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Figure 1

Paper collar used to exert a radial pressure {P) on the stent with an outer diameter D by pulling

with an calibrated force (F). The resulting displacement M is measured with a micrometer,

250



icrometer by 2

inst the m.
icrome

ushed aga

s p

4]

with the coflar assembly

The bar

f the m

ter.

d by rotation o

hieve

/5 ac

f the bar

o o

251

s

s

i

Figure 2

Measurement apparatus

. Vertical transfal

springs



Comparative quantitative analyses of 8 stent designs

METHODS
PART i
RADIAL COMPLIANCE

Measurement apparatus, The hasic method used to deform the stents was described by
Fallone et al. and consisted of a wrap-a-round collar of the nonelastic paper backing of
Scotchal® film {1,2]. We used nonelastic coated low-friction paper {3M, St.Paul, MN)
collar with a 30mm width (Figure 1). We fixed the upper end of the paper collar to a
bar which was pushed up by springs against a micrometer (Mitutoyo 0-25 mm,
resolution 0.01mm). The micrometer was mounted on a frame and vertical translation
of the bar was achieved by rotation of the micrometer spindle. The lower end of the
collar was fixed onto a weight of 300 gr which was positioned on a balance {Sartorius
1409 MP, resolution 0,01 g} (Figure 2).

Measurement procedure. First the micrometer reading was calibrated using a glass tube
with a reference diameter (Dref} of 7.3 mm while a force of 0.05 Newton (N) was
applied to the collar, When measuring stents with diameters different from the glass
tube, the relation between the micrometer reading and the stent diameter was defined
by:

D=Dref—M
T

(1)

where D is the actual stent diameter and M the corresponding micrometer reading, and
Dref and Mref represent the diameter of the glass tube and the corresponding
micrometer displacement reading respectively.

Stiffness of the system itself was determined by repeated {n=4} measurement of the
force-displacement curve using a stainless steel tube with an outer diameter of 4.1 mm,
a wall thickness of 0.8 mm and a length of 47 mm. After inserting the tube in the
collar, a force {0.1 to 1 N}, was applied to the collar with 0.1 N increments by
adjustment of the micrometer.

Stents. The force-displacement curve of a self-expandable cobalt-based alloy Wallstent
{Schneider, Bulach, Switzerland) and 7 balloon-expanded stents, the original single-
articulation stainless steel Palmaz-Schatz design and the new multiple helicoid
articulation stainless steel Palmaz-Schatz design {Johnson & Johnson interventional
Systems NJ), the stainless steel Gianturco-Roubin {Cook, IN - stainless steel}, the
tantalum Wiktor {Medtronic, MN - tantalum}, the stainless steel Micro (Applied Vascular
Engineering CA}, the tantalum Cordis (Cordis FL - tantalum), and the stainless steel
Multilink (Advanced Cardiovascular Systems CA} was measured. After inserting the
expanded stent in the collar, a lightsource was used to illuminate the inner side {fuman)
of the collar in order to visualize the collar wall approaching the stent struts, After the
micrometer was adjusted until the stent struts were in apposition with the collar, the
balance was tared. The micrometer reading reflected the initial expanded outer diameter
of the stent according to equation 1. A force from 0.1 to TN in 0.1N increments
indicated by the balance, was applied to the coltar by micrometer adjustment, The
corresponding displacement was measured by the micrometer reading. All stent
diameter measurements were corrected for the elasticity of the system by subtracting
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Efasticity of the system illustrated by the force-displacement curve of a stainless steel tube with
a diameter of 4.1 mm. Note the nonlinear region caused by shape-adaptation of the collar.
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Measurement variability and mean diameter(D) of the Wallstent calculated from repeated (n=25)

measurement of the force-displacement curve is platted against the global radial pressure (F)
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Comparative quantitative analyses of 8 stent designs

the lengthening of the collar as measured on the stainless steel tube at the
corresponding forces. The length of the stents was measured at zero force and at
maximal force (1N)] applied to the coilar using a calliper.

Pressure calculation: To allow for comparison of different types of stents, we
normalized for the length of each stent by introducing the global radial pressure. At the
intermediate steps the fength of the stents used in the radial pressure calculations was
achieved by linear interpolation. If we neglect the thickness of the collar and stent, the
applied force F on the coflar results in a wall tension T in the stent of:

r.F
L (2

where F is the applied force on the collar and L the length of the stent. According to
Laplace's law the relation between tension T and pressure P is:

_27
D
(3]
where P is the global radial pressure, T is the wall tension and D the stent diameter.
Substitution of (2} in (3) gives:

_2F
tb (4)

In order to exprass the pressure P in mmHg, the applied force F in N and the length L
and diameter D in mm, (4) results in;

p-—F coor
68LD {mmHa) (5)

To account for the varying initial stent diameters, the global radial pressure was related
to the relative stent diameter Dr :

or- 2
Do {6/

with Do being the stent diameter at the initial force of 0.1N and D the actual stent
diameter.

Analysis of the linear force-displacemeant curve of the stainless steel tube resulted in a
stiffness {F/L) of 4 N/mm, for the measurement setup (Figure 3). The mean variability
of the displacement measurament on the stainless steel tube (n=4} over a force range
of 0.1 to TN expressed as the standard deviation was +27um.
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Relative diameter (D/Do} of 8 different self- and balloon-expandable stents is plotted against the
global radial pressure (P).
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The variability of the method was evaluated by repeated measurement {n=5) of the
force-displacement curve of the Wallstent over a 0-200 mmHg pressura range.
Repeated measurement showed a very low variability with a mean relative error of <
1.49% {SD) of the msasured mean diamseter (Figure 4).

The nonlinear region in the force-displacement curve of the stainless steel tube results
from adaptation of the paper strip to the shape of the tube and deformation of the
paper strip espacially at the positions where it is fixed. The stiffness (F/L) of the system
in the linear region was 4 N/mm. Correcting the measurements for the relative low
stiffness of the paper collar assembly introduces an additional error which will be smatll,
because of the very low variability in the system stiffness measurement using a
stainless steel tube (27ym). The estimated increase in variability of the diameter
measurements introduced by this correction is 8.8 yum ( 27 / 7). As repeated
measurements of the force-displacement curve of the Wallstent demonstrated a low
variability in the measured diameter, we expect the measurement error introduced by
the limited stiffness of the system, and the variability in the stent diameter
measurements are smali.

Due to construction restraints and the limited flexibility of the paper coliar some force
is needed to adapt the collar to a circular shape. The mean force to deform the collar in
the measured diameter range was .075 +£.0125 N. For stent diameters smaller than
2.5 mm the force to deform the paper collar steeply rises, however, all coronary stents
are = 2.5mm and this should therefore not limit the application of the method to
corenary stent analysis,

The relative diameter (D/Do) of 8 different self- and balloon-expandable stents were
plotted against the global radial pressure (P} {figure b).
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PART Il
COMPARATIVE RADIOPACITY

The eight stents under comparison were aligned on plexiglass blocks to provide a
kilovoltage of 70kV and recorded on flucroscopy on a Coroskop T.0.P. X-ray unit
which incorporated a Polydoras IS/C generator and a Megalix 30/82 X-ray tube with a
focal spot size of 0.4mm {Siemens A.G., Munich Germany). Using the HONIE software
function of the HICOR system {Siemens), the videosignal of each stent was analyzed
and compared. With this system, a moveable (joystick) plotline was drawn to pass
through the struts of each metallic stent in the transverse axis of the stent and thus the
obligue or longitudinal axis of the struts. The displayed videosignal for each stent was
compared and the order of alignment of the eight stents was switched until a
caonsecutive descending order of radiopacity was achieved from left to right {figure 6)}.
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Figure 6 a & b

Relative radiopacity of eight coronary stents were compared using a line plot of their video
sfgnal. In order of decreasing radiopacity from left to right the stents were 1} Cordis, 2) Wiktor,
3) AVE Micro stemt, 4} Glanturco-Roubin, 5] Wallstent, 6} new Palmaz-Schatz design, 7) ofd
Palmaz-Schatz design (thinner strut diameter than new Palmaz-Schatz), 8) Muitilink.

259




Comparative quantitative analyses of 8 stent designs
PART Il
COMPARATIVE GEOMETRIC AND DENSITOMETRIC QUANTITATIVE ANGIOGRAFPHY

For the in-vitro assessment of the effect of each metallic stent on the reliability of
automated gquantitative angiographic measurements by both videodensitometry as well
as by edge detection {geometric) techniques we compared measurements of a contrast
filled plexigiass vessel which was inserted in each stent consecutively. The radiolucent
plexiglass vesse! had normal reference vessel diameter segment (3.00mm in diameter
and 20mm in length} as well as a stenosis segment {1.00mm in diameter and 5mm in
tength}. The total length of the plexiglass vessel was 45mm and the outer diameter was
3.6mm ({figure 7). The plexiglass channel including the artificial stenosis was filled with
contrast medium {iopamidol 370; 370 mg iodine/ml (Bracco, Milano, ltaly)), Cinefilm
acquisition was performed with additional plexiglass blocks {60 mm anteriorly and 50
mm posteriorly}. These plexiglass blocks provide a more appropriate kV-level and a
scatter medium which more closely approximates the radiological scatter of the human
thorax during angiography. Angiograms were performed using a 5" field of the image
intensifier, with separate recordings using two different focal spots {0.4mm and
0.7mm). Each stent was imaged at the radiographic isocenter of the X-ray gantry {17)
and the radiographic system settings were kept constant (kVp, mA, ms} for each stent.
The images were acquired on 35-mm cinefilm {Kodak CFE Type 2711, Paris, France)}
using an Arritechno 20 cine camera {Arnold & Richter, Munich, Germany} with an 100
mm optical lens {over framing). The cinefilms were processed by a Refinal developer
{Agfa-Gevaert, Leverkusen, Germany) for 4 minutes at 28°C. The film gradient was
measured in alt cases to ensure that the optical densities of interest were on the linear
portion of the sensitometric curve. For each of the eight stents and for the plexiglass
vessel without a stent, 10 cineframes were selected providing a total of 90 cineframes

for quantitative analysis.

Quantitative angiographic analysis. Cinefilms were quantitatively anatyzed using the
computer-based Cardiovascular Angiographic Analysis System {CAAS Hi; Pie Medical,
Maastricht, The Netherlands) [5-14]. Prior to the performance of the calibration and
analyses of the stenoses, computerized correction for pincushion distortion was applied
by the recording and subsequent off-line digitization of a centimeter grid placed in front
of the image intensifier. Quantitative measurements waere calibrated by the use of an
isocentrically-recorded contrast-free catheter tip as a scaling device [16-211. The
nontapering catheter tip was measured with a precision-micrometer (Mitutoyo No.293-
501, Tokyo, Japan; accuracy 0.001 mm). A sufficiently fong segment of the plexiglass
cylinders including the phantom stenosis with or without the stent was selected for

analysis.

Geometric {edge detection} QCA. In the CAAS Il system, the entire 18 x 24 mm
cineframe is digitized at a resolution of 1329 x 1772 pixels. in the CAAS system, the
edge detection algorithm is based on the first and second derivative functions applied to
the digitized brightness profile along scanlines perpendicular to a model using minimal
cost criteria. The contour definition is carried out in two iterations. First, the user
defines a number of centerline points within the vessel which are interconnected by a
straight line, serving as the first model. Subseqguently, the program recomputes the
centerline, determined automatically as the midline of the contour positions which were
detected In the first iteration. If the automatically detected contour did not faithfully
track the border of the jumen, the level was changed of the light emitting dicde (LED})
which regulated the image brightness during digitization of the cineframe. Manual
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1.0mm

Figure 7. The phantom plexiglass vessel served as an In-vitro model for intrastent restenosis by
the insertion of the model inte each expanded stent. Quantitative angiographic measurements

were made of the contrast-filled lumen without the stent (control measurements) and
subsequently within each stent.
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correction of the automatically detected contours was not performed in either the
experimental phantom nor the clinical studies.

Videodensitemetric QCA. Videodensitometric measurement is based on the relationship
betwaeaen the attenuating power of the lumen filled with contrast medium and the X-ray
image intensity [11-141. Using this relationship, a videodensitometric profile which is
proportional 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 on both sides of the detected luminal contours.
Consecutive densitometric profiles of the analyzed segment were acquired in all scan
lines perpendicular to the vessel including lesion, reference and non-diseased area.
Conversion of the individual videodensitometric profiles to absolute values was
performed after a transformation of the videodensitometric profile found in a cross-
sectional area of non-diseased segment, assuming a cross-sectional area at any point is
proportional to the densitometric profiles at the point. Minima! luminal diameter was
calculated from the minimal luminal cross sectional area,

The individual measurements of the minimal luminal diameter, the mean luminal
diameter, and the maximal luminal diameter were compared with the true phantom
diameter using the paired Student’s t-test and linear regression, The mean of the signed
differences between the true phantom diameters and the individual MLD values derived
from measurements of QCA was considered an index of accuracy and the standard
deviation of the differences an index of precision. The percent deviation of QCA
measurements for each stent was calculated from the measurement of the plexiglass
vessel when analyzed in the absence of any stent {control QCA measurement}.
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RESULTS

PART

In part | the radial compressibility of 8 different metal balloon-expandable and self-
expandable stents were measured (figure 5). The results of the measurements indicated
that Wallstent was the most compliant stent while the AVE Micro stent proffered the
greatest resistance to compression. The radial compliance of the new Palmaz-Schatz
design and the Wiktor stent were equivalent and second to the AVE Micro stent, while
the compliance of the Gianturco-Roubin, ACS, old Palmaz-Schatz, and Cordis stent
were similar and in an intermediate third category as displayed in figure 5,

PART Il

The relative radiopacity of each stent design can be visualized in figure 6. The two
tantafum stents were found to be the most radiopaque while the thin strutted stainless
stes] Mulktilink {ACS) stent was found to be the least radiopaque. In order of decreasing
radiopacity the stents were 1) Cordis, 2} Wiktor, 3} AVE Micro stent, 4} Gianturco-
Roubin, 5} Wallstent, 6} new Palmaz-Schatz design, 7} old Palmaz-Schatz design
{thinner strut diameter than new Palmaz-Schatz), 8} Muitilink,

PART Il

The results of the computer-based guantitative angiographic {QCA) measurements of
the contrast-filled plexiglass vessel without any stent and subsequently within each of
the eight stents are presented in table 1a&b and table 2a&b.

in measurement of the minimal luminal diameter in the contrast-filied 1.00mm stenosis
(table 1a), it was found that the superimposition of the struts of the AVE Micro and the
new Palmaz-Schatz design occasionally drew the automated edge detection algorithm
inside the outer border of the contrast-filled lumen due to a further increase in the
brightness profile of the digitized image. On videodensitometric analysis {table 1b}, the
additional increase in brightness caused by the highly radiopague tantalum Cordis stent
had a marked effect on measurement of the lumen resulting in a significant increase in
the measured value (in the presence of the Cordis stent the 1.00mm lumen was
measured to be 1.32mm instead of the 0.99mm measurement value when the stenosis
of the plexiglass vessel was analyzed in the absence of any stent,

In measurement of the mean and maximal value of the 3.00mm segment of the
plexiglass vessel, it was found that the two tantalum stents (Cordis and Wiktor)
resulted in an increase in the measurement value. The effect was much greater by both
the geometric and densitometric techniques for the Cordis stent, compared to the
Wiktor stent. For the edge detection technique this was seen to be due to the tracking
by the algorithm of the outer edge of the tantalum stents which lay in close proximity
to but external to the contrast filled lumen. Given the previously described [20]
tandency of automated quantitative angiographic techniques to underestimate large
diameters {-0.28min in this study for the 3.00mm segment) , the absolute numerical
effect in mm's of the increase in measurement value associated with the tantalum
stents was limited.
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Table 1a. Comparison of the minimal fuminal diameter of the plexiglass vessel with 1.00 mm stenosis without
and subseguently with each of the 8 stents

Edge-detection Videodensitometry
Accuracy Deviation Precision Accuracy Deviation Precision

Plexiglass

vessel -0 +.01 -0t +.01
without stent

Cordis -.02 {-1%]} +.03 .33 (34 %]} +.08
Wiktor -.03 {-3%) +.04 .03 {4 %) +.086
AVE - 11 {(-10%) +.03 -.07 {-6%) +.06
GR -06 (-490) +.0b -04 {-3%]) +.04
Wallstent -.06 {-5%) +.04 -.06 {-5%} +.04
PS {new} -10 {-9%]} +.04 -.10 (-9%) +.04
PS {old) -.02 (-19%) +.02 -.01 {0%) +.03
ACS -01 (0%) +.03 -.01 {0%) +.03

(%) = % difference between the stented vessel and vessel without stent

Table 1b. Comparison of minimal luminal diameter in plexiglass vessel of 3 mm diameter without and
subsequently with each of the 8 stents

Edge-detection Videodensitometry

Accuracy Deviation Precision Accuracy Deviation Precision
Plexiglass
vessel -.26 +.03 -.26 +.03
without stent
Cordis -.20 {3%] +.056 .27 {19%]} +.12
Wiktor -.27 (0%} +.,04 -.23 (1%} +.03
AVE -.30 {-1%) +.09 -.25 (0%} +.03
GR -.31 {-1%]) +.06 -.27 (0%} +.04
Wallstent -.26 {0%) +.01 -.31 (-2%) +.04
PS {new} -.28 (09%) +.07 -.25 (0%} +.03
PS {old} -.30 (-19%) +.056 -.29 {-1%) +.02
ACS -.27 {0%]) +.04 -.26 {0%]) +.02
%) = % difference between the stented vessel and vessel without stent
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Table 2a. Comparison of mean vessel diameter in plexiglass vessel of 3 mm diameter without and subsequently
with each of the 8 stents

Edge-detection Videodensitometry
Accuracy Deviation Precision Accuracy Deviation Precision

Plexiglass

vessel -.28 +.04 -.25 +.03
without stent

Cordis .20 (17%) +.22 42 (24%) +.12
Wiktor -.22 (2%) +£.03 -.15 {49%) +.03
AVE -.25 {0%) +.07 -2 (1%) +.03
GR -.27 (0%) +.06 -.24 (0%)]) +.,03
Wallstent -.26 (0%} .01 -.28 {-19%) +.03
PS {new} -.24 (1%) +.06 -.23 {1%} +.03
PS {ofd} -.28 (-19%) +,05 .27 t-1%} +.02
ACS -.24 (1%) +.04 -.24 (0%) 4,02

%Y = % difference bsetween the stented vessel and vessel without stent

Table 2b. Comparison of maximal vessel diameter in plexiglass vessel of 3 mm diameter without and
subsequently with each of the 8 stents.

Edge-detection Videodensitometry
Accuracy Deviation Precision Accuracy Deviation precision

CLe:-:Sigllass -.24 +.01 -.23 +.03
without stent

Cordis .64 {32%) +.09 .59 {30%)]) +.,08
Wiktor -.18 {3%!} +.02 -.07 {6%:) +.02
AVE -19 {2%]) +.09 -7 {2%) +.06
GR -.26 {-19]) +.05 -.21 (1 %) +.,04
Wallstent -.25 {0%) +.01 -.25 (-1%) +.02
PS {new} -.22 {19%} +.06 -.21 {1%) +.03
PS {old} -.23 (0% +.08 -.25 [0%) +,01
ACS =21 (1%} +.04 -.23 {0%) +.03

(%] = % difference between the stented vessel and vessel without stent
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DISCUSSION

Our studies have clearly demonstrated that the mechanical behaviour, radiographic
profile, and effect on computer-based quantitative angiographic analysis vary markedly
among currently available coronary stent designs,

Radial compliance.

The mechanical characteristics of stents are important to gain insight into the altered
vesse| wall compliance and the force exerted by the stent wires on the vessel walf post
stent implantation. Intracoronary ultrasound studies have demonstrated compliance of
healthy coronary vessels with marked diastolic to systolic differences in lumen
dimensions. Implantation of a stent would be expected to restrict the compliance of the
stented coronary segment. The degree of radial compliance of a stent will be dependent
upon the strength of the metal alioy, the thickness of the stent struts, the proximity of
successive struts {i.e. the interstrut interval}, the angle of orientation of the struts
against the vessel wall, and the presence of either welded or free interstrut junctions.

The compliance mismatch between the coronary vessel and the metallic stent might be
expected to result in focally accentuated shear stress or barotrauma in the vessel wall
especially at the proximal and distal extremities of the stent. This may be more marked
recently following the introduction of the interventional policy of "bigger is better”, the
selection of oversized stents, and the optimization of stent deployment by ultrasound-
guided high pressure intrastent inflations of non-compliant balloons. While it may
therefore be felt that a degree of compiiance might be desirable in a stent, it should
also be considered that the exertion of sustained radial force by the stent on the vassel
wall may be required to withstand elastic recoil and vascular spasm and to prevent
stent migration following deployment. Results of detailed quantitative angiographic
studies of patiants undergoing stent implantation suggest that stents do demonstrate a
degree recoil upon deflation of the stent deployment balloon.

in our study, except for the Wallstent and AVE stents the relation between the radial
pressure and diameter ratio appears to be nonlinear {figure B). This nonlinear behaviour
results in part from adaptation of the stent to the cylindrical shape of the collar during
the pressure build-up. Such a deviation of the stent surface from a cylindrical shape,
may result in a nonuniform distribution of the applied radial pressure on the stent wires.
This can be appreciated in figure 6, where the axial photograph of the lumen of all the
stents reveals that both the Wallstent and AVE Micro stent were symmetrically
expanded and thus the radial force exerted by each strut would have been recruitad
simultaneously by the cylindrical collar. The inhomogenous expansion of stents may
result in non-uniform distribution of radial force throughout the stented coronary
segment.

The comparative results of our in-vitro measurement are not necessarily directly
applicable to the dynamics of deployed stents in-vivo. In particular it should be noted
that our low friction modsl allows the longitudinal extension of stents upon
compression. While stents with primarily transverse orientation of their struts {e.g the
Gianturco-Roubin stent) do not undergo significant changes in length upon radial
expansion or compression, other stent designs such as the Wallstent undergo
significant lengthening upon radial compression. Once deployed in the vessel wall, the
Wallstent struts would be expected to become embedded in the intima of the vassel
wall and the coronary vessel itself would thereby be expected to resist fongitudinal
extension. This supposition may be indirectly assessed by the use of quantitative ECG-
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Figure 8. Quantitative ultrasonic analysis of compliance within a stented coronary artery.

Left panel; ECG-gaited three-dimensional reconstruction of an intracoronary
ultrasound recording within a Wallstent in a native coronary artery.
Images were acquired using a motorized puli-back device (CVIS).
Filtering of the uftrasonic data sets has been applied during off-line post-
processing of the image to enhance the back scatter from the metallic
struts of the stent.

Upper right panel ; Automated measurements of luminal and medial area in end-diastole
analyzed over 200 frames at an interval of 0.1mm / frame indicating a
diastolic luminal volume of 46.79 mm’®

Lower right panel ; Automated measurements of luminal and medial area in end-systole
analyzed over 200 frames at an interval of 0. 1mm / frame indicating a
systolic fuminal volume of 47.16 mm®

This data adds support to the concept that the Wallstent demonstrates low compliance in-vivo

when significant elongation of the stent is restricted by the atherosclerotic wall of the coronary
artery in which the stent is embedded
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gaited three dimensional [22,23] intracoronary ultrasound analysis of stented segments
(figure 8). By comparing the systolic and diastolic intrastent diameters and volumes in a
native coronary artery immediately following Walistent implantation it can be seen that
no significant cyclical changes can be seen within the stented segment, thus supporting
the concept that the compliance of the Wallstent following deployment in a coronary
vessel wall behaves differently than in our low-friction in-vitro measurement system [4],

Despite the limited direct applicability of the reported absolute in-vitro results to in-vivo
expectations for stents which undergo elongation upon radial compression, the system
described does offer a simple and standardized approach to compare the radial
eompressibility of stents. Refinement of the apparatus may be achieved by the
incorporation of a corrugated collar which might offer longitudinal friction or resistance
to stent elongation or alternativaly the testing of each stent in an excised coronary
vessel from an autopsy specimen or animal modsl.

It should be noted that the interaction of the radigl compliance of a stent and the
prevention of vessel recoil and subsequent restenosis in-vivo has yet to he
demonstrated. Furthermore additional studies are required to address the influence of
the distribution of radial force {a coil stent with large interstrut intervals e.g, Gianturco-
Roubin stent versus a dense mesh e.g. Walistent) exerted by stents on angiographic
outcome,

Relative radiopacity.

While the radiopacity of tantalum stents may facilitate their deployment in coronary
arteries, the outline of the radiopaque stent struts embedded in the vessel wall may
interfere with the reliability of automated quantitative angiographic analysis of the
stented lumen in the presence of intimal hyperplasia at 6 month angiographic follow-up.
While most of the currently available stents are of moderate radiopacity, the new
tantalum Cordis stent is highly radiopaque, Although during the interventional procedure
itself, the strong radiopacity of the tantalum stent facilitates the exquisite positioning of
the stent in the target lesion and the subsequent precise placement of additional non-
compliant balloons for high pressure intrastent inflations, the radiopague stent struts
may interfere with the assessment of restenosis within the stent at angiographic follow-

up.

Effect of metallic stents on automated quantitative angiography

The new Cordis tantalum stent was found to exert a greater impact on the radiopacity
of the contrast-filled lumen than the Wiktor tantalum stent on account of its more
dense and highly crenulated strut configuration. In a previous in-vitro study by our
group comparing the effect on videodensitometric guantitative angiographic
measurements of a stainless steel stent (Palmaz-Schatz, Johnson & Johnson, NJj, a
cobait alloy stent {(Wallstent, Schneider, Bulach, Switzerland}, and a tantalum stent
{Wiktor, Medtronic, MN}, it was found that the radiopaque tantalum stent {Wiktor)
resulted in a consistent overastimation of the minimal luminal cross-sectional area by 9-
56% compared to the control values {varying with the contrast concentration and size
of the phantom vessel} [231. Furthermore, in the guantitative angiographic analysis of
the muiticenter Wiktor restenosis study, it was found that automated edge detection
was unrefiable in 8% of patients at angiographic follow-up requiring operator Interaction
[24,25]. Our results would indicate that videodensitometry is unlikely to offer a more
reliable alternative to geometric QCA measurements in the presence of tantalum stents.
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CONCLUSIONS

We have demonstrated that marked variability exists among the currently available
stents in terms of thsir radial compliance, their radiopacity, and their interference with
the reliability of automated quantitative angiographic measurements by both geometric
{edge dstection) as well as videodensitometric techniques. The comparative results may
be of relevance for the selection of different stents for different coronary indications
and the analysis of subsequent angiographic outcome.
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Different stents for different lesions
INTRODUCTION

Coronary stents were developed to overcome the two primary kmitations of balloon
angioplasty, namely, abrupt vessel closure and late restenosis. Coronary stents achieve the
acute maintenance of vessel patency following failed balloon angioplasty by the provision
of a scaffolding lattice to tack back intimal ftaps and seal the dissected vessel wall.
Following procedurally successful balloon angioplasty, coronary stents prevent late recoil
and consequent restenosis by mechanically enforced remodelling and resetting of the
vessel size of the stented segment.

Although coronary stent implantation commenced in 19886, only one indication (elective
treatment of primary lesions in native coronary arteries) for one stent {Palmaz-Schatz) has
to date been evaluated by the rigorous process of the randomized trial {1,2}. BENESTENT
[1] and STRESS {2] have indicated that coronary stenting may indeed be affactive in the
reduction of the restenosis rate at six months compared to balloon angioplasty. This
reduction in restenosis rate is achieved despite the accommodation of a greater absolute
loss in lumen diameter over six months in stented patients. Such an achievement is made
possible by the even greater gain in lumen diameter achieved at the time of stent
implantation compared to the procedure of balloon angioplasty alone in addition to the
prevention of fate recoil of the stented vessel wall,

While following bailloon angioplasty abrupt vessel closure due to dissection and thrombus
formation typically occurs while the patient is still in the cardiac catheterization laboratory
or within the first 4 - 6 hours [3-13], stent implantation may delay the onset of abrupt
vessel closure due to thrombotic stent occlusion which typically occurs at a median time
of 3 - 6 days post stenting [1,2]. This delayed risk of thrombotic occlusion on the metallic
coronary stent has necessitated the administration of systemic anticoagulant therapy with
an associated increased risk of haemorrhagic events {1,2]. Approaches to address these
fimitations of stenting include the substitution of anticoagulant therapy (heparin and
coumadin} by effective antiplatelet therapy (ticlopidine and aspirin} {14-16] and the current
drive towards optimal stent deployment guided by on-line quantitative coronary
angiography [17,18] in multiple projections and / or intraccronary ultrasound {19-23]
{figure 1}, and at some centers guided by angioscopy {24,25] {figure 2). Additional
measures include the use of improved femoral haemostatic devices {26-29] and the
application of stent coatings [30] which were initially introduced for clinical evaluation on
the Wallstent (polymer coating, {BioGold, PlasmaCarb Inc., Bedford, NH, U.S5.A.}} from
1989 through 1991 [31,32, 48], and more recently on the Palmaz-Schatz stent (heparin
coating {Carmeda AB, Stockholm, Sweden}} [33].

Apart from BENESTENT and STRESS the available data on all other stents and all other
indications for coronary stenting arises from non-comparative studies and registry data.
Results of ongoing randomized trials on elective stenting in native coronary arteries of
primary lesions (STARTI341, total occlusions (SICCQO), and restenotic {esions (REST [35]),
and in vein graft lesions (SAVED), and randomized trials on bailout stenting of acute and
threatened vessel closure (GRACE[36], TASC H [37]), should become available in 19986,
With enthusiasm unabated by the current paucity of prospective controlled randomized
data, the clinical practice of coronary stenting has marched on in accordance with
interpratation of non-comparative series of clinical applications with strikingly different
inclusion / exclusion criteria, only occasionally presented with historically-matched case
controls [38], and in accordance with the level of réstrictions exerted by nationat or federal
regulatory bodies. Accordingly the current indications for coronary stenting include 1}
bailout therapy of acute and threatened vessel closure [39-4B], 2} non-elective
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Figure 1

Intracoronary ultrasound (ICUS) images of a Wallstent in an aortacoronary bypass graft. A blood-speckie
identification program (Echovision, CVIS, Sunnyvale, CA, USA} which is able to distinguish between the
varying backscatter pattern of flowing blood cells in the vessel lumen and the more stable pattern of the
vessel wall, has been used for three-dimensionsal reconstruction of the ICUS data sets. In addition to the
transverse and longitudinal views a true three dimensional view is displayed (right sidel, presenting the data
it a cylindrical format which has been opened longitudinally {"clarm-sheil” view] [86], Stent deployment can
he checked and offer guidance for additional high pressure intrastent inflations of a non-compfiant balfoon
when necessary. In this patient the Wallstent was found to be symmetrically expanded,
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improvement of the suboptimal angiographic result of primary balloon angioplasty [45], and
3} elective stenting of primary lesions in native coronary arteries [1,2] and saphenous vein
grafts {32, 49,46-53], restenotic lesions [54, 56], and total occlusions [B5].

Given the spectrum of clinical indications and coronary lesions amenable to stent therapy,
there is clearly a need for more than one stent design. Following the recent introduction
of the Less Shortening Wallstent, Multilink {ACS), AVE Micro, and Cordis stents and the
recent withdrawal of the Strecker stent, there are now seven different coronary stents
available for clinical evaluation. The scaffolding lattice of each stent differs markedly in
configuration {figure 3} varying in the balance between the presentation of as minimal a
metallic surface area as possible to lower the thrombogenic burden and the provision of
strong radial force. The stents can be categorized into the mesh stents characterized by
strong and extensive scaffolding of the vessel wall {Wallstent, Palmaz-Schatz, AVE Micro,
(Strecker})) and the coil stents characterized by a low metallic surface area and
predominantly transverse strut orientation [Gianturco-Roubin, Wiktor, Multilink, Cordis).
The AVE Micro and ACS Multilink stents only foosely belong to such simplistic categories
and the detaited structural design of each stent will be individually discussed later in this
chapter while the key features of each stent are presented in tables 1-3. Within each
category each stent offers a unique structural profile and consequently conveys its own
clinical advantages and disadvantages. When selecting a stent for an individual patient
with an individual indication and lesion the operator needs to take a number of patient and
procedural related factors into consideration as well as to consider the structural properties
and delivery system of each available stent, This chapter aims to rationalize coronary stent
selection and to focus on the clinical and technical guidelines to help the operator select
the most appropriate stent for each patient, In the first section, the requirements of each
of the current indications for stenting are considered in relation to the clinical setting, the
vessel and lesion characteristics, and procedural details. In the second section of this
chapter the suitability of each of the currently available stents to meet the reguirements
of each indication and lesion is critically reviewed.

278




Figure 2
Angioscopic examination following optimal deployment of a Wallstent demonstrating the mesh fattice of the

stent struts (left side] which has been well opposed to the vessel wall and a symmetrical lumen. No
protrusion of intimal Haps or thrombus are seen. The guidewire can be seen to run axially in the center of

the lumen,
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SECTION |

Indication.

For bailout stenting the threatened or acute vessel closure typically results from a
subocclusive or occlusive intimal flap accompanied by a varying degree of intracoronary
thrombus [b7]. Extensive dissections are more likely to be induced by aggressive
angioplasty perfarmed in accordance with the "bigger is better”" policy. Thus at the time
of stent implantation the tough primary lesion has already been "cracked" and the
immediate "baifout™ function of the stent becomes one of tacking back the dissected flap
rather than overcoming recoil. Therefore in the bailout setting, the selection of a coil stent
should be adequate without the necessity of a mesh stent with strong radiat force and high
metallic surface area. It is of interest to note that the incidence of subacute stent
thrombosis following emergent stent placement in multicenter experience over the same
period of 1988 - 1991 was 16% for the Palmaz-Schatz mesh stent [45] compared to 8.7 %
for the lower metallic surface area Gianturco-Roubin coil stent [42].

In the case of the suboptimal result {acute recoil with or without medial haemorrhage) after
coronary angioplasty which may previously have been taken as >50% residual diameter
stenosis but is now more commonly taken as > 25% residual diameter stenosis, a stent
proffering strong radtal support will be required, Similarly a strong radial force wili be
required for elective stent placement where the primary objective is to reset the vessel size
at the point of the lesion and to enforce mechanical remodelling thereby improving the
accommoeodation of intimal hyperplasia and to preve'nt fate recoil over the ensuing 6 manths
[68,59]. The selection of a mesh stent with extensive scaffolding {sieve} will prevent
encroachment on the lumen by intimal protrusion acutely and may contribute to the
reduction in lumen renarrowing due to intimal hyperplasia over 6 months through the
interstrut intervals [1,2,564, 581, In both the case of "touching-up” the suboptimal
angiographic result of primary angioplasty as well as in the case of elective primary stent
placement, selection of a stent with a relatively high metallic surface area should not be
of major concern and the obtainment of a large lumen with laminar flow should be the
primary aim.

Clinical setting.

The thrombogenic state of the coronary artery is felt to progressively increase when going
from the setting of stable angina, through unstable angina, to acute myocardial infaretion.
In a study comparing the outcomae of stenting in patients with unstable angina and patients
with stable angina [60], instability of symptoms was not found to convey a negative
outcome. This finding, which was in contradistinction to previous findings with balloon
angioplasty, was felt to possibly relate to the sealing of dissections or to the use of full
conventional anticoagulation in all patients in this serles [60]. In an analysis of the
multicenter registry data on the Gianturco-Roubin stent [43], angiographic evidence of
intracoronary thrombus was found to be predictive of subsequent adverse clinical events
following slective stent placement but not after bailout stenting. Herrmann et al, however,
in an analysis of a multicenter experience of emergent placement of the Palmaz-Schatz
stent, found angiographic evidence of intracoronary thrombus to be associated with a
significantly higher risk of subsequent subacute thromhosis {45], The very limited number
of reported patients who have been stented in the setting of myocardial infarction render
conclusions on this last frontier for stenting premature [61-64). Thus the impact of the
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Figure 3
The seven caronary stents which are currently available for clinical evaluation.
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thrombogenic state or stability of symptoms on outcome following coronary stent
implantation remains to be clearly defined by prospective studies, While it might appear
advantageous to select a stent with a low metallic surface area in patients with a profile
of increased risk for acute / subacute thrombotic occlusion, it is likely that the procurement
of an optimal angiographic result with high laminar flow is of greater importance than the
metallic {thrombogenic) burden of the stent used to achieve such a resuit,

Vassel size.

Further to our increased understanding of the importance of vessel size as well as the
minimal diameter of the fesion on acute and longterm outcome, on-fine guantitative
coronary angiography (QCA) has become an integral component of optimal stent
depfoyment [17]. On-line QCA data is used to guide both the prestanting or priming balloon
inflations as well as for appropriate stent sizing. Depending on the structural design of the
individual stent selected, a nominal {(manufacturer’s stated} stent size of 0.1 to 0.5mm
larger than the vessel size is selected. In a patient with a vessel size of > 4.0mm only two
of the currently available stent designs have an adequate range of stent sizes to cover such
a vessel, namely the Wallstent and the Palmaz {unarticulated} "biliary” stent, Stenting of
larger vessels is associated with a higher procedural success rate and improved clinical
outcome compared to stenting of smaller vessels. Furthermore the reported lower
complication rate for elective stenting in the right coronary artery [65] may in part relate
to the large size of the right coronary artery,

In addition to vessel size considerations, the coronary flow of the target vessel is also of
prognostic importance post stenting. Stenting in a vessel with poor distal run-off supplying
an infarcted myocardial region or stenting in the presence of poor feft ventricular function
is associated with a higher risk of subsequent subacute stent thrombosis [66].

Vein graft versus native coronary artery.

When stenting a venous bypass graft, the scaffolding properties of the stent as well as the
stent size should be taken into consideration. Old bypass grafts frequently contain
extensive friable tissue prone to embolization in the subtended coronary arterial bed. It is
unlikely that a coil stent with a large interstrut distance such as the Wiktor or Gianturco-
Roubin stent would provide sufficient scaffolding of the vein graft wall to prevent such
embolization of friable tissue. In contrast the cross-hatched mesh design [32] of the
Wallstent [49] and to some extent the Palmaz-Schatz stent [60-53] offers greater
protection against the risk of embolization by virtue of their shorter interstrut distance and
higher metallic surface area. The absence of side branches in the shaft of vein grafts
obviates any concern of jailing of vessels by the stent mesh. Although long lesions located
in the body (shaft) of coronary vein grafts are particufarly well treated by the Wallstent,
lesions located at the ostium of vein grafts are unsuited to Wallstent implantation on
account of movement of the stent and proximal shortening which normally occur during
retraction of the rolling membrane and expansion of the Wallstent. Thus for ostial lesions
where exquisite positioning is required to avoid protrusion of the proximal terminal of the
stent into the aorta, a balloon expandable and preferably radiopague stent may produce
more predictable results particularly for those operators without extensive expsarience in
Wallstent deptoyment, For lesions located in the distal segment of "jump” {sequential} vein
grafts, it is important that a stent with a sufficiently long delivery system be selected.

Chronic total occlusions.

To date published results for stenting of chronically ocecluded vessels have been limited to
non-comparative series [65]. Following successful recanalization of vessels with chronic
total occlusions, it is often found that the entire vessel is extensively diseased in either a
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Figure 4
A Focal fesion in the left anterior descending artery prior to directional coronary atherectomy

B A Less Shortening Wallstent was delivered to treat a dissection induced by atherectomy

C Final angiographic outcome reveals a smooth-contoured stented segment with no loss of side-

branches and absence of vesset splinting which may be seen following deployment of more rigid
sternts
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diffuse or segmental manner. Recently we have adopted a policy of resetting the size [67]
of the entire vessel, whereby we select a long Walfstent {35mm nominatl length when fully
expanded) with a nominal diameter of 1.5mm larger than the maximal diameter of the
vessel (MVD) obtained from the diameter function of the on-line QCA. When grossly
oversized, the axial shortening of the Wallstent is further reduced resulting in a final
deployed length of up to 40mm. When necessary a second {and rarely a third) Wallstent
is deployed to ensure that the entire length of the reconstructed vessef is expanded, The
flexibility and continuity of large diameter of the resultant stented vessel results in an entire
reconstruction of the epicardial vessel. Whether such enforced mechanical remodelling of
the vessel results in an improved accommodation of intimal hyperplasia in patients so
treated remains to be determined by long-term angiographic follow-up.

Lesion length and focation.

Given the limited range of lengths available for most of the currently available stents, long
coronary lesions and spiral dissections are normally managed by the tandem implantation
of multiple stents. In the case of the Palmaz-Schatz stent overlapping or tetescoping of
sequential stents should be avoided while for cotl stents with low metallic surface area
such as the Gianturco-Roubin stent, overlapping of muitiple stents may occasionally be
advantageous to provide additional radial support.

For short lesions focated immediately proximal or distal to a vessel curve, attention must
be paid to ensure an adequate inflow or outflow of the stented segment. For this reason
it may on occasion be necessary to deploy a stent of significantly longer nominal length
than the apparent lesion length to avoid the extremity of the stent being directed at the
outer wall of the vessel curvature, This is particularly the case for more rigid stents such
as the Palmaz-Schatz stent, where splinting by the stent of the previously curved vessel
segment is angiographically evident. For lesions located in tortuous segments, the
preference for a flexible stent is clear. Similarly for distal lesions located in vessels with
proximal tortuosity, flexibility and low profile of the stent delivery device will be required.

Concerns have previously been expressed over the outcome of side branches located in the
stented segment. Two recent papers reporting the outcome of side branches arising from
Palmaz-Schatz stented coronary segments have provided reassuring data over this concern
[68,69]. From these reports it appears that side branch occlusion following stent
placement oceurs infrequently { < 10%], the occluded side branches usually have preceding
ostial disease, their occlusion typically does not result in myocardial infarction, and the
accluded side branches are usually found to have recanalised at 6 month angiographic
follow-up {68,69}. "Jailing" the ostium of major side branches by stent struts whereby
intervention in the affected side branch is precluded arises in stents with a fine lattice such
as the Wallstent, Palmaz-Schatz, Multilink, and Cordis stents, while the Gianturco-Roubin
and Wiktor stents have sufficiently large interstrut intervals to make interventional
procedures in major side branches possible.

As in vein grafts, lesions located in the ostium of native coronary arteries require exquisite
stent delivery to avoid the risk of proximal migration and protrusion. Thus a balloon-
expandable radiopaque stent should be selected for such lesions.

Muitiple stenting.

In general, when it is falt that more than one stent [18, 70] will be required to treat a long
lesion or spiral dissection, it is advisable to begin with the placement of the most distal
stent. Occasionally, however, placement of a single proximal stent will eliminate the distal
extension of the false lumen and obviate the necessity for multiple stenting. When a
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Figure 5

A
B

Dissection follawing balfoon angiopfasty in the proximal left anterior descending artery

Following defivery of a Gianturco-Roubin Flexstent through a Superflow 8F Judkins guiding catheter
to the target vessel, the radiopague markers flocated Imm proximal and distal to the stent
extermities) facifitate the final positioning of the stent prior to inflation of the delivery balloon

Contrast angiography post stent deployment demonstrates preservaion of the vessel curvature in
the stented segment
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second distal stent is to be passed through a proximally deployed stent, the profile and
trackability of the second stent becomes of paramount importance. A stent with a low
profile which is preferably sheathed to avoid catching of struts in the proximally deployed
stent should be selected, Flexibility of the second stent will also reduce the risk of the
second stent failing to pass through the proximally deployed stent.

Guiding catheter and guidewire,

In the case of non-elective stenting, the guiding cathster and guidewire in-situ which have
been used during the primary coronary angioplasty procedure may have a bearing on the
stent to be selected. If a regular lumen 8 French guiding catheter has been used, selection
of a stent with a high profile {e.g. 3.5 or 4.0 mm Gianturco-Roubin stent) will not he
possible without necessitating the exchange of the guiding catheter, Similarly, exchange
to an extra support .018" guidewire may be required for the advancement of the
Gianturco-Roubin delivery system (premounted balloon} through a proximally tortuous
vessel. Such technical limitations of the Gianturco-Roubin stent will soon be overcome by
the introduction of a lower profile 2nd generation device.
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TABLE 1

Coronary Stent

Wallstent

Palmaz-Schatz

Gianturco-Roubin

Wiktor

Multilink

Cordis

AVE Micro

Design

Wire mesh

Slotted tube
0-2 articulations

Incomplete coil
clam shell loop

Sinusoidal
helical coil

Multiple rings with
multiple links

Sinuseidal
helical ceoil

Zig-Zag axial struts
4mm units

Deployment

Self-expanding

Balloon-expandable

Balloon-expandable

Balloon-expandable

Balloon-expandable

Ballopn-axpandable

Ballpon-expandable

Different stents for different lesions

Premounted

balloon not
required

pre-mounted
&

free

premounted

premounted

premounted

premounted

premounted

Sheathed

sheathed

sheathed
&

unsheathed

unsheathed

unsheathed

sheathed

unsheathed

unsheathed

Delivery

over-the wire

over-the-wire

aver-the-wira
ar monorail

over-the-wire

ovar-the-wire

or monarail

over-the-wire

over-tha-wire

monorail

First Clinical Implantation

1986 [39]
1997 (Less Shortening
Wallstent) {32, 481

1888 [76,45]
1984 (Heparin coated
helicoid connection) [33]

1989 [41]

1891 [54]

1993 [83]

1984

1994

Wallstent - Schneider Bulach, Switzerland | Palmaz-Schatz - Johnsen & Johnson, Warren, New Jersey, USA | Gianturco-Roubin - Cook, Bloomingzon, Indiana, USA |
wiktor - Medrtronic, Minneapolis, Minnesota, USA | ACS - Advanced Cardiovascular Systems, London, U.K. | Cordis, Cordis, Miami, Florida, USA |
AVE Micro, Advanced Vascular Engineering, Santa Rosa, California, USA.
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TABLE 2

Wallstent

Palmaz-Schatz

Gianturco-Roubin

Wiktor

Multilink

Cardis

AVE Micro

Profile {mm)

1.67

1.65

1.78 ! 213
{2.0-3.0/ 3.5 & 4.0}

1.27-1.52
(3.0 - 4.0}

Diameters {mm)

3.5-6.0

3.0, 3.5, 4.0
{pre-mounted)

3.0, 3.5, 4.0, 5.0, 6.0
{unmounted)

2,0, 2.5, 3.0, 3.5, 4.0

3.0, 3.5, 4.0

3.0, 3.25, 3.5

3.0, 3.5, 4.0

3.0, 3.5, 4.0

Different stents for different lesions

Lengths (mm)

12-35

8,914, 15,18

12, 20

16

15

15
4,8,12,16

Shortening (%)

25%

2.5-26%

0%

3%

10%

2%

Metallic SA {%)

<20%

10%

B.8%

7%

15%

8.4%

Profile - profile of stent delivery system | Metallic SA - metallic surface area of stented coronary segment when the stent is expanded 1o its nominal diameter



68¢

Different stents for different lesions

TABLE 3
Coronary Stent Metal Strut Thickness Relative Position of
composition Radiopacity ™ radiopaque markers
(1-7)

Wallstent Cobait based alloy .07-.10 mm 5 Distal & proximal & interrmediate for
expected final length

Palmaz-Schatz 316 L Stainless Steel 102 mm 6 Distal & proximal
{premountad)

Gianturco-Roubin 316 L Stainless Steel 152 mm 4 Distal & proximal

Wiktor Tantalum 127 mm 2 Central

Multilink 316 L Stainless Steel .056 mm 7 Distal & proximat

Cordis Tantalurn 27 mm 1 Centrai

AVE Micro 316 L Stainless Steel 203 mm 3 Distal & proximal

*Relative radiopacity score (1-7} - based on ongoing comparative densitometry studies by Keane et al. at the Thoraxcenter.
A relative score of 1 = most radiopaque, while a relative score of 7 = least radiopaque.
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SECTION I

Currently Available stents

The currently available stents, a description of their design, and the year of their clinical
introduction are listed in table 1. For comparative purposes the key structural features and
technical details of the different stents are provided in tables 2 & 3. In the absence of
prospective randomized interstent comparative trials, it is difficult to draw conclusions on
the relative merits and demerits of each stent design, however, individual experience and
registry data from each stent allow preliminary impresslons to be made on the advantages
and limitations of each stent.

Wallstent

The Wallstent was the pioneer of stents [39, 83] through which we learnt the risk profile
and indications for coronary stenting and the necessity and adverse effects of
antithrormbotic measures. In a European cooperative registry in the late eighties [46,47],
both a quantitative angiographic as well as clinical Wallstent database was built up from
which predictors of subacute thrombotic occlusion and restenosis were identified in both
vein grafts as well as native arteries (71]. In 1291, the new Less Shortening Wallstent was
developed through a change in the braiding angle [32, 49] and results of the first clinical
implantation of this second generation stent in coronary vein grafts have been promising
[49]. The unique advantages of the Wallstent include the extensiva range of diameters and
lengths available, thereby allowing the Wallstent to be used for the management of long
spiral dissections, and for vessel reconstruction. The sheathed "balloon-less" delivery
system in combination with the free unconnected wire mesh design, render the Wallstent
one of the most trackable, pushable and flexible stents {figure 4) for negotiating vessel
tortuosity and passing through proximally deployed stents. l{s fine cross-hatched mesh
ffigures 2 & 3) design provides excellent scaffolding properties which is particularly well
suited to entrap friable material in diffusely diseased vein grafts {figure 1}, however, the
fine mesh also raises questions over the "jailing" of major side branches. Its primary
limitations are the longitudinal shortening of the stent upon radial expansion and motion
of the stent during retraction of the rolling membrane rendering the stent less suitable for
ostial lesions.

Palmaz-Schatz Stent

The Palmaz-Schatz stent has been extensively investigated in a broad range of coronary
lesions [19-22,456,60-563,65,62,68,69,72-78]. It is the only stent to date to have
completed prospective randomized trials comparing the clinical and angiographic outcome
with that of balloon angiopiasty [1,2]. The angiographic results following Palmaz-Schatz
stent implantation are predictable and the slotted tube design {figure 3} allows the
performance of high pressure intrastent balloon infltations without risk of structural
deformation. The low radiopacity of the Palmaz-Schatz stent, however, can render the
positioning of a non-compliant balloon for post deployment high pressure intrastent
inflations difficult. The availability of a free unmounted Palmaz-Schatz stent which can be
crimpad by the operator on any balloon provides more procedural versatility and resuits in
a lower profile during stent delivery. It does, however, increase the risk of losing the stent
during deptoyment and in general the unmounted Palmaz-Schatz stent should not be
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Figure 6

A
B8

¢

Short dissection in the origen of the left circumfiex coronary artery foflowing bafloon angioplasty
An AVE Micro stent is delivered to the target vessel through an 8F Amplatz guiding catheter, the
two radiopaque markers at the extremities of the are clearly seen

Following delivery of the stent, the thick radiopaque stainfess steel struts facifitate the precise
positioning of a short non-compfiant balloon (single marker) within the stent for subseguent high
pressure inflations and optimization of stent deployment
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selecied when attempting to pass through another stent which has been deployed
proximally on a bend, This limitation arises partly as a result of the rigidity of the Patmaz-
Schatz stent, which is only partially compensated by the newer heticoid connections. The
connected tubular segments of the Palmaz-Schatz stent negotiate vessel bends like the
carriages of a train rather than the continuity of flexibility proffered by the Wallstent and
coil stant designs. When multiple Palmaz-Schatz stents are implanted in tandem, overlap
of the stents should be avoided. The Palmaz-Schatz stent is particularly suited for focal
lesions in nontortuous coronary segments.

Gianturco-Roubin Stent

Prior to obtaining FDA approval for non-investigational clinical use, mest of the clinical data
on the Gianturco-Roubin stent was gathered in single and muiticenter registries in the
U.5.A, [38,8, 41-44], The indication for the Gianturco-Roubin stent for which most data
has been gathered is for the bailout of subocclusive and ocelusive dissections following
balloon angioplasty in native coronary arteries. The data gathered compares well with
historical controls treated by repeated and prolonged balloon angioplasty alone and results
of the first randomized trial of the Gianturco-Roubin in bailout therapy (GRACE) are awaited
with interest [38], The principle advantages of the Gianturco-Roubin stent include its range
of lengths and longitudinal flexibility. While the relatively large interstrut intervals of Tmm
{figure 3) raise questions over the suitability of this stent for the management of friable
vein graft lesions, the advantages of the Gianturco-Roubin stent design include minimal risk
of "jailing" side branches and the potential to perform coronary interventional procedures
in side branches through the interstrut spaces. While this stent excels in long dissections
in curved coronary segments {figure B), its more generalised use is hindered by the high
profile of the current prototype.

Wiktor Stent

The available clinical data on the Wiktor stent arises from observational studies and registry
data [54,56,79-821, the principle registry of which has been in the management of
restenotic lesions. Like the Gianturco-Roubin stent, the Wiktor stent is a coil stent (figure
3} which offers marked flexibility and thus conformability with the vessel curvature,
however, also like the Gianturco-Roubin stent, the Wiktor stent is unlikely to excel in the
treatment of friable vein grafts on account of the large interstrut interval of the Wiktor
stent and subsequently reduced scaffolding properties. The radiopacity of the Wiktor stent
allows exquisite positioning of the stent in ostial and focal lesions, while the flexibility of
the stent makes it suitable for short dissections on curved coronary segments. The recent
intreduction of the option of a monorail delivery system improves the user-friendliness of
the davice, The limitations of the current prototype of the Wiktor stent include the
availability of only one length, the limited scaffolding properties with the potential for the
protrusion of intimal flaps through the interstrut intervals, and occasionally the radiopacity
of this tantalum stent can interfere with on-line quantitative angioaraphic analysis of the
stented segment,

Muitilink Stent
The ACS stent [39, 83] currently has the least clinical experience of the currently available

stents and is undergoing its first 100 patient registry which is being conducted at five
European centers. The advantages of this new stent include the flexibility and low profile
{Table 1) of the sheathed stent and delivery system. Although the Multilink stent design
manages to provide remarkabte scafiolding properties (Figure 3}, the metallic burden to the
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Figure 7

A
B

Complex lesion of the mid-segment of the right coronary artery

Positioning of the Cordis stent was facilitated by the radiopacity of the tantalum struts which are
clearly seen during inflation of the contrast-filled intrastent balloon to 12 atmospheres
Angiography post stent deployment reveals the stent struts to be embedded in the vessel wall
external to the comtour of the contrast-filled lumen
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stented vessel remains very low by virtue of the small diameter of the corrugated struts.
The limitations of the stent include its radiolucency {Table 3} rendering the positioning of
non-compliant balloons for post-delivery high pressure intrastent inflations very difficult.
The current availability of only one length of 15mm, means that the 1st prototype can only
be used for very focal lesions. Following some minor modifications this stent may offer
some significant advantages over the earlier generation of stent designs. The attachment
of radiopaque tips on the stent would present a significant enhancement.

AVE Micro Stent

The AVE Micro stent is now undergoing clinical evaluation in a large number of countries
[84]. The high degree of radiopacity (Table 3) and balloon expandable deployment should
render the stent ideal for exquisite positioning in highly focal and ostial lesions {Figure 6),
however, by virtue of the longitudinal (axial) orientation of its eight struts, the 4mm AVE
Micro stent units may be prone to proximal migration and protrusion and therefore
preferably longer welded AVE Micro stents should be deployed in ostial locations. The
customized range of short lengths make the AVE Micro stent ideal as an adjunctive
complementary device for multiple stenting, filling in the gaps between longer stents and
improving the inflow or outflow of longer stents. Despite the absence of a protective
sheath, the low profile and longitudinal strut orientation, make the AVE micro stent one
of the easiest stent to pass through other proximally deployed stents. The monorail delivery
system increases the user-friendliness of the device which has a short learning curve, The
strong radial support proffered by the thick struts should make the stent suitabie for the
prevention of recoil and restenosis. Care should be taken, however, to avoid the
positioning of junctions between the unconnected 4mm units at the site of the minimal
lumen diameter of lesions in order to prevent intimal protrusion,

Cordis Stent

The Cordis stent continues to undergo early evaluation in the clinical arena. The principle
investigator of this stent has been Masakio Nobuyoshi and colleagues in Kyoto, Japan
wheare over 80 Cordis stents have now been deployed. Like the A.C.S. stent, the Cordis
stent offers some advantages over the first generation stents by virtue of its low profile,
flexibility, and comprehensive scaffolding properties. The absence of a protective sheath
on the delivery system, however, increases the possibility of stent dislodgement or
disruption during delivery. The operator should be aware of the protrusion of the delivery
balloon beyond the limits of the Cordis stent if inflations of higher pressure are considered.
While the strongly radiopaque tantalum struts (Table 3} allow exquisite positioning {Figure
7} of the stent in short dissections in curved coronary segments, the radiopacity may pose
probtems for on-line quantitative angiographic assessment, particularly during assessment
of luminal renarrowing at 6 month angiographic follow-up.
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CONCLUSIONS

Clearly none of the currently available stents is ideal or free from limitations. Moreover, no
stent should be expected to serve all indications and all coronary lesions. It is probably
appropriate for each interventional center to adopt two or three different stent types. Use
of all seven currently available stents at one center may result in unfamiliarity of each
operator with all stents and prolonged learning curves. Rationalization of the selection of
stents at each center should be based upon the case mix of the interventional practice.
Tertiary referral centers with a high volume of complex lesions including chronic total
occlusions, lang lesions in diffusely diseased vessels, and vein graft reconstructions may
wish to have the Wallstent {which requires extensive experience for optimal deploymaent)
in their stent armamentarium, while secondary referral centers with a standard
interventional case mix and smaller patient volume might be adequately served by more
user friendly stents with a shorter learning curve. Each center will require 1} at least one
standard mash stant with strong radial support such as the Palmaz-Schatz stent or AVE
Micro stent primarily for recoil and restenosis prevention and lesions in straight coronary
segments, and 2} at least one flexible coil stent primarily for dissections and lesions located
in tortuous vessels.

Given the increasing demands for accountability of cost:benefit efficacy in interventional
cardiology, it might be proposed that centers not participating in research studies should
include one low budget economical stent in their selection for "straight forward lesions”
in routine practice. If each stent will be expected to prove its own clinical indications and
niche by randomized trials comparing them to either conventional balloon angioplasty or
with previgcusly established stent prototypes, the ultimate cost of each stent design will
continue to represent a significant consideration in stent selection. The three most
important considerations in the stent selection process for the individual patient, however,
should continue to be 1) will the stent have an appropriate profile and trackabiiity to be
safely and successfully delivered to the individual coronary segment ? 2} is the structure
of the stent appropriate for the indication ? , and 3} will the dimensions of the selected
stent allow the achievement of an optimal angiographic resuf ?
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Key points for clinical practice

The aim of obtaining <50% residual diameter stenosis post intervention has
changed to one of < 25% residual diameter stenosis for balloon angioplasty and
to one of 0% residual diameter stenosis for coronary stenting

The achievement of optimal angiographic results obtained at the time of coronary
stent implantation confers a reduced risk of subsequent adverse clinical events

Optimal stent deployment can be obtained by the guidance of on-line quantitative
coronary angiography in mulitiple projections aiming for <0% diameter stenosis in
all views using the interpolated reference vessel diameter

Any additional benefit conferred by the routine use of intracoronary ultrasound over
the optimal use of on-line quantitative coronary angiography in multiple projections
atane for the guidance of stent deployment has yet to be demonstrated.

The speacific role of coronary stenting in vessels of < 3.0mm diameter has yet to
be addressed by prospective studies. It is hoped that the development of
thromboresistant (e.g. heparin-coated, heparin-sluting) stents may have a significant
impact in this domain.

The results of early studies by highly experienced investigators on the feasibility of
coronary stenting without post-procedural anticoagulant therapy by the combination
of optimal stent deployment in vessels of >3.0mm and effective antiplatelet
therapy (ticlopidine and aspirin) are promising but await confirmation by large
international multicenter studies to determine if this can be safely achieved routinely
at less experienced centers.

A stent size of at least equal to or greater than the reference vessel diameter as
measured by on-line quantitative coronary angiography, should be selected. The
degree of stent oversizing, however, should vary according to the structural design
of the stent

Caution should be exerted over the inflation to high pressures of premounted
compliant balloons which extend beyond the extremities of the stent

Exchange of the premounted delivery balloon for a non-compliant balloon {of shorter
length and occasionally of larger diameter) for the performance of post-delivery high
pressure intrastent inflations may be required to achieve an optimal angiographic
result

Particular attention should be paid to ensure an optimal inflow and outflow of {rigid}
coronary stents especially when placed in proximity to a vessel curvature

Axial shortening of stents upon radial expansion varies from 25% for the mesh
design of the Wallstent to 0% for the coil design of the Gianturco-Roubin stent

The length of the selected stent should be longer than the lesion to be covered in
order to provide a proximal and distal margin of more than 2mm after allowance for
axial shortening of the stent upon radial expansion.

For vein grafts, a stent with an adequate range of diameters and adequate
scaffolding lattice such as the Wallstent or Palmaz biliary stent should be selected.
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SAMENVATTING

Na implantatie van de eerste coronaire stent door Jacques Puel in Toulouse in 1986, heeft
de stent zich, via pionierswerk in de tachtiger jaren en via gerandomizeerde trials in de
negentiger jaren, een prominente plaats verworven in de huidige praktijk van de interventie
cardiologie. De conventionele stent vertegenwoordigt de mechanische benadering van een
biologisch probleem. De coronaire stent kan een dissectie aanleggen en de normale
bloedstroom in vaten met een dreigende of acute afsluiting herstelien, en het voorziet in
een methode om angloplastiek van primaire vernauwingen en restenotische lesies in zowel
natieve kranssiagaders als in aorto-coronaire bypass-grafts te optimatiseren.

Ons onderzoek heeft zich primair gericht op het vastieggen van harde klinische eindpunten
{reinterventies, bypass-chirurgie, hartinfarcten en doden), en op kwantitatieve coronair
angiografie (QCA)}. QCA tijdens de interventie procedure is een leidraad naar optimale stent
ontplooiing, en biedt de mogelijkheid de winst aan diameter en de recoil na stentimplantatie
te kwantificeren. Bij angiografische follow-up geeft QCA een maat wvoor het
restenoseringsproces in de stent en veranderingen in dimensies van het proximaal en
distaal van de stent gelegen vat.

Deel { van dit proefschrift beschrijft de betrouwbaarheid van QCA, en deel il beschrijft de
resultaten van kwantitatief anglografische en klinische evaluatie van de korte en lange
termijn uitkomst bij electieve en ball-out stent implantaties in natieve kransslagaders, en
van primaire stent implantatie in veneuze aorto-coronaire bypass-grafts.

In hoofdstuk If worden de resultaten van 3 studies weergegeven (de relatie tussen klinische
eindpunten en QCA, catheter calibratie voor QCA metingen, en de toepassing van signal-
averaging voor analoge videotape analyse). Hoofdstuk Hl geeft een vergelijking weer van
10 QCA systemen die gebruikt worden in leidende core-labs in de Verenigde Staten,
Canada en Europa. De tendens om grote diameters te onderschatten en kleine diameters
te overschatten werd bij alle systemen gezien. in hoofdstuk IV beschrijven we de resultaten
van een methode om de overschatting van kleine diameters teniet te doen door de
introductie van een dynamisch edge detection afgoritme. In hoofdstuk V rapporteren we
een nieuwe techniek om een coronaire "stent-stenose™ te plaatsen om QCA-meting van
grote diameters in varkens te mogelijk te maken. In hoofdstuk VI vergelijken we de
uitkomsten van videodensitometrische en geometrische QCA techniek, met de vitkomsten
van intracoronair uftragefuid in patiénten tijdens een coronaire interventie.

Deel Il van dit proefschrift evalueert de stents die momenteel klinisch worden toegepast
{hoofdstukken VII - IX: Walistent, hoofdstuk X: Palmaz-Schatz stent, hoofdstuk Xl en Xil:
Gianturco Roubin stent, hoofdstuk XIH: de bail-out stent, hoofdstuk Xi{V: de AVE Micro
stent, hoofdstuk XV: de Wiktor stent en de Wall stent, en in hoofdstuk XVi de 6 maands
resultaten van de Cordis stent gebaseerd op zowe! QCA als intracoronair ultra-geluid. In
hoofdstuk XVIlI worden de mechanische en radiografische eigenschappen van alle zeven
momenteel beschikbare stents, inclusief de ACS en Cordis stent vergeleken, en op basis
hiervan wordt in hoofdstuk XVIIl voor elke type stent een potentiéle plaats binnen het
klinisch toepassingsgebied voorgesteid.
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