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CHAPTER 1

GENERAL INTRODUCTION

Part of introduction has been published in 2 book chapters:

Restenosis following coronary angioplasty. Serruys PW, Rensing BJ, Luifien HE,
Hermans WRM, Beatt KJ. In; Meier B, editor. Interventiona/ Cardiology. Hogrefe &
Huber Publishers, Toronto - Lewiston - Bern - Gottingen - Stuttgart. 1988;79-115.

Assessment of early and late success after PTCA. Hermans WRM, Foley D, Rensing
8J, di Mario C, Serruys PW, In: Faxon D, editor, Practical angioplasty, Raven Press.
1992;(in press)






GENERAL INTRODUCTION

In 1929, Forssman in Eberswald, Germany, inserted a catheter into his own left
basilica vein and advanced it into his right atrium (1,2). This experiment was received
with scornful criticism by his medical coliecagues and was subsequently ignored for
several years. In 1841, Cournand and associates and Richards rediscovered the
“cardiac” catheter, employing it for the first time as a diagnostic tool (e.g. congenital
and acquired (rheumatic) heart disease) (2). In 1864, Charles Dotter and Melvin
Judking developed a therapeutic purpose for the catheter by using an coaxial system
of catheters to improve blood flow in patients with peripheral arteriosclerosis. However,
they were criticized for their high incidence of complications (significant hematomas,
distal embali) (2,3). In 1874, Gruentzig modified the multiple catheter system of Dotter,
with subseqguent decreasing percentage of periprocedural hematoma. When used in
the iliac and femoropopliteal arteries, the Gruentzig system achieved an initial patency
of 86% and a 3 year cumulative patency rate of 73% (3). in 1978, Gruentzig
miniaturized his peripheral ballocn catheter to perform coronary angioplasty, initially
in & canine model and later in human cadaver experiments, Then in 1977, in Zurich,
Gruentzig performed the first percutaneous transluminal coronary balloon angioplasty
(PTCA) ina human (4). Ever since, coronary balloon angioplasty has become a widely
accepted treatment modality for patients with coronary artery disease, as it appeared
to be safe and effective. Acceptance of coronary balloon angioplasty was given a
major boost by the live demonstration courses in Zurich. in 1981 alone, more than
400.000 patients have been treated worldwide, and most likely the annual number will
increase further. Major improvements in "angioplasty hardwarg" and operator
experience, have resulted in & high primary success rate (more than 80%) and low
complication rate (4-5% death, non-fatal myocardial infarction, acute bypass operation)
despite extension of the indication to include patients with unstable angina, multivessel
disease and totally occluded vessels (5).

Mechanism of coronary balioon angioplasty

Despite the therapeutic success of coronary angioplasty with a wider arterial
lumen after the procedure, the exact mechanism of dilatation remains speculative and
apparently involves multiple processes. Dotter, Judkins and, later on, also Gruentzig
initially attributed the mechanism of balloon angioplasty to redistribution and
compression of intimal atherosclerotic plaque (2,4). Data from angioplasty results in
experimental models, human necropsy coronary arteries, and human vessels examined
after successful or complicated coronary angioplasty procedures, revealed that plague
fracture, intimal atherosclerotic flaps, and loczalized medial dissection as the major
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mechanism of balloon angioplasty (6-14). An additiocnal mechanism appears 1o be
stretching of plague-free wall segments of eccentric atherosclerotic lesions (11,12).
Recently, intravascular ultrasound imaging after balioon angioplasty have shown
morphological patterns similar to previous histopathological morphology studies (15).
An initial increase of the cross-sectional area is observed after coronary balloon
angioplasty, but immediate or delayed elastic recoil (especially in eccentric type
lesions) might reduce the coronary lumen towards predilatation and could be cause
of early or late restenosis. The presence of elastic recoil has been demonstrated by
in-vivo quantitative angiography and bailoon ultrasound inflation catheters (BUIC) (14-
19).
Risk of treatment with ceoronary balloon angioplasty

Patients trested with corcnary balloon angioplasty are at risk for 2 major
coronary events:

[11 Abrupt vessel closure

The reported incidence of acute corcnary artery occiusion varies, depending on
the definition applied, from 2% to 11% (20-22). 1t is the major cause of in-hospital
coronary balloon angioplasty related morbidity and mortality, and has restricted
application of this technique to centers where surgical standby can be provided or is
readily accessible. The mechanisms of abrupt coronary artery occlusion are
multifactorial and include:

1) Mechanical obstruction due to intima! dissection,

2) Elastic recoil following dilatation,

3) Platelet adhesion and aggregation with ensuing intracoronary thrombus
formaticn,

4) Sub-intimal hemorrhage, and

5) Vasoconstriction or frank spasm of the disease free wall (7,12,18,17,23).

it is not always possible to distinguish between these mechanisms by
angiography and they often occur in combination. However, it is likely that occlusive
dissection accounts for the vast majority of abrupt coronary artery occlusion. Although
acute coronary ccclusion during coronary balloon angioplasty is unpredictable in the
individual patient, it appears that female gender, unstable angina, multivessel disease,
multipte lesions in same vessel, collateral flow from the lesion, intracoronary thrombus,
severe narrowing, long lesion, ulcerated lesion. lesion at branch point, lesion at bend
point are important pre procedural factors. Tear or dissection, remaining stenosis and
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gradient of more than 20 mmMg are important post procedural factors (20,21,22).
[2] Restenosis or luminal narrowing after coronary balloon angioplasty

Restenosis or the recurrence of the stenosis after initially successful coronary
balloon angioplasty is the major limitation of corenary balloon angioplasty, which
restricts the long term benefit of the procedure. Restenosis occurs in 17% to 40% of
all dilated lesions, this variability being mainly 2 consegquence of 1) angiographic follow-
up ranges between 57% 10 100%, 2) time 10 follow-up ranges between 1 and 9
months, 3) different criteria of restencsis have been applied (angiographic, clinical,
physiologic), and 4) visual assessment of the coronary angiogram is used in most
studies (24). At present ime, the restenosis process is not well understood. This is the
reason why there have been at least 13 different "definitions”, based on coronary
angiographic findings, applied by various clinical investigators attempting to address
the problem of restenosis through clinical studies in recent years (table 1).

Tahie 1 Selection of criteria for angiographic restenosis in current use

—

Loss of > 30% diameter stenosis from post-PTCA to follow-up (NHLEI ).

2 An immediate post-PTCA diameter stengsis < 50% and a diameter stenosis >
70% at follow-up (NHLBI [).

3 A return to within 10% if the pre-PTCA diameter stenosis (NHLBI Hil).

4 Loss at follow-up of at least 50% of the initial gain after PTCA (NHLB! V).

5 Loss of > 20% diameter stenocsis from post-PTCA to follow-up.

6 An immediate post-PTCA diameter stenosis < 50% that increase to > 50% at
follow-up.

7 A diameter stenosis > 50% at follow-up

B A diameter stenosis > 70% at follow-up .

8 Area stenosis > 85% at follow-up .

10 Loss of > 1 mm’ in stenosis area from post-PTCA to follow-up.

11 Achange of >0.72 mm in minimai lurminal diameter from post-PTCA to follow-
up.

12 A change of >0.50 mm in minimal luminal diameter from post-PTCA to follow-
up.

13 Diameter stenosis > 50% at follow-up of a successfully dilated lesion (defined
as diameter stenosis < 50%, and a gain of > 10% in luminal diameter,
immediately after PTCA), excluding lesions with a < 10% deterioration in
diameter stenosis since PTCA.
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However, it seems that the pathological process of restencsis, is usually
completed within 2 to 5 months after the procedure, and rarely continues after 6
months (25,26). Inthe last 10 years, attemnpts to retard the rate of this late complication
of coronary balloon angioplasty have failed. Although many risk factors for restenosis
have been identified (table 2) (27-31), most arg difficult to influence and it seems to be
impossible to reliably predict which patients ar vessel segments will develop restenosis.

Table 2

Factors predictive of restenosis

Clinical Factors

Lesional Factors

Procedural Factors

Male
Unstabie angina
No history of Myocardial infarction

Bypass graft

Inttial lesion severity

Residual percent diameter stenosis
Lesion length > 10 mm

Left Anterior Descending Artery

Long single inflation
"Optimal" balloon-artery ratio (1.1-1.3)

Abstracted from ref. 27-31, pre-requisite for inclusion: study population comprised
more than 250 patients, with an angiographic follow-up rate of 65% or more.

Despite many well designed and executed clinical trials of anti-thrombotic, anti-
praliferative, anti-inflammatory, anti-spastic and lipid-lowering agents in the last 8 years
(table 3)(32-37), a pharmacological solution has (yet) not been reached.
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Table 3 Pharmacological Interventions to prevent restenosis using drugs against:

* Thrombosis
Heparin, hirudin, coumadin, acetylsalicylic acid, dipyridamole, sulfinpyrazone,
thromboxane A2-synthetase inhibitor, thromboxane A2 receptor blocker,
ticlopidine, prostacyclin, ciprastene, 7E3, fish oil, NSAID.

* Cell proliferation
Low molecular weight heparin, platelet derived growth factor antagonist {rapidil),
angiotensinconverting enzyme-inhibitor (cilazapril), colchicine, cytostatic agents,
serotonin antagonist (ketanserin), angiopeptin.

* inhibitor of inflammation

Corticosteroids, non-steroidal anti-inflammatory drugs.
* Coronary vasospasm

Nifedipine, diltiazem, verapamil.
* Lipid regulators

Fish oil, lovastatin.

Pathophysiclogy of restenosis after coronary balioon angioplasty

"Restencsis” or luminal narrowing after coronary balloon angioplasty refers to
the process by which a blood vessel tends to renarrow following the mechanical injury
imparted by a balloen {or other device). Recently, two restenosis models have been
proposed to explain this very complex process 1o injury.

Forrester et al, hypothesized that restenosis is @ manifestation of the general
wound healing process expressed specifically in vascular tissue and occurs in 3
characteristic phases: 1) inflammation, 2) granulation and 3) extracellular matrix
remodelling (38). As intact endothelium prevents platelet aggregation, a superficial
endothelial injury leads to local platelet and leucocyte adhesion without release of the
granules in the platelets. In case of a coronary balloon angioplasty - with intimal or
medial injury -, the hemostatic system is activated and the granule’s of the platelets are
released. Thus, the inflammatory phase begins with coagulation of blcod and
fibronectin, while platelets aggregate at the wound surface, releasing promotor for local
vasocanstriction, thrombus farmation, further platelet aggregation, and growth factors
(figure 1).
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Fig.1 Simplified presentation of platelet adhesion, activation and aggregation

The granuiation phase is marked by migraticn and proliferation of epithelial or
endothelial cells from the wound margin and fibroblasts or smooth muscle cells from
adjacent tissue, to cover the wound surface. The most prominent cell in intimal
hyperplasia is the smooth muscle cell. Control of migration and proliferation is
determined by the action of growth factors and their opposites (table 4).

Tabie & Potential role of growth factors in coronary restenosis

Growth factor Potential Action in Restenosis

FDGF Stimulates smoaoth muscle cell migration and proliferation

FGF Stimulates endothelial cell and fibreblast profiferation

EGF Replaces heparin on cell surface; promotes smoocth muscle cell
proliferation

IGF Promotes smooth muscle cells proliferation and extraceliular matrix
production

TGF Regulates matrix remodelling: possibly regulates other growth
factors

POGF =Platelet derived growth factor; FGF =Fibroblast growth factor; EGF =Epidermal
growth factor; IGF=Insuiin-like growth factor; TGF =Transforming growth factor
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Smooth muscle cells has two phenotypes: 1) contractile (quiescent) phenotype
in normal vascular media, 2) synthetic (secretory) phenotype in injured tissue with
abundant synthetic crganelles (such as free ribosomes, Golgi apparatus, and rough
endoplasmic reticulum). In about 7 days, the phase of cellular migration and
proliferation is slowed down and remodelling takes over, with production of large
amount of chondroitin-sulfate and dermatan sulfate. By several months, the return of
the contractile smooth muscle cell phenctype is paralleled by a change in the
extracellular matrix: protecglycans by collagen and elastin, and this finishes the wound
healing process (38).

An alternative restenosis model, based on observations in a porcine coronary
injury madel, has been put forward by Schwariz et al., where platelets and thrombus
play a central role (38). In response to arterial injury, platelets, fibrin and red blood cells
accumulate at the injured site (thrombotic phase). This thrombus endothelializes, and
mononuclear cells infiltrate on the lumen side of the vessel (recruitment phase). Cells,
staining positive for alpha-actine {smooth muscle celis or myofibroblasts), form a thin
cap just beneath the endothelial surface (proliferative phase). This cap thickens
downward the media as the remaining thrombus material is resorb. The healing
process is completed as all thrombus has been resolved and replaced by negintima.
Since the smooth muscle cells first appear at the fuminal side of the endothelizlized
thrombus, their origin is apparently not the media. From these observations, they
concluded that the magnitude of the luminal narrowing process may derive more from
the volume of local mural thrombus at the site of arterial injury than from uncontrolled
cellular proliferation (39).

Two additional mechanisms of luminal narrowing at the angioplasty site are
delayed elastic recoil and progression of the athercsclerotic plaque (12,40).

Approaches to detection of restenosis
Maintained success or its counterpart, restenosis, after an initial successful
coronary halloon angioplasty, may be evaluated by:

1) Symptomatic criteria

Maintained improvement in quality of life is the goal of any therapeutic treatment
modality, but as previously mentioned it is also the ieast objective evaluation of
success. The reappearance of angina as the criterion of restencsis underestimates the
angiographic rate of restenosis since the reparted incidence of silent restenosis may
be as high as 31% (41). Recently Califf et al. described that in studies with a high rate
of angicgraphic follow-up, the probability that patients with symptoms had restenocsis
(positive predictive value) ranged form 48% to 92%, whereas the probability that
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patients without symptoms were free of restenaosis (negative predictive value) ranged
from 70% o 98% {42). The low positive predictive value found in many of these studies
may be explained by the presence of other mechanisms of angina, such as incomplete
revascularization or progression of disease in other vessels. In view of the above
considerations, the usefulness of symptomatic criteria for the detection of restenosis
is at best limited.

The "paradox" of angiographic recurrent stenosis in the absence of clinical
symptoms can be explained in part by looking more closely at the definition of
restenosis used. if restenosis is said to be present when there is a loss of at least 50%
of the initial diameter gain, a 60% diameter stenosis that is reduced to 10% by
angioplasty assumes recurrence with a diameter stenosis of 35% at follow-up. it is
not surprising that such a patient is likely to be asymptomatic, since a diameter
stenosis of 35% is usually not hemodynamically significant.

2) Functional criteria

As far as detection of restenosis by noninvasive diagnostic tests is concerned,
it can be said that in general an abnormal exercise ECG response or myocardial
perfusion defect[s] on a thallium-201 scintigram are either associated with an
angicgraphically demonstrable restenosis of the dilated segment or are the result of
presence of additional disease (43-48). However, coronary collaterals to the myocardial
region supplied by the dilated but restenosed vessel may provide adequate circulation
to prevent exercise-induced thallium perfusion defects (47-51).

Al ECG exercise testing

Several studies have examined the abiiity of the exercise test to detect
restenosis after coronary angioplasty. These studies have generally found that the
presence of exercise induced ST-segment depression, angina on exercise, or both are
not highly predictive of restenosis whether the test is performed early or late after
angioplasty. The positive predictive value of early exercise testing ranges from 28% to
80%, and the corresponding value for late exercise testing ranges from 39% to 64%
(42,52). These low values are most likely a consequence of incomplete
revascularization. It is, however, also possible that the non-invasive test accurately
demonstrates & functionally inadeguate dilatation, despite the appearance of
angiographic success.

B Thailium scintigraphy

The positive predictive vaiue of thallium scintigraphy for detection of restenosis
in series with a variable angicgraphic follow-up ranged from 37%-100% (42). Since
coronary angiography is "the gold standard" for detection of restenosis in these
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studies, the reported value of a non-invasive test is determined not only by the actual
accuracy of the test but also by the completeness of angiographic follow-up. In studies
with a high angiographic follow-up rate, the negative predictive value of thallium
scintigraphy varies Detween 42% and 100%. Tomographic imaging of nuclear
scintigrams may prove superior to planar imaging for the detection of restenosis (53).
Of practical interest in this regard, a recent study (54), albeit in 2 small series of
patients, suggests that exercise Ti-201 tomoscintigraphy with rest reinjection may be
a useful means of detecting "restenosis”.

3) Anatomic criteria

Although contrast angiography is still the "gold standard", intracoronary biopsies
and intravascular ultrasound imaging emerge as two new modalities of investigation,
of early and late assessment of any intervention.

A Intravascular ultrasound

Intravascular ultrasound (IVUS) has the potential to offer new insights into the
mechanisms, complications and long-term results of coronary interventions. However,
before IVUS can be accepted as an alternative to arteriography, several significant
limitations need to be overcome. In particular the size and relative inflexibility of the
current devices prevent their routine use. In addition, the safety and accuracy of IVUS
has yet to be demonstrated in clinical studies (18).

B) Histology

On-iing in vivo histological assessment of biopsies taken with the atherectomy
catheter is currently the only approach which can discriminate between classic
atheroscierosis and fibrocellular hyperplasia. However, to what extent single biopsy
samples represent the lesion as a whole is still undetermined. Although, this technigue
is only applicable in @& subset of patients with a lesion suitable for atherectomy
treatment, it does offer an additional perspective. Some authors have suggested, that
there may be a relationship between the cellular density of the atherectomy specimen
or growth rate, and migratory rate of these cells in cutture, and the later development
of restenosis (55-59).

C) Coronary Angiography
In view of the above, caronary angiography is still the most objective and
reliable means of assessing the long term outcome of coronary interventions.
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Visual qualitative assessment of cine-angiegram

Visual assessment of percentage diameter stenosis of a diseased coronary
artery still remains the "gold standard” In more than 88% of centers performing
coronary angiography (60,61). In addition, attempts to correlate closely the anatomy
of a coronary stenosis and its physiciogic significance by visual interpretation of cine-
angiograms, are hampered be several serious shoricomings. The large intra-and
intercbserver variation (62-65), and lack of correlation with pathologic (88) and intra-
operative (67) findings are well recognized. Furthermore, the reproducibility of visual
lesion assessment is influenced by the severity ¢f the coronary stenosis. in general,
lesions between 20-80% diameter abstruction [moderate lesions] have a wider range
of intra and inter observer variabiliies than stenoses less than 20% or more than 80%
(68). A recent report, where visual interpretation of coronary arteriograms was
compared with gquantitative coronary arteriographic assessment, confirmed these
earlier findings that: 1) visual estimates of "moderately” severe stenosis were 30%
higher than guantitatively measured actual percent dizmeter stenosis, 2) visual
estimates diagnosed significantly more three-vessel disease, 3) visual interpretation
significantly overestimated initial lesicn severity and underestimated stencsis severity
after angioplasty {89,70). The accuracy of visual lesion assessment of coronary
cineangiograms is limited in the range of the intermediate severity in which minor
luminal changes in mederate lesions is compounded by the fact that these minor
changes have major hemodynamic consequences. While resting coronary blood flow
is not dramatically altered until an obstruction of at least 85% of the diameter is
present, maximal coronary flow is already diminished by obstructions as small as 30%,
and marked impairment of coronary flow reserve [CFR] occurs with progressive
diameter stenosis from 65-85% (71).

Quantitative coronary angiography

Since visual interpretation of the coronary angiogram is a poor means of
predicting the physiological importance of obstructive coronary artery disease (70),
automatic quantification systems have been introduced in recent years aimed at
enhancing objectivity and reproducibility in the assessment of ccronary artery
dimensions. These computer programs analyze the coronary lesion either by 1)
automated border detection of the segment of interest (‘edge detection”), or 2)
densitometric analysis of the radiographic image (using the concept that the density
across an artery in a radiographic image is proportional to the cross-sectional area at
that point) (72-74).

The Coronary Angiographic Analysis System (CAAS) has been in operation at
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the Thoraxcenter since 1982 and has been rigorously and extensively validated (75,76).
An example of an analysis is shown in figure 2.

Figure 2 Example of a stenosis in the marginalis branch of the left circumfiex artery
before (A) and after (B} difatation.

Essentially, the boundaries of a selected coronary segment are detected
automatically (so called "edge detection”) from optically magnified and videodigitized
regions of interest (512 x 512 pixels) of an end diastolic cineframe. This step may soon
be rendered unnecessary by the rapid development of on-line digital angiographic
systems. Absolute diameter values are determined in mm using the guiding catheter
{(each individual catheter tip is retained and measured by micrometer) as a scaling
device. A correction factor is then introduced for the so called " pincushion distortion
" introduced by the image intensifier. The difficulty with selection of reference diameter
is solved by using a computer derived or "interpolated” reference diameter, by which
technigue the computer generates the original disease - free dimension of the segment
of interest. From these absolute measurements (minimal luminal diameter-MLD,
maximal luminal diameter, mean luminal diameter and extent of obstruction ) and the
interpolated measurements obtained by the computer (symmetry, curvature, inflow /
outflow angle, plague area, roughness) many others may be derived eg. percent
diameter stenosis, percent area stenosis, theoretical transstenotic pressure gradient,
calculated poiseuille resistance and calculated turbulence resistance (72,78). The MLD
is an unambiguous measurement of lesion severity and has the lowest long-term
varigbility of all quantitative angiographic measurements of lesion severity.
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Figure 3 Graphic representation of the quantitative angiographic measurements.

The upper panel represents a stenosed arterial segments. The lower
panel is the diameter function curve.

Although quantitative, computer-based analysis methods have enhanced

objectivity, some pitfalls still exist. For one, the presence of overlapping branches
interferes with quantitative analysis of lesion severity from coronary angiograms. Also,
various sources of variation in the angiographic data acquisition and analysis at
different stages can be distinguished:

1)
2)
3)
4)
5)

Pincushion distortion of image intensifier,

Differences in angles and height levels of x-ray systems,

Differences in vasomotor tone,

Variation in quality of mixing of contrast agent with blood,

Catheter used as scaling device (angiographic quality, influence of contrast in
catheter tip on the calibration factor, size of catheter),

Deviations in size of catheter as listed by the manufacturer from its actual size,
Variation in data analysis (reference diameter, length of analyzed segment,
frame selection) (95,96).

WHAT HAS BEEN LEARNED FROM STUDIES USING QUANTITATIVE CORONARY
ANALYSIS 7
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Timing of restenosis

Two virtually simultaneous studies addressing the issue of luminal changes in
the months following coronary balloon angioplasty using coronary angiography at
different pre-selected follow-up intervals, gave remarkably similar results (figure 4)
(25,28). In the study carried out at the Thoraxcenter, the (mean) minimal lumen
diameter increased slightly from 2.08 mm directly post angioplasty to 2.11 mm at 30
days and then decreased steadily to 1.83, 1.77, 1.68 and 1.82 rmm at subsequent
follow-up times (2,3,4,5 months). Nobuyoshi et al. restudied 229 patients at 24 hours,
1,3,6 and 12 months. Their findings were very similar to those from the Thoraxcenter.
In addition, Nobuyoshi found that iesion progression after 6 months was unusual.
These data demonstrate a striking resemblance to the pattern of intimal hyperplasia
after vascular injury in animals, which reaches a peak at 4 to 12 weeks (79-81).

3 Diameter {mm)

RD
2.5
2_
1.57 MLD
14
* —— NOBUYOSHI et al
0.5 -
—£— SERRUYS et al.
PRE POST1d1m 2 3 4 5 & 12
PTCA PTCA mths

Figure 4 Minimal lumen diameter (MLD) and the interpolated reference diameter
(RD) measurements as reported by Ncbuyoshi et al. and Serruys et al.
(25,28).

Absolute change in minimal lumen diameter, as measurement of the restenosis process

As a result of quantitative angiographic studies, a new congcept for measuring
restenasis has been introduced, as “clinical restenosis” {>50% diameter stenosis at
follow-up) refers to the clinical decision making proces in the hospital (binary outcome:
restenosis yes / no), the "restenosis process” (luminal re-narrowing as measured by
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dimensional change after angioplasty) is used in angiographic restenosis studies
comparing the effect of a new pharmacological agent with placebo or different
interventions. The change in minimal lumen diameter from post angiopiasty to follow-
up angiography gives a reliable quantitative measurement of luminal narrowing (figure
5). It describes the magnitude of the reactive intimal hyperplasia after balloon trauma
to the vessel wall.

R3.0 mm RELATIVE GAIN AND RELATIVE LOSS

2.2 mm AP oY
QG

I
VESSEL SIZE MLD PRE MLD POST MLD FUP

Figure 5 Gain represents the accomplishment in minimal lumen diameter of the
coronary angioplasty procedure (2.2 - 1.0 = 1.2 mm). Loss represent what is lost in
minimal fumén diameter during the foliow-up period (2.2 - 1.6 = 0.6 mm). Relative gain
(i.2 / 3.0 = 0.4) and relative loss (0.6 / 3.0 = 0.2) is respectively gain and loss
normalized for the (interpolated) reference diameter or vessel size.

The continuous approach by measuring the change in minimal lumen diameter
at follow-up has the advantage to detect the degree of benefit of new pharmacological
agent or treatment, Beside that, the number of patients needed in a ¢linical trial can
considerable be reduced, and by doing this the costs through the pharmaceutical
industry to society. If a binary decision is used, 696 patients must be enrolied with
complete angiographic follow-up 1o have an 80% certainty of detecting a reduction in
the incidence of restencsis in a given population from 35% to 25% with 2p = 0.05. If
on the other hand, a continuous variable is used, only about 100 patients would be
required to demonstrate the same difference with the same statistical certainty.
However, a small difference in minimal luminal dimension might be statistically
significant, but its clinical relevance would have to be tested in a larger popuiation
{600 10 1000 patients). in addition, ancillary investigations such as intracoronary
ultrasound or local biopsy are necessary to be able to distinguish between intimal
proliferation, organized thrombus and elastic recoil (82).
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QVERVIEW OF THE THESIS

The topic of this thesis is early and late luminal narrowing after percutaneous
transluminal coronary ballocn angioplasty as assessed by quantitative angiography,
and the role of two possible risk factors: elastic recoil and dissection.

In Chapter 2, an review ig given of the pharmacological agents that have been
tested in the animal model and postangioplasty patients.

In Chapter 3 and 4, the methodological preblems in the assessment of elastic
recoil, stretch and balloon-artery ratio and the role of elastic recoil as a cause of
luminal narrowing using quantitative methods are discussed. The 453 patients
described in Chapter 3, represents the patients that were enrolled in the Thoraxcenter,
in one of three following pharmzacological restenosis prevention trials: 1) CARPCRT
(Coronary Artery Restenosis Prevention On Repeated Thromboxane-antagonism), 2)
MERCATOR (Mufticenter European Research trial with Cilazapril after Angioplasty to
prevent Transfuminal coronary Obstruction and Restenosis) or 3) PARK {Post
Angioplasty Restenosis prevention with Ketanserin)). s

In Chapter 4 angicgraphic risk facters, inciuding stretch and elastic recoll, for
long term luminal narrowing (8 months) after 2 successiul angioplasty procedure were
investigated. To obtain independent predictors of a significant loss in minimal luminal
diameter (MLD) - loss <0.72 mm - a multivariate logistic regression analysis was
applied to 385 iesions with balloon measurements. Patients described in this chapter
were enrolled in the CARPORT ftrial.

In Chapter 5 and 6 the role of an "unwanted” and “therapeutic” type of dissection
during and after percutaneous transiuminal coronary balicon angioplasty are
discussed. In Chapter 5, the role of qualitative and quantitative lesion morphology, in
addition to clinical patient characteristics, in prediction of patients at high risk for major
cardiac procedural or in-hospital cardiac events, was investigated. In this chapter, all
69 patients with & major procedural or in-hospital cardiac event - that were enrolled in
CARPORT and MERCATOR ftrial - formed the study population. These patients were
randomly matched t0 267 patients (1o the nearest week within the same hospital)
without any major procedural and cardiac events from the same 2 trials. in Chapter g,
the relationship between an angiographically visible coronary dissection immediately
after successful coronary balloon angicplasty and subsequent restenosis and long-
term clinical outcome was investigated. The study population comprised ail 883
patients who participated in the MERCATOR trial.

In Chapter 7, the angiographic morphology, as derived from guantitative
coronary analysis, of the non-restenstic and restenotic [esion, was assessed in ail 778
successiully ditated lesions with foliow-up angiography, of 653 patients participating in
the MERCATOR ftrial.
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In Chapter 8, it was investigated whether luminal narrowing or restenosis after
balicon angioplasty occurs only in a subset of patients cg. lesions or that it cccurs to
a certain extent in all diated patlents cq. lesions. For this study quantitative
angiographic data of the CARPORT and MERCATOR were combined.

in Chapter 9, the risk for restenosis of the proximal left anterior descending
artery as compared to lesions in the left circumflex or right coronary artery was
investigated in all 1452 lesions of 1234 patients with 6 months follow-up angiography
{follow-up rate 91%). In this study, quantitative angiographic data of the CARPORT and
MERCATOR were combined.

In Chapter 10, an attempt was made to predict the absolute change in minimal
luminal diameter at follow-up angiography with patient, lesion and procedural variables
prospectively collected in the MERCATOR trial. Therefore a multiple linear regression
analysis was applied to 778 lesion with the change in minimal lumen diameter from
post angioplasty angiogram to follow-up angiogram as dependent variable.

In Appendix I, the quality control on cine-angiographic data acquisition and
analysis in the 3 restenosis prevention trials - CARPORT, MERCATOR and PARK - are
described.

In Appendix 1, the results of the MERCATOR trial are presented. In this
restenosis prevention trial, a novel angiotensin converting enzyme inhibitor, cilazapril,
was compared to placebo, with respect to the amount of luminat narrowing at 6
months follow-up.
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Prevention of restenosis after percutaneous
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for a ““magic bullet”
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Percutaneous transluminal coronary angioplasty
(PTCA) is an accepted treatment for providing relief
of angina pectoris in patients with single-and multi-
vessel disease. Increased experience and advances in
technology have resulted in a high primary success
rate (80% to 85% ) and a lower complicationrate {4%
to 5%}. Despite the therapeutic success of coronary
angioplasty, the exact mechanisms of dilatation re-
main speculative and involve multiple processes in-
cluding stretching of the vessel at the site of the di.
latation and disruption and fissuring of the plague.!
Angiographic renarrowing at the site of PTCA, fre-
quently accompanied by recurrence of symptoms of
angina, is a common phenomencn {30%) and has a
negative bearing on the long-term results of PTCA.
This usually occurs within the first 6 months after
PTCA>? Although many of the risk factors for re-
stenosis have been identified (Table I},%% most of
these are difficult to influence. Until now we have not
found a technical or pharmacologic cure, and we are
unable to predict which patlents or vessel segments
will have restenosis. The reason why a clinically sig-
nificant restenosis occurs in only a minority of the
dilated vessels (30%) remains an enigma. Although
the typical restenotic lesion differs from the usual
atherosclerotic plagque in architecture and lipid
contens, both contain smooth muscle cells and fi-
brous tissue,® % and it is even likely that the
factors responsible for restenosis are similar to
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those that effect de novo atherosclerosis. In some
cases of “restenocsis™ it is concelvable that it is
caused by progression of the preexisting athero-
sclerotic plaque.

An important step in the restenosis process is ac-
tivation of the hemostatic system with platelet adhe-
sion, platelet aggregation, and fibrin formation. This
is followed by smooth muscle cell proliferation, which
is mediated by growth factors produced by cellular
constituents in the blood and damaged vessel
wall.? 2 Each of these steps could be sites of inter-
vention that might halt the restenosis process. The
drugs that could reduce or prevent restenosis in the
animal model are listed in Table IL Some of these
have heen investigated in prospective randomized
angioplasty trials and although efficacy has not been
demonstrated, they continue to be used and pre-
scribed in dadly routine. In this review we will concen-
trate on the drugs (Fig. 1) that have been tested to pre-
vent restenosis in the animal model (Table III) and in
postangioplasty patients (Table IV).

Animal models are of limited value in restenosis
research because it is impossible to create arterial
stenoses in animals {e.g.. pigs, rabbits, or dogs) that
resemble human coronary artery disease {Table V).
Most models use an inflated balloon to “Injure” the
intimal and medial layers of the vessel wall, although
infused air has also been used. Some investigators
have performed experiments in iliac or carotid arte-
ries rather than in coronary arteries; others have fed
the animals an atherogenic diet for brief periods of
time to induce an “atherosclerctic lesion.” Several
studies In animals have examined the degree of
platelet deposition after arterial injury to test the
hypothesis that platelet aggregation and platelet-de-
rived substances are responsible for the restenosis
process.”* Other studies use angiographic or histo-
logic findings in damaged arteries to assess resteno.
sis (Table IV). Recently a model of human restenosis
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Table I. Variables agsociated with higher restenosis rates in patients with follow-up angiography

Reference Year No. of patients Clinical

Holmes et al.® 1984

Cowley et gl.b 1985
Leimgruber et 2.5 1986
Kaltenboch et al? 1985
Levine ot al.t 1985
Bertrand et ol.? 1986
Uebis et al.x? 1986
David et al.* 1984
Hollman et ol 1986
Scholl et 4114 1981
Margolis et al.l? 1984
Marantz et al.!b 1984
Mata et ol.}6 1985
Probst et al.'’ 1985
Serruys et all¥ 1985
Roubin et ol™® 1986
Shaw et al.?® 1986
Clark et al. 1986
Powelson et al® 1986
Urban et ol 1987
Bertrand et al.® 1988
Ellis et ol 1989

557 Male sex
Canadian class ITE-IV
No previous MI
Angina onset <2 mo
Digbetes meilitus
557 Male sex
298 Qld age
Unstable angina
Angina onset <2 mo
333 Medication ?

100

229
100

191 Variant angina

536 Diabetea mellitus

45 Variant anging
216 Inaulin-dependent diabetes mellitus
72

94

28

411
7 High cholesterol
Current smoker

124

50

91
437

308

BIP, ballcon inflation pressure; CABG. coronary artery byposs graft: DS, diameter stenonin; MI, myoenrdial infarction; TSG, transstenotic radient; CWP,

coronaly wed e pressure.
"In patients with totally aecluded veswel.
+Farly restenosis (<2 doys).

was developed in the domestic crosshred swine fed &
standard nopatherogenic diet.3® Metallic foreign
hodies were implanted percutaneously in porcine
coronary arteries with oversized PTCA balloons
infiated to high pressure. Results of histologic exam-

ination of lesions showed a marked proliferation of
medial smooth musele cells. This may be a useful an-
imal model to test drugs used for treatment of re-
stenosis, since it more closely resembles the response
in human restenogis.
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Hemodynamic or
procedure-rejoted

Lesion-related

Pre-PTCA TSG
=40 mm Hy

Post.PTCA T3G
=20 mm Hg

Post-PTCA T3G
15 mm Hg

Infiation pressure
<8 atm

Post-PTCA TSG
>18 mm Hg

Maximum balloon
pressure >7 atm

Balloon artery ratio
=09

Collaterals pre-PTCA

Qcclusion presaure
>45 yam He

More inflations™
Higher BIP*

CWP =20 mm Hg

Pre-PTCA DS > 707

PTCA on CABG

LAD »>RCA >LCX

Post-PTCA DS >30%

Absence of dissection

Second PTCA

PTCA on CARG

Pest-PTCA DS >30%

Relative change <55%

“Dynamic” coronary stenosis

Length of pre-PTCA stenosis
>2 mm

Pre-PTCA DS >90°%
Pout-PTCA DS >500:
Concentric stenosis
Multivessel PTCA
Pre-PTCA DS =90%
Post-PTCA DS >40%¢
Abucence of intimal tear
Eccentric or caleified lesion

Trreguler lesion pre-PTCA
Large change in DS at PTCA

LAD or LCX >RCA
Calcified stenosis
Post PTCA DS >407

PTCA for total occlusion
Multilesion PTCA in one vessel

Presence of Intimal disruptiont

Presence of ergonovine-induced
spasm before gnd
after PTCA

Stenosia et bend point of
COTONATY artery

ANTICOAGULANTS AND ANTIPLATELET AGENTS

Platelets play an important rele in the develop-
ment of restenosis after PTCA.3 Intact endothelium
prevents platelet aggregation; however, after super-
ficial injury a thin laver of thrombocytes attach
themselves to the endothelium (platelet adhesion).
If, however, there ia deeper damage to the vessel wall,

Prevention of restenosts after PTCA

blood is exposed to collagen and other substances of
the subintima, which is a potent stimulus for plate-
let aggregation that is mediated by the release of ad-
enosine diphosphate, serotonin, thromboxane As, fi-
brinogen, fibronectin, and von Willebrand factor.
These substances activate neighboring platelets via
different metabolic pathways (thromboxane A», ad-
enosine diphosphate, and a platelet-activating fac-
tor) and promote thrombosis. In addition, the release
of several growth factors, including platelet-derived
growth factor, epidermal growth factor, and trans-
forming growth factor beta from thrombocytes,
smooth muscle cells, endothelium, and macrophages,
stimulates smooth muscle cells and fbroblasts to
proliferate and migrate from the medial layer into the
intima of the vessel wall In some patients this
response is excessive and is associated with formation
of abundant amounts of connective tissue. This
results in hyperplasia of the intima with a reduction
in luminal diametex.

To prevent platelet deposition (which occurs within
mimutes of the procedure) and the associated release
of smooth muscle cell mitogenic factors, antiplatelet
therapy appears to be a logical approach. Experi-
mental studies have demonstrated that the use of
antiplatelet agents can decrease the extent of plate-
let deposition and acute thrombosis after angioplas-
ty, with some agents reducing the rate of restenoasis
in the pig model (dipyridamole [2.5
mg/day] + acetylsalicylic acid [20 mg/kg/day], low-
dose acetylsalicylic acid {1 mg/kg/day], anagrelide,
Intravenous  nitroglycerin, and  intravenous
ibuprofen).2%-3* Because only one of three pathways
of platelet activation is blocked by current platelet-
inhibitor therapy, it is not surprising that these
agents are insufficient to prevent restenosis when
tested in patients (Fig. 1).

Heparin. For many years heparin has been an inte-
gral aspect of the PTCA procedure since it binds
reversibly with antithrombin, which results in in-
creased activity of antithrombin. The antithrombin-
heparin complex then binds with factor Xa and fac-
tor Ila resulting in an anticoagulant effect (believed
to be the result of its I¥a effect) and an antithrom-
botic effect (through its anti-Xa activity). Early
discontinuation of heparin after angioplasty is asso-
ciated with acute occlusion of the dilated arterial
segment, suggesting that anticoagulation is impor-
tant in the early stages after PTCA. However, the
optimum duration of heparin therapy is still un-
known.

A prospective trial conducted by the M-HEART
study group®® with 208 patients showed an inverse
rejationship between the duration of heparin therapy
and the incidence of restenosis. This was not con-
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Fig. 1. Simplified schematic presentation of how the different drugs act on the different processes invelved
in the restenosis process {Modified from Fuster V et al. Prog Cardiovasc Dis 1987:22:325-46.) ASA. Ace-
tylsalieylic acid; NSAID. nonsteroidal antiinflammatory drugs; TxA2, thromboxane A2; 7TE3, antiplatelet
plycoprotein receptor 2B/3A; ADP. adenosine diphosphate; LMWH, low molecular weight heparin; cAMP,
evclic adenosine monophosphate; IGF, insulin-like growth factor; FGF. fibroblastic growth factor; SMC,
amooth muscle cell.
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Table . Mechanisms to prevent restenosis

Thrombosis
Heparin, hirudin, covmadin. acetylsalieylic acid, dipyrida-
mole. sulfinpyrazone, thromboxane Ap synthetase inhibi-
tor. thromboxane As receptor blocker, ticlopidine, prosta-
cyelin, ciprostene, TE3, fish oil, NSAID, ridogrel
Cell proliferation
Low-molecular-weight heparin, platelet-derived growth
fnctor antogonist (trapidil). sangiotensin-converting en-
zyme inhibitor (cilazapril), colchicine, cytostatic agents,
serotonin antagonisat (ketanserin), angicpeptin
Inhibitor of inflammation
Corticosteroids. nonsteroidal antiinflammatory drugs
Coronary vastspasm
Nifedipine, diltiazem
Lipid regulators
Fizh oil, lovastatin

firmed in a randomized trial with 416 patients {469
stenoses) in Atlanta. No differences in acute closure
and restenosis were found in patients (all were with-
out dissection; intimal fap inside or outside the lu-
men) randomly assigned to placebo or 18 to 24 hours
of heparin after PTCA (all patients received acetyl-
salicylic acid for 6 monthas). Restenosis was defined as
& narrowing of more than 50% of the vessel at the
time of follow-up angiography, which was performed

in only 58.4% of the patients treated with heparin
and 64.5% of the patients given placebo. More
bleeding complications were seen in the group of pa-
tients who were treated with heparin (8.2% vs3.8%).
Acute total closure was seen more frequently in the
group given placebo (2.4% ) than in the group treated
with heparin (1.8%), and the restenosis rate was
41.2% with heparin and 36.7% with placebo.
Because low-molecular-weight heparin affects
platelet aggregation and platelet-dependent throm-
bin generation to a lesser extent than “rg i
heparin, it has fewer side effects and yet both forms
are known to inhibit the proliferation of vascular
smooth muscle cells (dose dependent) and thromho-
sis after endothelial injury in the rat.*" 38 The mech-
anism of this inhibition is not clear.®® Recently low-
molecular-weight heparin has been used after trans-
Iuminal angioplasty of rabbit iliac arteries.’* Two
groups were studied: the first group (n = 9) recelved
low-molecular-weight heparin (10 mg/kg/day subcu-
taneously) immediately before transluminal angio-
plasty until follow-up angiography 1 month later,
whereas the second group {n = 12) received a pla-
cebo. After 4 weeks all rabbits in the placebo group
and three of nine rabbits in the group treated with
low-molecular-weight heparin had a loss of more
than 50% of the gain in diameter after transluminal
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angioplasty. Histologic findings showed reduced in-
timal hyperplasia and no formation of thrombus in
the group treated with low-molecular-weight hep-
arin. A multicenter double-biind control trial with
low-molecular-weight heparin (Enoxaparin} is cur-
rently underway in the United States. Patients with-
out prior PTCA or recent myocardial infarction
(within 5 days} are randomly assigned to placebo or
low-molecular-weight heparin (30 mg subcutane-
ously) for 1 month, and all patients will undergo re-
peat angiography at 6 months. This will provide im-
portant information about whether long-term ad-
ministration of low-molecular-weight heparin can
decrease the rate of restenosis.

Hirudin. Newer anticoagulant drugs such as recom-
binant hirudin are becoming available. Hirudin
prevents fibrinogen clotting, thrombin-catalyzed ac-
tivation of factors V, VIII, and XTI, and thrombin-
induced platelet activation. Hirudin kas been shown
to be more effective in preventing thrombosis than
heparin {by quantifying the deposition of platelets
and fibrinogen by means of the method of Dewanje
in 2 swine model). This latter effect is probably due
to the fact that hirudin is & more potent and specific
thrombin antagonist.!* Trials designed to test the ef-
ficacy of hirudin on early and late complications of
PTCA are currently in the planning stages in Europe
and the United States.

Coumadin. Before Gruentzig began his work at
Emory University in Atlanta in 1980, he had been
adminigtering coumadin (a vitamin K antagonist
responsible for inhibiting thrombir formation) to his
patients after balloon dilatation. In Atlanta his view
was challenged since there was evidence that anti-
platelet drugs were effective In preventing
thrombosis in venous bypass grafts. To test this
new therapeutic approach a trial was begun®® in
which 248 patients were randomly assigned to either
325 mg acetylsalicylic acid daily or coumadin at a
doge that resulted in 4 prothrombin time thet was 2
to 2.5 times the normal value. In the group treated
with acetylsalicylic scid (126 patients) restenosis
was anglographically documented in 27% of the
patients versus 36% of the patients treated with
coumadin. A loss of >50% of the gain achieved at
the time of PTCA or an increase in the stenosis of
more than 30% (NHLBI IV} or development of pos-
itive (for ischemia) exercise test results if no angio-
gram was available were used as restenosis criteria.
The results favored the acetylsalicylic acid strategy,
but the difference was only significant for a subgroup
of patients with a long history of chest pain (>8
months). In patients with poor compliance resteno-
sig rates were 32% in the group treated with couma-

Prevention of restenosis efter PTCA

din versus 20% in the group given acetylsalicylic
acid.

In London a more recent randomized trial®® with
110 patients investigated the effect of a combination
of coumadin and verapamil compared with verapamil
alone. The incidence of restenosis was 25% by lesion
and 29% by patient In the group treated with
cournadin and 33% and 37% in the control group
(NHLBI IV criterion was used). Although the inci-
dence of anglographic restenosis tended to be lower
with coumadin, none of the differences were signifi-
cant. A randomized trial to evaluate the efficacy of
coumadin in the prevention of restenosis should be
performed that would ensure adequate medication
compliance with reliable and safe monitoring of pro-
thrombin time.

Acetylsalicylic acld. Acetylsalicylic acid is & *“popu-
lar drug” in restenosis prevention trials. In the ani-
mal model it reduces platelet-thrombus deposition in
a dose of 1 mg/kg/day when given in addition to
heparin. Angiographic restenosis has also been shown
to be reduced when acetylsalicvlic acid 15 vsed in ad-
dition to dipyridamole.” ** Acetylsalicylic acid has
the ability to inhibit platelet thromboxane A: syn-
thetase and subsequent platelet activation by irre-
versibly blocking the enzyme ¢yclooxygenase, which
is responsible for the conversion of arachidenic acid
to thromboxane Ajp. At high doses acetylsalicylic acid
may be less effective, since it inhibits the production
of prostacyclin {(which prevents platelet aggregation)
by endothelial cells.*® However, it only partially in-
hibits platelet aggregation induced by adenosine
diphosphate, collagen, or thrombin. Consequently
platelet-derived growth factor and other mitogens
may still affect proliferation of smooth muscle cells®
{Fig. 1).

Acetylsalicylic acid has been studied in several
prospective randomized trials. The first trial showed
a reduction in the restenosis rate of 25% when ace-
tylsalieylic acid (325 mg) was compared with
coumadin.*? Three trials compared different dosages
of acetylsalicylic acid.*®*® In a trial in Homburg/
Saar, 203 patients were randomly assigned to either
1500 mg/day or 320 mg/day. In a preliminary report
25% of these patients had been restudied (6 months
after PTCA). Results of follow-up angiography
showed restenosis (>50% diameter stenosis) in 13 of
44 (31 %) patients in the group treated with the lower
dose compared with 9 of 42 patients (21%) in the
group given the higher dose.* However, in a ran-
domized trial in Atlanta with 495 patients, the efec-
tiveness of two doses of acetylsalicylic acid (80 mg vs
1500 mg daily started the day before PTCA) in the
prevention of restenosis and acute complications af-
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Tabie Iil. The effect of drug therapy in the animal model for prevention of restenosis

Modet

Year

Reference Drug Dose
Clowes and Karnowsky®" 1977 Rat Heparin 514 days
A. earotia Placebo
Gordon et al® 1987 Rabbit sorta LMWH 2.5 mg/kg/dey
Hydrocortisone 1 mg/kg/day
LMWH + hydrocortisons
Placebo
Pow et g0 1989 Rabbit LMWH 10 mg/kg/day
A, iliaca Placebo
Heras et al. 1988 Pig Hirudin 1 mg/kg/hr
A. carotis Heparin § different doses
Faxon et al.# 1984 Rabbit ASA+D 32-25 mg/day
A iliaca Sulfinpyrazone 100 mg/doy
Placebo
Sanborn et al™ 1986 Rabhbit TXAg synthetase inhibitor 1 mg/kg/hr
A ilisca Heparin 500 Urkg
ABA 10 my/kg
Liu et 215 1980 Rabbit Trapidil 60 mg/kg/day
A. iliaca Placebo
Currier et g% 1989 Rabbit Colchicine 0.2 mg/kg
A. ilinea Colchicine 0.02 mg/kg
Placebe
Barath et al.% 1689 Rabbit aorta Vineristine + actinomyein 0.075 ma/kg
Placebo + 0015 mp'kg
Powell ¢t 015 198¢ Rata Cilazapril 10 mg/kg
A. carotis Placebo 5 ditferent durations
Miiller et al.% 1990 Rats Captopril 100 me/ke/day
A. carotis Hydralazine & my/kg/day
Verapamil 100 mg/kg/day
Foegh et al’? 1989 Rabbit cardiac Angiopeptin
tramsplant Placebo
Faxon et al.™ 1984 Rabbit Nifedipine 40 mg/day
Placebo
Gellman et al.® 1990 Rabbits Lovostatin 8 me/hg/doy
A. femoralis Placebo

ARA, neetyvhalicylic acid; D, dipyridamole; LMWH, low-melecular-weight heparin; TXAg, thromboxane A

ter PTCA was compared.*” Results of follow-up an-
glography were available in only 166 patients (34%).
In the group treated with the low dose of acetylsal-
icylic acid, 47% of the patients bad restenosis >50%
diameter stenosis in one or more sites) compared with
51% in the group treated with the high dose. There
were no differences in success or acute complication
rates. Thus restenosis was not influenced favorably
by the use of a higher dose of acetylsalicylic acid.
A smaller trial compared the effects of acetylsali-
cylic acid in doses of 100 mg/day versus 1000 mg/day,
started 1 day before PTCA until 6 months after
PTCA.% In addition, all patients received calcium
channel blockers and long-acting nitrates. Restenosis
{clinically significant stenosis requiring repeat PTCA
or coronary artery bypass graft) occurred in 7 of the
40 patients in the group treated with 100 mg acetyl-
salicylic acid (18%) and in 8 of the 39 patients in the

grouptreated with 1000 mg acetylsalicylicacid (21 % ).
The investigators concluded that restenosis is not
favorably influenced by the use of high-dose versus
low-dose acetylsalicylic acid. Another trial* designed
to compare the effects of 100 mg acetylsalicylic acid
with those of placebo was stopped prematurely after
40 patients (single blind) were enrolled because of
reports showing the benefit of acetylsalicylic acid
(combined with dipyridamoie} in preventing acute
thrombosis in dilated vessels and the need for urgent
bypass surgery.®® Results of follow-up angiography at
6 months (95% of the patients) in this particular trial
showed an incidence of restenosis (>50% diameter
stenosis) that was two times higher in the group
treated with acetylsalicylic acid (33%) compared
with the group given a placebo (14%). Although the
difference seems impressive, it was not statistically
significant because of the small numbers.
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Animals Total Follow-up Method Effect
45 7 days Histology Myointimal thickening less with heparin
16 2 wk Histology Ratio intimal/medinl thickness in LMWH and
hydrocortisene seporately and synergistically lower
than placebo
21 4 wk Angiography A Lumingl diameter (Pest-PTCA)-(follow-ap) = 1.1
Histology mwm placebo and 0.3 mm LMWH (p < 0.001)
55 Platelet deposition Less platelet deposition with hirudin than heparin
25 4wk Angiography ASA + D and sulfinpyrazone reduce restenosis
Histology
70 3¢ min Platelet deposition Less platelet accumulation with TX A, synthetase
inhibitor
17 4 wk Axteriography Intimal thickness decreases with trapidil
Histology
34 4wk Arteriegraphy (QCA) ALuminal diameter (Post-PTCA)-{follow-up) = 0.6 mm
Histology = 0.8 mm
= 1.1 mm
36 3 days Electron microscopy Selective damage of preliferating smooth muscle cells
127 14 days Histology Intimal hyperplasia decreased with 70% given -6 — 14
days
43 Not reported Histology Captopril superior compared with others in reduction
of intimal hyperplasia
20 6wk Histology Intizoal hyperplosia decreased by angiopeptin
18 4wk Axngrography Alumingl diameter (Post-PTCA} (follow-up) = 0.9 mm
Histology =12 mm
30 39 doys Artertography Intimal hyperplasia decreased with lovastatin
Histology

In a well-designed trial at the Montreal Heart In-
stitute and Toronto General Hospital,5! 376 patients
were randomly assigned to a combination of acetyl-
salieylic acid (930 mg daily) and dipyridamole (225
daily) or to placebo starting the day before PTCA
until follow-up angiography 4 to 7 months later, More
acute complications were seen in the placebo group,
including 13 periprocedural myocardial infarctions
in the placebo group versus three in the treated group
(p < 0.05). However, no differences were observed In
the restenosis rate (increase in diameter stenosis
from <50% after PTCA to >50% atfollow-up): 39%
(127 patients} in the placebo group compared with
38% (122 patients) in the treated group. All patients
received heparin until 12 hours after the proce-
dure (500 U/hr) and diltiazem until follow-up
angiography.

Chesebro et al.’> randomly assigned 207 patients

(297 stenoses) to either acetylsalicylic acid (975 mg/
day) and dipyridamole (225 mg/day) or to placebo
from the day before PTCA until 6§ months later.
There was no difference in the restenosis rate defined
in a linear model based on the minimum lumen
diameter obtained by quantitative angicgraphy.
There were fewer acute complications {occlusion,
myocardial infarction, repeat PT'CA, coronary artery
bypass graft <48 hours) in the group treated with
acetylsalicylic acid and dipyridamole (11% vs 20% n
the placebo group) confirming the results of the
Montreal/Toronto triak It is clear from these data
that although acetylsalicylic acid does not influence
the incidence of restenosis, it definitely has a positive
influence on acute complications during or immedi-
ately after angioplasty.

Dipyridamole. In a rabbit model treatment with
acetylsalicylic acid and dipyridamole decreased
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FPatients
Reference Year Drug Dosc Total

Hirshfeld et al® 1987 Heparin Different duration 209

Ellis et ol% 1289 Heparin (33-24 hr) <25 normal PTT 416
Dextrose

Thornton &t ald2 1684 Coumadin 2-2.,5 normal PTT 248
ASA 325 mg/day

Urban ¢t al.% 1988 Coumadin + Veropamil >2.5 normal PTT 110
Verapamil Not reported

Dyckmans et 2148 1988 ASA 1,500 mg/day 203
ASA 320 mp/day

Mufson et al.¥? 1988 ASA 1,000 mg/day 453
ASA 80 mp/doy

Schanzenbacher et L% 1988 ASA 1,000 mg/day 79
ASA 100 mp/day

Finci et al# 1988 ASA 100 mg/day 40
Placebo

Schwartz et al.b? 19338 ASA 4D 990-225 mg/day 249
Placcbo

Chesebro et ol.%? 1989 ASA+D 975-225 mp/day 207
Placebo

White et al.® 1987 ASA +D 650-225 mg/day 236
Ticlopidine 750 mg/day
Placebo

Yaobe et al.® 1959 TXAq synthetase inhibiter 600 mg/day 33
Placebo

Kitazume et al.®® 1938 ASA 300 mg/day 280
ASA + Ticlodipine +200 mg/doy
ASA + Ticlodipine + Nicorandil +30 mg/day

Knudtson et al.%” 1990 Prostacyclin + ASA + D & ngfkp/min 270
ASA+D 325+ 225 mg/day

Raizner et al.%¥ 1938 Ciprostene 120 ng/kg/min 311
Placcebo maximum 48 br

Klein ot al® 1989 Ketanserin 0.1 my/min for 24 hr 43
Not reported

Corcos ot al™ 1985 Diltigzemn + ASA + D 270 mg/day 92
ASA+D 660-225 mg/day

Whitworth et al.™ 1986 Nifedipine + ASA 40 mg/day 241
ASA

Slock et al.? 1987 Fish oil 2.4 gm/doy 162
Placebo

Reis et al.7® 1989 Fish oil 6.0 gie/day 136
Placebo

Milner et al.™ 1935 Figh oil 4.5 gm/day 194
Placebo

Dehmer ¢3 al.™ 1388 Fish oil 3.2 gm/day 82
Placebo

Grigg et al.™ 1989 Fish oil 3.0 g/dny 108
Placcbo

Sahni et ol 1989 Lovastatin 20-40 mp/day 157
Placebo

Rose and Beauchnmp™ 1987 Steroid 48 mg/day 66
Placebo

Stone ot a5 1989 Steroid for restenosis 125 mg methylpradnisolone/duy 12

240 mg prednisone/week

Pepine ¢t al.®® 1590 Steroid 1.0 gm methylprednisolone 722

Placebo

Fugp, follaw-up [ of ruccensful PTCAJ; DS, diameter of stenonis, PTT, prothrombin time; NS, not wignificant;, ASA, acetylsalicylic neid; TXAs, thrombox-

ane A D, dipyridamole.
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Follow-up

Method

Definition

Resterosis (%)
Drug vs placebo significance

Not reported
819
72%
925
TT%
98%
40%
37%

100%5
73%

100%:
2%

85%

100%

100%

93%

80%

100%
100%

8275
9%

85%

30%
100%
Ca
1007
1007

94%
50%%
8%
53%
1005

T4%

Angiography (4-12 mo)
Angiography (3-8 mo}

Angiography (6-9 mo)

Clinical

Angiography (5 mo)

Clinical

Angiography (6 mo)
{preliminary)

Angiography {3-8 mo)

Angiography (6 mo}

Angiography (6 mo)
Clinical
Angiography (4-7 mo}

Angiography (5 me)
@QCca)
Angiography (6 mo)

Angiography (>3 ma)

Angiography (6 mo)

Angiography (6 me)
{caliper)

Anglography (6 mo)
Clinical

{MIre-PTCACABG, Death)

Angiogrophy {4-§ o)
Angiography
Angiography (6 mo}

Clinical
Clinical (6 mo)

Angiography (6 mo)
Clinical

Angiography (6 mo)
Clinical

Angiography (6 mo)
Angiography (3-5 mo)

(caliper)
Angiography (3 mo)

Angiography (3 mo)

Angiography (8 mo)

Clinical

Angiography (4-8 ma)
{caliper)

>50%: DS Fup
(visual)

>50% D3 Fup
(viaual)

Loss »>50% of gain

Stress test — — -+

>50% DS Fup

»>50% D8 Fup

>50% DS Fup
(visual)
Clinical

>50% DS Fup (visual)

>50% DS Fup
QCA)

Minimum diameter
{(Post-PTCA) (Fup)

>70% DS Fup
{visual)

Loss >50% of gain

>50% DS Fup

>5(% DS Fup or loss
>50% of gain

>50% DS Fup
(visual)

‘Not reported
(QCA)

>70% DS Fup
(visual)

Liosa =505 of gain

>50% DS Fup

Stress test — — +

Stress test — — +

>70% DS Fup

Stress test — — +

>50% DS Fup

Stress test — — +

>50% DS Fup
(vigual)

Loss >50%; of gain

>50% DS Fup
>50% DS Fup
>50% DS Fup

Stresa test
>b0% DS Fup

Longer heparin, less restenosis
41% 37% p = NS
365 27% p=NS§

29% 37% Patient g = NS
25% 33% Site p=N§
21% 31% p= NS

51% 47% p = NS
215 17% p = N§
38% 14% p =~ NS
38% 39% p = NS

A0.18 mm Placebo g = NS
ADL4 mm ASA+D
18% p=NS
%
20%
22% 53% p= NS

38%
%
16% p = 0.002
37% 32% patient p = NS
22% 29% Site p = NS
41% 53% Angiography p = NS
179 34 Clnical p < 0.001

33%: 20% p= NS
16% 22% p = NS

295 33% p = NS

16% 33% p <0.05 Single vessel
67% 58% p = NS Multivessel
34% 23% p =NS

18% 27% p = NS

18% 35% p < 0.01

16% 36% p < 0.03 Site
18% 46% p < 0.007 Patient
34% 337 p = NS Patient
29% 31% p = NS Lesion
14% 47% p < 0.001

3% 33% p = NS
52% 4% p = NS Angiography

58% 52% p = NS Clinical
40% 39%: p = NS Lesion
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Table V, Animal models used to test drugs for prevention of restenosis

Animal Vessel Method Therapy End peint
Artery 1. Balloon denudation Antiplatelet Platelet deposition
Rabbit Corongary of endothelium Anticoagulant (*1Cr or lIn labeled)
Pigp Carotid 2. Infused air Antiproliferative Angiography
Dog Ihiae 1 or 2 with or without Antiinflammatoery Visual
Rat Aorta diet high in cholesterol Caleium antagonist Guantitative
3. Coil implantation Lipid lowering Histology

4. Electrical stimulation

platelet-thrombus deposition and restenosis after
translumina angioplasty by increasing platelet cyclic
adenosine monophospate.** However, in clinical
trials!-% no effect has been shown on the restenosis
rate after angioplasty.

Sulfinpyrazone. In contrast to acetylsalicylic acid,
sulfinpyrazone is a competitve (reversible) inhibitor
of platelet cyciooxygenase, but the exact mechanism
of its antithrombotic activity is rot well understood.
Faxon et al.*! showed a reduction in restenosis with
the use of a rabbit model. There is no clinical
evidence to date to support a role for sulinpyrazone
in the prevention of restenosis after coronary angio-
plasty.

Thromboxane Azsynthetase inhibitor. Thromboxane
A is a potent aggregating agent and vasoconstrictor.
A specific inhibitor of thromboxane A; can antage-
nize these actions while at the same time leaving
prostacycling production of the vascular endothe-
lum unaffected. In rabbits it was shown that a selec-
tive thromboxane synthetase inhibitor was more ef-
fective than heparin or acetylsalicylic acid in inhib-
iting platelet deposition after balloon angioplasty.™
Another thromboxane A synthetase inhibitor was
tested in a small number of patients to prevent res-
tenosis after PTCA.® It was given a minimumm of 5
days before PTCA and was continued until follow-up
angiography (>3 moeths later). Restenosis was de-
fined as & >50% loss of the initial gain in luminal di-
ameter. The results showed that 4 of the 18 patients
(22%) given thromboxane A. synthetase inhibitor
had restenosis versus 8 of the 15 patients (53 %) in the
placebo group. Besides inhibiting thromboxane As
synthetase, it is also possible to block the receptor of
thromboxane on the platelet. Soon results will be
available from a prospective European trial {Coro-
nary Artery Restenosis Prevention On Repeated
Thromboxane Antagonism) involving more than 700
patients treated with either a thromboxane Ao re-
ceptor blocker or placebo until follow-up angiogra-
phy 6 months after PTCA.

Ticlopidina, The mechanism of action of ticlopidine
is not exactly known, but it i3 & potent platelet

mhibitor. The optimum effect occurs 3 days after the
frst administration and lasts for at least several days.
In a multicenter trial in the United States, patients
were randomly assigned to ticlopidine {750 mg/day),
to a combination of acetylsalicylic acid (650 mg/day)
and dipyridamole {225 mg/day), or to placebo. Re-
stenosis was defined as a diameter stenosis of 70% or
more at follow-up angiography (6 months). There
was no difference in the restenosis rate; in the 65 pa-
tients who received ticlopidine the restenosis rate
was 29% compared with 18% in the 57 patients who
received acetylsalicylic acid and dipyridamole.
Armong the 54 patients who received placebo, the
restenosis rate was 20%. There was no difference in
the acute complication rate.” In Japan data collected
retrospectively showed a lower restenosis rate when
patients received a combination of ticlopidine (200
mg/day), nicorandil (30 mg/day), and aspirin (300
mg/day}).®

Prostacyclin or prostacyciin analogue. Prostacyclin
is a potent naturally occurring platelet inhibitor and
vagodilator. In a Canadian trial 270 patients were
randomly assigned to placebo (136 patients) or pros-
tacyelin (5 to 7 mg/min intravenously) (134 patients)
just before PTCA up to 48 hours after PTCA.5 All
patients received 325 mg acetylsalieylic acid and 225
mg dipyridamole beginning before angioplasty watil
follow-up angiography 6 months later. Short-term
administration of prostacyclin did not significantly
lower the risk of restenosis: 27% in the treated group
compared with 32% in the placebo group. Resteno-
gis was defined as 50% or more narrowing at follow-
up angiography or >50% loss of the immediate gain
after angioplasty. Acute vessel closure and ventricu-
lar tachyarrhythmias were more common in the con-
trol group than in the patients who received prosta-
cyelin.

Ciprostene. Ciprostene is a chemically stable ana-
logue of prostacyclin. To study the effect of cipros-
tene during PTCA, 311 patients were randomly
asgigned shortly before PTCA (40 ng/kg/min) to cip-
rostene until 48 hours after PTCA (120 ng/kg/day) or
to placebo. Acute closure occurred in three patients



volume 22
Humber 1, Part 1

in the placebo group and none in the ciprostene-
treated group. Restenosis, defined as a diameter
stenosis of 50% or more at the time of follow-up an-
giography, was present in 52 of the 126 patients
{41 %) treated with ciprostene and in 65 of the 122
patients {(53%) given placebo. The clinical end points
of thig trial included death, myocardial infarction,
repeat PTCA, or coronary artery bypass graft. In 30
of the 148 patients (20%) treated with ciprostene,
one of these clinical end points was observed com-
pared with 55 of the 147 patients (33%) in the pla-
cebo group. Although the clinical results were more
favorable with ciprostene, there was no effect on the
incidence of angiographic restenosis.’

Prostaglandin £,. Inasmuch as the deposition of
platelets after angioplasty in porcine carotid arteries
was reduced significantly after infusion with pros-
taglandin E1 even more than with prostacyclin or
dipyridamole, & study was attempted to determine
the effect of intracoronary followed by intravenous
prostaglandin B, on restenosis. Eighty patients were
randomly assigned to an infusion of 20 to 40 ng/kg/
min 12 hours before PTCA or placebo. Clinical
follow-up showed abrupt oeclusion in 3 of 40 patients
in the placebo group compared with none in the
prostaglandin E; group. An additional repeat PTCA
wag necessary in 4 of 40 given placebo compared with
none in the group treated with prostaglandin E,. No
angiographic study has assessed the effect of pros-
taglandin E; on restenosis.’?

ANTIPROLIFERATIVE DRUGS

Restenosis is characterized by migration and pro-
liferation of smooth muscle cells in response to bal-
loon Injuxy. Although the mechanisms responsible
for proliferation and migration of smooth muscle
cells are not completely understood, it has been pos-
tulated that they are controlled by the balance
between growth factors and growth imhibitors re-
leased from circulating blood cells, at local tissue
sites, or both.? 60 81 Interference with growth factor-
mediated cellular hyperplasia may be beneficial in
inhibiting smooth muscle cell proliferation and
thereby reduce restenosis (Fig. 1).

Platelot-derived growth tactor antagonist. Trapid:l
(triazolopyrimidine) has been shown to inhibit cellu-
lar proliferation induced by platelet-derived growth
factor in cell culture and intimal thickening in dam-
aged carotid arteries. In a model of atherosclerosis
rabbits were assigned to placebo (n = 8) or trapidil
(60 mg/kg/day) (n = 9). The medication was started
2 days before balloon dilatation of the external iliac
artery and continued for 4 weeks. Follow-up angiog-
raphy showed a2 greater luminal reduction in the

Prev.ntion of restenosts after PTCA

control group than in the trapidil group (p < 0.001}
compared with similar baseline values. Histologic
findings showed significantly less intimal hyperplasia
in the trapidil group compared with the placebo
group.®” A clinical trial in angioplasty patients seems
warranted.

Serotonin antagonist. Serotonin, similar to platelet-
derived growth factor, is released during platelet de-
granulation at the time of vessel injury and appears
to directly stimulate proliferation of smooth muscle
cells in addition to potentiating the effects of plate-
let-derived growth factor.®® Therefore administra-
tion of a serotonin antagonist such as ketanserin may
inhibit smooth muscle cell nrofiferation. Klein et al.5*
studied the effects of ketanserin on the incidence of
early and late restenosis. Ketanserin was given intra-
vencusly (0.1 mg/min/24 hr) for 24 hours after PTCA
to 21 patients. After 24 hours three patients in the
placebo group had an occlusion compared with none
in the control group. Follow-up augiography 4 to 6
months later showed no difference in restenosis rates:
29% in the control group and 33% in the ketanserin
group. A large maulticenter Interventional trial (Post-
Angioplasty Restenosis Ketanserin trial) with ket-
anserin has recently been started and will elucidate
the question of whether a longer administration (6
months) has a beneficial effect on the incidence of
restenocsis.

Colchicine. Colchicine inhibits the proliferation
and migration of smooth muscle cells and the release
of chemotactants by leukocytes.5 To study the effeet
of ¢olchicine on restenosis, rabbits with atheroscle-
rosis with >50% diameter stenosis underwent iliac
transluminal angioplasty. Colchicine was started 2
days before transluminal angioplasty (0.02 mg/day or
0.2 mg/day) until follow-up angiography at 4 weeks.
The high dose of colchicine significantly decreased
the diameter stenosis at follow-up, although no effect
was seen with the low dose, Clinical trials with colch-
tcine are currently in progress. However, it is likely
that the efficacy of the drug will be lixnited by a high
incidence of side effects (abdominal pain, vomiting
diarrhes, and bone marrow depression).

Cytostatic agents. After the disruptive action of
balloon dilatstion, & change in differentiation of
smooth muscle cells (with a shift from the contractile
to synthetic phenotype) is observed and accompa-
nied by cell proliferation and extracellular matrix
production, which is the basis for the restenosis pro-
cess. Barath et al.% hypothesized that cytostatic
agents may prevent restenocsis by selective injury to
active and proliferating smooth muscle cells without
damaging the normal smooth muscle cells. In their
study rabbits were divided into four groupa: the first
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group was a control grc;up, the second group had only
& balloon dilatation of the aorta, the third group re-
ceived the cytostatic agents (vincristine, 0.075 mg/kg,
and actinomycin D, 0.015 mg/kg), and the fourth
group underwent balloon dilatation and received cy-
tostatic agents. All rabbits were killed 3 days later.
Electron microscopic findings showed that the cyto-
static agents prevented smocth muscle cell prolifer-
ation without damaging the “normal” smooth muscle
cells. The principle concern with these agents is the
potential for serious side effects, because they are ca-
peble of damaging other rapidly dividing cells, for
example, those in the gastrointestinal tract, bone
marrow, and reproductive system. Recently it has
become possible to administer the drug locally with
aspecifically designed infusion catheter, which should
limit systemic toxicity.

Angiotensin-converting enzyma innibitors. Several or-
gans contain local angiotensin-converting enzyme
(ACE) systems. It appears that both the production
of angiotensin II and its interaction with specific an-
giotensin II receptors may take place in these tissues
independent of the plasma renin-angiotensin
system.®? ACE is a membrane-bound enzyme present
in the walls of large arteries and veins. Angiotensin IT
receptors are present in the smooth muascle cells i
the media of the vessel wall. In chronic hypertension
it has been shown that long-term adwinistration of
an ACE inhibitor ¢an reduce medial hypertrophy. It
has been postulated that the local ACE system plays
an important role in the remodeling process sfter ar-
terial injury. There is also evidence to support the

- role of angiotensin II as a mitogen responsible for in-
timal hyperplasia after PTCA. In rats, neointima
formation was reduced by 80% 14 days after balloon
dilstation of the left carotid artery when an ACE in-
hibitor was given either 6 days before, 1 hour before,
or 2 days after angioplasty and continued until 14
days after angloplasty. This effect seems to be dose
dependent and is synergistic with the effect of hep-
arin. There was no effect with administration of a
single dose or when it was discontinued 2 days after
balloon dilatation.’” Further study has shown that
captopril (100 mg/kg/day) also reduced intimal hy-
perplasia to almost the same extent. Two other
vasodilators, verapamil and hydrazaline, demon-
strated a lesser effect.® These results indicate that
hemodynamic effects on the vascular walls may
influence the formation of intimal hyperplasia after
balloon catheterization and that ACE inhibitors may
reduce intimal hyperplasia through additional mech-
anistos related to inhibition of the angiotensin sys-
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tem. Currently a large multicenter randomized trial
in Europe (Multicenter European Research Trial
with Citazapril After Angioplasty to Prevent Trans-
luminal Corcnary Obstruction and Restenosis) is
underway to determine the effect of cilazapril on the
incidence of restenosis. More than 700 patients have
been randomly assigned to cilazapril or placebo
starting 4 to 6 hours after PTCA, in addition to the
standard therapy of 200 myg acetylsalicylic acid. Af-
ter § months {or earlier if indicated by symptoms)
follow-up angiography is performed. A similar trial
with 1400 patients bas recently begun in the United
States, but with & different dosage schedule.

Angiopeptin. It has been known for a long time that
hypophysectomy inhibits neointimal plaque forma-
tion in response to endothelial injury.®® This suggests
that an endocrine factor way be involved in plaque
formation. Recently the effect of 2 newly synthesized
clasa of pituitary growth hormone-inhibiting agents
on vaseular smooth muscle cell hyperplasia after en-
dothelial cell injury in vivo has been investigated.
These compounds are peptide analogues of soma-
tostatin and have a high affinity for somatostatin
receptors on pituitary cells and inhibit release of pi-
tuitary growth hormone. One of these agents, angio-
peptin, was shown to inhibit vascular smooth muscle
cell proliferation in response to a variety of vascular
injuries. This seems to be due to a local effect directly
on smooth musele cells,™ This new group of agents is
currently undergoing investigation as an inhibitor of
several varlants of “accelerated atherosclerosis”
(postangioplasty, cardiac transplantation, and coro-
nary bypass surgery).

CALCIUM ANTAGONIST

Coronary spasm is frequently seen during and
shortly after PTCA and may have a role in the
pathogenesis of restenosis,” Calcium antagonists by
inhibiting vasospaswo may reduce the incidence of
restenosis in an animal model,™ and in two random-
ized trials™ ™ calcium sntagonists have not been
shown to influence the incidence of restenosis.

Diitiazem. In a study from the Montreal Heart
Institute,”™ 92 patients received diltiazem (270 mg)
for 3 months, and all underwent recatheterization 5
to 10 months after balloon angioplasty or earlier if
symptoms returned. All patients also received ace-
tylaslicylic acid {650 mg) and dipyridamole (225 mg)
for 6 months. Patients treated with diltiazem had a
regtenosis rate of 15% versus 22% in the patients not
treated with diltiazem (restenosis was defined as
stenosis of 70% or more at the time of the follow-up
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angiography). The average decrease in diameter
during follow-up was 4% in the diltiazem group and
7% in the control group. It was concluded that dilt-
iazem had no effect on restenosis and that coronary
spasm is not a major mechanism of restenosis.
Nifedipine. In a 6-month follow-up trial at Fmory
University in Atlanta,™ 241 patients were randomly
asgigned to either nifedipine (40 mg/day) or placebo.
All patients also received acetylsalicylic acid (325
wg/day). Restenosis was defined as a loss of more
than 50% of the gain achieved at the time of PT'CA.
In patients who were compliant and underwent fol-
low-up angiography (84 psatients in both groups)
there was no difference in restenosisrates: 28% in the
nifedipine group and 33% in the placebo group.

LIPID-LOWERING DRUGS

Epidemiologic trigls have shown that a diet rich in
(n-3) polyunsaturated fatty acids (present in high
concentrations in most salt water Gsh) may account
for the low incidence of coronary disease in Egkimos.
Animal research has shown that these polyunsatu-
rated fatty acids inhibit atherosclerosis in general.
This can be partly explained through a lowering of
serum lipid levels and decreased aggregation of
platelets by altering the balance between prostacy-
clin and thromboxane. In the Iast few years several
trials have studied the effects of n-3 fatty acids in the
prevention of restenosis after PTCA.

Slack et 41.7° showed that adding 2.4 gm of fish oil
each day (rich in sicosapentaenoic acid) to the usual
post-PTCA regimen of calcium channel blocker, ni-
trates, acetylsalicylic acid, and dipyridamole could
reduce the ineidence of clinical restenosis in patients
with single-vessel disease (33% in the placebo group
vs 16% in the group treated with fish oil). In 42 pa-
tients with multivessel disease, no influence could be
shown. Reis et al.’® showed that supplementing the
normal diet with 6.0 gm of fish ol daily starting just
before PTCA until § months later had no influence on
the restenosis rate in 186 patients in whom PTCA
was successful. Angiographic restenosis (70% diam-
eter stenosis at a site previously dilated to less than
50% ) was present in 34% of the group taking fish oil
and 23% of the control group. However, repest
angiography was performed in only 68 patients
(37%); almost all patients had a recurrence of ¢hest
pain, which contributed to selection bias at follow-up
angiography. Milner et al.” found that the addition
of 4.5 g of fish oil each day to a normal diet in 194
patients had a positive infiuence on the clinical re-
stenosis rate with 19% (16 of 84 patients) in the fish
oil group versus 35% (35 of 99 patients) in the pla-

Prevention of restenosis after PTCA

cebo group having a recurrence of chest pain. How-
ever, in the first week 11 of 95 patients stopped tak-
ing the medication because of side effects.

In Dallas™ 82 patients were randomly assigned to
acetylsalicylic acid and dipyridamole with and with-
out 3200 mg (18 capsules) of eicosapentaenoic acid.
Treatment was started 7 days before PTCA and was
discontinued 6 months after PTCA. In a1l 82 patients
2 second angiogram {on average 3 to 4 months after
PTCA) was obtained. Restenosis was defined as 50%
or more narrowing of the dilatation site at follow-up
angiography. Restenosis was seen in 46 % In the pla-
cebo group and 19% in the treatment group. This
trial suggests that n-3 fatty acids may effectively re-
duce restenosis in high-risk patients provided they
comply with the treatment and are pretreated start-
ing 7 days before PTCA. In Melbourne™ 108 patients
were randomly assigned to 10 capsules of fish oil or
placebo. Medication was started the day before
angioplasty and continued until 4 months after
angioplasty. All patients also received acetylsalicylic
acid and verapamil. Restenosis was defined as loss of
>50% of the gain in luminal diameter at angioplasty
(using caliper measurement). No difference in angio-
graphically defined restenosis rates was observed:
34% In the group treated with fish oil versus 33% in
the placebo group.

It is cleer that a comsensus cannot be reached.
These conclusions are in part related to differences in
the design of the individual studies. Although all
studies were randomized, only in two studies were
patients and investigators blinded to the n-3 supple-
ment. Different dosages and formulations were used
and patient compliance varied in the studies. There
were also differences in the timing of initiation of
therapy and variable methods (coromary angiogra-
phy, stress test, or symptoms) for the detection of
restenosis,

Cholesterol-Howering drugs. Hypercholesterolemia
is a well-known risk factor for tachemic heart disease.
Lipid modification is an important goal in secondary
prevention in halting the progression of atheroscle-
rosis in general and possibly after angioplasty. Re-
cently it was shown that lovastatin reduces intimal
hyperplasia after balloon angioplasty in rabbits with
hypercholesterolemia.’® However, two triais with
postangioplasty patients in which the effects of lipid
lowering on the incidence of restenosis®-¥> after
PTCA were tested yielded conflicting results.

In the first trial® 157 patients were randomly as-
signed to lovastatin or placebo for an unstated period
of time. Only 50% of the patients underwent follow-
up anglography at an average of 4 months after
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PTCA (50 patients in the lovastatin group and 29
patients in the control group). Restenosis was de-
fined as narrowing of 50% or more at folew-up an-
giography. Restenosis was seen in 14% of the sites in
the lovastatin group and in 47% in the placebo group,
suggesting a beneficial effect of lovastatin in this se-
lect group. In the second trial®” aggressive treatment
was used in 55 consecutive patients to lower choles-
terol levels, including diet, colestipol, and lovastatin,
starting on the day of PTCA. After 2 weeks the cho-
lesterol level was reduced by 50%. To date 44 of the
55 patients have been restudied with a restenosis rate
of 34%. There was no difference in cholesterol levels
between patients with and without restenosis.

INHIBITORS OF INFLAMMATION

Corticosteroids. Corticostercids have been sug-
gested as a potential restenosis inhibitor.®® Hydro-
cortisone ¢an inhibit growth of vascular smooth
muscle in culture.3® However, in a randomized trialin
which patients received placebo or corticosteroids
from 48 hours before to 5 days after PTCA, there was
no difference in restenosis rates (33% in both
groups).* The same results were achieved when ste-
roids were given as treatment to 102 patients with
restenogis after PTCA.® In addition to acetylsali-
cylic acid, dipyridamole, and & caleium antagonist,
patients received 125 mg methylprednisolone intra-
muscukarly 1 day before the repeat PT'CA and 240 mg
preduizone for I week. Only the 54 patients undergo-
ing follow-up angiography were analyzed. Restenosis
was defined as >50% diameter narrowing at the site.
Restenosis was found in 36% of the stenoses in the
group treated with stercids compared with 40% in
the group receiving standard treatment.

In & recent multicenter trial in the United States,%
850 patients were randomly assigned to methylpred-
nisolone or placebo 2 to 24 hours before PTCA. In
71% of the patients follow-up angiography was per-
formed. There was no difference between the two
groups In the incidemce of restenosis (defined as
>50% diameter stenosis): 43% in the group treated
with methylprednisolone versus 43% of the patients
in the group given placebo. These trials showed that
administration of corticosteroids has no influence on
the incidence of restenosis.

Nonsteroidal antiinflammatory drugs. Ibuprofen is
known to decrease platelet-thrombus deposition in
polytetra fluorcethylene (PTFE)™ arterial grafts. In
a study of normal porcine commen carotid arteries
pretreated with heparin, balloon angioplasty was
performed and followed by & bolus (12.5 mg/kg) and
infusion (75 to 100 ug/kg/min) of ibuprefen or pla-

=*Gore-Tex vaucular graft, registered trademark of W.L. Gore & Associates,
Inc., Elkton, Md.
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cebo. Quantitative 11 1p-labeled autologous platelet
deposition at the site of angioplasty was significantly
reduced by ibuprofen.®” Whether this will affect the
risk of late restencsis is not known.

FUTURE DEVELOPMENTS

Until now we have not found a drug that prevents
restencsis in patients undergoing angioplasty. In the
near future the results will be known of currently on-
going raulticenter trials with a new ACE-inhibitor
(citazapril), serotinin antsgonist (ketanserin), hiru-
din, low molecular weight heparin, angiopeptin and
fish oil. Other promising drugs such as thrombin
blockers, antagonists of smooth muscle cells, growth
factor blockers, prostacyclin analogues, and mono-
clonal antibodies against platelet membrane recep-
tors (GP 11b/1ila) and the von Willebrand factor will
be tested in clinical trials and may bring us closer to
the solution of the restenosis problem.

CONCLUSION

Degpite 13 years of clinical experience and research
in the Seld of restenosis after PTCA, there have been
no major breakthroughs in pharmacologic interven-
tions. Assessment of the value of drug trials that have
been performed in the past is extremly difficult
because of differences in sefection of patients, meth-
ods of analysis, and definition of restenosis. Recently
our group has reviewed the influence of these three
factors on the outcome and conclusion of restenosis
studies.®™ Although there is no scientific proof that
the tested drugs are effective, many clinicians con-
tinue prescribing them to “prevent restenosis.”

Clinical and experimental research must continue
tolook for the elusive “magie bullet™ that can prevent
aggregation of thrombocytes, spasm, proliferation of
smooth muscle cells, and atherosclerosis without any
side effects and, if possible, in only one tablet! More-
over, the cost of this potential drug solution must he
less expensive than repeating PTCA in 30% of all
patients. It is clear that this magic drug has not been
found, and in the meantime we will continze (re)di-
lating while we search for a pharmacologic or techni-
cal solution to the problem of restenosis.
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Methodological Problems Related to the Quantitative
Assessment of Streich, Elastic Recoil, and
Balloon-Artery Ratio

Walter R.M. Hermans, Mp, Benng J. Rensing, Mp, Bradley H. Strauss, MD,

and Patrick W. Serruys, MD, FACC

The (intlated}) balloon is impertant to determine the extent of stretch (theoretical maximal
gain in diameter or area during PTCA}, elastic recell (the loss In diameter or area imme-
diately after P¥CA), and whether under- or over-sizing (balloon-artery ratio) ¢f the dilated
lesion oceurred. In these assessments, the Inflated balioon 1s used as scaling device with
assumed uniformity along its entive length. in order to assess more accurately stretch,
lastlc recoll, and the balloon-artery ratio, the balloon diameter was measured over its
entire length with edge cetection and videod ¥ In 505 lesk (453 patients).
With an average Inflatlon pressure of 8,3 = 2.6 atm a difference between the minimal and
the maximal balloon diameter of 0.59 = 0.23 mm was measured using edge detection and
4,70 = 0.90 mm? difference in area using videodensitometry. This results in large varfa-
tions in the cai stretch, elastic recoil, and balloon-artery rotio depending on the
site of the balioon chosen for assessment. The mean difference = SD between stretch
and elastic recoil d by edge d lon and videodensitometry (using the minimat
luminal diameter or area of the balloon) are respectively 0.00 = 0.1% and 0.00 = 0,24,

suggesting that both methods are appropriate.

Key words: PTCA, balloon, QCA, recoll

INTRODUCTION

Percutaneous  transluminal coronary angioplasty
(PTCA) is an accepted revascularization procedure for
treatment of patients with stable and unstable angina pec-
toris and for patients with single and multi-vessel disease
[1.2]. Although carlier work has drawn attention to the
process of in vivo inflation of the balloon, in vive pres-
sure-volume relationship {3]. and in vivo pressure-diam-
eter curves [4], the quantitative analysis of the inflated
balloon at the site of the stenotic Jesion has not been
emphasized. Visual inspection of the inflated balioon led
to the assumption that. with the use of a pressure as high
as 20 atm, the balloon is fuily and uniformly inflated to
a diameter in accordance with the manufacturer’s speci-
fication.

With the introduction of computer-based quantitative
analysis systems—edge detection and videodensitome-
try-—it became possible 10 measure the exact diameter
and area of normal and stenotic arterial segments pre-
and post-PTCA as well as the balloon diameter during
full inflation. However, conflicting data has been pub-
lished about the correlation of post-angioplasty analysis
between the two techniques [5-20].

The inflated balloon has important clinical implica-
tions since it affects the extent of 1) stretch (theoretical

@ 1992 Wiley-Liss, Inc.

maximal gain in diameter or area during PTCA). 2} clas-
tic recoil {nfluence the immediate post-PTCA result)
[4.21,22], and 3) under- or over-sizing of the lesion (im-
portant factor in the incidence of dissections) [23-261. In
the assessment of these three parameters, the inflated
balloon is used as scaling device and is presumed uni-
form along its entire length. However, this assumption
has never been critically analyzed.

The objective of this study was to determine {using
two quantitative methods) whether the balloon diameter
is uniform along its entire leagth. In the event of non-
uniformity of the inflated balloon, guidelines will be
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proposed for the selection of the balloon diameter for
future quantitative studies,

MATERIALS AND METHODS
Study Poputation and PTCA Procedure

The study population coasisted of 433 patients (505
lesions) who had undergone successful PTCA at the Tho-
raxcenter between June 198% and December 1989, de-
fined as a less than 50% diameter stenosis on visual
inspection of the post-PTCA angiogram. Patients with
stable and unstable angina were included: patients with
acute myocardial infarction (<7 days) and patients with
total occluded lesions pre-PTCA were excluded, Mean
age of the patients was 56 = 10 yr. Of the 505 lesions
dilated. 146 were located in the right coronary artery
(RCA}. 238 in the left anterior descending (LAD}, and
121 in the left circumflex artery (LC}.

Moedications at the time of the procedure were intra-
venous heparin and acetylsalicylic acid. Choice of bal-
loon type (compliant vs. non-compliant), inflation dura-
tion. total number of inflations. and infiation pressure
were left to the operator. Coronary angiograms were ré-
corded before and after angioplasty. and during dilata-
tion with the largest balloon size ar the highest inflation
pressure applied.

Quantitative Coronary Angiography

The quantitative analysis of the stenotic coronary seg-
ments and the balloon at maximal inflation pressure was
carried out by the Coronary Angiography Analysis Sys-
tem (CAAS). which has been validated and described in
detail elsewhere {7.12,13]. Examples of analyses are
shown in Figure 1.

Single ideatical views pre-PTCA. post-PTCA, and
during balloon inflation were chosen for analysis. For
this purpose. the largest balloon filled with contrast was
filmed during the last inflation at maximum pressure.
Conrtrast medium (Isopaque Cerebral 280 mg/ml, Ny-
comed AS Oslo) that is routinely used for arteriography
of the carotid arteries was selected for its high radiopac-
ity, which enhances the automated edge detection and
videodensitometric analysis. This contrast medium has a
low-viscosity and therefore does not need to be diluted.
Special attention was given to avoid air bubbles in the
balloon when filling with contrast medium.

Edge Detection

Any area sized 6.9 X 6.9 mm in a select cine-frame
(overall dimensions 18 X 24 mm) encompassing the
desired arterial segment was digitized by a high-resolu-
tion CCD camera with a resolution of 512 X 512 pixels
and 8 bits of gray level. Vessel and balloon contours are
determined automatically based on the weighted sum of
the first and second derivative functions applied to the

Streteh, Recoil, and Balloon-Artery Ratio

digitized brightness information along scanlines perpen-
dicular to the local centerline directions of an artenial
segment or inflated balloon. A computer-derived estima-
tion of the original arterial or inflated balloon diameter at
the site of obstruction is used to define the interpolated
reference diameter. This technique is based on a com-
puter-derived estimation of the original diameter values
over the analyzed region (assuming there was no disease
present) according to the diameter function. The absolute
minimal values as well as the reference diameter are
measured by the computer, which uses the known con-
trast-cmpty guiding catheter diameter as scaling device.
To achieve maximal vasodilatation, either nitroglycerin
or sosorbide dinitrate was given intracoronary for ¢ach
coronary artery involved pre-PTCA and post-PTCA [7].
Al contour positions of the catheters, the arierial seg-
ments, and the inflated balloon were corrected for pin-
cushion distortion introduced by the individeal image
intensifiers.

Densitometric Analysis:

Densitometry is based on the approximate linear rela-
tion that exists between the optical density of a contrast-
enhanced lumen and the absolute dimensions of the ar-
terial segment. Constitution of the relation between the
path Iength of the x-rays through the artery or balloon
and the brightngss values requires a detailed analysis of
the complete X-ray/cine/video chain. including the film
development process [12,13.27]. For the first part of the
chain, from the x-ray tube to the output of the image
intensifier. wc use Lambert Beer's law for the x-ray ab-
sorption and apply certain models for the x-ray source
and the image intensifier. From the output of the image
intensifier up to the brightness values in the digital im-
age, we use a linear transfer function. The eross-sec-
tional area of a vessel or balloon is then obtained as
follows. The contours of a sclected arterial segment or
balloon (in a non-foreshortening view) are detected by
automated edge detection as described above. On cach
scanline perpendicular to the local centerline direction of
the vessel. a profile of brightness values is measured.
This profile is transformed into an absorption profile by
means of a simple logarithmic transfer function. The
background contribution is estimated by computing the
lincar regression line through the background points di-
reetly left and right of the detected contours. Subtraction
of this background portion from the absorption profile
within the arterial contours yields the net ¢ross-secrional
absorption profile. Integration of this function gives a
measure for the cross-sectional area at the particular
scanline. By repeating this procedure for all scanlines.
the cross-sectional area function is obtained. A reference
densitornetric area is obtained following the same prin-
ciples as described above for the diameter measure-
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Fig. 1.

artery. Superimpesed on the video image are the diameter fune-
ton curve (measured by sdge detoction [upper curve]) and the

Single frame anglogram of a mid portion of a eircumtlex

area function curve (| ed by videodensi y [fower
curve]} of the severity of the obstruction before and after bal-
loon dilatation (a.) as well as of the balloon during maximal
infiation (b.c). The interpolated reference diameter line Is com-
puted from the contours proximal and distal of the lesion. The
reference diameter value is taken at the point coingident with
the peint of maximal rarrowing (white arrow), The white areas

ments. It is ¢lear that homogengous mixing of the con-
trast agent and the blood must be assumed for the
measurements to be correct. The complete procedure has

been evaluated with cinefilms of Plexizlass® of coronary
obstructions [12,27].

are a measure for the “atheroscierctic plaque.” b and ¢ show
the inflated balloon with an Inflation pressure of 12 atm. The
computer measured a minimal batloon diameter of 2.01 mm, a
mean diameter over the entire tength of the ballcon of 2.84, a
maximal dizmeter of 3.27, and 3 reference diameter of 2.99 mm
{value not shown in figure}. The nominal size of this balloon was
325 mm and was inflated at 2 maxlmum pressure of 12 atmo-

spheres, These flgures clearly show the non-uniform inflation
process.

Definitions of Quantitative Derived
Morphologic Parameters

The area (mm”) between the actual and reconstructed
coatours at the obstruction site 18 a measure of the
amount of atkerosclerctic plague [12.28). The length of
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TABLE |, Quantitative Analysis of 505 Dilated Coronary Lesiohs and

Inflated Balloons

Pre-PTCA Post-PTCA p value
Lesion
Edye detection
Minimal diameter (mm) 1.09 = 0.31 1.83 = 040 0.001
Reference diameter {mm) 270 = 0.55 275 £ 0.51 0.001
Length lesion (mm) 6525 6.1 26 0.001
Pluque ares (mm®) 7.09 = 379 438 = 3.32 ¢.001
Symmetry value 0.40 = 0.24 0.35 = 0.2% 0.001
Curvature (units) 21.6 * 0.9 04 =112 NS
Videodensitometry
Minimal area (mm®) 0.81 £ 0.79 263 = 1M 0.001
Reference arga (mm™) 598 £ 218 6.13 =233 0.001
Bailoon
Edge detection Videodensilomewy
Minimal diameter (mm) 2.37 = 0.41 Minimal area (mm®) 339 = 1.61
Mean dizameter {mm) 2.64 = 0.40
Maximal diameter {mm) 2.96 = 0.44
Reference diameter {mm) 275 041 Relerence area (mm°) 6.00 = 1.82
Nominal stz (mm) 2.94 = 0.39

NS = Not significant.

the obstruction (mm) is determined from the diameter
function on the basis of curvature analysis. Symmezry is
defined as the coefficient of the left and right hand dis-
tance between the reconstructed interpolated reference
diameter and actual vessel contours at the site of obstruc-
don. In this ¢quation the largest distance berween actual
and reeenstructed contours becomes the denominator, A
symmetrical location of the icsion has a valuc of 1 and a
severely eccentric located lesion has a vaiue of 0. To
assess the extent of coronary bending. the curvarure
value at the obstruction site 1s computed as the average
value of all the Individual curvature values glong the
centerline of the coronary segment. with the curvature
defined by the rate of change of the angle through which
the tangent to a curve turns in moving along the curve
and which for a circle is ¢qual to the reciprocal of the
radius,

Assessment of Stretch, Elastic Recoil, and
Balloon-Artery Ratio

Stretch was defined as the ratio between the infiated
balloon diameter (mm) minus the minimal luminal diam-
eter {MLD) of the vessel pre-PTCA and the reference
diameter {RD) (mm) of the dilated segment. and this
represents the maximum diameter of the vessel at the
time of balloon inflation:

balloon diameter — MELD pre-PTCA
RD pre-PTCA ’

As previously published {12,13] elastic recoil of the
stenosis 1s defined as the ratio between the balloon di-
ameter (mm) minus the MLD post-PTCA (mm) and the
reference diameter of the dilated segment and this rep-
resents the carly loss in diameter immediately following
balloon inflation:

balloon diameter ~ MLD post-PTCA
RD pre-PTCA ’

Balloon-artery ratio was defined as the ratio between
the balloon diameter and the reference diameter pre-
PTCA of the dilated segment and attermpts to describe the
extent of balloon under or over sizing of the normal
segment of the vessel:

balloon diameter
RD pre-PTCA ~

Assessment of streich, elastic recoil and balloon-artery
ratio were derived from videodensitometry by substitut-
ing diameter measurements with densitometrically mea-
sured area mMeasurements.

Statistical Analysis

All continupus variables were expressed as mean val-
wes * standard deviation (SD) ‘(Tablcs 1.II) and a ¢ test
was applied 10 these varables (Table I). A value of
<0.05 was considered statistically significant.
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TABLE Il Variation in the Extent of Stretch, Elastic Recoil, and Balloon Artery Ratio

in 505 Dilated Lesions

Swetch Elusti¢ recoul BAR

Edge detection

Minimal bulloon diameter (mm} 049 = 0.18 0.21 £ Q.15 0.90 = 0.17

Mean balloon diameter {mm} 0.59 = 0.18 03] =0.15 1.00 = 0.17

Reference diumeter of balloon (mm} 0.63 = 0.18 035 £ 0.16 1.04 = 0.18

Maximal balloon diameter (mm) 071 = 0.20 0.43 =018 1.12 £ 0.20

Nomingl size of balloon {mm) 0.71 = 0.21 0.43 = .18 1.12 = Q.20
Videodensitometry

Minimal area of bulloon (mm”) 0.67 = 0.37 0.33 = 0.32 0.81 = 0.36

Reference area of balloon (mm®) 098 =042 0.65 = 0.36 1.12 £ 0.41

Nominul area of balloon {(mm?) 1.16 = 0.54 0.82 = 0.45 1.29 = 0.51

BAR = Bulloon-urtery ratio.

To measure the stength of the relation between the
nominal size and the measured balloon diameter. the
product-moment comrelation cocfficient (r) and its 95%
confidence intervals (CI) were calculated. The agree-
ment between the two measures was assessed by deter-
mining the mean and the SD of the between-method
difference as suggested by Bland and Altman [29]. This
was done by computing the sum of the individual differ-
ences between the two measures to determine the mean
difference and the SD. The same statistical method was
applied to assess the relationship between the minimal
cross-sectional area derived from edge detection and vid-
codensitometry as well as of the inflated balloon,

To assess the relationship between several angio-
graphic morphological variables (area plaque, curvature,
iength of the lesion, symmetry) and recoil. a univariate
analysis was performed. To avoid arbitrary subdivision
of dara. cut off ¢riteria for continuous variables were
derived by dividing the data in three groups so that cach
group contained about one-third of the population. The
group with the highest amount of recoil was then com-
pared with the two other groups [30]. This method of
subdivision has the advantage of being consistent for all
variables and thus avoids any bias in selection of sub-
groups which might be undertaken to emphasize a par-
ticular point (Table III).

Analysis was carried out with a commercial statistical
package {BMDP Statistical Software 1990).

RESULTS

Quantitative angiographic lesion characteristics of the
505 Iesions dilated and of the balloon at highest inflation
pressure used, are shown in Table .

Lesion

The minimal luminal diameter increased from 1.09 =
0.31 mm to 1.83 = 0.40 mm after PTCA with an in-
crease in minimal cross-sectional area from 0.81 = 0.79

mm® to 2.63 = 1.34 mm® (p < 0.001). There was a
sigmificant change in ““interpolated™ reference diameter
after PTCA: 2.70 = 0.55 mm pre-PTCA and 2.75 =
0.51 mm post-PTCA. and in reference area: 5.98 = 2.19
mm* pre-PTCA and 6.13 = 2.33 mm® post-PTCA (p <
0.001).

Balloen

The average length of the balloon analyzed was 16.2
= 3.7 mm; the tapered proximal and the distal part of the
ballpoa were not included in the analysis (Fig. 1). The
average inflation pressure used was 8.3 = 2.6 atm, the
number of inflations varied between 1 and 17 {mean 3.1
times). and the average inflation time was 255 x 217
sec. As shown from Table I the balloon is not uniformly
inflated over its entire length at the highest pressure
used. Quantitative analysis showed a mean difference of
0.59 = 0.26 mm between the maximal and minimal
balloon diameter in case of edge detection and 1.70 =
0.90 mm® between the reference arca and minimal arca
by videodensitometry.

The manufacturer’s size of the balloon used was 2.94
* 0.39 mm (range 2.0 to 4.2 mm). The mean difference
(= 3D) in diameter (and the corresponding r and 95%
CI) berween the nominal diameter of the batloon and its
in vivo measured diameter using edge detecrion were

0.66 = 0.32 for the minimal balloon diameter
(r = 0.67: 95% CI = 0.62 10 0.72),
0.30 = 0.29 for the mean balloon diameter
r = 0.73:95% CI = 0.69 to 0.77).
0.19 = 0.31 for the reference balloon diameter
(r = 0.71; 95% CI = 0.66 to 0.75).
—0.02 %= 0.33 for the maximal balloon diameter
(r = 0.68; 95% CI = 0.63 to 0.72) (Fig. 2A-D),

Although the nominal size of the balloon during inflation
is reached at the maximal balloon diameter. it appears
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TABLE il Influgnge of the Balloon Dlameter or Area Used in the

Stretch, Recoil, and Balloon-Artery Ratio

Univariate Analysis of Elastlc Recoil

Symmetry Curvature Ared pluaque Length lesion
< 0.24 > 024 < 16 > 16 < 5.1 >35.1 <52 =52
Balloon # 164 # 341 7 # 171 #334 ” # 170 # 335 P # 168 # 337 Vd
Edge detection
Minimal dizmeter 0.23 0.20 0.08 0.23 0.20 0.03 0.22 0.20 0,14 ¢.22 0.21 0.56
Mezn diumeter 0.33 0.20 0.15 0.33 0.3 0.03 0.34 0.30 0.001 0.32 0.31 Q.26
Maximal diameter 0.45 .43 0.25 053 442 0.07 947 0.42 0.00 0.45 0.43 0.21
Reference diameter 0.37 0.35 0.15 0.38 0.34 0.02 0.38 6.34 0.001 0.37 0.35 0.25
Norning] size 0.4 0.43 0.34 0.44 042 0.24 048 0.41 0.001 0.435 042 0.10
Videodensitometry
Obstruction ureu 0.37 0.32 008 939 0.3] 0.02 0.42 0.30 0.001 0.35 0.33 0.50
Relerence ares 0.69 0.63 0.11 9.72 0.6 0.001 0.77 0.59 6.00t 0.70 0.62 0.04
Nominal ares 0.33 0.81 0.40 .33 .79 0.05 1.01 0.7 0.001 0.89 0.79 0.0z

that the balloon 1s not inflated at the theoretical diameter
along its entire iength.

The mean differences (* SD} in area (and the corre-
sponding r and 95% CI). calculated vsing the cross-sec-
tional arca of the balloon, derived from the nominal size
assuming a circular model of the balloon and from vid-
codensitomerry MEASUrEMENnts. Were

2.53 = 1.56 for the minimal balloon area
(r = 0.5%9: 95% CI = (.53 10 0.64).
0.83 = 1.42 for the reference balloon area
{r = 0.70: 95% C¥ = 0.65 10 0.74) (Fig. 2E.F}.

Stretch

Stetch measurement derived from edge detection var-
ied between 0,49 £ 0.18—when the minimal value of
the balloon diameter was chosen—and 0.71 = 0.2} if the
nominat size of the balloon or the maximal value of the
balloon diamcter was used. When videodensitomelry is
applied. stretch measurement varied between 0.67 *
(.37—whern the minimal value of the ballpon area was
chosen—and 1.16 = 0.54 if the nominal area of the
balloon (derived from the nominal balloon size) was used
(Table II).

=

Elastic Recoil

Elasti¢ recoil measurement derived from edge detec-
tion vanied between 9.21 = 0.15—when the minimal
vaiue of the balloon diameter was chosen—and 0.44 =
0.18 if the maximal value of the balloon diameter was
used, With videodensitometry. elastic recoi! measure-
ment varied between 0.34 = 0.32 using the minimal
value of the balioon area and 0.82 = 0.45 using the
nominal area of the balloon (derived from the nominal
size) (Table II).

Table Il shows the influence of the selected balloon
diamneter on the univariate analysis of ¢lastic recoil. For
each morphologic parameter, different levels of signifi-
cance were observed. For instance, the degree of curva-

ture was significantly related to the receil phenomenon
when the value of the minimal, mean, or reference bal-
loon: diameter was selected. However, the relation is no
longer significant if the maximal value of the balioon
diarneter or the nominal balloon size was considered.
The amount of area plaque is significantly related to the
recoil phenomenon with less plaque giving more ¢lastic
recoil. This is of significance for all selected balloon
diameters or areas except when the minimal value of the
balloon diameter was selected.

Balloon-Artery Ratio

Balloon-artery ratio derived from edge detection var-
1ed berween (.90 = .17 when the minimal value of the
bzlloon diameter was chosen, and 1,13 = 0.20 with the
maximal value. With vidcodensitomerry, the balloon-ar-
tery ratio varied between 0.81 = 0.36 (with the minimal
vajue of the balloon area) and 1.29 + (.51 when the
nominal area of the balloon was selected (Fig. 3).

Comparison Between Edge Detection and
Videodensitometry in the Assessment of Lesion
Severity Pre- and Post-PTCA, of the Inflated
Balioon, and of Stretch and Elastic Recoil

Lesion and balloon. The mean differences (= SD)
between the minimal fuminal eross-sectional area pre-
TPCA., post-PTCA, and of the balloon derived from
cdge detection (assuming a circular cross-section) and
measured by videodensitometry are 0.11 + 0.50 mm®,
0.11 + 1.04 mm*, and 0.16 = 0.89 mm®, respectively.
(Fig. 4).

Stretch and recodl. Figure 5 shows the relationship
between stretch and elastic recoil assessed by edge de-
tection and videodensitometry using the minimal juminal
diameter or arga of the balloon. The mean difference (£
3D} between the two measurements are respectively 0.00
= 0.19 for stretch and 0.00 = 0.24 for elastic recoil.
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Fig. 2. Four different bafloon diameters measured by edge detection versus the nominal size
of the balloon (2-4) and two ditferent balloon area’s measured by videodensitometry versus the
nominal area of the balloon (2.f). Mean Dif = SD = Mean difference and standard deviation
between the measured bailoon diameter (area) and the nominal size {area) of the balloon. r =
corredation coefficient with regression line.
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Stretch, Recoll, and Balloon-Artery Ratic

Balloon-artery ratio
2

2
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Fig. 3. The balloon-artery ratio vs. the reference diameter pre-PTCA. Depending on whether
the nominal size {a} or the minimai of the maximai bailoon diameter (b) is used, a single balloon
inflation may be judged to be under sized {ratio < 1) or ever sized (ratio > 1). Over sizing occurs
morg frequently in small vessels and under sizing more frequently in large ones.
DISCUSSION following angioplasty [9.13) because acute tears and dis-

This study showed that the balloon is not uniformiy
inflated at the highest pressure used. A maximal differ-
ence of 0.59 * 0.26 mm in balloon diameter was mea-
sured at an average inflation pressurg of 8.3 atm. Histo-
logic stwudies have shown that the vast majority of
atherosclerotic plaques in human coronary arterics are
composed of dease fibrocollagenous tissue with varying
amounts of calcific deposits and smaller amounts of in-
tracellular and extracellular lipid (**hard plagques™™) [31].
Certain parts of plaques may restrict complete balloon
expansion, which explains the pattern of non-uniformity.
It has been the common clinical experience of many
operators that some lesions will not yield even at inflation
pressure up to 20 atm. Recently intravascular ultrasound
images have confirmed this non-uniform inflation pattern
during coronary angioplasty (personal communication,
Dr. Jeffrey Esner).

Edge Detection and Videodensitometry

1deally in the assessment of stretch and elastic recoil,
the measurement of interest is the precise relationship
between the cross-sectional arca of the vessel and the
balloon at the site of the obstruction. It might be assumed
that at each stage of the procedure, the lumninal area of the
vessel at the stenotic site is not circular so that the geo-
metric evaluation (assurning a circular model) of stretch
and the recoil phenomenon might be misieading partic-
ularly after the disruptive effect of balloon angioplasty.
As carlier reported. the use of cdge detection may be
lirnited in the analysis of dilated lesions immediately

sections distort the anatomy. From a theoretical point of
view, a videodensitometric approach scems to be the
ultimate solution in measuring the vessel and balloon
cross-sectional area in a single angiographic view. Al-
though densitometry is independent of geometric shape,
this technique scems to be more sensitive than edge de-
tection 1o densitometric nonlincarities (x-ray scatter, im-
age intensifier veiling glare, and beam hardening).
oblique projection of the artery, and overlap with other
structures, and its application is limited in the presence of
branch vessels that may ¢ause errors in the background
correction technique and in situations where the x-ray
beam is not perpendicular to the long axis of the vessel
[16].

In the present study it was felt that the videodensito-
metric approach was used in relatively optimal condition
since the inflated balloon was filmed in the least fore-
shorened view (for safety rcasons). thereby avoiding
large errors duc 1o potential changes in background scat-
ter and veiling glare. During inflation of the balloon. the
surrounding coronary vessels were not opacified. thus
minimizing the problems related to the background cor-
rection. However. the analysis of the lesion remains sub-
ject to the well known pitfalls (mentioned in the previous
paragraph) encountered with the videodensitometric
technique. Despite the well known technical limitations,
the assessment of stretch and elastic recoil by videoden-
sitometry did not significantly differ from the assessment
derived from edge detection and both techniques might
be used in the future on-line in the catheterization labo-
ratery during coronary angioplasty.
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Fig. 4. The mean diference (= SD) between the mimimal lu-
minal cross sectional area pre-PTCA {a), during balloon Infia-
tlon {b). and post-PTCA (¢) derived from edge detection and
videodensitometry,

Compliant Vs, Non-Comptiant Balloons

In this study, the choice to usc a compliant or non-
compliant balloon during PTCA was left to the operator.

In 250 lesions a non-compliant balloon (209 balloons
were made from polyethylene terephthalate [PET]. nine
balloons were made from polyolefin copolymer [POC],
and 32 balloons were made from hydracross) was used
for dilatation, and in 255 lesions a compliant balloon
(236 balloons were made from polyethylene [PE] and 19
balioons were made from polyvinylchleride [PVC]) was
used for dilatation. A sigrificant difference was observed
for the symmetry measurement (0.42 = 0.25 in the non-
compliant balloon group vs. 0.37 = 0.23 in the compli-
ant balloon group, p < 0.03) and for the highest balloon
pressure used (9.0 = 2.7 in the non-comphant balloon
group vs. 7.6 = 2.2 in the compliant balieon group, p <
0.001). Although no differences between the two groups
in minimal lumen diameter or area pre-PTCA and posi-
PTCA, reference diameter or area pre-PTCA and post-
PTCA. diameter sicnosis or area stenosis pre-PTCA.
nominal baltoon size, calculated stretch, elastic recoil.
and the balloon-artery ratio was observed, there was a
significant difference in post-PTCA diameter stenosis—
with a better result in the group where lesions were di-
lated with a compliant balloon type (diameter stenosis of
32% vs. 34% in the non-compliant balloon group). It is
possible that this difference is caused by the type of
lesions dilated (different symmetry) or due to the maxi-
mal balloon pressure used. A comparative study is war-
ranted to investigate if this difference in post-PTCA re-
suit between the two groups is significant or that it
reflects differences in selection.

Which Measured Balicon Diameter Should Be
Used in the Quantitative Assessment of Stretch,
Elastic Receil, and Balloon-Artery Ratio?

1t is clear from our study that the nominal size of the
balloon listed by the manufacturer should not be used in
the assessment of stretch and ¢lastic recoil of the stenotic
lesion or in the asscssment of the balloon-artery ratio
because the nominal size 13 not reached at the stenotic
site ¢ven at an average pressure of 8.3 atm.

Stretch

To determing the actual amount of stretch at the ob-
struction, we propose to use the minimal diameter or area
in the balloon duriag inflation as this persistent en-
croachment of the balloon during inflation presumably
localizes the non-distensible part of the stenosis that re-
stricts the dilatation. Even more accurate would be 2
superimposition of the two diameter functions of the di-
lated vessel and inflated balloon to continuously assess
stretch over the entire leagth of the dilated lesion (Fig.
4).
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.. Balloon ]

Pre-PTCA

N\ streteh P##  Oversizing

Flg. 6- In this exampie the minimal luminal diameter of the
iesion pre-PTCA and during palloon inflajion are .22 mm and
2.87 mm respectively. The interpolated reference dlameter for
the lesion is 2.87 mm and {for the balloon 322 mm. The nominal
size of the balloon s 3.5 mm. Theoretically the maximal gain i
3.50 — 122 = 2.27 mm, However, dtue to the atherosclerctic
plague in the vessel wali, complete balloon expansion was not
achieved. Stretch of the lesion was (2.87 — 1.22) / 2.87 = 0.57.
The upper line represents the diametar function curve of the
ballgon ever tha entire length of the bailoon at maxirmum infla-
tign pressure. The lower line represents the diameéter curve pre-
PTCA. The two interpolated reference diameter lines are afso
shown (see arrows). The difference betweon these twe lines
represents the batloon-artery ratio (// /). it is clear that in this
example oversizing took place: the Interpolated reference diam-
eter of the balloon is 3.22 mm and of the stenosis 2,67 mm: this
resutts in a balioon-artery ratic of 1.12. In this ¢ase, the minimal
diameter of the balloon and the lesion are logalized at the exact
same spoti however, this is not always the case.

Elastic Recoli

Recendy Monson et al. [4} studied in 27 patients the
angiographic patterns of baloon inflation during PTCA.,

Videodensitometry was used to measure the diameter of
the inflated balloon and of the lesion pre-PTCA and post-
PTCA. They defined recoil as the ratio between the bal-
loon diameter at 6 atm and the coronary diameter after
angioplasty. They found that the nominal size of the
balloon was almost never reached over the entire length
of the balloon. Our data is in agreement with their ob-
servation (Table ).

Any analysis of factors affecting the recoil phenome-
ron will be greatly influenced by the selection of the
value of the balloon diameter or area (minimal, mean.
maximal, reference, or nominal) used for the calcuiation
of the clastic recoil. Our group carlier reported that more
elastic recoil was seen in asymmetric lesions (<00.37).
lesions located in less angulated parts of the artery
{<12.5 units). and in lesions with a small plaque content
(<4.7 mm®) [12]. In that latter stady, the mean diameter
(derived over the entire length) of the balloon was used.
Table Il shows the influence of the selected balloon
diameter or arca on the univariate analysis of factors
affecting elastic receil. From this table it is ¢lear that
small area plaque (<<5.08 mm™) and lesions located in
Icss angulated parts of the vessel {curvature < 16.3
units) are significantly or not significantly affecting the
recoil phenomenon of the lesion depending on the bal-
loon diameter chosen for analysis.

To accurately assess the extent of ¢lastic recoil at the
site of severest luminal narrowing we suggest use of the
minimal vajue of the balloon diameter or arca as this
measuremnent presumably reflects the narowing persist-
ing at the sit¢ of the stenosis during dilatation. Even
more accuratc would be a superimposition of the two
diameter functions of the dilated vessel and inflated bal-
loon 10 continuously assess elastic recoil over the entire
length of the dilated lesion (Fig. 7).
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Balioon

Post-PTCA

BT Recol

Fig. 7. The upper line represents the dlameter function curve
of the balloon; this shows what maximally was achleved during
PTCA. The lower line represents the diameter function curve
post-PTCA, 7/// = elastic recoll; represents what Is lost in di-
ameter immediately post-PTCA. Post-PTCA the minimal luminal
diameter is 1.70 mm. immediately post-PTCA (2.87 — 1.70}/ 2.87
= 0.41 Is lost due to elastic recoil. The ratio of elastic recoll is
not necessarily at its maximum at the minimal obstruction site
of the vessel.

Balleon-Artery Ratio

In the present study, the balloon-artery ratio derived
from edge detection varied between 0.90 = 0.17 (under-
sized) and 1.13 = 0.20 (oversized) is selected (Fig. 3).

Roubin et al. {23] defined the balloon-artery ratio by
estimating the so-called normal lumen of the coronary
artery by direct visual comparison to the known diameter
of the guiding catheter used. Then the patients were ran-
domized to a (nominal) balloon size smaller or larger
than this so-called normal lumen. They found more acute
complications with a balloon size greater than the so-
called normal lumen. Nichols et al. [24] compared the
diameter of the inflated balloon to a normal arery (in
most cases proximal of the stenosis (adjacent to the ste-
nosis (user-defined). In this study. balloon sizes pro-
vided by the manufacturers were used. They concluded
that the interventional cardiologist should approximate or
slightly exceed the diameter of the normal arterial diam-
eter in order to achieve optimal angiographic results with
minirnal dissections and minimal residual stenosis since
oversized balloons (rade > 1.3) caused a higher inci-
dence of dissections.

Gver- and under-sizing of the balloon with respect to
the vessel dilated always refers to the non-diseased part
of the vessel as over-sizing of the stenotic lesion itself
always takes piace (Fig. 6). So, in theory, the nominal
size of the balloon and the non-diseased diameter pre-
PTCA should be used for the balloon-artery ratio. How-
ever, the present data shows that although the nominal

size of the balloon is reached during inflation (Tabie I)
this maximal value represents only one point over the
entire length of the balloon. The “‘reference diameter™’
of the balloon reficets the actual size of the balloon dur-
ing inflation in the non-diseased part of the vessel.
Therefore, we propose to use the reference diameter or
arez of the balloon in the guantitatve assessment of the
balleon-artery ratio.

CONCLUSIONS

Lrrespective of the quantitative analysis technique, the
baileon during inflation is not uniferm over its entire
length. This observation has major impact on the caleu-
lated values of strerch. elastic recoil, and balloon-artery
ratio. As on-line quantification of the lesion before and
during PTCA as well as of the inflated balloon is tech-
nical feasible during routine PTCA. our observation is of
clinical significance and it could help to determine
whether higher balloon pressures should be applied or a
grcater balloon size should be used to achieve an optimal
short-term and long-term result of the angioplastied le-
sion.

ACKNOWLEDGMENTS

We thank Dr. J. Thijsen, Ph.D., for his statistical as-
sistance.

REFERENCES

1. Bredlau CE. Roubin GS. Leimgruber PP. Douglas Jr JS. King I
SB. Gruentzig AR: In-hospital morbidity und monality in patients
undergeing elective coronary angioplasty. Circulation 72:5:
10241052, 1985.

. Mata LA, Bosch X, David PR, Rapold HY, Corcos T, Bourassa
MG: Clinical and anplographic assessment & months after double
vessel percutancous coronary angioplasty. J Am Coll Cardiol 6:
1239-124a_ 1985,

3. Jain A, Demer LL, Raizner AE. Harley CJ, Lewis JM, Roberts R:
In vivo assessment of vaseular dilatation durng percutaneous
tansiuminal corenary angioplasty. Am J Cardiol 60:988-992,
1687.

4. Monson CE. Ambrose JA, Borrico §, Cohen M, Shermans W,
Alexopoulos D, Gorlin R, Fuster V: Angiographic putterns of
balleon inflation during percutaneous translumisal ¢oronary an-
pioplasty: Role of pressure-diameter curves in studying, distensi-
bility and elasticity of the stenotic lesion and the mechanism of
dilatation. J Am Coll Cardiol 16:569-575. 1990,

5. Brown BG, Bolson EL. Frimer M: Quantitative coronary urte-
riography: estimation of dimension, hemodynamic resistance and
atheroma mass of corengry artery lesion using the arteriogram und
digital computation. Circulation 55:329-337. 1977.

6. Nichols AB. Gabriel CFC, Fenoglio 11, Essen PD: Quantification
of relative coronary anerial stenosis by cinevideodensitometric
analysis of coronary arteriograms. Circulation 69:512-522, 1984,

7. Reiber JHC. Serruys PW. Kooyman CJ. et al.: Assessment of
short. medium and long-term variations in arterial dimensions

2

85



from computer-assisted quantification of coronary cingangic-
grams. Circulation 71:280-288, 1985.

. Mangini GBJ. Simon $B. MeGillem MJ. LeFree MT. Friedman

HZ, Vogel RA: Automated quantitative coronary arteriography:
Morphologic and physiologic validation in vivo of a rapid digital
angiographic method. Circulation 75:4352-460, 1987,

. Tobis ). Nalcieglu O, Johnston WD, Qu L. Reese T, Sato D,

Roeck W, Montelli §, Henry WI: Videodensitometric determina-
tion of minimum coronary artery lurmnal diameter before und
after anpioplasty. Am J Cardiol 59:38-34, 1957,

. Wiesel J, Grunwald AM, Tobiasz C, Robin B, Bodenheimer

MiM: Quantitation of absolute arca of 2 coronary arterial stenosis:
experimental validation with a preparation in vivo. Circulation
74:5:1099-1106, 1956.

. Ambrose JA, Monson C, Borrico 5. Sherman W. Cohen M,

Gorlin R, Fuster V: Quantitative and qualitative effects of intra-
coronary streplokinase it unstable angina and non-Q wave infarc-
tion. J Am Coll Cardiol 3111561165, 1987,

. Reiber JHC, Slager CJ. Schuurbiers JCH. den Boer A, Gerbrands

1. Treost GJ, Scholts B, Kooijman CJ. Serruys PW: Trunsfer
functions of the X-ray cine video chain applied to digital process-
ing of coronary ¢ingangiograms. [n: Heintzen PH, Brennecke R,
eds. Digital mmaging in cardiovascular radiology. Stuttgart-New
York: Georg Thieme Verlag pp 85-104, 1983,

. Serruys PW. Reiber JHC, Wipns W, van den Brand M. Koogman

CJ, ten Katen JH, Hugenholtz PG: Assessment of pereutunecus
transluminal coronary angioplasty by quantitative ¢oronary angi-
ography: diameter versus deasitometric area measurements. Am J
Cardiol 54:482-488, 1984,

. Klein LW, Agruai JB. Rosenberg MC. Stets G, Weintraub WS,

Schneider RM, Hermans G, Helfant RH: Assessment of coronury
artery stenoses by digital subtraction angiography: A patholope-
anatomic validation. Am Heart J 113:1811-1017_ 1987,

. Sanz ML. Mancini J, LeFree MT, Michelson JK. Starling MR,

Vopel RA, Topot EI: Varizbility of quantitative digital subtraction
coronury angiography before und after percutaneous transtuminal
coronary angioplasty. Am J Cardil 60:55-60, 1987,

. Whiting J$. Plaff IM, Eigler NL: Advantages and limitations of

videodensitometry in quantitative coronary angiography. In JHC
Reiber. PW Serruys (eds): **New Developments in Quantitative
Coronary Arteriography 1991, Kluwer Academic Publishers,
Dordrecht. ’

. Skelton TN, Kisslo KB, Mikat EM. Bashore TM: Accuracy of

digital anglography for quantitation of normal coronary luminal
segments in excised, perfused hearts. Am J Cardiol 59:1261-
1265, 1987.

. Karritsis D, Lythall DA, Anderson MH, Cooper I, Webb-Peploe

MM: Assessment of coronary angioplasty by an automated digital
angiographic method. Am Heart J 116:1181-1187, 1988,

. Johnson MR. Brayden G2, Ericksen EE. Collins SM. Skorton

DJ. Hamrison DG, Marcus ML, White CW: Changes in ¢ross-
sectionzl area of the coronary Iumen in the six months after an-

f)

30.

21.

Sireteh, Recoll, and Balloon-Artery Ratio

pioplasty: A quantitative analysis of the variable response to per-
cutaneous  ransheminal angioplasty. Circulation 73:367-475,
1986.

. Nichols AB. Berke AD. Han J, Reison DS, Watson RM, Powers

ER: Cinevideodensitometric analysis of the effect of coronary
angioplasty on coronary stenotic dimensions. Am Heart J 115:
722-732, 1988.

. Rensing Bl, Hermans WRM, Beatt K), Lasgrman GJ, Survapra-

nata H. Brand van den M., Feyter de P, Serruys PW: Quantitative
angiogruphic assessment of elastic recoll after percutaneous trans-
luminal coronary angioplasty. Am J Cardiol 66;15:1039-1044,
1990.

Rensing B, Hermans WRM, Strauss BH, Serruys PW; Regional
differences in elastic recoil after percutaneous transluminal coro-
nary angioplasty. A quantitative angiographic swudy. J Am Coll
Cardiol 17:6:34B-388, 1991,

. Roubin G8, Douglus Jr 15, King III $B, Lin $. Hutchinson N,

Thomas RG. Gruentzig AR: Influence of balloon size on initial
suceess, acute complications, and testenosis after percutaneous
transluminal coronary angioplasty. A prospective randomized
study. Circulation 78:557-565, 1938.

. Nichols AB, Smith R, Berke AD, Shlofmitz RA. Powers ER:

Importance of balipen size in coronary angioplasty. J Am Coll
Cardiol 13:1094-1100, 1989,

. Leimgraber PP, Roubin GS. Anderson HV. Bredlau CE. Whit-

worth HB, Douglas Jr JS, King U1 $B. Gruenizig AR: Inlluence
of intimal dissection on restenosis after successful coronary an-
gioplasty. Circulation 72:3:530-3533. 1985.

. Mutthews BJ, Ewels CJ. Kent KM: Coeronary dissection: a pre-

dictor of restenosis? Am Heart § 115:547-554, 1988,

. Reiber JHC, Serruys PW, Slager CJ: Quantitative coronary and

left ventricular cingangiegraphy . Methodology and clinical appli-
catien. Chapter 7: Densitometric analysis coronary angiogram.
Dordrecht: Martinus Nijhoff Publishers. 1986.

. Serruys PW. Arnold AER, EBrower RW. De Bono DP. Bokslag

M. Lubsen J, Reiber JHC, Rutsch WR. Uebis R. Vananian A.
Versiraete M for the European Co-operative Study Group for
recombinant tissue-type plasminogen agtivator: Effect of contin-
ued f-PA administration on the residual stenosis after initially
successful recanalizalion in acute myocardial infarction—a guan-
titative coronary swdy of a randomized trial. Eur Heart J 8:1172-
1181, 1987,

. Bland Jm, Altman DG: Statistical methods for assessing agree-

menl between twe methods of clinical measuremen?. Lancel &
307-310, 1986.

Rothman KJ: The role of statistics in epidemiologic analysis. In:
Modern cpidemiology. Boston: Little Brown and Company,
1986, pp 115-125.

Waller BF: **Crackers, Breakers. Stretchers, Drillers, Scrapess,
Shavers, Burners, Welders and Melters'*. The future wreatment of
athereselerotic coronary artery disease? A elinical-morpholegic
assessment, J Am Coll Cardiod 13:969-987. 1989,

&6



CHAPTER 4

ANGIOGRAPHIC RISKFACTORS OF LUMINAL NARROWING AFTER COCRONARY
BALLOON ANGIOPLASTY USING BALLOON MEASUREMENTS TO REFLECT
STRETCH AND ELASTIC RECOIL AT THE DILATATION SITE

Benno ¢ Rensing [+], Walter RM Hermans [+], Jeroen Vos [+], Kevin J Beatt [*1,
Patrick Bossuyt [@], Wolfgang Rutsch [!], and Patrick W Serruys, [+] on
behalf of the Coronary Artery Restenosis Prevention on Repeated
Thromboxane-Antagonism Study Group (CARPORT)

From the Thoraxcenter [+] and Center For Clinical Decision Analysis [@],
Erasmus University Rotterdam, Rotterdam, The Netherlands;
From the Unit of Cardiovascular Medicine, Charing Cross Hospital, London,
United Kingdom [*];
From the Division of Cardiclogy [!], University of Berlin, Germany

Am J Cardiol 1992:69:584-581

67






Angiographic Risk Factors of Luminal Narrowing
Afler Coronary Balloon Angioplasty Using

Balloon

easurements to Reflect Stretch and

Elastic Recoil at the Dilatation Site
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Patrick Bossuyt, MSC, Wolfgang Rutsch, MD, and Patrick W. Serruys, MD, PrD,
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Because many ongoing clinical restenosis preven-
tion trials are using quantitative angiography to
assess whether a drug is capable of reducing the
amount of intimal hyperplasia, quantitative angio-
graphic risk factors for angiographic lumital nar-
rewing after balloon angioplasty were determined,
including siretch and elastic recoil at the dilatation
site. Quantitative analysis was performed on 666
lesions in 575 patients during angiopiasty and at
G-month follow-up. Stretch was defined as baficon
diameter minus minimal luminal diameter (MLD)
before angioplasty/reference diameter, and recoil
23 balloon diameter minus MLD after angioplas-
ty/reference diameter. Multivariate analysis was
used to yield independent risk factors for luminal
rarrewing at follow-up. Predictors of absolute
change in MLD were (1} refative gain at angie-
plasty (zain in millimeters normalized for refer-
ence diameter) and (2) lesion length. To aliow risk
stratification, logistic regression analysis was ap-
plied using the decrease in MLD as a binary out-
come variabie. A decrease in MLD at follow-up of
20.72 mm was considered significant. Variables
retained in the model were: relative gain >0-3 mm
(rate ratie 2.9), refative gair 0.2 to 0.3 {rate ratie
2.1}, stenosis length >6.8 (rate ratio 1.7), and
thrombus afier angioplasty (rate ratio 2.6). Al-
though stretch was significantly related to luminal
narrowing at univariate anafysis, it was not re-
tained in the mullivariate models.

A large gain in lumen diameter at angioplasty,
dilation of long lesions, and angiographically de-
termined thrombus after angioplasty were found
to be accompanied hy more severe kirinal nar-

" rowing at follow-up.
{Am J Cardiol 1992:69:584-521)
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plasty still hampers the long-term vessel patency

in a substantial percentage of patients. Several
investigators have sought predictors of this untoward
event.! A multitude of patient-, procedural- and lesion-
related variables have been found to predict long-term
outcome of an angioplasty procedure, but because these
findings are based on different restenosis criteria and
varying angiographic follow-up rates accurate compari-
son is difficult.”

Conventionalty, restenosis is determined by follow-
up angiography. Computer-assisted actomated edge de-
tection techniques enhance objectivity and reproducibil-
ity, and reduce the high inter- and intraobserver vari-
ability inherent to visual interpretation of the coronary
cincangiogram.? Because many ongoing clinical resteno-
sis prevention trials are using quantitative angiography
to assess whether a pharmacologic agent is capable of
reducing the amount of intimal hyperplasia {the under-
lying cause of restenosis). it is important to determine
quantitative angiographic risk factors for angiographic
luminal narrowing after balloon angioplasty. At the mo-
ment it is unknown which angiographic parameters are
associated with an increased risk for luminal narrowing.
Both over- and underdilating are reported to be associ-
ated with an increased risk for restenosis. Overdilation
may trigger an excessive hyperplastic response, because
of its relation with dissection and deep arterial injury
with increased platelet activation.*® Siretching of the
vessel itself may also be an important stimulus for the
fibroproliferative vessel reaction by being a determinant
of medial smooth muscle injury® and by changing the
phenotype of the medial stooth muscle cells from con-
tractile to synthetic.” Elastic recoil after balloon defla-
tion has (at least theoretically)®® been linked to luminal
narrowing at follow-up. Underdilation may leave a sig-
nificant residual stenosis with a possible increased tur-
bulence, platelet activation and restenosis.!?

In this study, quantitative lesion measurements be-
fore and after angioplasty, and at follow up were ob-
tained and correlated with loss in minimal Juminal d-
ameter (MLD) at follow-up. To examine the effect of
degree of arterial stretching and clastic recoil on lumi-
ral narrowing at follow-up, balloon diameters were
measured. Stretch was defined as the difference in
mean balloon diameter and MLD before angioplasty,®
and elastic recoil as the difference between mean

E uminal narrowing after coronary balloon angic-
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ballcon diameter and MLD after angioplasty.® Both
stretch and recoil were normalized for reference diame-
ter to correct for the influence of vessel size and are
therefore dimensionless.

METHODS

The study population consisted of 697 patients who
were originally enrolled in 6 European centers for the
CARPORT trial!! (see Appendix). In this randomized,
double-blind, placebo-controlled trial, 2 novel throm-
boxane A, receptor antagonist (GR32191) was inves-
tigated for its ability 1o prevent restencsis after primary
coronary angioplasty. Follow-up of these patients was
performed on a prospective basis, and ali patients
agreed to undergo repeat angiography at 6 months.
Neither angiographic nor clinical benefit of the com-
pound could be demonstrated,!' 0 the placebo and ac-
tive treatment groups could be pooled for the present
study. All patients with both stable and unstable angina.
and angiographically proven native coronary artery dis-
case who were scheduled for primary angioplasty were
considered for participation in the trial. Specific excle-
sion criteria are listed in Table L. A screening log was
maintained at 2 centers to assess the relative frequencics
of these exclusion criteria.

Unsuccessful angioplasty procedures occurred in 48
patients (6.9%). Successful angioplasty was defined as
<50% residual stenosis by visual inspection of the an-
glogram after angioplasty, and no occurrence of in-hos-
pital complications (death, acute myocardial infarction,
repeat angioplasty, aortocoronary bypass grafting or re-
currence of symptoms).

Five hundred seventy-five (88.6%) of the 649 pa-
tients with a successful angioplasty bad a follow-up an-
glogram suitable for quantitative angiography. Reasons
for not completing the study were late death (n = 2},
contraindicaticn for repeat catheterization (n = 18).
and refusal {n = 46). Eight follow-up angiograms were
unsuitable for quantitative analysis.

Angioplasty procedure and follow-up anglography:
Coronary angioplasty was performed with a steerable,
movable guidewire system by the femoral route. Stan-
dard available balloon catheters were used. Choice of
balloon type and brand, as weli as inflauon duration
and pressure, were left to the discretion of the angio-
plasty operator. At the beginning of the angioplasty pro-
cedure, all patients received 10,000 IU of intravenous
heparin for the first 2 bours; afterward, they received
5,000 TU/hour for as long as the procedure continued.
All patients received 10 mg of nifedipine every 2 hours
for the first 12 hours after angioplasty. Thereafter they
received 20 mg of slow-release nifedipine tablets 3 times
during the second day after angioplasty,

Four coronary angiograms were obtained in each pa-
tient, 1 just before angioplasty, 1 during maximal infla-
tion of the largest balloon used, 1 immediately after the
procedure, and 1 at follow-up. Anglograms were record-
ed in such a way that they were suited for quantitative
analysis by the Cardiovascular Angiography Analysis
System {(CAAS). All necessary details of the procedure
were recorded, and drawings of the segments to be ana-
lyzed were made. For calibratior purposes, catheter tips

TABLE 1 Reasons for Exciusion of 1,318 of 1,614 Screened
Patlents in Two of Six Participating Centers
Reason No. (%)
Insutficlent lead-|n time™ 235(18)
Use of plateiet Inhibitlng drugs or nonsteroid antinflam- 352227
matory drugs in 7 days preceding study
Refusai to participate or undergo 6-month 364 (28)
recatheterization
Currently recelving oral anticoagutant drugs. 118 (9
Angioplasty for restenosls 105 (&
Acute myosardial infaretion in 2 weeks preceding angic- 52 (4)
plasty
Bypass graft dilatation 39 (3)
History of sbstructive atrway dissase 26 (2}
Mistory of peptic disease or upper Gi bleeding 10(1}
Previous participation in the trial 2(02)
Other severe disease £(0.5)
Participation in pther tnal £(0.4)
Hestory of Intolerance to aspirin 101
Aged <21 years 1(0.1)
Pregnant or likely to become pregnant dunng study (4]
Total 1,318 (1007

*Urgent referrals outside working hours,
Gl = pastrotntestingl.

were cut off for later measurement with a microcaliper.
To standardize the method of data acquisition and to
ensure exact reproducibility of the angiographic studies,
measures were obtained as described previously. 22 All
anglograms were processed and amalyzed at a central
core laboratory (see Appendix).

The follow-up coronary angiogram was performed
after 6 months. If symptoms recurred within ¢ months,
coronary angiography was performed carlier. If no defi-
nite restenosis was present and follow-up time was <4
months, the patient was asked to undergo another coro-
nary arteriogram at 6 months.

Graantitative angiography (Figure 1) All cincangio-
grams were analyzed using the CAAS that has been
described and validated previously.*1¢ A computer-de-
rived reconstruction of the original arterial dimension at
the site of obstruction (assuming there is no disease
present) is used to define the interpolated reference di-
ameter. The length of the obstruction is determined
from the diameter function on the basis of curvature
analysis and is expressed in millimeters. In addition, this
technique allows for the calculation of an eccentricity
index® of the lesion. The index ranges from © (severely
eccentric) to 1 {perfectly symmetric). Because the algo-
rithm can not measure total occlusions, a value of 0 mm
was substituted for the MLD. In these cases, the refer-
ence diameter after angioplasty was substituted for that
before. The mean change in MLD from angiography
after angioplasty to follow-up and from before to after
angioplasty was derived from matched angiographic
projections. Balloon artery ratto was defined as the ratio
of the mean balloon diameter measured in a nonfore-
shortened projection and the reference diameter of the
dilated segment. Three parameters were calculated that
reflect the changes occurring during angioplasty (Fig-
ure 2). These were {1) stretch (mean balloon diameter
minus ML before angioplasty/reference dizameter),
(2) elastic recoil (mean balloon diameter minus MLD
after angioplasty/reference diameter) and (3) relative
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TABLE 1§ Baseline Characteristics
Nurnbor of patients 578
Age {years} 629
Men/women 4547111 (B1%K(19%
Time to follow-up angiography (days) 172 = 41
Number of narrowings dilated 566
Left anterlar descending artery 321 {48%.
Left elreumtlex artery 154 {23%}
Right coronary artery 191 (25%)
Prlor myocardlal Infarction 221 (38%
Prior coromary bypass surgery 15 (3%}
Prlor angioplasty at other site 10 (2%)

gain achieved by angioplasty (MLD after minus MLD
before angioplasty/reference diameter). All 3 parame-
ters were normalized for interpolated reference diame-
ter to correct for vessel size and are therefore dimen-
sionless. Intracoronary thrombus was defined as an
intraluminal filling defect visible in all projections or
dye staining at the site of a total occlusion (interob-
server concordance rate for the assessment of intracoro-
nary thrombus in the core laboratory 89%).
Significant luminal narrowing: To predict significant
fuminal narrowing after angioplasty, we chose a cutoff
point above which significant deterioration in MLD is
likely. We have found a change in MLD of =0.72 mm
1o be a reliable indicator of anglographic progression of
vessel narrowing. > This value takes into account the
limitations of coronary angiographic measurements and
represents twice the long-term variability for repeat
measurements of & coronary obstruction using CAAS.'*
This variability reflects the long-term random variation
in lesion measurements from coronary angiograms ob-
tained at different catheterization sessions using CAAS,
The use of 1 standard deviation would include 68.3% of
the measurement variability, whereas the use of 2 stan-

INTERPQLATED REFERENCE DIAMETER (RD}

DETERMINED BY
CURVATURE ANALYSIS

EXTENT OF OBSTRUCTION
DIAMETER FUNCTION

FIGURE 1. Grapkic representstion of quantitative angiograph-
ic measuwrements. Upper panef represents stenored arierisl
wmm&.Lowerp:nthﬁzﬂmme Length of
t is depicted on x axis, mvd vessel Samneter
on ¥ axis. Extent of obstruction = leslon longth, Lesion length
kwmmmam@ww
cing Bmb of damed Hon curve ot site of minimal k-
minal Gameter RILD). Eccontricky i detertnined at site of
LD anvd calcuieted as 2/b.
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TABLE W Quantitative Angiographic Data of 566 Lesions
Mean = SD (range)
Minirmal luminal diameter (ram)
Before angloplasty 1.04 = 0.37 (0-00-2.83)
After angioplasty 1.76 = 0.38 (0.85-3.04)
Follow-up 1.48 + 0.59 (0-3.15)
Diameter stenosis (%)
Before angioplasty 60 = 13 (33~100)
After angloplasty 34 = 9 [6-65)
Follow-up 45 + 19 (4-100)
Difference in minimal fuminal diameter
Before and after angioplasty (mm) 0.75 £ 0.40
After angloplasty=follow-up (mm) 0.28 = 0.52
Relative galn at angioplasty™ 028 =0.16
Differenca in % diameter stenosis
Before and after angloplasty (%, 26 = 14
After angloplasty—toliow-up (%, 1119
=See Flgurs 2.

dard deviations (2 X 0.36 = 0.72 mm) includes 935.5%.
Therefore, a difference in MLD of more than twice the
long-term measurement varability can be considered
indicative of significant luminal narrowing. To compare
the criterion of change in MLD with a more conven-
tional criterion of restenosis, analyses were also per-
formed with the >350% diameter stenosis criterion.

Dats analysis: Data were analyzed using the BMDP
statistical software package (University of California,
Berkeley, California}. In a univarjate analysis (unpaired
Student’s 7 test), those continuous quantitative angio-
graphic variables that were related to a significant loss
in MLD were selected. These variables together with
elastic recoil and balloon artery ratio (known from the
literature to be related to restenosis) were entered in a
stepwise multiple linear regression analysis to identify
variables, with an independent contribution to the pre-
diction of absolute decrease in MLD as 3 continuous
variable (see Appendix).

To allow risk stratification, logistic regression analy-
sis using indicator variables was subseguently applizd,
with the decrease in MLD (using a decrease of =072
mm as the cutoff value), and the 50% diameter stenosis

MLD {mm)
3

BALLOON

STRETCH RECOIL

2.6F

3

PRE

o

FIGURE 2. Graphic representation of terms used. Mean abso-
bute values of varizhies are shown. Stretch, recoil and gain
wevre normalired for vesse! size {reference diameter) to correct
for vessed skre, BALLOON = balloonmeandnameﬁer F-UP =
follow-up MLD; MED = minimal funi ; POST =
RILD =fier angioplasty; PRE:MLDbefomanguoplasty
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criterion as bipary outcome variables, because the logis-
tic regression coefficients are easily related to adjusted-
rate ratios for the different variables. Continuous
variables were therefore grouped inte 3 equally sized
subgroups {tertiles). Three subgroups were selected to
cnable assessment of trends in the incidence of a 20,72
mm decrease and because more subgroups would weak-
en the strength of associations. The incidence of a
=0.72 mm decrease was determined in each subgroup.
If a trend for a higher incidence was present in each
consecutive subgroup, then the one with the lowest inci-
dence was chosen as the reference group. If a0 trend for
an increasing incidence of a =0.72 mm decrease was
present in each consecutive subgroup, the one with the
highest incidence was compared with the 2 others com-
bined (reference group).

Distortion of the relation between different determi-
nants of a 20,72 mm decrease in MLD and the inci-
dence of 2 decrease 20.72 mm (confounding) caused by
unequal distributions of these determinants among the
tertiles was eliminated by multivariate logistic regres-
sion analysis. Description of the multivariate logistic re-
gression model and of the methodology to obtain adjust-
ed-rate ratios and 95% confidence intervals (Cls) is giv-
en in the Appendix.

RESULTS

Baseline characteristics of the 575 patients with
quantitative angiographic follow-up are summarized in
Table II.

QOverall quantitative angiographic findings before
and after angioplasty, and at follow up are presented in
Table IIL Reference diameter was not different before
and after angioplasty, and at follow up (2.64 = 0.56.
2.71 £ 0.54 and 2.71 £ 0.56 mm, respectively}, suggest-
ing an accurate ¢ontrol of vasomotion during the 3 ang:-
ographic studies.

The incidence of significant luminal narrowing (=
0.72 mm) was 17.7% (117 of 666 lesions). The inci-
dence of restenosis according to the 50% diameter ste-
nosis criterion was 33% (220 of 666 Icsions).

Univariate analysis: With univariate analysis (Table
IV). the following quantitative angiographic variables
were associated with a =0.72 decrease in MLD: MLD
before and afier angioplasty, increase in MLD obtained
by angioplasty, length of obstruction, and stretch. Thir-
ty-six lesions were totally occluded before angioplasty,
and therefore, stenosis length and eccentricity coeffi-
¢lent couid not be measured, For comparison with the
traditional restenosis criterion of >30% diameter steno-
sis at follow-up, values were also broken down accord-
ing to this criterion. The apparent difference in MLD
after angioplasty for the 2 criteria, and the absence of a
difference in relative gain in the < and >50% diamcter
stenosis at follow-up groups are explained later.

More stretching was accompanied by more recoil.
The amount of recoil in the tertile with the highest
amount of stretch (20.65) was 042 compared with
0.25 1n the other 2 tertiles combined (stretch <0.65) (p
<0.0001; unpaired ¢ test).

Multiple linear regression analysis: The variables
significantly related to a >0.72 mm decrease in MLD
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in the univariate analysis, as well as elastic recoil and
balloon artery ratio, were entered in the multiple linear
regression analysis. Only relative gain in MLD at angio-
plasty. and the length of the stencsis were retained in
the final model. The amount of stretch induced on the
vessel wall, although significantly higher in the group of
lesions with a =0.72 mm decrease in MLD with uni-
variate analysis, was not retained in the stepwise multi-
ple linear regression model.

Logistic regression anajysis: The variables retained
in the multiple linear regression analysis. and 6 vari-
ables known from the literature 1o be related to resteno~
sis were entered in the logistic regression model. The
latter varizbles were vessel dilated,!® total oceclusion be-
fore angioplasty.'¢ angiographically determined throm-
bus before and after angioplasty, elastic recoil and bal-
loon artery ratio. Thrombi before and after angiopiasty
were included, because it has been reported that throm-
botic lesions are longer in length and that total occlu-
sions frequently have a thrombotic component. Further-
more it is conceivable that thrombotic lesions have a
larger relative gain and low clastic recoil. Angiographi-
cally, a thrombus was observed in 32 of 666 lesions
before angioplasty (5%) and in 16 (1.6%) after. Type
of trial medication (placebo or active treatment) was
forced into the mode! to rule out any effect on the anal-
ysis results. Because dilation of totally occluded coro-
nary arteries is agsociated with a higher restenosis
rate,'® and it could be argued that in these lesions in
general a higher gain at angioplasty will be achieved.
this determinant was also forced into the model to ac-
count for any confounding effect. Totally occluded le-
sions did not have length measurements; therefore, the
indicator variable for lesion length was set to 0 in these
cases.

A relative gain at angioplasty of =0.3 had an adjust-
ed-rate ratio (RR) for developing a decrease in MLD
=0.72 mm of 2.9. This means that the risk for develop-
ing a decrease of =0.72 mm with at least this relative
gain is 2.9 times as high as it 15 for lesions with a rela-
tive gain <0.2. The 95% ClIs were 1.9 to 4.5. Cther
variates retained were relative gain between 0.2 and 0.3
(RR 2.1, 95% CI 1.3 to 3.3), lesion length 26.8 mm
(RR 1.7.95% CI 1.2 t0 2.3) and thrombus after angio-
plasty {RR 2.6. 95% CI 1.1 to 6.2). Total occlusion be-
fore angioplasty and use of active trial medication had
no significant independent predictive contribution 10 a
significant decrease in MLD (RR 1.5, 95% CI 0.8 to
3.0, and RR 1.1, 95% CI 0.7 to 1.5, respectively).
Stretch, balloon artery ratio, elastic recoil, type of ves-
sel, and thrombus before angioplasty were not retained
in the final logistic regression model.

To assure that total occlusions did not unduly infla-
ence the results, analysis was repeated excluding these
lesions. Adjusted-rate ratios were similar to those in the
original analysis (relative gain 0.2 10 0.3: RR 22, 95%
Cl 1.4 to 3.4; relative gain >0.3: RR 3.2.95% C1 2.0 to0
5.1: lesion length =6.8 mm: RR 1.8, 95% CI 1.2 to 2.6).

The logistic regression analysts was also performed
with the >50% diameter stenosis criterion as dependent
variable. Type of trial medication was again forced into
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the model. A lesion length of 26.8 mm (RR 1.3, 95%
C1 1.1 to 1.4) aad thrombus after angioplasty (RR 1.8,
95% CI 1.0 10 3,1) were retained in the final model. The
use of GR32191 as trial medication had an adjusted-
rate ratio of 0.98 (95% CY 0.9 w0 1.1).

DISCUSSION

Luminal narrowing after coronary angioplasty is a
complex process that is only partially understood. Histo-
logic studies of coronary arteries after dilation obtained
by either autopsy or atherectomy have provided direct
and indirect evidence that strongly supports the concept
of intimal hyperplasia or protiferation of smooth muscle
cells of medial or intimal origin as the underlying cause
of luminal narrowing after angioplasty.5!’

The 1 factor most strongly associated with luminal
narrowing in this study was the relative gain in MLD
achieved by angjoplasty. This probably best reflects
the combination of deep arterial injury and reversibie
stretch imposed on the diseased vessel wall. Deep arteri-
al injury and smooth muscle cell stretch are known
stimuli for smooth muscle cell proliferation. It is now
believed that after balloon injury. derudation of endo-
thelial cells is followed by platelet adhesion and aggre-
gation with the release of growth factors (notably plate-
let-derived growth factor). and vaso- and platelet-active
substances. Extensive damage to the endothelial lining
of the vessel, which is always present after balloon dila-
tation. may upset the balance between the inhibiting ef-
fect of endothelial-derived heparin sulphates on medial
smooth muscle cell growth, and the mitogenic and che-
motactic effect of platelet-derived growth factor and of
other growth factors on these ceils.!® Not only platelet
expasure to the vascular layers, but also direct injury to
the stnooth muscle cells is reported to begin the prolifer-
ative response.'? So, as suggested by Liu et al,*%a major
factor that determines the amount of intimal hyperpla-
sia after balloon angioplasty seems to be the extent of
permanent mechanical injury inflicted upon the vessel
wall. Animal experiments with an atherosclerotic rab-
bit model have shown that the combination of balloon
oversizing and long inflations caused most damage to
the vessel wall and was associated with the greatest de-
gree of intimal hyperplasia at follow-up.®! Similarly
Schwartz et al?? described an aggressive proliferative re-
sponse in 2 porcine model as a result of severe stent
oversizing. This effect, which they attributed to penetra-
tion of the internal elastic membrane by the stent wires
and subsequent deep arterial injury, was much less pro-
nounced when the stent was matched more closely to
the vessel diameter. This was recently also demon-
strated in a clinical stent study.” Implantation of an
oversized stent was combined with a more aggressive
hyperplastic reaction than when the stent was meore
closely matched to the receiving artery.

Dilation of totally occluded coronary arteries is
known to be associated with a higher restenosis rate.'®
However, total occlusions forced in the logistic regres-
sion model did not have a significant independent con-
tribution to the prediction of a decrease in MLD of
(.72 mm, probably due to an unequal distribution of
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thrombus after angioplasty over totally occluded and
patent arteries; 6 of 36 {16.7%) total occlusions before
angioplasty had a thrombus after versus 10 of 630
(1.5%) patent arteries. It could be argued that in total
occlusions in general, a higher gain at angioplasty will
be achieved, and that this may be the explanation for
the relation found between gain and restenosis. In our
population, 36 total occlusions were successfully dilated
with 2 restenosis rate at follow-up of 33.3% (12 of 36;
=0.72 mm criterion). However, if total occlusions be-
fore angioplasty are left out of the analysis, a high rela-
tive gain and lesion length were still associated with a
significant adjusted risk for a decrease of =0.72 mm.

The fact that angiographically determined thrombus
at the dilation site before angioplasty was not found to
be a risk factor for a significant decrease in MLD tends
to confirm our earlier report that showed no difference
in significant luminal narrowing for patients with unsta-
ble angina.™ Angiographically demonstrable intracoro-
nary thrombus after angioplasty is the angiographic
proof that massive platelet aggregation, thrombin acti-
vaton and fibrin formation have occurred with the sub-
sequent release of vasoactive substances?® and growth
factors mvolved in the fibroproliferative restenosis pro-
cess. Furthermore, a recent postmortem study showed
that part of early (<1 month) restenosis lesions consist-
ed of mural thrombus.®

Longer lesions were found to be associated with a
higher relative risk for restenosis at follow-up. In these
fesions, more smooth muscle is possibly exposed to inju-
ry and platelet adhesion, which enhances the risk of re-
stenosis. Several studies have indeed shown that long
lesions and vessel areas containing thick atheroscierotic
plagues are related to an increased incidence of dissec-
tions, and thus more extensive vessel wall injury.2627

Several experimental studies have suggested that di-
lation of the vessel wall is a stimules for smooth muscle
cell proliferation and later intimal hyperplasia.'*?! ei-
ther by stretch or direct injury to smooth muscle cells,
In the present study. univariate anzlysis (Table IV)
showed that a significantly higher amount of streich
was induced on the vessel wall in the group with a
20.72 mm decrease in MLD. These findings correlate
with the observations by Fischell et alf that showed a
relation between the degree of arterial stretching and
the severity of smooth muscle injury as determined by
reduction of vasoconstrictor responsiveness and by histo-
pathological examination, and, as emphasized previous-
ly, more smooth muscle injury has been shown to en-
hance intimal hyperplasia in 2 more controlled animal
model.?! However, after elimination of the unequal dis-
tribution of stretch over the various determinants of a
significant decrease in MLD by multivariate analysis,
stretch was not found to be an independent predictor of
luminal narrowing.

Elastic recoil, as measured within minutes after the
last dilatation,” was not found to be a determinant of
restenosis. This finding is at variance with another re-
port® that suggests that recoil may be a factor in lumi-
nal narrowing observed at follow-up. It may be that re-
coil is not an instantaneous phenomenon, but rather ex-

erts its effect over a longer period of time, and thus
could not be picked up by the angiogram after angio-
plasty that was obtained within minutes after the final
balloon deflation.

Siudy Emitations: To allow risk stratification for de-
crease in MLD with the use of multivariate analysis
techniques, a cutoff point bad to be chosen that accu-
rately describes those lesions that underwent a signifi-
cant deterioration at follow-up. The rationale for the
0.72 tam criterion as a marker for significant [uminal
narrowing is outlined previously. This criterion is not
meant to be a restenosis criterion in this study, because
that also implies some sort of functional measure of le-
sion severity at follow-up. The frequently used defini-
tion of 50% diameter stenosis at follow-up is historically
based on the physiologic concept of coronary flow re-
serve introduced by Gould et al®® in 1974 and is used
because it represents the approximate value in animals
with normal cororary arteries 2t which blunting of the
hyperemic response occurs. Although this value may be
of some relevance in determining 2 significant stenosis
in human atherosclerotic vessels, it tells us nothing
about the dynamic behavior of the restenosis process. If
the 50% diameter stenosis at follow-up criterion is used,
lesions with a suboptimal angioplasty result will prefer-
entially be selected (i.e., have to undergo a small de-
crease in MLD to be termed restenosed). This is reflect-
ed by the lower MLD after angioplasty m the >50%
diameter stenosis group (Table I'V) compared with that
of the >50% group. The mean percent diameter stenosis
after angioplasty in the group witk a relative gain <0.2
was 40%; in the group with 2 relative gain between 0.2
and 0.3 this was 34%, and in that with a gain 0.3 this
was 28%, This means that lesions with & small relative
gain generally tend 1o have a poorer result after angio-
plasty and are closg to the 50% diameter stenosis cutoff
point. Furthermore, because the long-term variability of
diameter stenosis measurements using CAAS is 6.5%.1*
a significant number of Iesions will be defined as reste-
nosed, while in fact no change has occurred. The mean
percent diameter stenosis after angioplasty was 31% for
those Iesions fulfilling the =0.72 mm criterion, and 37%
for the >50% diameter stenosis criterion. Therefore,
both criteria describe different populations at follow-up,
and if one wants to examine risk factors for change in
luminal diameter, the 50% diameter stenosis criterion is
inappropriate.

The definition of stretch was essentially the same as
that used by Fischell et al® in a series of in vitro experi-
ments with isolated, perfused, nondiseased, whole vessel
segments of rabbit acrtas and dog carotid arteries. In
our population of diseased arterial segments, stretch
was calculated as the difference between mean balloon
diameter and MLD before angioplasty divided by the
relaxed reference diameter. because this reflects the
maximal focal stretch induced on the vessel wall. This
presimes that no compression or extrusion of the ath-
erosclerotic plaque occurred during angioplasty.

The immediate luminal narrowing after balicon de-
flation that we atiributed to elastic recoil could also be
caused by spasm or nonocclusive mural thrombus for-
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mation. It has been shown that the administration of
intracoronary nitrates after angioplasty abolishes possi-
ble spasm.}*2* Furthermore, the mean reference diame-
ter after angioplasty was not different from that before,
Qur angiogram after angioplasty was obtained within
minutes after the final balloon deflation, and although
we cannot rule out the possibility of mural thrombus to
occur in this short time period, we believe that it cannot
explain the observed immediate 30% reduction in MLD.
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APPENDIX

Linear regression analysls: Stepwise multiple linear
regression analysis was performed (BMDP statistical
package, program 2R) to assess the relation between
the variables mentioned in Metheds (independent vari-
ables = X;) and the decrease m MLD from the angio-
gram before angioplasty to that at follow-up (dependent
variable = Y): Y = A + Z; BiX;, where A is the inter-
cept and B; Is the ;th regression coefficient. The stan-
dard 2R criteria of F >4 for inclusion. and F <3.9 for
elimination were used.

Multivariate logistic regressien analysis: Multiple
logistic regression analysis was performed with the
BMDP statistical package {program LR). The linear lo-
gistic model relates a probability (P} for the outcome
event 1o the value of a baseline characteristic (X) using
the linear logistic function: P = 1/1 4 ¢~@+%X), The re-
lation between variables retained in the multiple Hnear
regression model and restenosis according to the 0.72
mm criterion was expressed in a multivariate logistic
regression model. Also, a set of variables reported to be
predictors of restenosis was selected. All these variables
were entered In a model, 1 at a time. The model 10
describe the rigk for developing restenosis was fitted to
the data of 595 lesion dilatations with balloon measure-
ments. The standard LR criteria of p <0.1 for inclusion,
and p >0.15 for climination were used. Adjusted-rate
ratios and 95% confidence intervals were obtained ac-
cording to the method of Miettiner™ by the following
formulas, in which the incidence of restenosis was en-
tered for all variates (X;) other than the variates for
which the adjusted-rate ratic was determined; 1 was en-
tered for the variate under study (X]) in the numerator
and 0 in the denominator:

[1 + exp(—{intercept + EpX; + b1
[1 + exp(—(intercept + EbX, + bON]™

Rate ratio =

95% confidence interval: rate ratiol!*!56/(6}/SE),
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ABSTRACT

Background Major adverse cardiac events occur in 5 to 10% of all patients undergoing
coronary balioon angioplasty. In this study prospectively collected clinical data,
angiographic guantitative and qualitative lesion morphological assessment and
procedural factors were examined to determine whether occurrence of these events
could be predicted.

Methods Of 1442 patients undergoing balloon angioplasty for native primary
coronary disease in 2 european muliicenter trials, 89 patients experienced major
cardiac adverse events and were randomly matched 1:3 with patients who completed
an uncomplicated in-hospital course after successful balloon angioplasty (< 50%
diameter stenosis by visual assessment).

Results Univariate analysis demonstrated that major procedural or in-hospital
complications were associated with the following pre-procedural variables: 1) unstable
angina (Odds ratio 3.11; 95% Cl 1.72 t0 5.61), 2) stenosis located in the mid segment
of the artery dilated (Odds ratio 1.88, 85% Cl 1.08 {¢ 3.26), 3) lesion location at a bend
of > 45° (Odds ratio 2.34; 95% C! 1.31 10 4.15) and with the following post-procedural
variable: 1) dissection (Odds ratio 5.39; 85% Cl 2.80 to 10.0). Multivariate logistic
analysis was performed to predict the probability of major cardiac events. Considering
only baseline pre-procedural factors, the model entered unstable anginz {Odds ratio
4.13, 95% CI 2.01 to 8.52) and lesions located at a bend of > 45° (Odds ratio 2.33;
95% Cl 1.1510 4.74). if in addition post-procedural variables were added then unstable
angina (Odds ratio 4.21; 5% CI 1.81 10 8.28) and dissection (Odds ratio 6.45; 85%
Cl 2.93 10 14.2) were the only independent predictors of major cardiac events.

Conclusion Thus, although computer assisted quantitative analysis systems have
become the gold standard to assess the immediate and long term angiographic effect
of coronary interventions, comprehensive measurements of lesion morphological
characteristics didn't help to identify patients at higher risk for major acute in-hospital
complications in this study.
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INTRODUCTION

In the initial National Heart, Lung, Blood, Institute percutaneous transluminal
coronary angioplasty (PTCA) Registry publication, which describes the immediate
results of patients treated with PTCA, major cardiac events - i.¢. death, myocardial
infarction, coronary artery bypass grafting, repeat dilatation, - were reported in 13.6%
of patients (1). Due to an increase in operator experience and improvement in
radiographic equipment and balioon catheter design over the succeeding 5 years, this
number dropped to 4 10 7 %, despite extension of the indications for coronary balloon
angioplasty to include patients older than 70 years, and those with multivessel disease
or with poor left ventricular function, prior bypass surgery and more severe and
complex iesions (2,3,4,5,8). Many clinical factors such as - muitivesse/ disease, female
gender, unstable angina, multiple lesion - as well as qualitatively assessed lesion
morphology - eccentricity, presence of calcium, lesion length, stenosis at a bend point,
stenosis at a branch point, thrombus, "complex lesions” - have been suggested as
predictors of & major procedural or in-hospital cardiac event (3,4,5,5,7,8,9).

As visual interpretation of coronary angiogram has a wide inter and intra-variability
{10,11,12,13), quantitative coronary angiography systems are now the "gold standard"
for geometric assessment of coronary abnormalities and for assessing the short and
long term results of interventions (14,15,16,17). In addition to the degree of lumen
narrowing, these quantitative coronary systems provide detailed lesion morphologic
characteristics such as lesion length (mm), amount of atherosclerotic plague (mmd),
eccentricity index, and curvature value (16).

The purpose of the present study was 1o investigate whether evaluation of lesion
morphology by quantitative coronary analysis, in addition ta qualitative assessmeant and
consideration of baseline clinical characteristics, can identify patients or lesions at
particularly high rigsk of major procedural or in-hospital adverse cardiac events. The
identification of certain risk factors might be of considerable importance in patient and
iesion selection for therapy by balloon angioplasty.

PATIENTS and METHODS

in total, 1442 patients were enrolled in 2 randomized double-biind placebo-
controlled restenosis prevention trials (707 and 733 patients respectively) between
December 1887 and June 1820, In the first trizal, a thromboxane A2 receptor blocker
{80 mg/day) and in the second trial, an angictensin converting enzyme inhibitor
{citazaprit, 5 mg bid}, were investigated for their ability to prevent restenasis after native
primary coronary artery disease. Unfortunately, neither of these trials, which are
described in detail elsewhere, demonstrated any clinical or angiographic benefit from
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the agent under investigation and therefore the total population was pooled (18,18).
Of the total number of recruited patients, 100 were excluded from the actual

pharmacological trial because

1) the patient withdrew inform consent before the procedure (5 patients, all successful
procedures without any procedural or in-hospital cardiac events),
or the PTCA procedure was

2} not attempted (lesion severity had changed or due to eguipment failure (9
patierts)),

3) performed and successful (defined as one in which a greater than 20% change in
luminal diameter is achieved, with the final diameter stenosis less then 50%) but an
exclusion criterion had been overlooked by the investigator at the time of screening,
and therefore these patients were retroactively excluded from the analysis (8
patients without any procedural or in-hospital cardiac events),

4) inability to reach or cross the lesion with the guide wire or with the balloon (43
patients with a totaily occluded lesion or lesions with Thrombolysis In Myocardial
Infarction (TIMI) grade | flow) and where treated medically or were put on a waiting
list for bypass surgery,

5) unsuccessful: > 50% diameter stenosis on post-PTCA angiogram but without
procedural complications (1 patients),

B) unsuccessful, with a diameter stenosis of > 50% on the post-PTCA angiogram
accompanied by abrupt occlusion, dissection or thrombus, which resulted in
ischemic complications which necessitated an emergency bypass operation or
redilatation, or the patient suffered a myocardial infarction (18+15=33 patients)

7} successful but no guantitative analysis of the PTCA fim was possible (3 patients)
{table 1).

For this study the population was formed by those patients who experienced major
procedural or in-haspital complications, (defined as death, myocardial infarction (at
least 2 of the following: typical anginal pain, electrocardiographic changes suggesting
acute myocardial infarction, cardiac enzymes more than twice the upper limit of
normal), the need for coronary artery bypass grafting or re-intervention) after at ieast
one balloon inflation, regardless of the final result of the balloon angioplasty was
considered successful or not (Group |, n = 69 patients). To assess the predictability
of major cardiac events from baseline clinical, procedural and angiographic lesion
characteristics, this patient group was compared with a control group made up of
patients having successful coronary angioplasty without any major cardiac
complications. Therefore, gach patient in the study group was randomly matched 1 .
3 with control patients by date of angioplasty (to the nearest week in the same
hospital) (Group i, n = 207 patients). Where multiiesion dilatation was petformed, the
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Table | Patients flowchart

TOTAL PATIENTS GROUP 1442

Not included in intention to treat analysis of pharmacological trial:

No coronary angioplasty performed 8
Exclusion criterion overlooked 8
Withdrawai inform consent 5
No guantitative analysis of baseling film possible 3
Failure to cross lesion or reach lesion with guide-wire or balloon 43
Unsuccessiul angioplasty without clinical event 1
Procedural related myocardial infarction 15
Emergency bypass opergtion after attempted but failed angioplasty 18

PATIENTS WITH SUCCESSFUL CORONARY ANGIOPLASTY 1342

Repeat coronary interventions during hospital stay 14
Myocardial infarction during hospital stay 22
Adverse event or refusal for follow-up angiogram 78
PATIENTS WITH FOLLOW-UP ANGIOGRAM 1228

most severe lesion was used for comparing.
Each available cineangiograrn was reviewed by 2 experignced interventionalists who
were unaware of the clinical outcome.

PTCA procedure and angiographic analysis

At the beginning of the procedure all patients received a bolus of 10,000 1U
intravenous heparin. For prolonged procedures, an additional infusion of 5,000 iU /hour
was administered after 2 hours until the end of the procedure. Use of a calcium
channel blocker was permitted for 24 hours post-PTCA. Choice of the guiding
catheters, guide wires, balloon type, inflation duration and pressure were left to the
discretion of the operator,

At least 2 different views, orthogonal if possibie, were recorded in such a way that
they were suitable for quantitative analysis by the Caronary Angicgraphy Analysis
System which has been validated and described in detail elsewhere {(15,16,17).
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The absolute stenosis diameter and the reference diameter were measured by the
computer using the known conirast-empty guiding catheter diameter as a scaling
device. For that purpose the catheter tips were retained for accurate measurement with
a micrometer. To achieve maximal caronary vascdilation, either nitroglycerin 0.110 0.3
mg or isosorbide dinitrate 1 10 3 mg, was administered intracoronary to each affected
coronary artery. All contour positions of the catheter and the arterial segment were
corrected for “pincushion distortion” introduced by the image intensifiers. Since the
algorithm cannot measure total occlusions or lesions with TIMI-1 perfusion, a value of
0 mm is substituted for the minimal lumen diameter and 100% for the percent diameter
stenosis in such cases.

Definitions
PATIENT RELATED VARIABLES

The following patient related variables were recorded in the patient files: age,
gender, duration of angina (days), cholesterol level (mmol/l), previous myocardial
infarction, currently smoking, diabetes type | or Ii, extent of atheroslerctic disease
{single or multivessel), Canadian Cardiovascular Society (CCS) angina classification
and unstable angina (defined as pain at rest requiring treatment with intravenous
nitrates) (20).

LESION RELATED VARIABLES
Quazlitative lesion characteristics

The following qualitative [esion parameters were assessed: A) Vessel dilated (either
right coronary artery, left anterior descending artery or circumnflex artery), B) Location
of the stenosis in the vessel dilated. Austen et al. divided the coronary treg in 15
different segments (21). This subdivision was used for location of the stenosis:
proximal: corresponded with segment 1,8 and 11; middle: corresponded with segment
2,7,13 and 15; distal: correspond with segment 8,5,10,12 and 14) (figure 1) C) type of
lesion, defined by a modified Ambrose classification 1) concentric, 2) eccentric (a
stenosis asymmetrically positioned in the vessel in any non-foreshortened angiographic
projection), 3) tandem lesion (2 discrete lesions in the same coranary segment, dilated
simultaneously, as specified by the American Heart Association classification, 4)
multiple irregularities (2 or more serial diffuse irregularities in the same coronary
segment), 5) totally occluded vessel (21,22), D) a bend was considered present, i in
any non-foreshortened projection, the balloon, in position to dilate, appeared to be

83



located in a portion of the vessel that had a 45° or greater angulation, at end diastole
{23), E) presence of a side branch in the lesion to be dilated, F) presence of a side
branch, separate from the actual lesion but within the dilated segment, G) presence
of intra coronary thrombus - a filling defect within the lumen, surrounded by contrast
material seen in multiple projections, in the ebsence of calcium within the filling defect,
or the persistence of contrast materiat within the lumen, or a visible embolization of
intraiuminal material "downstream” (24), H) presence of calcification: defined as fixed
radiopague densities in the area of the stenosis 1o be dilated, 1) type of lesion (A, B,
C) according the American College of Cardiology / American Heart Association
{ACC/AHA) Task Force {25).

Quantitatively derived lesion characteristics

The following quantitative measurements were obtained: minimal lumen diameter
(mm), interpolated reference diameter (mm) and diarmeter stenosis (%) before coronary
balloon angioplasty, lesion length (mm), eccentricity index of the lesion, area of
atherosclerotic plaque {mm?) and the curvature value (figure 2). Beside these variables,
the CAAS system can calculate the "roughnegss” - as a measure for lesion irregularity -
. However, we didn’t use this information, as in our study, the "roughness" of the
analyzed segment was compuited, and not the "roughness” of the stenosis itself.

LM
5 Left Anterior Descending

6

Right Coronary Artery
11

Figure 1 Coronary tree divided in 15 segments (21)
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Figure 2 See text for explanation
PROCEDURAL RELATED FACTORS

Ballpon-artery ratio is used to assess the suitability of the balloon size for the vessel
segment and was defined as the ratio between the measured mean ballcon size and
the (interpolated) reference diameter of the dilated segment.

Coronary artery dissections were defined according to National Heart, Lung, and
Blood Institute criteria as the presence of angicgraphically evident intimal or medial
damage presenting either 1) as a small radiclucent area within the lumen of the vessel
{tear or flap), 2) an extravasation of contrast medium without, or 3) with contrast
staining, 4) a spiral-shaped filing defect with delayed distal flow, 5) persistent lumen
defect with delayed antegrade flow, or &) a filling defect accompanied by a total
coronary occlusion (26,27),

Reproducibility of morphologic assessment

Inter observer variability of the 2 reviewers for the qualitative lesicn assessment was
examined in an arbitrarily selected number of lesions. The coronary angioplasty films
of 138 patients with 151 lesions (consecutive films reaching the core laboratory) were
independently assessed for the diverse lesion morphology by each abserver on two
separate accasions, 3 months apart with blinding for earlier assessment. Interobserver
discordance were as follows: lesion eccentricity: 21%, branch point location 28%,
branch peint location in dilated segment 19%, bend point location 14%, presence of
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thrombus 2%, presence of calciiication 10%, presence of dissection 11%, type lesion
according ACC-AHA classification 25%.

Statistical analysis

Analyses were performed to test the hypothesis that clinical, qualitative and
quantitative lesion morphologic and procedural characteristics are impertant
determinants of major cardiac event. The risk of major cardiac adverse events for each

variable was expressed as an odds ratio:

Probability of an event, variable present

Probability of no event, variable present

Prohability of an event, variable absent

Probability of no event, variable absent

Conitinuous variables were dichotomized, by cutpoints derived by dividing the data
into 2 groups, each containing roughly 50% of the population. This method of
subdivision has the advantage of being consistent for all variables and thus avoids any
bias in selection of subgroups that might be undertaken to emphasize a particular
pcint. An odds ratio of 1 for a particular variable implies that the presence of that
variable poses no additional risk for major event; odds ratio greater than 1 or less than
1 imply additional or a reduction in risk, respectively. The 95% confidence intervails
were calculated 1o describe the statistical certainty. Multivariate analysis by multiple
logistic regression was performed to identify variables independently correlated with
the occurrence of major cardiac procedural or in-hospital adverse event, using only
those variables significant at the p < 0.10 level in the univariate analysis. All these
statistical analysis were carried out with a commercial statistical package (BMDP
Statistical Software Package 1990).

RESULTS

Primary success, defined as a reduction in stenosis diameter to less than 50% on
visual agsessment, was achieved in (1342+8+ 5+ 3) 1356 patients or 84%. Myocardial
infarction (as previously defined} occurred during or shortly after the procedure in 15
patients (or 1%) and in an additional 22 patients (or 1.5%) during the in-hospital stay.
Emergency coronary bypass graft operation was necessary after attempted but failed
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coronary balloon angioplasty in 18 patients (or 1.3%), and in a further 8 patients (or
1%) the indication for surgery occurred after the patient had left the catheterization
faboratory. In 5 patients a redilatation was performed during the in-hospital stay. No
patient died during the procedure or during the in hospital stay.

Clinical characteristics as predictors of major cardiac events

The clinical characteristics as related univariate predictors of major procedural or
in-hospital coronary events are listed in table [l. Patients with unstable angina
experienced more coronary events than patients without unstable angina (Odds ratio
3.11:85% Cl, 1.72 t0 5.61). Age, gender, duration of angina, serum cholesterol, history
of myocardial infarction, diabetes type | and I, multi vessel disease and CCS angina
class did not influence the risk for a major cardiac event.

Angiographic quantitative and qualitative lesion characteristics as predictors of
major cardiac evenis

Lesion morphology (as evaluated by quantitative coronary analysis and quelitative
assessment) as univariate predictors of major cardiac events are listed in table 3.
Location of the target lesion in the mid segment of the coronary artery dilated (Cdds
ratic 1.88, 95% CI 1.08 to 3.28), or at a bend of > 45° (Odds ratio 2.34, 85% C! 1.31
to 4.15) were significant associated with more major ¢ardiac events. No other lesion
morphological characteristics, whether assessed qualitatively or by cuantitative
analysis, predicted the occurrence of major cardiac events. A trend was observed for
tvpe C lesion according ACC/AHA classification (Odds ratio 2.10, 95% CI 0.88 to
4.48).

Procedural predictors of major cardiac event

The presence of any type of dissection after the procedure was strongly associated
with the subsequent occurrence of a major cardiac event (Odds ratio 5.38; 95% Cl
2.90 to 10). Balloon-artery ratio was not found to be predictive of a major cardiac
event. Thrombus post dilatation aimost reached statistical significance (Odds ratic 4.31,
85% Cl 0.84 to 19.80).
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Table Il Patient, lesion and procedural refated variables and the risk for major adverse cardiac avenis

Variable Patient Positive Patient Negative Odds ratio

for the variable: for the variable: (95% CI)

event / total event / total
History of MI 23 /107 46 / 169 0.73 (0.41 to 1.30)
Currently smoking 10 / 45 59 / 231 0.83 (0.391t01.79)
Multivessel Disease 29 /117 39 / 146 0.8 {0.51to 1.51)
Diabstes B8/25 63 / 251 094 (0.36 to 2.46)
Age (< 68 yr) 35/ 136 34 / 140 1.08  (0.63 to 1.86)
Duration of angina (> 142 days) 35/ 137 31/135 1.15 {0.66 to 2.01)
Cholestero! (< 6.2 mmol/l) 34 /129 27 / 132 1.38 {0.78 10 2.48)
CCS Hll,Iv 47 / 169 21 /100 1.45 (0.81to 2.61)
Males 59 / 221 10/ 55 1.64 (0.78 to 3.46)
Unstable angina 29 / 69 39/ 206 3.11 (1.72to 5.61)
Lesion Morphology
Vassel dilated
RCA dilated 15 / 67 54 / 209 0.83 (0.43 0 1.59)
{ Cx dilated 17 /72 52 / 204 0.80 (0.48 o 1.69)
LAD dilated 37 /137 32 /139 1.24 (07210 2.14)
Multiple site dilated 12 /45 57 / 231 1.1 {0.54 to 2.29)
Total occlusion 8/24 61 / 252 1.57 (0.64 to 3.84)
Mid portion of vessel dilated 36 /112 33/ 164 1.88 (1.08 to 3.26)
Lesion Morphology Quantitative Derived
Symmetry index (< 0.34)" 30/ 121 32 /132 1.00 (0.86 to 1.77)
MLD pre-PTCA (> 0.98 mm) 35 / 139 34 /137 1.02  (0.59 to 1.76)




Table Il continued

Variable

Patient Positive
for the variable:

event / total

Patient Negative
for the variable:

event / total

Odds ratio
{95% CI)

DS pre-PTCA (< 62%)
Length Lesion (> 5.8 mm)"

35 / 136
32 / 127

Vassel size pre-PTCA (> 2.53 mm) 37 / 140

Area plague (> 8.1 mm?®)"
Curvature index (> 19)"

a5 / 127
37 / 128

Lesfon Morphology Qualitative Assessment

Side Branch in area of balloon
Calcified tesion

Side Branch in stenosis
Eccentric located stenosis

Type C lesion
Bend > 45°

Procedural variables
Balloon-artery ratio (> 1.02)
Thrombus post dilatation
Intimal tear or dissection

46 / 186
9 /33

38 / 144
36 / 130
14 / 36
31/86

17 / 110
477
46 / 111

34 / 140
29 /125
30 / 134
26 / 125
24 /124

20 / 80
57 / 233
28 / 122
31 /137
40 / 172
35 / 180

16 / 105
61/ 258
18 / 153

1.08
1.12
1.25
1.45
1.68

0.99
1.16
1.20
1.31
2.10
2.34

1.02
4.31
5.39

(0.63 to 1.86)
(0.63 to 1.99)
(0.72 10 2.17)
(0.81 to 2.59)
(0.94 to 3.05)

(0.54 to 1.81)
(0.51 to 2.63)
(0.69 to 2.11)
(0.75 to 2.28)
(0.98 to 4.48)
(1.31 to 4.15)

(0.48 to 2.14)
(0.94 to 19.80)
(2.90 10 10.00)

CCS = Canadian Cardiovascular Soclety Angina classification; Mi = Myocardial infarction, yr = year. Although clinical characteristics
of (69+207 =) 276 patients were analyzed, some were not known, and therefore in some variables the total number doss not add
up to 276. DS = Diameter Stenosis, LAD = Left Anterior Descending Artery, LCx = Left Circumilex Artery, MLD = Minimal luminal
diameter, PTCA = Percutaneous Transluminal Coronary Angioplasly, RCA = Right Coronary Artery. Although 276 lesions were

analyzed in total, some lesions could not be analyzed for certain variables. ¥ not assessed in 24 lesions with lotal occlusion,



Logistic regression analysis

in the preprocedural model which assessed the likelihood of major cardiac events
for a patient using the variables known before angioplasty, - 1) unstable angina (Odds
ratio 4.13, 95% C1 2.01 to 8.52) and 2) lesions located at a bend of > 45° (Odds ratio
2.33; 85% Cl 1.15 to 4.74) were retained in the model. If in addition post-procedural
variables were added then the following variables were retained in the model: 1)
unstable angina (Odds ratio 4.21; 95% CJ 1.91 to 8.29) and 2) dissection (Odds ratio
8.45; 95% Cl 2.83 to 14.2) as independent predictors of the occurrence of major
cardiac complications.

DISCUSSION

Despite the impravements in equipment and technigue which have made it possible
10 cross and dilate more than 85% of the lesions attempted, the occurrence of
procedural and in-hospital cardiac adverse events, due to acute or subacute vessel
closure, continues to be largely unpredictable. The reported frequency of so called
major cardiac adverse events depends on the time window applied - after the patient
left the catheterization laboratory 110 2% or during and after the procedure 4 10 11% -
. In the present study, major cardiac events were cbserved in 33 of {1356+ 33) 1389
patients (2.4%) during the procedure and in 36 of 1388 patients (2.6%) after the
procedure. There are a number of potential explanations for the low percentage of
major cardiac events during angioplasty in these 2 studies from which our population
is derived. Although consecutive for each center, patients were being enrolled in
clinical trials and therefore potential a selection bias in favor of those with single vessel
disease and discrete lesions is introduced. Patients undergoing emergency angiopiasty
during the weekend or in the evening hours are usually not included in restenosis
prevention trials for logistic reasons. In addition, no patients with evelving myocardial
infarction or Q or non Q- wave myocardial infarction within two weeks of the
angioplasty procedure. Also, in one of the trials, patients with type | diabetes were
excluded. Ultimately of the 1382 patients enrclled in the two trials had one or two
vessel disease, for whom the acute complication rate is generally lower than for these
with multivessel disease. The percentage of in-hospital cardiac events of 2.6%
correspond with what is known from the literature (4,5).

Risk factors of major procedural and in-hospita) cardiac evenis

Ellis et al. in 1988 reported the results of 4772 procedures performed between
April,T 1982 and March 31, 1888, and found, using multivariate analysis, seven
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independent preprocedural factors related to abrupt vessel closure: stenosis iength of
2 or more lumen diameter, fermale gender, stenosis at a bend point of 45 degrees or
more, stenosis at a branch point, stenosis-associated thrombus (filling defect or
staining), other stenoses in the same vessel, and multivessel disease (3). They
concluded that, although an estmation of risk can be made before performing
coronary balloon angioplasty, the most powerful predictors of closure can only be
assessed during the procedure (post-PTCA percent diameter stenosis, intimal tear or
dissection, prolonged post-PTCA use of heparin). The 1985-1886 NHLBI PTCA
Registry study analyzed 1801 patients and revealed that baseline factors inherently
associated with increased occlusion rates included triple vessel disease, high-risk
status for surgery, and acute coronary insufficiency and iesion characteristics included
severe stenosis before coronary angioplasty, diffuse disease or multiple discrete
lesions, thrombus and collateral flow from the lesion. De Feyter et al. reported an acute
coronary artery occlusion rate of 7.3% (of a total population of 1423), with unstable
angina, multivessel disease and "complex lesions” as predictors for closure during or
after the procedure. In all these studies, which involved large group of patients, lesion
characteristics were visually assessed. No data are available on the predictability of
major cardiac complications from gquantitative coronary analysis, which has now has
emerged as the "gold standard” for assessment of long term angiographic outcome
of percutaneous transluminal coronary interventions (18,1€). in addition to the "simpile"
quantitative parameters of minimal lumen (obstruction) diameter {(mm), reference
diameter {or vessel size) (mm) and percentage diameter stenosis, quantitative analysis
computes length of the obstruction, area of atherosclerotic plaque {mm®), symmetry
index of the stenosis and curvature of the vessel. In this study, quantitative coronary
analysis which had been applied to all cineangiograms of patients recruited for
participation in the 2 restenosis prevention trials, was combined with assessment of
qualitative lesion morphology and clinical characteristics to determine whether this
thorough integrated approach could predict the occurrence of mgjor cardiac events.

The present study is in agreement with earlier published studies as that unstable
angina, iesion located at & bendpoint of more than 45°, and dissection were predictors
of major procedural or in-hogpital cardiac events.

Cthers have found that thrombus on the pre dilatation angiogram was predictive
for a major cardiac event (3,4,5). However, thrombus was rarely seen on the pre
dilatation angiogram in the present study, despite the fact that unstable angina, in
which clinical syndrome the presence of intracoronary thrombus is frequently noted
{27,28,29), was a risk factor for major cardiac event. It could well be that intravenous
heparin, which the majority of the patients with unstable angina, in this study design,
received, effectively dissolves almost completely the clot and therefore no thrombus
is seen on the pre dilatation angiogram.
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There is no obvious explanation why location of the target lesion in the mid
segment of the coronary vessel was independently associated with a higher risk of
major cardiac events in univariate analysis. However this variable was not entered in
the logistic model.

it is disappointing that lesion morphology, as assessed by quantitative coronary
analysis, was not of any heip for the prediction of major cardiac events. Although inter
and intraobserver variability potentially limits the qualitative assessment of lesion
moerphology, lesion located at a2 bend point of more than 45° was identified as having
a greater risk for major cardiac event (10,11,12,13,31). The well described association
of unstable angina with the occurrence of major adverse cardiac events is confirmed
in this study and the location of the target lesion in a bend > 45° has previously been
identified by Elliis as a risk factor for acute vessel closure. Location of a stenosis at a
bend point is a predictor for major cardiac events has already been described by Ellis
et al. Their explanation was that the balloon must necessarily tear an atherosclerotic
fixed and rigid bend lesion as it straightens and stretches it. In addition, the maximal
stress is several times greater when there is a geometric discontinuity in the object to
which this stress is applied (3).

The most powerfut predictor for major cardiac events is the occurrence of an intimal
tear or dissection, which s not surprising as all patients experiencing peri procedural
events, had either a type D, E or F dissection with flow limitations on their post
dilatation angiogram (3,9).

From the literature, one would expect type C lesions (according ACC/AHA
guidelines) to be a risk factor for major cardiac adverse events (25). In the present
study type C lesions were not predictive for major cardiac adverse events although a
clear trend was notable. Myler et al. reported recently that type C lesion had a
angioplasty success rate of 90% instead of the low success rate of < 80% as
described by the ACC/AHA Task Force (25,32). They concluded that it is more
accurate to specify lesion morphology than to classify, as there are problems intrinsic
to the coding scheme that makes it less useful in predicting outcome.

Limitations of this study

The study population of this retrospective analysis is formed by patients recruited
for 2 multicenter restenosis pharmacological prevention trials in Europe. Although in
both trials consecutive patients of the participating clinics were recruited, only 25% of
all undergoing angioplasty patients were recruited because one or more specific
exclusion criteria was found.

Coronary angiography, as & two dimensional silhouette of the vessel lumen, is
inherently limited for the assessment of atherasclerotic plaque morphology as is been
increasingly demonstrated by intravascular ultrasound techniques (33). It is
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disappointed that even the use of objective quantitative analysis fails 10 provide insight
to the prediction of major cardiac events from angiographic measurements and lesion
morphology to facilitate patient and lesion selection for treatment by coronary balloon
angioplasty. It is however possible that more sophisticated quantitative analysis
systems might be maore helpful in this regard or in other settings (34,35).

Notwithstanding that the CAAS system has been validated and extensively
described in the literature, validation studies quantitatively derived lesion morphology
such as lesion length, eccentricity, curvature and area of atherosclerotic plague have
not yet been performed (14,15,18). However, the computer estimation of the "original
contour of the preatherosclerotic lumen” (interpolated reference diameter) is similar
to that used by Crawford et al. (38). They demonstrated that the difference in area
between the original lumen and the contours of the obstruction is a measure of the
atherosclerotic plague and this correlated with the cholesterol content in the
corresponding human arterial specimen.

CONCLUSION

Although quantitative coronary analysis systems have become the "gold standard”
for the assessment for long-term outcome of percutanecus interventions, lesion
morphology derived from gquantitative analysis does not help to identify lesions at high
risk for major procedural of in-hospital events. Unstable angina, lesions at a bend point
of more than 45°, and dissection were found to be predictive of major cardiac events.
New technigues, such as angioscopy and intravascular ultrasound imaging may better
characterize the atherosclerotic plaque and provide more profound understanding of
the pathophysiological mechanisms of successful or unsuccessiul coranary balloon
angioplasty. Randomized trials where balloon angioplasty is compared with other
devices will hopefully provide objective data for the stratification of patients and lesions
at increased risk of major cardiac complications during and after coronary bailoon
angioplasty.

Acknowledgment: The logistic and technical support of Jaap Pameijer, RN, and the
statisticai advice of Jaap W. Deckers, MD, is greatly appreciated.
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ABSTRACT

Objectives  The objective of this study was to examine the relation between an
angiographically visible coronary dissection immediately after successful coronary
balloon angioplasty, and a subsequent restenosis and long-term clinical outcome.

Background The study population comprised all 833 patients who participated in the
MERCATOR trial (randomized, double-blind, placebo-controlled restenosis prevention
trial of cilazapril 5 mg two times a day).

Methods Cineangiographic films were processed and analyzed at a central
angiographic core laboratory, without knowledge of clinical data, with use of an
automated interpolated edge detection technique. Dissection was judged according
1o the National Heart, Lung, and Blood Institute classification. Angiographic follow-up
was obtained in 84% of patients with 778 lesions. Two approaches were used to
assess the restenosis phenomenon: A) categorie, using the traditional cutoff criterion
of > 50% diameter stenosis at follow-up, B) continuous, defined as absolute change
in minimal lumen diameter (mm) between the postcoranary angioplasty and follow-
up, adjusted for the vessel size (relative loss). Clinical outcome was ranked according
to the most serious adverse clinical event per patient during the 8-month follow-up
period, ranging from death, nonfatal myocardial infarction, coronary revascularization,
recurrent angina requiring medical therapy, to none of the above.

Results Dissection was present in 247 {# 32%) of the 778 dilated lesions. The
restenosis rate was 28% in lesions with and 30% in lesions without dissection (relative
risk: 0.97, 85% confidence interval: 0.77 to 1.28). The "relative loss” in both groups was
0.10 (mean difference 0, 95% confidence interval: -0.08 to 0.03). Clinical outcome
ranged from death in 4 patients (C.8%) without dissection and 1 patient (0.4%) with
dissection; nonfatal myocardial infarction in 4 (0.8%) without and 8 (3.2%) with
dissection; coronary revascularization in 73 (16.6%) without and 32 (12.7%) with
dissection, recurrent angina requiring medical therapy in 88 (20%) without and 47
{18.7%) with dissection to no serious adverse event in 272 (81.7%) withcut and 1684
65.1%) with dissection.

Conclusions These data indicate that a successfully dilated coronary lesion with an
angiographically visible dissection is no more likely to develop restencsis, and is not
associated with a warse clinical outcome, at 8 month faliow-up, than a dilated lesion
without visible dissection cn the post-balioon angioplasty angiogram.
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INTRODUCTION

Percutaneous transluminal corcnary angioplasty is an accepted revascularization
procedure for treatment of patients with stable or unstable angina pectoris with single
or multi-vessel disease (1,2). Despite the therapeutic success of coronary angioplasty,
the exact mechanism of dilatation remains speculative and apparently involves multiple
processes, including endothelial denudation, cracking and spiitting or disruption of the
intima and atherosclerotic plague, dehiscence of the intima and plague from the
underlying media and stretching or tearing of the media with persistent aneurysmal
dilatation of the media and adventitia (3-7). Irrespective of the mechanism, coronary
angioplasty results in an angiographically visible dissection in 209 to 45% of the dilated
lesions (table I, 8-20). This dissection 1) might result either in a complete or near
complete total obstruction of the dilated vesse! leading to an acute ischemic syndrome
requiring urgent treatment with a further coronary revascularization procedure (the so
called "unwanted type of dissection”}(21,22) or 2) might not compromise the lumen
significantly, so that neither reduction in blood flow, nor impairment of clinical
perfermance occurs, and the patient leaves the hospital as scheduled {the so-called
"therapeutic type of dissection™)(S,12,23).

it could be postulated that an angiographically visible dissection occurs
predominantly in lesions where more injury is imparted to the vessel wall, triggering an
gxcessive proliferative response. Nobuyoshi et al. have demonstrated, using
histopathologic examination, that deep arterial injury is associated with more extensive
intimal proliferation (24}. In addition, Schwartz et al. showed in a porcine model that
the severity of vessel injury was strongly correlated with neointimal thickness (25). in
addition, the existence of an intimal tear could predispose tc greater platelst
deposition, mural thrombus, and growth factor release with a consequently higher risk
of restenosis. In contradistinction, early angiographic reports suggested that the
therapeutic type of dissection was associated with a trend towards lower restenosis
rates {table I, 8-20,23). Thus, conflicting data have been reported. Most of these earlier
studies had one or more methodological problems including: 1) retrospective analysis
of small patient groups, 2) incomplete angiographic follow-up infiuenced by the
recurrence of symptoms without a predetermined time interval for restudy, 3)
angiographic assessment by visual estimation of stenosis, which is known to have a
wide interobserver and intraobserver variability, 4) unknown or unreported
interobserver and intracbserver variability for the assessment of dissection, 5} failure
to assess data in blinded manner (26-28)This study examined the relation of an
angiographically visible dissection, restenosis and long-term clinical outcome without
a validated automated edge detection technique on prospectively collected data. The
study group comprised a large series of patients undergoing successful balloon
angioplasty with & high angicgraphic follow-up rate.
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Table 1 Siudies where thae relation between lesions with or without disseclion and restenosis were examined.

First Author Year Patients Anglo fup  Detinition Restenosis Dissection Restenosls
(reference no.) (%) restenosis {%) (% of # lesions) with/without dissection
Holmas(8) 1984 665 84% NHLBI -1V 34 NR No difference
Leimgruber(8) 1985 1850 60% > 50% DS 30 25 35% vs 39% (gradient > 158) p=ns
19% vs 28% (gradient <18)p<0.05
Guiteras Val(10) 1987 181 98% 1 >30% DS 28 45 56% vs 25% vs 21%
severe mild  none {p < 0.02)
Vandormael'(11) 1987 209 82% > 50% DS 82 (Symp) NR Mo difference
30 (No Symp)

Matthews{12) 1988 216 30% loss >50% gain or 21 30 18% vs 23% {p=ns)

tack of symptoms
Black™(13) 1988 384 39% > 50% DS att 34 29% vs 32% {p=ns)
de Feyter’(14) 1988 179 88% > 50% DS 32 25 No difference
Fleck"{15) 1988 110 86% MICA > 1mm® 58 31 No difference
Quigley®(16} 1989 114 88% > 50% DS 32 20 35% vs 31% (p=ns)
Renkin(17) 1920 278 47%" > 50% DS . 33 No difference
Rupprecht®(i8) 1980 676 70% > 50% DS or 29 NR 24% vs 30% (p=ns)

loss >50% gain
Bourassa(t8) 1991 307 80% > 50% DSwith 35 41 33% vs 36% (p=ns)

minimal 10% DS ¢
Hirshfeld(20) 1991 694 73% > 50% DS 40 39 40% vs 39% (p=ns)

" = multivessel dilatation; ® = for restenosis; 2 = unstable angina; ¥ = excluded tolal occlusions; ? = angiography + exercise thaltium scintigraphy; ¥

only the ones with follow-up angfography. Angic fup = % of patlents with anglographic folfow-up; DS = Diameter Stenosis; Fup = folfow-up; NHLBI
National Heart Lung Blood instifute; Ref = Relerence number; Sympt = Symptoms, MLCA = Minimal lumen cross-sectional area.



METHODS

Study patients The study group consisted of all randomized patients enrolled in
26 centers for the MERCATOR trial, which was carried out according to the declaration
of Helsinki (1963), revised in Venice (1983} (Appendix I). The results of the trial
demonstrated that cilazapril, 5 mg twice a day, had no effect on restenosis or dlinical
outcome in the first 8 months after angioplasty (30). Subjects were eligible for study
if they were symptomatic or asymptomatic men or women without childbearing
potential, with stable or unstable angina pectoris (defined as characteristic pain at rest
requiring intravenous nitrates), were < 75 years old, had proved angiographically
significant narrowing in one or more major corenary arteries, and gave written informed
consent before the coronary angioplasty procedure. Exclusion criteria were coronary
angioplasty performed to revascularize a patient with acute myocardial infarction, a
history of sustained hypertension, maintenance therapy with diuretic agents, a Q-wave
myocardial infarction < 4 weeks before study entry, previous or falled coronary
angioplasty at the same site, and coronary angioplasty of a bypass graft. Patients were
excluded from the trial if the angioplasty procedure was not performed (4 patients with
a change in lesion severity), was unsuccessiul (11 patients whose lesion couid not be
reached or crossed), unsatisfactory (2 patients with > 50% diameier stenosis after
angioplasty as assessed visually), or complicated by abrupt closure during the
procedure with subsequent emergency bypass operation, or by periprocedural
myocardial infarction with creatine kinase levels more than two times the upper limit
and MB fraction > 6% (12 patients). Thirteen patients were retrospectively excluded
from the analysis; 10 because an exclusion criterion was overiocked and 3 because
no baseling quantitative analysis was possible (table 2).

Thus, 883 patients with successful coronary angioplasty, defined, by the
operator as < 50% diameter stenosis on visual inspection ¢f the postangiopiasty
angiogram, who met the inclusion criteria and who had an angiogram suitable for
guantitative analysis, were entered into the study and randomized. Follow-up
angiography was scheduled for 26 + 3 weeks post angioplasty, or earlier, if warranted
by symptoms. Of the 683 randomized patients, 653 (84%) had a follow-up angiogram
suitable for quantitative analysis. Five patiemts died before repeat angiography, 32
patients did nct have a follow-up angiogram because of adverse experience (25) or
refusal (7) and in 3 patients the follow-up angiogram was unsuitable for quantitative
analysis (table 2).

Angioplasty procedure, follow-up and quantitative angiography. At the beginning
of the procedure all patients received & bolus of 10,000 1U of intravenous heparin. For
prolonged procedures, an additional infusion of 5,000 [U/h was administered after 2
h, until the end of the procedure. Use of a calcium channel blocking agent was
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Table 2 Flowchart of the MERCATOR studly.

TOTAL PATIENT GROUP 735
No caronary angioplasty performed 4
Unsuccessful coronary angioplasty 11
Unsatisfactory result 2
Complicated procedure 12
Exclusion criterion overlocked 10
No baseline quantitative coronary analysis possible 3

PATIENTS RANDOMIZED 6393
Deaths 5
Adverse svent 25
Follow-up angiography 7
No follow-up quantitative coronary analysis possible 3

PATIENTS WITH FOLLOW-UP ANGIOGRAM 653

permitted for 48 hours after corcnary angioplasty. All patients received aspirin 160 to
250 mg per day, starting the day before coronary angioplasty until 6 months follow-
up. Cheice of the guiding catheters, guide wires, balloon type, inflation duration and
pressure were left to the discretion of the operator.

Three angiograms were carried cut for each patient, immediately before
coronary angioplasty, immediately after coronary angioplasty and at foliow-up. The
angiograms were recorded so that they were suitable for quantitative analysis by the
Cardiovascular Angiography Analysis System (CAAS) which has been validated and
described in detail elsewhere (27,31-33). An example of an analysis before and after
coronary angioplasty is shown in Figure 1. Postangioplasty values were obtained from
the last angiogram recorded after removal of the guide wire. The initial procedure was
considered complete when the guide catheter was removed. If the clinical condition
required repeat angioplasty, the angiogram immedizately before the repeat procedure
was used to obtain follow-up values, irrespective of the repeat procedure (hours, days
or weeks).

To standardize the method of data acquisition, data analysis, and to ensure
exact reproducibility angiograms obtained before and after angioplasty, and follow-up
angiograms, special precautions were taken described elsewhere (27,31-33).

The absclute value of the stenosis diameter and the reference diameter
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Figure 1 Example of quantitative coronary analysis of a lesion in the proximal LAD
in the LSO projection before (A) and after (B) coronary angioplasty. The diameter along
the analyzed segment is represented in the diameter function curve (uUpper curve). The
MLD is 0.83 mm before and 1.87 mm after angioplasty. The length of the stenosis is
determined by curvature analysis and is depicted by 2 vertical lines. The reference
diameter is determined where the minimal lumen diameter crosses the interpolated
reference diameter line. The white area represents the atherosclerotic plaque and is
defined as the difference between the defected and reconstructed edges.

were measured by the computer using the known contrast-empty guiding catheter
diameter as a scaling device. For that purpose, the catheter tips were retained, for
accurate measurement by a micrometer. To achieve maximal coronary vasodilation,
intra coronary administration of either nitroglycerin, 0.1 to 0.3 mg, or isosorbide
dinitrate, 1 t0 3 mg, was performed in each artery of interest before and after
angioplasty, and at follow-up angicgraphy. All contour positions of the catheter and the
arterial segment were corrected for "pincushion distortion” introduced by the image
intensifiers. Because the algorithm cannot measure total occlusions and lesions with
Thrembolysis in Myocardial infarction (TIMI) grade 1 perfusion, a value of 0 mm is
substituted for the minimal lumen diameter and 100% for the percent diameter
stenosis. In these cases the postangioplasty reference diameter was substituted for the
reference diameter before angioplasty or at follow up or both. For each dilated
segment, the preangioplasty, postangioplasty and follow-up minimal lumen diameter
and diameter stenosis are derived as the mean value from muitiple matched
projections.
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Quantitative derived parameters The area (mm®) between the actual and
reconstructed contours at the obstruction site is a measure of the amount of
"atherosclerotic plaque” (27). The length of the obstruction (mm) is determined
from the diameter function on the basis of curvature analysis. Symmetry is defined as
the coefficient of the left hand distance and the right hand distance between the
reconstructed interpolated reference diameter and actual vessel contours, at the site
of obstruction. In this equation, the largest distance between actual and reconstructed
contours becomes the denominator, so that a perfectly symmetrical lesion has a value
of 1 and a severely eccentric lesion has a value of 0. To assess the extent of coronary
bending, the curvature value at the obstruction site is computed as the average value
of all the individual curvature values, along the centerline of the coronary segment, with
the curvature defined by the rate of change of the angle through which the tangent to
a curve turns in moving along the curve, and which for a circie, is equal to the
reciprocal of the radius. The curvature value was determined using the least
foreshortened projection (in which the analyzed segment appeared longest betweean
2 defined landmarks) (Figure 2).

SYMMETRY
=b/a

E
| INTERPOLATED REFERENCE DIAMETER (RD}

|

"™’ DETERMINED BY

MLD CURVATURE ANALYSIS

! ! (=1/R)
t |

EXTENT OF OBSTRUCTION
DIAMETER FUNCTION

Figure 2.  See text for definitions.
Balloon-artery ratio was defined as the ratio using 1) nominal size according to
manufacturer, or 2) the measured reference balloon size, divided by the vessel size

(34). Relative gain was defined as the difference in minimal lumen diameter before
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and after coronary angioplasty, normalized for the vessel size (interpdlated reference
diameter). Stretch was defined as the difference between the minimal balloon diameter
{of the largest balloon used, inflated to the highest pressure applied) and minimal
lumen diameter before coronary angioplasty, normalized for the vessel size (34-38).
Etastic recoif was defined as the difference between the minimat bailoon diameter and
the minimal iumen diameter after coronary angioplasty, normalized for the vessel size
(34-36). The ballocns used for dilatation were composed of 1) non-compliant material
(polyethylene terephthalate or hydracross), or 2) compliant material (polysthylens,
poiyvinylchloride or polyolefin copolymer). Relative loss was defined as the difference
in minimal lumen diameter after coronary angioplasty and at follow-up, normalized for
the vesse! size (37). In addition to quantitative measurements, qualitative assessment
of certain lesion characteristics (calcification, presence of side branch in stenosis,
location cf stenosis in a bend) was also performed (38).

Figure 3 Stenosis in the proximal left anterior descending artery before (A) and
after angioplasty (B), with a typical example of a type A dissection. The arrow indicates
the presence of an intimal flap on the post-PTCA angiogram.

Definition of Dissection All postangioplasty angiograms were examined for
the presence or absence of dissection, defined according to modified National Heart,
Lung, and Bloed Institute criteria, as the presence of angiographically evident intimal
or medial damage, presenting either as a small radiolucent area within tha lumen of the
vessel (tear or flap, type A), or as an extravasation of non persisting or persisting
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contrast medium (type B or C)(10,39). A dissection was classified as type D in the
presence of a spiral-shaped filing defect with delayed distal flow and as type Eif a
persistent lumen defect with delayed antegrade flow was seen on the final post-
coronary angioplasty angiogram. A filling defect accompanied by 2 total coronary
occlusion was classified as a type F dissection (Figure 3 to 8).

Figure 4 Stenosis in the mid RCA before (A) and after angioplasty (B} with a typical
type B dissection. The extravasation of contrast material is indicated by the arrow.

Figure 5 Stenosis in LCx before PTCA (A), after balioon inflation (B), and after PTCA
(C). This is a typical type C dissection, with persistence of contrast in the area of
difatation, indicated by the arrow.
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Figure 6 Stenosis in the proximal and mid right coronary artery before (A) and after
angioplasty (B) with a typical type D spiral shaped dissection associated with
decreased flow.

Assessment of Dissection Each investigator was asked {0 assess and
document the occurrence of dissection after the procedure. All films were reassessed
by the angiographic core laboratory which was empowered by the Mercator
Angiographic Committee to revise the initial assessment of the investigator. Inter- and
intrapbserver variability of the two assesscrs (WH, BR) for the assessment of
dissection was examined in the angiographic core laboratory, in an arbitrarily selected
number of lesions. The coronary angioplasty fims of 138 patients with 151 lesions
(consecutive filrns reaching the coare laboratory) were independently assessed for
dissection by each observer on two separate occasions, 3 months apart without
knowledge of the results of the earlier assessment. in 271 (88%, kappa 0.75) of the
302 lesions, there was agreement on the presence or absence of dissection and 85%
{(kappa 0.86) agreement for the type of dissection between the 2 assessors. The intra
observer variability for the presence or zbsence and the type of dissection were
respectively 87% (kappa 0.80) and 80% (kappa 0.48) for assessor 1 and 82% (kappa
0.58) and 76% (kappa 0.51) for assessor 2 (40).

If dissection is evident on the postangioplasty angiogram, the quantification of
a corcnary lesion can be hampered by consequent indecision, that is the analysts may
decide to include or exclude an extralumen filling defect in the analysis {Figure 7). As
advised to the Mercator Angiographic Committee, the computer "decides” whether the
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extralumen defect is included or excluded in the analysis, thereby avoiding subjective
bias. If there is no clear separation between the lumen and the extravasation (large
communicating channel), the computer includes the dissection in the analysis as the
interpolated edge detection technigue (making use of the weighted sum of first - and
second derivative difference functions applied to the brightness information using
minimal cost criteria) will detect @ small not significant difference in brightness.
However, when the extravasation is distinctly separate from the true vessel iumen,
(small communicating channel), the computer will exclude the dissection from the
analysis as their will be a steep difference in brightness between the extravasation and
the true lumen (Figure 7).

QUANTIFICATION OF LESION WITH DISSECTION

TR
TR T
EDGES DETECTED EDGES DETECTED

AT N — DISSECTICN AT RNIY —» DISSECTION
1S PART OF PHYSIOLOGIC IS NOT PART CF
LUMEN PHYSIOLOGIC LUMEN

Figure 7 This figure explains how the quantitative analysis is done, in case a
dissection is present on the post angioplasty angiogram. As a type A dissection is
infraluminal, this type of dissection will be analyzed as seen on the left side (A). In
contrast, type B to E dissection are extravasaticn outside the contrast filled lumen. In
cases where the communicating channel between lumen and the extravasation s large
{and of functional importance) - as can be seen in the brightness of contrast in the
dissection - the computer will inciude the dissection in the analysis (right side) as only
a small difference in brightness will be detected. However, in cases where this channel
is small and not functional, the "computer” will exclude the dissection from the analysis
as the difference in contrast density will be significant.
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End poinis Restenosis was defined per lesion. Two different approaches were
used to look at the restenosis process. 1) In the categoric approach, restenosis was
considered t0 be present when the dizmeter stenosis > 50% at follow-up angiography,
because it is still common clinical practice 10 assess lesion severity in this manner. 2)
In the continuous approach, which describes how the lesion "behaves" during follow-
up, relative loss was defined as the absolute change in minimal lumen diameter,
adjusted for vessel size, a procedure that allows comparison of vessels of different
sizes.

Ciinical outcome was defined for each patient, who was considered ic have a
dissection if in any one of the diiated segments (rrespective of procedural success)
a dissection was visible on the post angioplasty angiogram. Full clinical follow-up was
obtained in all 883 randomized patients during a 6 month follow-up period. Clinical
status was ranked according to the most serious adverse clinical event that occurred,
ranging from death (rrespective of cause), congestive heart failure functional class
{New York Heart Association class 1l or IV}, nonfatal myacardial infarction (defined as
ECG-changes, creating kinase enzymes more than twice the upper imit of normal with
MB fraction > 8% of total creatine kinase, with or without symptoms), need for
coronary revascularization (coronary artery bypass grafting, repeat coronary
angioplasty, stent implantation or atherectomy at the same site or other site), recurrent
angina requiring initigtion of or an increase in medical therapy, or none of these (28).
Only revascularization procedures that were carried out before the study endpoint (6
months = 3 weeks) were included as clinical events (30).

Data analysis Data was analyzed using the BMDP statistical software
package (University of California, Berkeley, California 1980). A chi-square test was
used 1o assess the differences in categoric variables. A one-way analysis of variance
or Student t- test was used 1o assess differences in continuous variables between two
or more groups. P values < 0.05 were considered statistically significant. Patient,
lesion and procedural variables were assessed for their relationship to dissection. For
that purpose, continuous variables were grouped into three equally sized subgroups
{tertiles) and relative risks were calculated by comparing the subgroup with the highest
percentage of dissection with the other two groups combined (reference group) (41).
The 85% confidence levels were calculated to determing the precision of thess
estimates. A statistically significant difference at the 5% level is present where the 95%
confidence intervals do not cross a value of 1. To rule out the influence of differences
in baseline lesion characteristics between the groups with or without dissection, on
restenosis, a stepwise multivariate linear (dependent variable: relative ioss) and logistic
{cependent variable: >50% diameter stenosis) regression analysis was performed.
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RESULTS

An angiographically visible dissection was identified in 247 (32%) of the 778
lesions which were successfully dilated and had angiographic follow-up. In 242 [esions,
the type of dissection was classified astype A (n = 82),B (n = 182) or C (n = 28).
Only in five lesions, it was assessed astype D (n = 3) or E (n = 2).

Patient related variables and the risk of dissection The relation between risk
of dissection and patient-related variables is described in table 3. For example, as age
is & continuous variable, it was divided in tertiles with the highest frequency of
digsection - 38% - in the age group > 62 years. The other two tertiles combined
consisted of 514 lesions, in 153 (30%) of these, a dissection was seen on the
postangioplasty angiogram. The relative risk of age >62 for dissection was 1.19, that
is, patients >B2years had 1.18 times the chance of having a dissection visible on the
postangioplasty angiogram after successful coronary angioplasty than did patients
aged <62 years. The 85% confidence interval of the relative risk for age >62 years was
0.97 to 1.48 (p=ns).

Absence of unstable angina and serum cholesterol level < 5.7 mmol/! at baseline,
were associated with a significantly higher incidence of dissection.

Lesion and procedure-related variables and the risk for dissection The
relation between risk of dissection and lesion and procedural variables is describes in
table 4.

The frequency of any dissection was significantly higher with 1) a
postangionlasty diameter stenosis > 37%, 2) a lesion of intermediate length (>5t0 <
8.7 mm), 3) an eccentric lesion (symmetry < 0.23), 4) a2 lesion located in a more
curved segment (curvature index >21), 5) a lesion located in the right coronary artery,
8) thrombus observed on the postangioplasty angiogram, 7} application of low or high
inflation pressure (< 7 or > 8), 8) noncompliant balloon material was used.

Multivariate logistic regressicn analysis was performed for all patient-lesion-
praocedural variables significantly associated with the occurrence of dissection in
univariate analysis (p < 0.05). Of these variables, 1) absence of unstable angina
pectoris, 2) more curved vessels, 3} eccentric lesion location in the vessel, 4)
intermediate lesion length, and 8} noncoempliant balloon material were retained in the
model.
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Tabhle 3 Patient-Related Variables and Risk for Dissection.

Variable Leslons Positive Lesions Negative

for the Variable: for the variable: Relative Risk

Dissection / Total Dissection/ Total {95% CI)
Age (>62yr) 94 / 284 (36%) 153 / 514 (30%) 118 {0.97 to 1.48)
Female 47 /129 (36%) 200 /649  (30%) 1.19 (0.92 to 1.53)
Presence of Diabetes type I 16 / 45 (369%) 231 /733 (32%) 1.13 (0.75 t0 1.70)
History of Myocardial Infarction 112 /328 (34%) 135 /450  (30%) 1.14 {0.93 to 1.40)
Never smoked 82 /175 (35%) 185 /603  (31%) 1.156 {0.92 to 1.46)
Not Currently Smoking 216 /651 (33%) 31 /127 (24%) 1.36 (0.98 to 1.88)
Single vessel Disease 134 / 424 {32%) 99/ 316 (31%) 1.01 {0.81 10 1.25)
Single site dilatation 177 / 536 {33%) 70 /242 (29%) 144 (09110 1.44)
CCS-class at basetine ™ (1,11} 134 /411 (33%) 113 /385  (31%) 1,08 {0.86 to 1.30)
No unstabls angina 233 /706  {33%) 14 /72 {19%}) 1.70 (1.05 to 2.75)
Duration of anglna ' {>305 days)  91/256  (36%) 1581 /510 (30%) 120 (0.98to 1.48)
Cholesterol * (< 6.7 mmol/l) 90 /239  (38%) 147 / 499 (30%) 128  (1.03to 1.58)
CCS = Canadian Cardiovascular Soclely angina classification, yr = years, " = not available for 38 lesions, ™ = not available for 2 lesions, ™ = n

available for 12 lesions ™ = not available for 40 lesions, 95% CI = 95% Confidence Intervals.



Table 4 Lesion and Procedural-Related Variables and Risk for Dissection.

Variable Leslons Positive Lestons Negative
for the Variable: for the Varlable: Relative Risk
Dissection / Total Dissection/ Total (95% CI)

MLD pre-PTCA {mm) (< 0.92) 85 / 260 (33%) 162 / 518  (31%) 1.05 {0.84 1o 1,30)
MLD post-PTCA (mm)} (< 1.90) 827250  (32%) 165 / 519 (32%) 101 (0.81t01.25)
Relative Gain {>0.33) 92/281  (35%) 155 / 517 (30%) 118 {09510 1.45)
DS pre-PTCA (%) (> 64%) 84 /250  (34%) 163 /528  (31%) 1.09  {0.88to 1.35)
DS post-PTCA (%) {>37%) 100 /262 (38%) 147 / 516 (28%) 134  {(1.0910 1.65)
Vessel size (mm) (>2.35t0 <2.80) 92 /256  (36%) 156 / 522 (29%) .21 (0.98 to 1.49)
Lengiit Lesion {mm)™ (>510 <6.7) 94 /243  (38%) 135 / 484 (28%) 138 (1.1210 1.72)
Atherosclerotic plaque (mm’)" (>7.3)83 / 243 (34%) 146 / 484 (30%) 1.13 {0.91 to 1.41}
Symmetry index ™ (< 0,23) BB /232  (38%) 1417495  (29%) £33 (1.07to 1.65)
Curvature index ™ (>21) B7 /236  {(37%) 140 /492 (28%) 1,31 {1.05 to 1.63)
Totally occluded vessel pre-PTCA 18/ 51 {35%) 229 /827  (32%) 1.12 (0.76 to 1.65)
RCA dilated 86 /222  (39%) 161 /666 (20%) 134  (1.0810 1.65)
Proximal location in vessel 108 /292 (37%) 139 /486  (29%) 1.21 {0.98 to 1.51)
Calcified lesion 30/ 80 (38%) 217 /698 (31%) 121 {0.8910 1.63)
Side branch in stenosis . 138 / 414 (33%) 109 /364 (30%) 1.12 {0.91 to 1.37)
Leslon at bend point 23 /65 (35%) 224 /713 (31%) 113 (0.801c 1.59)
Balloon artery ratio > 1.2 B3 /246  (349%) 164 /532 (3%) 109  (0.88 1o 1.36)
Balloon artery ratio™ > 1.1 68 /212  (32%) 135 /419 (32%) 1.00 (07810 1.27)
Non comgliant balloon material 143 / 40F  (36%) 04 / 377 (28%) 1.30 (1.05 {0 1.60}
Stretch " >(0.55 797213 (37%) 124 /418 (30%) 126 (0.99to 1.51)
Etastic Recoil® »>0.27 747213 (35%) 123 / 418 (31%) 1138 {0.89t0 1.42)
Thrombus post-PTCA 14 /29 (49%) 233 /748  (31%) 155  (1.05t02.30)
Max bal pressure <7 or >9 atmy) 109 /285  (3B%)}) 138 /493  (2B%) 1.37 {1.11 to 1.68)
Total inflation time <145 sec 80 / 185 (32%) 167 /533 (319%) 1.04 {0.84 to 1.30)
Mumber of inflation >2 and <4 177 /544 (33%) 70 /234  (30%) 108  {0.86t0 1.37)

alm = atmosphere; DS = Diameler Stenosfs; MLD = Minimal Luminal Diameter; PTCA = Percutaneous Transfuminal Corona_g/ Angioplasty, RCA = Rig
Coronary Artery; RD = Reference Diameter; sec = seconds; ™ = not available in 51 lesions with a totally occluded vessel; " = available In 631 lesfon
with an analysis of the inflated balloon at highest inflation pressure used, AR = Relalive risk 95%, Cl = 95% confidence inlerval.



Dissection and restenocsis (Tabkle 5). When the restenosis cutoff criterion of "> 50%
diameter stenosis at follow-up" was used, then almost identical restenosis rates were
seen for lesions with dissection (28%; cilazapril 25%, placebo 33%) or without
dissection (30%; cilazapril 32%, placebo 29%). Similar rates were found if the type of
dissection was grouped according to the National Heart, Lung, and Blood Institute
classification with a restenosis rate of 33% for type A, 27% for type B and 32% for type
C.

When absciute change in minimal lumen diameter during follow-up was used to
define the restenosis process, the "relative loss” in lesions with dissection 0.10 = 0.22
{cilazapril0.08 = 0.20, placebo 0.13 + 0.25) or without dissections 0.10 + 0.1¢ (cilazapri
0.10 = 0.1, placebo 0.11 = 0.18). If the type of dissection was subcategorized the
relative loss was 0.15 for type A, 0.08 for type B and 0.10 for type C.

Multivariate linear and logistic analysis were performed to determine whether or not
the observed differences between the groups with and without dissection with regard
to baseline patient, lesion and procedural variables, influenced restenosis according to
the 2 approaches used. The regression coefficient for dissection was not influenced by
ihe variables that were significantly associated with restenosis. In the linear model, the
regression coefficient for the dissection variable was 0.02 at the start of the analysis
process and 0.01 after inciusion of the variables that added significantly (relative gain,
minimal lumen diameter after angioplasty and vessel dilated (nonright coronary artery
vessel) to the fit of the model. In the logistic model, the regression coefficient for the
dissection variable was 0.01 at start of the analysis proces and 0.08 after inciusion of
the variables then added significantly to the fit of the model (minimal lumen diameter
before coronary angioplasty, relative gain, vessel size and vessel patency).

Dissection and clinical outcome (table 8}  Clinical outcome was determined in all
893 patients at 6-month follow-up and was ranked according to the most serious
adverse clinical event ranging from death (n=4 (0.8%) without, n=1 (0.4%) with
dissecticn), nonfatal myocardial infarction (n=4 {0.8%) without, n=8 (3.2%) with
dissection), coronary revascularization (n=73 (18.8%) without, n=32 (12.7%) with
dissection), recurrent angina requiring medical therapy (N=88 (20%) without, n=47
(18.7%) with dissection) to none of these (n=272 (61.7%) without, n=164 (§5.1%) with
dissection). No significant differences in clinical outcome bestween patients with or
without dissection was observed if clinical outcome was evaluated according to the
occurrence or non-occurrence of either "hard events" {death, nonfatal myocardial
infarction, coronary revascularization) - with dissection: placebo 17%, cilazapril 16%,
without dissection: placebo 18%, cilazapril 18% - or "soft events" (recurrence of angina
ar no event) (p = 0.22).
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Table 5 Dissectlion after stuccessiul coronary angioplasty with angfographic follow-up and the occurrence of restenosis per lesion dilated.
RESTENOSIS DISSECTION TYPE
NONE ANY p A B c D E
No. 531 247 82 132 28 3 2
Continuous
Loss {mm} 026 +048 (.28 + 060 057 0.39 = 0.65 0.23 £ 0.54 025 £ 055 041027 0111050
R Loss 010019 0102022 088 0.15 £ 0.24 0.08 + 0.21 010 £ 021 0146+011 -0.04 £ 0.1
Categoricat
DS > 50% 159 (30%) 72 (29%) 0.82 27 (33%) 36 (27%) g (32%) 0 0

Loss = difference in mid between postangioplasty and follow-up, R Loss = Relative loss = [oss / vessel size), DS = Dlameler stenosis at follow-up.

Table 6 Dissection After Coronary Angioplasty Per Patient and Clinical Qufcome at 6 Months Follow-Up

CLINICAL EVENT

DISSECTION TYPE

Death
NYHA LIE/IV
Nonfatal M|

NONE ANY
(n=441) (n=252)

4 08%) 1 (0.4%)
0 0
4 (08%) B8  (3.2%)

Coronary Revasc 73 {16.6%) 32 (12.7%)
Recurrent Angina 88  {20.0%) 47 (18.7%)

No event

272 {51.7%) 164 (65.1%)

A

(n=786)

1 (1.3%)
0

4 (5.3%)
12 (16.8%)
16 (21.19%)
43 (66.6%)

B
{n=138)

0

0

4 (2.9%)
18 (13.2%)

23 (16.9%)
91  (66.9%)

C D
{n=33) (n

(6.1%)
(21.2%)
24 (72.7%)

0 0
0 0
0 0
2 0
7 1
2

E
(n=3)

woocooo

F
{n=1)

-0 00 00O

NYHA = New York Heart Association class Ill/IV, MI = myocardial infarction, Revasc = coronary revascularization procedure



DISCUSSION

Two major problems arise in the exploration of a possible relation between an
angiographically visible dissection after successful angioplasty and the long-term
angiographic and clinical sequelae: 1) definition and assessment of dissection, and 2)
definition and assessment of restenosis.

Definition and assessment of dissection. In the present study, the well-
established National Heart, Lung, and Blood Institute classification for the assessment
of dissection was used, as previously described by Dorros and Guitsras Val et al.
{10,38). in earlier reports, looking specifically at dissection and long-term follow-up, the
assessment of dissection may well have been biased by knowledge of clinical variables
because patients were assessed in a clinical setting by multiple assessors and inter and
intra-observer variability were not reported (8,12,23). As part of a multicenter study, we
prospectively collected patient, lesion and procedural variables to analyze, as an
ancillary study, the relation of an angiographically visibie dissection with restenosis and
clinical outcome, in &l randomized patients. All baseling and follow-up films were
screenad, processed and analyzed at an off-line angiographic core laboratory without
knowledge of clinical data. Interobserver and intracbserver varighility for dissection
(irespective of type) were defined for the two assessors in the core laboratory (WH,
BR) with a kappa of 0.60 for assessor 1, 0.58 for assessor 2 and (.75 between the two
assessors. These kappa values indicates a satisfactory agreement between the two
assessors and for gach assessor in time (40).

Definition and assessment of restenosis.

ir virtually all the reported studies on the relation of dissection and restenosis,
visual estimation or hand-held caliper measurements were used to assess restenosis
(8-20). Both of these methods are hampered by relatively wide interobserver and
intracbserver variability (27-28). To avoid those pitfalls, in this study, we assessed
restenosis by quantitative coronary angiography using the CAAS-system, a well
validated and extensively described method of analysis (27,31-33). In addition, previous
reports represent, in most cases, the early experience of an institution and describe the
long-term follow-up of a group of patients who were not angiographically restudied at
a pre-determined time. The majority of these studies were retrospective analyses and
involved a small number cf patients (28).

The best definition of choice for restenosis has been the subject of much
debate (26). Of the different restenosis criteria proposed, the "50% diameter stenosis
at follow-up angiography” is the most frequently used to assess restencsis, because
physiologic measurements demonstrate that this is the approximate value in animals
with normal coronary arteries at which blunting of the hyperemic response occurred
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(42). This definition was applied to our data. Earlier studies have shown that the
reference diameter of a coronary artery is frequently involved in the restenosis process
so that the use of percent diameter stenosis (which calculation depends on the
assumption of a "normal" reference diameter segment) may underestimate the change
in the severity of a stenosis after coronary angioplasty (43). Furthermore, "the 50%
diameter stenosis criterion at follow-up" criterion tells us nothing about the behavior of
the lesion after angioplasty. If this criterion is applied, lesions with a suboptimal
angioplasty result will preferentially be identified as undergoing restenosis despite only
a minor deterioration in lumen diameter. Our group has previously demonstrated that
a change of >0.72 mm in minimal iumen diameter is an appropriate, objective method
of assessing the degree of intimal hyperplasia during follow-up after coronary
angicplasty (27,31,32,44). However, this criterion was historically assessed in vessels
with an average reference diameter of 3.7 mm. Therefore, it is best applied to vessels
of comparable reference diameter. it would be unlikely to observe a loss of >0.72 mm
in coronary segments with a reference diameter of 2 mm and a minimal luren diameter
of 1.4 mm. In other words, criteria based on the absolute change in minimal lumen
diameter are limited because they do not relate the extent of the restenosis process 10
the size of the vessel. To circumvent this fimitation, we used the change in minimal
lumen diameter after angioplasty to follow-up, normalized for the reference diameter
{relative foss) as earlier reported by our group (37). This "sliding scale criterion”,
which adjusts for vessel size, allows the accurate regional assessment of the extent of
the restencsis phenomenon in the entire coronary tree and also its relation 10
dissection.

Differences belween lesions with and without angiographically visible
dissections

None of the patient-related variables appear t0 be associated with the
occurrence of dissection, except for lower cholestercl levels before coronary
angioplasty and patients absence of unstable angina. Perhaps the atherosclerotic
plagues in patients with low cholestercl levels are more fibrous and prone to tearing
when stretched. It is surprising that unstable angina (which is much more frequently
associated with acute complications, plague rupture and thrombus formation than is
stable angina) was associated with a lower dissection rate in this study. The definition
of unstable angina used may describe a particular population group with recent
increase in the rate of plague development, which is consequently "soft” and therefore
more compliant, and less likely to tear than is atherosclerotic plague in patients with
chronic stable angina (21,22,45). in addition, because only successful dilatations were
included in the "parent” study, our data have a potential bias because patients in
unstable condition have a higher acute complication rate.
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Eccentric and more curved lesions are more prone to dissect during
angioplasty. Balloon inflation in this setting is probably associated with unequal
gistribution of stretch and consequent shearing forces resulting in an intimal tear or
digsection.

Imtermediate length of the lesion was associated with more dissection. it could
well be that "long lesions" are treated with more "care" (smaller balloon size, lower
inflation pressures), as several reports have suggested higher restencsis rates in long
lesions. Because short lesions are easily covered by the normat length of balloon, it
could be that intermediate length lesions are intermediate and therefore yield more
dissections.

The right coronary artery is more prone to dissection (especially the proximal
part, with 41 dissection out of 81 dilated lesions, using American Heart Association
definitions, (45)) than the left anterior descending artery or left circumnfiex. Lesions in
the proximal right coronary artery have higher curvature values {mean of 30 vs. 20 for
all other segments) such values constitute an independent risk factor for dissection and
therefore probably explain this observation.

Greater post angioplasty diameter stenosis was associated with more
dissections. One explanaticn for this observation may be that an operator who detects
a dissection during or after balloon inflation may determinate the angioplasty procedure
to avoid further complications, believeing the result to be accepatable although
suboptimal.

Earlier reports focussed attention on the relation between higher balloon/artery
ratio and acute complications during coronary angioplasty, withcut any influence on
the restenosis rates at 6 months (46,47). In the present study, no influence of the
balloon-artery ratio on the occurrence of dissection was detected, the incidence of
dissection was similar for low (< 0.8) or high (>1.1) balloon/artery ratio and
irrespective of whether the ballcon size stated by the manufacturer or the measured
(by guantitative analysis) inflated balloon size was used. The balloon/artery ratio
describes the relationship of the normal vessel wall with the inflated balloon. When the
balloon/artery ratio is > 1.3 the risk for complications is increased because of possible
extensive injury to the normal vessel wall. However, in all cases (average minimal lumen
diameter 1.02 mm, average balloon size 2.85 mm) the actual stenosis itseliis 110 3
times "overstretched”, with consequent potential risk of dissection in every case.

The frequency of dissection was greater when a "non-compliant balloon" was
used. The operator could determine the type of balloon used for dilation, it is
impossible 1o say whether this observation reflects a real difference between the
different balloon materials or only the decision of the operator to use a particular
ballocn dependening on the eccentricity of the lesicn, length of lesion, clinical condition
of the patient, calcification and the like.
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Sarembock et al. (48) demonstrated in the animal model that high inflation
pressures caused more mural thrombus, dissection and meadial necrosis versus low
pressure. in this clinical study, low (< 7 atmospheres) pressure inflations were also
associated with a higher incidence of dissection. Because there was no guidelines for
pressure inflations during angioplasty, and routine practice vartes center from center,
it is not possible to draw a firm conclusion from this observation.

Thrombus after coronary angicplasty was associated with more dissection,
however, the cause-effect relation is impossible to decipher because thrombus
formation develops as a consequence of a dissection which is partially obstructing
blood flow.

Of these variables, the right coronary artery, more curved vessels, eccentrically
lacated in the vessel, intermediate length, and non- compliant balloon material emerged
as the most important variables. They were retained in the multivariate logistic
regression analysis that was performed to identify riskfactors for dissection.

Dissection and Restenosis Multivariate linear and logistic analysis were
performed to determine whether the observed differences between the groups with and
without dissection with regard to patient, lesion and procedural variables, influenced
restenosis according to the two different appreaches. As the regression coefficient for
dissection was not influenced by the variables which were significantly associated with
restenosis in both models, it can be deduced that these discrepancies had no influence
On restenosis.

Dissection and Clinical Outcome Intimal tear or dissection has been
reported as an important predictor of ischemic complications after coronary
angioplasty, but only the minority of patients will develop an acute ischemic gvent (49).
Huber &t al. reported recently that patients with type B dissections have low rates of
complications similar to patients without dissection (23). Patients with type C to F
dissection had an significant increase in in-hospital complications. The present study
includes only patients with a successful corgnary angioplasty, defined as < 50%
diameter stenosis on the post angioplasty angiogram. If the clinical condition required
repeat coronary angicplasty, the angiogram before the repeat intervention was used
to obtain follow-up values, irrespective of the timing of the repeat intervention (hours,
days or weeks). Although patients with dissection are considered to be at high risk for
an ischemic complication during the in-hospital stay, similar or even slightly better
clinical cutcome was abserved for patients with type B to F dissections in this study.
Only 9 {or 1.5%) patients with a initially successful coronary angioplasty, had a repeat
intervention or emergency coronary artery bypass grafting during the hospital stay.
Five of these patients had a dissection (type A in 3 patients, type B in 2 patients) visible
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on the post-coronary angioplasty angiogram. Apart from possible bias by participating
centers in excluding patients with severe diffuse disease or requiring emergency
coronary angioplasty or multi site dilatation, we have no explanation for this low n-
hospital complication rate. Because type C to F dissections were detected in only 40
patients, strong conclusions regarding these types can not be drawn in realtion to long-
term clinicai outcome in this setting.

Limitations of the study By definition, the MERCATOR trial enly included
successful dilated coronary angioplasty, thus no patient with important obstructive
dissections was included in our study. This factor could have influgnced our results,
However, of the 42 patients who agreed to participate in the Mercator trial, but were
exciuded from the analysis for a variety of reasons describe under the Methods section,
12 patients had an "unwanted type of dissection” complicated by a myocardial
infarction or requiring emergency bypass operation.

Coronary arteriography provides information on lumen contour but not on
diffuse vessel wall disease or changes that occur in the vessel wall due to coronary
angioplasty. Despite this limitation, it has been used for >30 years as the ultimate
diagnostic tool for coronary artery disease. Newer technigues such as intravascular
ultrasound imaging can visualize the lumen and the vessel wall and thereby can detect
dissections not visible on the corcnary angiogram (50). Angioscopic devices
demonstrate the lumen surface of the vessel intima and have detected intimal
dissections in > 90% of the cases after angioplasty where as angiography results were
narmal in 8% of cases (51). Angiographically visible dissections may considered to be
at the "larger end of the dissection spectrum’, although studies correlating intravascular
ultrasound and angioscopic findings with angiography in large patient numbers are still
awaited.

Conclusions Small hemodynamically insignificant angiographically visible
dissections are after coronary angioplasty, occurring in 32% of successiully dilated
lesions in this large series. No significant differences could be detected with regard to
restenosis or long-term clinical outcome & months after successful coronary
angioplasty whether, such so called therapeutic dissections were detected on the
post-coronary angioplasty angiogram. New techniques, such as intravascular
ultrasound or angioscopy, should help to improve understanding of the mechanism of
dilatation and the true occurrence of dissection, its role, in the initiation of the healing
precess and its refation, if any, with the excessive hyperplastic response which occurs
in many lesions.
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ABSTRACT

Objectives and background. The purpose of this study was to determine if there are
any morphological characteristics of lesions which renarrow - “restenctic lesion” -
following successful coronary balloon angioplasty which are different from the
appearance pre treatment, or, from the appearance of "non-restenctic lesions”, which
might provide some naw insight into the restencsis phenomenon.

Methods. The study population consisted of 853 patients {778 lesions) with 6 months
angiographic follow-up (94% angiographic follow-up rate), who were participating in the
MERCATOR study. Detailed quantitative angiographic measurements, including the
mean diameter of the vessel segment (mm) that was subjected to balloon dilation,
were performed preangioplasty, postangiopiasty and at follow-up using the
cardiovascular angiographic analysis system, in order to provide some objective
measurement of the actual extent of iuminal changes in the months following coronary
balloon angioplasty. Two different approaches for restenosis were used, 1) "static
criterion” of > 30% diameter stenosis at follow-up, 2} "dynamic criteria® of >0.40 or >
0.72 mm change in minimat lumen dizmeter between post angioplasty and follow-up.

Aesults. Both approaches identified more severe stenosis to be typical feature for
‘restenctic lesion” before angioplasty as compared with "non-restenctic lesion”. No
differences were observed in lesion length, balloon inflated vessel segment or
roughness index before angioplasty in both groups. Conflicting data was found for the
amount of atherosclerotic plague, symmetry index, and curvature index.

The ‘restenctic lesion” at follow-up compared with its initial appearance gave
conflicting results as to which approach was used. The "dynamic criteria” illustrate that
the reference diameter and the mean diameter of the entire segment dilated are
reduced during follow-up.

Conclusions. Two messages emerge from the study: 1) the restenosis process
clearly involves the apparent normal vessel waill adjacent to the actual lesion, probably
in response to the unavoidable injury caused by balicon dilatation, 2) the use of
percentage diameter stenosis measurements depending on the assumptions of
normality for a reference segment will therefore underestimates the true exient of the
restenosis process and should be replaced in clinical angiographic studies by absclute
luminal measurements.
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INTRODUCTION

The introduction of percutaneous translurminal coronary balicon angioplasty, in 1877
by Andreas Gruentzig, has led to dramatic fundamental changes in the treatment of
patients with stable and unstable angina pectoris with single or multi-vessel obstructive
coronary artery disease (1-3). Despite the increasing therapeutic success of coronary
balloon angioplasty with progressively lower acute complications rates, and
improvement in, or disappearance of, anginal symptoms in the majority of patients
treated, the exact mechzanism of dilatation remains speculative and appears to involve
multiple processes including “compression” of plaque, focal plague "break", "fracture”
or "tear” with or without iocalized dissecticn and, in eccentric lesions, "stretching” of the
plague-free wall with or without plague compression {4-7).

The long term success of corenary balloon angioplasty has not, unfortunately,
followed the same time trends and in spite of the investment of much effort, adjunctive
pharmacological therapy and new catheter designs over the past decade, the
frequency of lesion recurrence or restenosis remains broadly similar to early reports
{8,9). Althcugh there is a wide variation in the reported incidence of restenosis between
the many published studies, the main source of variation is not in therapeutic
approaches employed or the use of effective biological agents but because of bias in
selection of patients for arteriographic follow-up, and differences in the criteria applied
to the definition of the occurrence (or not} of restenosis (8,10).

The importance of the angiographic morphological appearance of coronary
chstructions, in understanding the pathogenesis of acute ischemic syndrome, coronary
atherosclerctic disease, restenosis and the response to thrombolytic therapy has
previously bsen recognized (11-18). Cuantitative coronary angiographic analysis
systems have now supplanted visual assessment of the coronary cineangiogram and
are now the "gold standard" for accurate, objective and reproducible geometric
measurement of coronary fuminal dimensions and for assessing, the short and long
term outcome of interventions (17-20). In addition to the degree of luminal narrowing,
these quantitative analysis systems can provide detailed assessment of lesion
morphological characteristics such as minimal and mean lumen diameter {mm), vessel
size (mm), diameter stenosis (%), lesion length (mm), and the amount of
atherosclerctic plaque (mm?) (17).

The purpose of this study was to determine, using a well validated quantitative
coronary angiographic analysis system, whether there are any morphological
characteristics of lesions which renarrow following successful coronary balloon
angiopiasty, the ‘restenctic lesion”, which are different from the appearance pre
treatment, or, from the appearance of "non-restenotic lesion”, which might provide
some new insight into the restenosis phenomenon.
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METHODS

Study population. The study population consisted of all randomized patients enrolled
in 28 centers for the MERCATOR trial. All patients gave informed consent and the
study protocol was approved by the ingtitutional review board. In this randomized
double-blind placebo-controlied trial, 2 new angiotensin converting enzyme inhibitor,
cilazapril, was investigated for its abifity to prevent restenosis after primary coronary
balloon angioplasty. Results of this aspect of the study are described elsewhere (20).
In total, 693 patients with a successful coronary balloon angicplasty, defined as a <
50% diameter stenosis on visual ingpection of the post-coronary balloon angioplasty
angiogram, who met the inciusion criteria and who had an angicgram suitable for
quantitative analysis, were randomized. In and exclusion criteria, and the reasons for
non randomization are described elsewhere (20). Because treatment with the agent
under investigation did not influence clinical or angiographic cutcome, the placebo-
and active treatment group were pooled, for the present study. Follow-up angiography
was scheduled 24 = 3 weeks after coronary ballocn angioplasty, or earlier, if warranted
by symptoms. Of the 893 randomized patients, 853 with 778 lesions (follow up rate:
84%;) had a follow-up angiogram suitable for quantitative analysis.

Angioplasty precedure, follow-up and guantitative angiography. At the beginning
of the procedure all patients received a bolus of 10,000 IU intravenous heparin. For
prolonged procedures, an additional infusion of 5,000 1U /hour was administered after
2 hours and maintained until the end of the procedure. Use of a calcium channel
blocker was permitted for 48 hours after coronary balloon angioplasty. All patients
received 160 - 250 mg aspirin per day for 8 months. Choice of the guiding catheters,
guide wires, balloon type, inflation duration and pressure were left to the discretion of
the operator. Three angiograms were carried out for each patient, immediately prior
to coronary balloon angioplasty, immediately after coronary balloon angioplasty and
at foliow-up. The angiograms were recerded so that they were suitable for guantitative
analysis by the coronary angiography analysis system, which has been validated and
described in detail elsewhere (17,19-22). Post coronary balloon angioplasty values
were obtained from the final post coronary balloon angioplasty angiogram recorded
after removal of the guide wire. The initial pracedure was considered completed when
the guide catheter was removed. If the clinical condition required re-coronary balloon
angioplasty, the angiogram immediately prior to re-coronary balioon angioplasty was
used to obtain follow-up values, irrespective of the timing of re-coronary balloon
angioplasty (hours, days or weeks). Special precautions, as previously described
elsewhere, were taken to standardize the method of data acquisition and to ensure
exact reproducibility of before coronary balloon angioplasty, after coronary balloon
angioplasty and follow-up angiograms (17,18-22). The absolute value of the stencsis
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diameter as well as the reference dismeter were measured by the computer using the
known contrast-empty guiding catheter diameter as a scaling device. For that purpose
the catheter tips were retained for accurate measurement with a micrometer. To
achieve maximal coronary vasodilation, either nitroglycerin 0.1-0.3 mg or isosorbide
dinitrate 1-3 mg, was administered intra coronary to each affected coronary artery
before coronary balloon angioplasty, after corenary balloon angioplasty and at foliow-
up angiography. All contour positions of the catheter and the arterial segment were
corrected for "pincushion distertion” introduced by the image intensifiers. Since the
algorithm cannot measure total occlusions and lesions with "thrombolysis in myocardial
infarction” perfusion grade 1, a value of 0 mm is substituted for the minimal iuminal
diameter and for "balloon inflated vesset segment”, and 100% for the percent diameter
stenosis. In these cases the post-coronary balloon angioplasty reference diameter was
substituted for the reference diameter pre-coronary balloon angiopiasty and/or at
follow up. For each dilated segment, the pre coronary balloon angioplasty, the post
ceoronary balloon angioplasty and follow-up minimal luminai diameter, vessel size and
diameter stenosis are taken as the mean value from mukiple matched projections.

Definitions

Quantitatively derived lesion characteristics The following quanttative

measurements were obtained before,after balloon angioplasty, and at follow-up {23):

1) Minimal Juminal diameter (MLD, mm).

2) Interpolated reference diameter or vessel size (RD, mmy). This measurement is
independently generated by the computer using a technique of interpolation
whereby the original disease-free vessel diameter is estimated using a
combination of several diameter measurements proximal and distal to the actual
stenosis. The advantage of this technigue is that there is no user interaction and
therefore an chjective measurement is provided, rather than the arbitrary
selection of a "normal” vessel segment proximal or distal to the lesion, as is the
conventional approach.

3 Percent diamster stenosis {l.e. {(1 - MLD / RD) x 100%),

4) Gain in minimal luminal diameter (mm) is calculated as the MLD after coronary
balloon angioplasty minus MLD before coronary balloon angiopiasty.

5) ARelative gain in minimal luminal diameter is calculated as the gain divided by the
reference diameter and is used to compare the degree of luminal improvement
achieved at intervention in vessels of different sizes. This may be considered as
the angiographic correlate of vessel wall injury caused by intervention (24-31).

8) Loss is the change in minimal luminal diameter between the post coronary
balloon angioplasty and follow up angiogram.

7) Relative foss is the loss in diameter between the post-coronary balloon
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11)

12)

angioplasty and the follow-up angiogram normalized for the reference diameter,
This parameter may be considered as the angiographic correlate of the
thrombo-fioroproliferative healing response to the injury imparted at intervention
(24-31).

Lesion fength (mm), is determined from the interpolated diameter function and
the actual luminai contour, on the basis of curvature analysis (figure 1).
"Atherosclerctic plaque area® (mm®), is the area between the actual and
interpolated contours at the obstruction site (figure 1).

Eccentricity index is caiculated as the perpendicular distance between the
reconstructed interpolated reference diameter and actual vessel contours at the
site of obstruction. In this calculation the largest distance between actual and
reconstructed contours is the denominator so that 2 concentric lesion has 2
value of 1 and a severely eccentric lesion has a value of 0 (figure 1).
Curvature value &t the obstruction site, is computed as the average value of all
the individual curvature values aleng the centerling of the coronary segment,
with the curvature defined by the rate of change of the angle through which the
tangent to a curve turns in moving along the curve, and which, for a circle, is
equal 1o the reciprocal of the radius. The curvature value is determined using
the least foreshortened projection (in which the analyzed segment was longest
between 2 defined fandmarks) (figure 1).

Mean diameter of the segment dilated by the balloon or "balloon-inflated vessel
segment” (BIVS): Tofacilitate this particular measurement, each investigator was
asked 1o cineangiographically record each balloon inflation. The extent of the
actual vessel segment dilated is then identified by visual assessment and
calipers and analyzed over its entire length by the automated edge detection
system. The ultimate measurement of interest is the mean diameter (mm) of this
segment (figure 2).

Definition of Restenosis Although it is our policy to assess the icng term outcome
following coronary balloon angioplasty and other interventions using a continuous
approach to analysis and presentation of data (18,20), for the purposes of this study
it is necessary to apply categorical criteria to identify the occurrence of restenosis or
differentiate the "restengtic’ from the "non-restenotic’ lesion. To this end, restenosis is
cansidered per lesion using 3 different categorical definitions: 1} > 50% diameter
stenosis at follow-up, 2) > 0.72 mm change in minimal lumen diameter between
postangioplasty and follow-up, 3) > 0.40 mm change in minimal lumen diameter
between postangioplasty and follow-up. The relevance of using these criteria will be
adressed in the Discussion.
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Figure 1 See text for explanation.
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Figure 2 A drawing of a stenosis in the mid portion of the left anterior descending
artery. In addition to the regular analysis - from side brach to side branch -, the
‘balloon inflated vesssel segment” was determined by visual assessment of the part of
the vessel that was submitted to the barotrauma of the inflated balloon. Therefore, the
second analysis does not start at a side branch but at the proximal point where the
balloon was inflated.
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Statistical methods

Values are shown as mean = standard deviation (8D). Student t- test were used to
assess differences in continuous varishles of the restenotic lesion of its initial
appearance and at follow-up, and of "restenctic” versus "non-restenoctic” lesions. P-
values less than 0.05 were considered statistically significant. Statistical analysis was
carried out with 2 commercial statistical package (BMDP Statistical Software 1990).

RESULTS
Patient characteristics

The demographic characteristics of the 853 patients are shown in table 1. Mean age
was 38 years (range: 33 to 77) and 542 or 83% of the patients were male. Follow-up
angiography was performed after 164 + 40 days (range O to 266 days). The vessel
dilated was the left anterior descending in 46% (# 380) the right coronary artery in 29%
(# 222), and the left circumflex in 25% (# 196) of lesions. Mild to moderate coronary
disease predominated, with 83% having single vessel, 31% twc vessel and only 6%
exhibiting three vessel disease.

Table 1 Patient characteristics.

Age (yrs) 58 (83-77)
Male (%) 542 (83%)
Follow-up time (days) 184 = 40 (G - 288)
Coronary Artery Disease (CAD)

1-vessel CAD 388 (63%)
2-vessel CAD 1891 (31%)
3-vessel CAD 37 (8%)
Dilated vessel

Right Coronary Artery 222 (29%)
Left Anterior Descending 380 {(46%)
Left Circumflex 198 (25%)

Angicgraphic Measurements

(i) Overall pre-coronary balloon angioplasty, post-coronary batioon angioplasty
and foliow up results (Table 2):

Minimal luminal diameter increases from 1.02 + 0.38 pre angioplasty t0 1.78 + 0.36
post angioplasty (gain is 0.76 = 0.42 mm; range -0.22 to 2.34 mm) and is found to
detericrate again during follow up to 1.51 = 0.57 mm (loss is 0.27 = 0.52 mm; rangs -
1.04 to 2.28 mm). Concomitantly, percentage diameter stenosis is reduced from 81 =
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14% before to 33 * 10% immediately after coronary balloon angioplasty and increases
t0 44 = 18% at follow-up. The vessel size does not change significantly during the study
period: 2.62 + 0.53 before angioplasty, 2.68 = 0.50 post angioplasty and 2.70 + 0.56 at
8 months follow-up angiography. The measured lesion length was similar pre-coronary
balloon angiopiasty and at follow-up as was eccentricity index, curvature value, and
roughness value. However, the measured area of atherosclerotic plague and the
"bailoon inflated vessel segment" was less at follow-up compared with pre dilatation.

Table 2 Quantitative angiograhic data of 778 lesions

PRE-PTCA POST-PTCA FOLLOW-UP
mean + sd (range} mean = sd {range) mean + $d {range)

MLD (mm) 1.02+0.38 (0-2.20) 1.78=0.36 (0.7-3.3)  1.51x0.57 (0-3.1)
RD (mm) 2.62+0.53 (1.4-4.4) 288=x0.50 (1.4-4.4) 270x0.56 (1-4.7)
DS (%) 81x14 (19-100) 33z10 (0-84) 44 = 18 (5-100)
LL (mm)” 6.1£2.2 (1-21) 5822 (1.0-17} 8.2x2.4 {(0.4-18)
Eccentricity ° 0.40+0.25 (0.02-1) 0.36x0.22 (0.01-1) 0.36=0.22 (0.01-1)
AP (mm®)” 8.5+x3.6 (1-40) 4.1+3.0 (C.2-26) 54%3.5 {0.2-25)
Curvature” 20=11 (1-89) 18+12 (1-85) 2013 (1-85)

BIVS™ 2.23+0.63 (0-4.0) 246+0.44 (1-4.3) 237+0.64 (04 8)
Roughness™ 0.18+x0.05 (0.1-0.5) 0.17+0.05 (0.1-0.5) 0.18+0.06 {0.1-05)

AP = area plaque; BIVS = balloon inflated vessel segment; DS = (%) Diameter
Stenosis ; LL = fesion length; MLLD = Minimal Luminal Diameter (mm), RD =
Reference Diameter (mmy), ” not available for totally occluded vessels; before dilatation
# 571 and at follow-up # 33. 7 the inflated balloon was cine filmed # 652 lesions.

{(iiy Comparison of the morphology of the "restenotic lesion" with the "non-
restenotic lesion", before, after PTCA and at 6 months (Table 3):

Differences in angiographic morphology of restenotic and non-restenatic lesions, pre
and post-coronary balloon angioplasty and at follow up, are separately assessed for
each of the three different restenosis criteria applied.

1Y > 50% Diameter Stenosis at follow-up angiography

Using this criterium as the "cut-off point” categorizes 231 lesions as progressing to
restenosis {"restenotic lesions") giving a restenosis rate of 30%. Restenotic iesions are
found to have & smaller minimal luminal diameter and a greater % diameter stenosis
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than those which do not restenose ie. the restenotic lesion is more severe pre-
coronary balloon angioplasty than the "non-restenotic”. Furthermore the minimal
luminal diameter immediately after dilatation is significantly larger for the non-restenotic
lesion (1.81 vs. 1.70, p<.001). As no difference is observed in vessel size before and
after the coronary balloon angicplasty procedure between the 2 groups, the diameter
stenosis is concomitantly less in the "nan-restenotic” (32% vs. 36%, p<.0001) than the
restenotic lesion. In addition definition of restenosis by this criterium identifies the
restenotic fesion to be less eccentric than the non-restenotic lesion pre and post-
corcnary balloon angioplasty and at follow up. Restenotic lesions are longer and have
a greater plaque area at follow up than non-restenctic lesions {although the pre- and
post-coronary balloon angioplasty lesion lengths are similar and the restenotic lesion
has also greater plaque area pre-coronary balicon angioplasty). The mean diameter
of the segment dilated is significantly less for the restenotic lesion at follow up while
being similar to the non-restenotic lesion pre and post-PTCA. There is no difference
in gain or relative gain, in mid, curvature value or roughness between the restenotic
and non-restenotic lesions, as identified by the use of this criterium.

2) > 0.72 mm criterion between post angioplasty and follow-up

Application of this criterium for the identification of restenotic and non-restenoctic
lesions classifies 128 in the former category with a restenosis rate of 16%. As was
found with the 50% diameter stenosis criterium, the restenoctic lesion is more severe
pre-coronary balloon angioplasty than the non-restenotic lesion (0.89 vs. 1.04mm and
67% vs. 53%). On the contrary, post-coronary balloon angioplasty a greater minimal
luminal diameter and concomitantly smaller diameter stenosis is observed with the
restenoctic than the non-restenotic lesion. Consequently the gain in minimal luminal
diameter is significantly greater for the restenotic lesion and despite a trend toward a
farger vessel in the restenctic lesion group, the relative gain for this group is also
significantly greater than for the non-restenotic lesion. As was uncovered by the use
of the 50% diameter stenosis criterium, at follow up the restenotic lesion identified by
this criterium is longer, has a greater plaque area, is less eccentric and the mean
diameter of the dilated segment is less than the non-restenotic lesion. Lesion curvature
and roughness do not differ significantly between restenotic and non-restenctic lesions
at any point of comparison.

3) > 0.40 mm criterion batween post angioplasty and foliow-up

">0.40 mm criterion" was cbserved in 255 lesions generating a restenosis rate of
33%. According to thig criterium the restenotic lesion was also more severe than the
non-restenotic lesion pre-coronary balloon angioplasty, with a MLD of 0.94 vs. 1.05
and a %DS of 84% vs. 58% respectively. In agreement with the 0.72mm criterium, the
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Table 3 Lesion morphofogy of restenolic versus non-restenolic lesfons

Restenosls criterion > 50% DS fup >0.72 mm >0.40 mm

Absent Present P Absent Present P Absent Present P

# 547 # 231 # 650 # 128 # 523 # 255
Minimal Lumen Dlameter (mm)
pre-PTCA 1.06+0.37 0.81+0.38 0.007 1.04£0.37 0.89+0.43 0.001 1.05+0.37 0.84+0.40 0.007
post-PTCA 1.81x£0.37 1.7020.34 0.001 1.74+0.34 1.95+x0.42 0.001 1.72x0.34 1.89+£0.38 0.007
at fup 1.74£0.42 095047 0.001 1.65+0.45 0.81+£0.58 0.001 1.73+£0.44 1.05£0.53 0.007
P {pre-fup) 4.001 0.16 0.001 0.001 0.001 0.001
Vessel size
pre-PTCA 2.62:0.55 263+048 0.83 261+054 2.70+0.51 0.06 2.61+0.55 2683052 0.75
post-PTCA 2.68=0.51 2682048 0.92 2.68+0.50 2782049 002 2.66+0.51 271x048 022
at fup 2.69+0.57 272052 040 2.72+0.58 261055 0086 2.74+0.56 261053 0.007
p {pre-fup) 0.001 0.001 0.001 0.01 0.001 0.37
Diameter Stenosis (%)
DSpre 59+ 14 65+ 14 0.001 59+ 14 67+16 0.001 5913 64+ 15 0.001
DSpes 32+10 369 0.001 3410 30+ 11 0.001 3510 010 0.001
DSfup 35+10 65+15 0.001 39+£13 69+ 21 o.001 3B+12 58+20 0.001
p (pre-fup) 0.001 0.79 0.001 0.33 0.001 0.001
Gain 0.75x0.41 080043 0.15 0.70+0.38 1.06+£0.48 0.001 0.67£0.38 0.95+0.44 0.007
Rel Gain 0.30+0.15 031+£0.17 0.32 0.27+0.15 0.38+0.18 0.001 0.25+0.15 0.37x0.17 0.001
Loss 0.07+0.38 0.75+0.49 0.001 0.10+0.34 1.14+0.36 0.001 -0.01+0.29 0.84+0.40 0.001
Rel Loss 0.03+0.15 030020 0.001 0.04+0.14 0442017 0.001 0.00x0.11 0.33x0.17 Q.00




Fable 3 continued

Restenosls criterlon > 50% DS fup >0.72 mm >0.40 mm

Absent Present P Absent Present P Absent Present P

# b47 # 231 # 650 # 128 # 523 # 255
Lesion Lengih {mm)
pre-PTCA 6.0+2.2 6.2£2.4 0.30 6.1x2.2 6.1£2.2 .72 6122 6.0+23 0.59
post-PTCA 57+£22 58+£23 0.59 58122 5.8x2.2 0.85 59+ 22 56+2.3 0.09
at fup 6.1x2.4 B.6x2.2 0.01 6.1+24 6.8+x2.1 0.001 6.2 * 24 6.2+23 0.68
p (pre-fup) 0.68 0.03 0.55 0.002 0.26 0.22
Atherosclerotic plaque (mm’)
pre-PTCA 6.3+3.5 7.0+£40 0,02 6.4+3.7 7135 0.07 65+ 3.7 6.6+3.5 0.65
post-PTCA 4131 4.4x27 0.21 4,2+3.1 3.8+24 .15 44 + 31 36x25 0.01
at fup 46+3.1 7.7£3.6 0.01 51+34 7.4£3.4 0.001 51+ 3.4 6.3+3.4 0.001
P (pre-fup) 0.001 0.03 0.001 0.72 0.001 0.10
Symmelry index
pre-PTCA 0.3920.24 043+0.26 0.05 0.40+0.25 0.40+0.25 0.80 0.39 = 0.24 0.43£0.26 0.03
post-PTCA 0.35:0.22 0.39x024 0.03 0.36x0.22 0.38+0.24 0.23 0.34 £ 0.22 0.40£0.24 0.001
at fup 0.35£0.22 040023 0.01 0.35+0.22 043x0.24 0.07 035 + 0.1 0.40+0.24 0.003
p (pre-fup) 0.02 0.22 0.001 0.36 0.61 0.26
Curvature index
pre-PTCA 2011 19+10 0.39 20+ 11 2010 0.88 20+ 14 18+11 0.04
post-PTCA 18+ 12 18x12 0.68 18+ 12 18411 0.756 19 = 11 17£12 0.22
at fup 20+13 20+114 0.91 20+ 13 1912 0.41 21 £ 13 19+12 6.1
p (pre-fup} 0.25 0.08 0.30 0.76 0.76 0.17




Table 3 continued

Restenosis criterion > 50% DS fup >0.72mm >0.40 mm

Absent Present P Absent Present P Absent Present P

# 462 # 180 # 545 # 107 # 439 # 213
Balloon inflated vessel segment
pre-PTCA 2.26+0.61 2.16+0.67 0.086 2.23+0.59 2.22+0.78 0.88 2.24+0.60 221067 0.50
post-PTCA 2.47+0.44 2432045 0.35 2.43+0.42 2.59+0.48 0.001 2.44£0.44 2.50+0.44 0.08
at fup 2.49+0.49 209085 0.001 2.47+0.48 1.89+1.03 0.001 2,51+0.48 210x081 Q.001
p (pre-fup} 0.001 0.25 0.001 0.001 0.001 0.08
Meangain 0.21+0.45 0.28+0.57 0.11 0.20+£0.44 0.36+0.66 0.001 0.19+0.44 0.30x0.58 0.02
Meanloss -0.02+0.29 0.35+0.73  0.007 -0.04+0.27 0.70+0.82 0.007 -0.07£0.27 0.40+0.67 0.007
Roughness of balioon inflated vessel
pre-PTCA 0.18+0.05 0.i6+0.06 099 6.18+0.05 0.19+0.05 0.06 0.18+0.05 0.19:005 Q.19
post-PTCA 0.17+0.056 0.1620.05 0.15 0.17+0.05 0.17+0.05 0.98 0.17+£0.05 0.17£0.05 0.99
at fup 0.18+0.06 0.19x0.06 0.0 0.18+0.05 0.19+0.06 0.48 0.18+0.06 0.19+0.08 0.49
p (pre-fup) 0.08 0.03 0.88 0.20 0.87 0.73

“at fup" = 6 Months Foliow-up; Rel gain = relative gain; Rel loss = relative loss; pre-PTCA = before angloplasty; post-PTCA = after angioplasty.



post-coronary balloon angioplasty lumen is greater for restenotic than non-restenctic
lesions, in terms of minimal luminal diameter {1.89 vs. 1.72 mm, p<0.001) and %DS$
(30% vs. 35%, p<0.001). The gain in minimal luminal diameter is therefore significantly
greater (0.85mm vs. 0.67mm, p<0.001) for restenotic lesions and the relative gain is
also significantly greater for restenotic lesions {(0.37 vs. 0.26, p<.001). As with the
previous two criteria, the mean diameter of the segment dilated at follow-up is less and
the plaque area of restenotic lesions at follow up is significantly greater than for non-
restenotic lesions. The restenctic lesion is less eccentric (0.35 vs. 0.43, p<0.01) as this
was also observed by the 0.72 mm criterion. Lesion curvature and roughness do not
differ significantly between restenctic and non-restenctic lesions at any point of
comparison.

(i} Morphology of the "restenotic lesion” at 6 months foliow up compared with
its pre-coronary balicon angioplasty appearance (Table 3}

Intable 3 restenotic lesions, as separately identified by the three different ¢riteria, are
morphologically compared with their original appearance before coronary balloon
angioplasty. For most of the angiographic characteristics measured, there is no
agreement between the different criteria, indicating the total different group of lesions
that are selected by each criterion.

According to the "> 50% diameter stenosis criterium” the minimal lumen diameter and
the diameter stenosis of restenctic lesions is similar at follow-up than pre-coronary
balloon angioplasty (0.85 vs. 0.91mm and 65% vs. 85%), greater vessel size (2.72 vs.
2.83mm) reference diameter of restenotic lesions is greater at follow up than pre-
coronary balloon angioplasty (2.72 vs. 2.83mm, p<.001). in addition, restenctic lesions
being longer (6.6 vs. 8.2mm, p=.03), and having greater plaque area (7.7 vs, 7.0mmny,
n=_03) at follow up than pre-coronary balloon angioplasty.

Use of the ">0.72mm criterium” identifies the reference diarmster of restenotic lesions
as being smaller (2.81 vs. 2.70mm, p<.001), the lesion itself as being longer (6.8 vs.
B.1mm, p<.001} and the mean diameter of the segment dilated as being less (1.89 vs.
2.22mm, p<.C01) at follow up than pre-coronary ballcon angioplasty. No significant
difference is observed for lesion curvature and measured plague area between pre-
coronary balloen angioplasty and follow up.

identification of restenctic lesions by the ">0.40mm criterium” reveals no significant
difference between the caliber of the reference diameter, the lesion length, curvature
index and plaque arsa of the segment pre-coronary balloon angioplasty and at follow
up of restenotic lesions. The minimal lumen diameter is significantly less severe as is
also refiected in a lower % diameter stencsis. Trends towards a smaller mean diameter
of the segment dilated (2.10 vs. 2.21mm, p= 0.08) was observed.
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DISCUSSION
The process of luminal narrowing after coronary interventions - restenosis - has
clearly been shown by our group and others to a ubiquitous phenomenen occurring
to a greater or lesser degree in all lesions and therefore is an unimodally (Gaussian)
distributed phenomenon (32). The application of categoricai cut-off criteria artificially
divided lesions inte two groups - those which restencse and those which do not -. In
thig study, we examine the applicability of 3 different restenosis criteria to the process
of restenosis to address two frequent question in the search for some new insights to
this response to vessel wall injury.
1)Are there angiographic morphaicgical differences between lesions which progress
to restencsis following successful coronary balloon angioplasty and those which da
not 2.
2}Is there a change in angiographic morphology in either the "restenatic" or "non-
restenotic lesion” from its baseline appearance to follow-up 7.

The categorical approaches used for the definition of restenosis

Vital in answering these questions is the definition of restenosis which will be used
to determing which lesions fall into the category of "restenotic lesion”. The definition of
choice for restencsis has been the subject of much debate (8,10). Of the different
restenosis criteria proposed, the "S0% diameter stenosis at follow-up” is the most
frequently used to assess "clinical restenosis”, the rationale for which proclaims that
a measure of stenosis severity should reflect coronary flow reserve and thus convey
some functional and physiological meaning (33). However, this definition may exclude
lesions which undergo a considerable degree of neoinitmal thickening after an optimal
angioplasty result yet not cross the 50% diameter stenosis cut-off point, but include
patients with only a mild degree of neoinitmal thickening which is sufficient to create
a diameter stenosis >80% afler a suboptimal angioplasty result. Therefore the
application of this criterium, while being founded on scund physiological principles,
provides no information on the behavior of the lesicn since the coronary balicon
angioplasty procedure and described as a "static” restenosis criteria (28).

In the past we have found that a loss in minimal lumen diameter of >0.72 mm to be
a reliable indicator of angiographic progression of vessel narrowing (17,22,34). This
value takes into account the limitations of coronary angiographic measurerments with
the cardiovascular-angiography analysis system and represents a worse-case
scenario, without control of vasomation or repetition of mutitiple matched views in non-
difated coronary artery obstruction with an average vessel size of 3.7 mm, by taken
twice the long-term variability of repeat measurements.

As major criticism to the above 0.72 mm criterion arose in the literature, we have
measured the variability of quantitative analysis of minimal lumen diameter of a difated
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coronary obstruction 24 hours after balloon angioplasty (35,38). However, special
precautions were taken: 1) control of vasomotion with administration of 0.1 to 0.3 mg
nitroglycerin or isosorbide dinitrate 1 to 3 mg for each coronary artery involved before
and after angioplasty and at 24 hours, 2) repetition of multipie matched views (2.€), 3)
all patients were fully anticoagulated for 24 hours so that the influence of
thrombogenesis was effectively eliminated (average activated partial thromboplastin
time between 80 to 120 seconds) and 4) average vessel size of 2.6 mm, which reflects
the current population in recent muiticenter restenosis prevention trials (19,20). The
mean difference and the standard deviation of the minimal lumen diameater between
post-angioplasty and 24 hours was 0.00 > 0.20 mm. Therefore, if a change of >0.40
mm in minimal lumen diameter between the post-coronary balloon angioplasty and the
follow-up angiogram was observed, restenosis was deemed to have occurred .

Our group has previously reported that the use of different categorical criteria
identifies different lesions undergoing "restenosis” (14,34). The resuits of this study
confirm this finding as illustrated by “restenosis rates” of 30%, 16% and 33% generated
by application of ">50% diameter stenosis at follow up”, ">.72mmloss in minimal
luminal diameter during follow up” and ">0.40 mm loss in minimal lumen diameter
during follow-up" respectively and the conflicting results of morphological comparisens
between restenctic and non restenctic lesions and between the pre-coronary balloon
angioplasty and follow-up appearance of restenotic lesions.

Morphology of the "restenotic lesion" versus the "non-restenoctic” lesion:

The striking features of this comparison appear to be that lesions which progress
subsequently to restenosis tend to be more severe pre-coronary balloon angioplasty,
regardiess of which criterion is applied. However, use of "dynamic criteria”
demonstrate, furthermore, that lesions which “restenosed" were associated with a
farger tuminal gain and relative gain &t coronary balloon angioplasty and had a greater
post coronary balloon angioplasty minimal iuminal diameter (and smaller % diameter
stenosis) than those which dc not progress to restenosis, whereas, in contrast, lesions
which progressed to restenosis according to the ">50% diameter stenosis" criterion
had a lesser post-coronary balloon angicplasty result and there was no difference
between these lesions and those which did not progress to restenosis with respect to
the gain or relative gain achieved at coronary balloon angioplasty. These striking
discrepancies are not, in fact, all that surprising, since the "50% diameter stenosis”
criterium cannot, by its nature, convey any measure of the degree of luminal
renarrowing during follow up. Lesions which had a pest-coronary balloon angioplasty
diameter of less than but close to 50% (ie. technically successful coronary balloon
angioplasty but perhaps classifiable as a "sub-optimal" result} will cross the 50% cut-
off criterion for restenosis without necessarily undergeing very much lumingl

141



renarrowing {for example 40% DS post coronary ballcon angioplasty increasing to 55%
at follow up ) and, on the other hand, optimally dilated lesions may in fact undergo
considerable renarrowing but not actually cross the 50% cut-off point [ for example
10% DS post-coronary balloon angioplasty to 45% at foliow up), therefore application
of this criterion preselects the former type of lgsion and conveys no measure of the
degree of renarrowing and is therefore of questionable value in the context of
important scientific research and restencsis prevention studies. Conversely, the main
advantage of the other two criteria is that they do convey a measure of the extent of
luminai renarrowing during follow up and the findings demonstrated by the use of
these criteria in this study are very much in agreement with other recent reports by our
group that the luminat gain at corenary balloon angioplasty is the greatest predictor of
the subsequent occurrence of angiographic restenosis (28}, that the relative gaint is the
greatest single determinant of [uminal renarrowing (29), that the degree of luminal
renarrowing (relative loss ) is directly related to the degree of luminal gain at
intervention {relative gain) (30) and a report of Schwartz et al. that there is a direct
proportional relationship between arterial wall injury and intimal hyperplasia (24). Other
groups have reported corroboratory angicgraphic findings regarding inifial luminal gain
at intervention and late loss during follow up, in the context of newer revascularization
devices (37).

At follow up, as wouid be expected, restenctic lesions appear to be longer, have
more plaque area, and are less eccentric than non-restenctic lesions, features which
are in keeping with the hyperplastic response to wall injury and a process of luminal
renarrowing. An additional, perhaps unexpected finding is that the mean diameter of
ihe entire segment dilated (BIVS) is significantly less for restenotic lesions at follow up
than is the case for non-restenctic lesicns, whereas pre-coronary balloon angicplasty
there was no significant difference in this measurement between the twe groups of
lesions, regardless of which criterion is applied. Furthermore, whereas there is an
increase in this measurement from pre-coronary balloon angioplasty to post-coronary
balloon angioplasty to follow up for the non-restenctic group there is a significant
decrease for the restenotic group (except where restenosis is defined as 80%, but note
that even in this group there is a significant decrease from post-coronary balloon
angioplasty to follow up). Furthermore the reference diameter changes as defined by
the "0.72mm criterion” confirm a previcus reported by our group and cthers that the
reference diameter decrease during follow up (14,28,38,39,40). However, inthe present
study the observed differences in reference diameter between post-angioplasty and
follow-up are much smaller than in an previcus publication of our group. Perhaps the
standard administration of nitroglycerin or iscsorbide dinitrate before each part of the
procedure in the present study can partly explain this difference. it also concurs with
a more recent report of the finding of whole ariery restenosis in patients followed up
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after directional atherectomy (40). Collectively these results appear to indicate that the
presumably "normal” vessel wall adjacent to a dilated lesion becomes involved in the
restenosis process, as a consequence of the injury imparted during intervention, since
the inflated balloon is virtually always longer than the target lesion. The consistent
findings with regard to the mean diameter of the dilated segment seem positively
iiustrative of this phenomenon of injury/restenosis with considerable and extensive
renarrowing where there was substantial injury, greater luminal gain and relative gain
and gain in BIVS in the restenosis group, and of beneficial vessel remodelling following
mild but effective injury, less gain, refative gain and gain in BIVS in the non-restenotic
group, vet the post-coronary balloon angioplasty result is reasonably well maintained
to follow up (Table 3).

The use of percentage diameter stenosis measurements, relying on the arbitrary or
non-arbitrary selecticn of a reference segment for its calculation, in the light of this
information, cannot convey an estimate of the degree of iuminal obstruction which is
of sufficient accuracy for the purposes of important restenosis prevention studies. It
is not surprising then that application of the " >50% diameter stenosis” criterion fails to
identify lesions undergoing the greatest degree of luminal deterioration or loss/relative
loss during follow up, additionally fails to highlight the greater luminal gain and relative
gain achieved at ccronary balloon angioplasty in lesions which subsequently
developed restencsis and also the decrease in the mean diameter of the dilated
segment and the reference diameter of these lesions from pre-coronary balloon
angioplasty to follow up, as well as misleadingly demonstrating an actual increase in
reference diameter.

Lesion morpholegy of the "restenotic iesicn” compared with the original fesion

Irrespective of the criterion used, the "restenotic lesion” returns to iis initial severity
as reflected by the similar values of minimal lumen diameter and percent diameter
stenosis (table 3). Depended on the restenosis criterion used, the vessel size
decreases (>0.72 mm criterion), cioes not change (>0.40 mm criterion), or increases
(> B0% Diameter stenosis). These findings refiect the different approaches - as
explained earlier - to defining restenosis and the different groups of lesions selected
by each criterion. Post-mortem studies have demonstrated, fibrocellular proliferation
in vessel segments adjacent to target lesions presumably as a consequence of injury
imparted during the dilatation proces. The proliferation was limited to the segments
dilated whether or not they had been stenotic (38,39,40). [n this study, the "balloon
inflated vessel segment” seems to decrease, although individual large differences are
observed. The restenotic lesion tended to become longer and had more
atherosclerotic plagque, irrespective of the restenosis criterion used. Since in almost
all cases the inflated balloon is longer than the stenosis, it is likely that the injury to the
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vessel wall is not limited to the lesion itself and therefore the tissue will generate a
lesion which is longer and or compromises of more plague. Not surprisingly, the
symmetry index remains unchanged from baseline 1o follow-up for restenotic lesions
since the injury caused by balloon dilatation will be unequally distributed in ececentric
lesions with & consequently unequal tissue response.

In the present study, the roughness measurement are reported of the "balloon
inflated vessel segment” and not of the stenosis itself, as this analysis was not done
at the time of the study. Mancini et al. has previously shown, using a different
guantitative coronary system, that it is possible to distinguish between stable and
unstable patients using the roughness of the stencsis (15).

CONCLUSIONS

Two messages emerge from the study: 1) the restenosis process clearly involves the
apparent normal vessel wall adjacent to the actual lesion, probably in response to the
unavoidable infury caused by balloon dilatation, 2} the use of percentage diameter
stenosis measurements depending on the assumptions of normality for a reference
segment will therefore underestimates the true extent of the restenosis process and
should be replaced in clinical angiographic studies by absolute luminal measurements.
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Angioplasty Follows a Near Gaussian Distribution: A Quantitative
Angiographic Study in 1,445 Successfully Dilated Lesions
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To determine whether significant angfographic narrowing and
restenosis after suceessful coronary balloon angioplasty is a spe-
cific disease entity occurring in 2 subset of dilated lesions or

6-month follow-up study (1.50 = §.57 mm) 25 well a5 the percent
diameter stenosis 2t 6-menth follow-up study (44 = 19%) were
:assessed The change in minimal lemen dismeter from the post-

whether it is the tail end of 2 gaussian distributed ph

1.445 successfully dilated lesions were studied before and after
coronary angioplasty and at §-month follow-up study. The origi-
ral cohert consisted of 1,353 patients of whom 1,232 underwent
repeat angiography with quantitative analysis (follow-up rate
91.2%). Quantitative angiography was carried out of:line in a
central core laboratory with an automated edpe detection tech-
nique. Analyses were performed by analysts not involved with
patient care.

Distributions of minimal lumen diameter before angioplasty
(1.03 = 0.37 mm), after angioplasty {1.78 = 0.36 mmm) and at

giogram to the follow-up angiogram was also deter-
mmed (- 0.8 * 0.52 mm). Seventy lesions progressed toward
total occhusion at follow-up. Al observed distributions approxi-
mately followed 2 normal or gaussian distribution.

Therefore, restenosis can be viewed as the tail end of an
approximately gaussian distributed phenomenon, with some fe-
sions crossing 2 more or less arbitrary cutoff point, rather than as
a separate discase entity occurring in some lesions but net in
others.

f Am Coll Cardiol 1992:19:939—45)

For more than a decade, investigators in the field of coronary
balloor angioplasty have assumed a gaussian distribution of
continuoys (quantitative) angiographic variables used to
describe the severity of the coronary lesion before and after
angioplasty and at follow-up angiography, Therefore, they
used parametric stalistical tests for comparisons in their
studies {1-7). In a recent study (&) it was reported that the
percent diameter stenosis at follow-up angiography after
coronary angioplasty follows a bimodal distribution. This
finding seems to support the clinical observation that the
resienosis process is @ yes OF no event peeurnng in some
patients or lesions but not in others.

In this study we assessed the distributions of angio-
graphic variables of lesion severity before and after angio-
plasty and at 6-month follow-up study in a large group of
patients. Quantitative analysis was performed off-line in a
central core laboratory with an objective, off-line. automated

From the Thoraxcenter, Erasmus University, Rotterdam. The Nether-
lands.
Manuscript received June 12, 1981: revised manuscript received October
15, 1991, acccptcd Oc[obcr..3 1991.
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Laboratory Thomcemcr Erasmus University, P.O. Box 1738, 3000 DR
Rotterdam, The Netherlands.

@1992 by the Americun College of Cardiology

cdge detection technigue {(9) by analysts not irvolved in the
treatment of the patients.

Methods

Study patients. The original study cohort comprised
1,427 patients in whom primary coronary balloon angic-
plasty was attempted between December 1987 and June 1990
and who agreed to undergo a follow-up angiogram at 6
months. All patients signed informed consent and the study
protocol was approved by the Institutional Review Board.

The procedure was successful in 1,353 patients (primary
success rate 94.8%). defined as <50% restdual stenosis of at
least one lesion by visual inispection of the postangioplasty
angiogram and no occurrence of in-hospital complications
(death, acute myocardial infarction. coronary artery bypass
grafting, repeat angioplasty or symptom recurrence). Pa-
tients with stable as well as unstable (10) angina were
included. Patients with evolving myocardial infarction were
excluded. In two cases the angioplasty angicgram could not
be analyzed because of technical deficiencies. A total of
1,232 patients (91.2%) had a follow-up angiogram suitable for
quantitative angiography and these form the study group.
Reasons for not completing the study were late death (n =
8). contraindication for repeat catheterization (n = 24) and

0735 109795500
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refusal (n = 76): 11 follow-up angiograms were unsuitable for
quantitative analysis.

Angioplasty procedure and follow-up angiography. Coro-
nary angioplasty was performed with a steerable, movable
guide wire system by the femoral route. Standard available
balloon catheters were used. The choice of bailoon type and
brand as well as inflation duration and inflation pressure was
left to the discretion of the angioplasty operator. At the
beginning of the angioplasty procedure all patients received
10,000 IU of intravenous heparin for the 1st 2 h, followed by
5.000 IUM for as long as the procedure continued. All
patients received 10 mg of nifedipine every 2 h for the 1st
12 h after angioplasty. Thereafier they received 20 mg of
slow release nifedipine tablets three times during the 2nd day
after angioplasty.

Three coronary angiograms were obtained in cach pa-
tient, one just before and one immediately after angioplasty
and one at follow-up. The angiograms were recorded in such
3 way that they were suitable for quantitative analysis by the
cormputer-assisted Coronary Angiography Analysis System
{CAAS). For calibration purposes the catheter tips were cut
off for later measurement with a microcaliper.

To standardize the method of data acquisition and to
ensure exact reproducibility of the angiographic studies.
measures were taken as described previously (3.11.12). All
angiograms were processed and analyzed in a central core
{aboratory.

The follow-up coronary angiogram was performed at the
6-month foliow-up study, If symptoms recurred within 6
months, coronary angiography was carried out earlier. If no
definite restenosis was present and the follow-up time was
<4 months, the patiens was asked to undergo another
coronary arteriogram at 6 menths.

Quantitative angiography. All cineangiograms were ana-
lyzed with the computer-assisted CAAS technique. which
has been described and validated earlier (9.13). In summary:
any area of size 6.9 X 6.9 me (512 % 312 pixels) in a selected
cineframe (gverall dimensions [8 x 24 mm) encompassing
the desired arterial segment is digitized with a high resolu-
tion CCD camera. Vessei contours are determined automat-
ically on the basis of the weighted sum of first and second
derivative functions applied to the digitized brightness infor-
mation along scanlines perpendicular to the local centerline
directions of an arterial segment. A computer-derived recon-
struction of the original arterial dimension at the site of
obstruction (assuming no disease is present) is used to define
the interpolated reference diameter. The absolute values of
the diameter of the stenosis and the reference diameter are
measured by the computer using the known contrast cathe-
ter diameter as a scaling device. The length of the obstruc-
tion is determined from the diameter function on the basis of
curvature analysis and expressed in miflimeters. All contour
positions of the catheter and the arterial segment are cor-
rected for pincushion distortion introduced by the image
intensifiers. Because the algorithm is not able 1¢ measure
total occlusions. a value of 0 mm was substituted for the

JIACC Vol. 19, No. &
April 1992:939-45

Tabie 1. Bascline Patient (n = 1.232) and Lesion
(n = 1,445) Characteristics

Mule gender 1.002 (8152)
Age (vears) 629
Time 1o follow-up angiegraphy (days} 165 = 31
Diluted artery
LAD 681
LCx 5
RCA 412
Extent of coronary artery disease
1-Vessel 755 (61,351
2Vessel 399 (32.4%)
TVessel 78 (6.3%)

Extent of coronary artery disease was visaally assessed; >30% diameter
stenosis was considered significant. LAD = left anterior descending corcnary
artery; LCx = left circumflex artery: RCA = right coronary artery.

minimal lumen diameter and a value of 100% for the percent
diametzr stenosis and percent area stenosis. In these cases
the postangioplasty reference diameter was substituted for
the reference diameter before angioplasty or at follow-up
angiography. The mean change in minimal Jumen diameter
after angioplasty 1o follow-up angiography and before angio-
plasty to after angioplasty was derived from matched angio-
graphic projections. The percent area stenesis was calcu-
lated by using the measured minimal lumen diameter and
interpolated reference diameter assuming a circular cross
section at the stenosis site.

Results

Baseline characteristics. Table 1 summarizes the baseline
characteristics of the 1,232 patients with quantitative angio-
graphic follow-up. These patients had 1.445 lesions success-
fully dilated (1.17 lesions/patient). Seventy-eight totally oc-
cluded lesions were successfully dilated, At follow-up, 70
lesions had progressed to total occlusion. Four hundred
nincty-one patients (39.9%) had a history of myocardial
infarction.

Quantitative angiographic findings and distributions (Table
2). The reference diameter was not significantly different
before and after angioplasty and at follow-up, suggesting that
vasomotion was accurately controlled during the three
angiographic studies. Distribution plots of the minimal lu-
men diameter data are given in Figure 1, A to C. The
distribution of the change in minjimal lumen diameter from
the postangioplasty angiogram to the follow-up angiogram
(loss in minimal lumen diameter) is depicted as well (Fig.
1D). A positive change correspends to a decrease in minimal
lumen diameter. If the restenosis criterion of =0.72 mm loss
in Jumen diameter is applied (3). 244 lesions (16.9%) had
restenosis at the follow-up study. All distributions are more
or less bell-shaped and follow the theoretic normal or
gaussian distribution given the mean and SD values of the
minimal ltmen diameters if the totally occluded lesions are
not taken into aecount (curve superimposed on the distribu-
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Tahte 2. Quaniitative Aagiographic Data of 1.445 Lesions

Minimal lumen diameter (mm}

Before angioplasty 1.03 = 037

After angioplasty 1.78 = .36

Follow-up 1.5¢ = 0.57
Reference diameter {mm}

Before angioplasty 263 £ 0.5

After angioplasty 269 = (.52

Follow-up 270 = .56
Change in minimal lumen diameter {mm)

From before angioplasty to after angloplasty 0.75 = .41

From after angioplasty to follow-up angiography =028 = 0.52
Drameter stenosis (%)

Before angioplosty 60.5 *+ 136

After angioplasty BEEIR

Follow-up angiography M2 =187

Values arc mean values = ;8D

tions). The distribution of the loss in minimal lumen diame-
ter, excluding lesions that were totally occluded at follow-up
(bars, Fig. 1D). is almost identical to the distribution irclud-
ing totally occluded lesions at follow-up (asterisks, Fig. 1D)
with the latter lesions showing a greater loss in minimal
lumen diameter. This finding suggests that lesions progress-
ing to total ocelusion are not necessarily lesions with a poor
or marginal angioplasty result and that a different mechanism
of lumen narrowing may alsc be involved. Figure 2 shows

No of leslons
120
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this more clearly. kn this normal probability plot of change in
minima} lumen diameter. slashes denote the expected gavs-
sian distribution based on the rank of the observations and
the squares denote the actual observed values. It appears
that if the lesions that progress to total occlusion are
excluded, the observed values closely follow the expected
gaussian distribution.

The distribution of percent diameter stenosis at follow-up
was found to be unimodal and almost symmetric and bell-
shaped if lesions that progressed toward total occlusion were
disregarded (Fig. 3). Disregarding these total occlusions. the
mean percent diamezer stenosis at follow-up was 41.3 =
16.1%. The 60.5% mean diameter sienosis before angio-
plasty marks 1.2 SD 10 the right on the bell-shaped curve,
and thus the area under the curve located to the right of the

Figure I. Histograms of minimal lumen diameter (MLD) measure-
ments of I.445 lesjons before {A) and after (B) angioplasty and at
&-month follow-up angiography (C). The curves superimposed oo the
histograms represent the theoretic gaussian distribution curves
given the mean values and SD of the study group, excluding total
occlusions. D, Histogram of change in minimal lumen diameter from
the postangioplasty angiogram o the follow-up angiogram. The
asterisks denote the distribution of the change in minimal lamen
diameter. including those lesions that had progressed toward total
occlusion. A positive change denotes a loss in minima! lumen
dizmeter, The long-term variability cutofl points are shown in the
histogram (see text for explanation).
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Figure 2. Normal probability plot of the change in minimal lumen
diameter {MLD} from the pestangioplasty anglogram to the
foljow-up angiogram, excluding lesions thet had progressed toward
total occlusion. The siashes depict the theoretic gavssian distribu-
tien: the squares are the values acrually observed. A chanpge >0
corresponds 1o 2 loss in minimal tumen diameter.

60.5% limit comprises 11.5% of all observations. Together
with the 4.8% of lesions that were totally occluded at
follow-up. 16,3% of all lesions demonstrate restenosis to at
least the same severity as the mean stenosis severity before
angioplasty. If the >350% diameter stenosis at follow-up
criterion is applied, 444 lesions {30.7%) were restenosed.

Values of quantitative angiographic measurements (Fig. 4).
It is apparent that a diameter stenosis of >75% was very
rarely encountered. In fact. 90% of all lesions had a diameter
stenosis of <74% (thir curve in Fig. 4). The corresponding
calculated percent area stenosis is represented by the thick
curve in Figure 4. Ninety percent of all lesions had an area
reduction of <93%.

Repression in lesion severity at follow-up angiography.
Among the 1,445 lesions analyzed, 429 (29.6%) showed an
increase in minimal lumen diameter at follow-up angiogra-
phy (change <0 mm. Fig. 1D). The long-term variability of
minimal lumen diameter measurements (that is, 1 SD of the
difference of the means of two measurements of the same
lesion at different catheterizations, 90 days apart) was earlier
found to be 0.36 mm (9). The mean difference in minimal
lumen diameter in that same period was found 1o be 0 mm
(9). This implies that no detectable progression or regression
occurred over the 90-day period. Therefore. the long-term
variability reflects the long-term random variation in lesion
measurements from coronary anggograms made at different
catheterization sessions using the CAAS technique. The use

JACC Yol. 19, No. 5
April 1992:939-45
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Figure 3. Histogram of percent diameter stenosis at follow-up
angiography of 1.4435 lesions. The curve superimposed on the
histogram represents the theoretic gaussian distribution curves,
given the mean values and SD of the study group. excluding total
occlusions. Mean percent diameter stenosis excluding total occlu-
sions is 41.3 = 14.5%. Also shown is the mean 60.5% dizmeter
stenosis befors angioplasty. This limit marks 1.2 3D to the right of
the 41.3% value, indicating that 11.5% of the observations under the
curve are logated 1o the right of the 60.55% limit. If the 4.8% of totally
occluded lesions is added. 16.3% of all lesions demonstrate reste-
nesis to &l least the same severity as the mean stenosis severity
before angioplasty.

of 1 5D would include 68.3% of the variability. whereas the
use of 2 8D (2 x 0.36 = 0.72 mm) includes 95.5% of the
variability. Therefore, an increase of more than twice the
long-term measurement variability (=0.72 mm) can be con-
sidered significant and indicative of regression. If this defi-
nition is applied. only 16 lesions showed a definite increase
in lumen diameter (1.19%) over the 6-month follow-up period
(Fig. 1D).

Discussion

There is increasing evidence that reactive intimal hyper-
plasia is the underlying causc of lumen narrowing after
successful balloon angioplasty. Postmortem studies and
atherectomy specimens have revezled that medial smooth
muscle cell migration and proliferation with the production
of abundant extracellular matrix probably are the key factors
in the lumen narrowing process after angioplasty (14-16).
Like most physical and biclogic phenomena. this angio-
graphically observed natural “*healing™” process was found to
have an approximately gaussian distribution.

Method of quantitative angiography and distribution of
variables of lesion severity. In clinical medicine. continu-
ously distributed variables of discase severity pose a prob-
lem because the decision when or how 1o intervene has to be
based on a more or less arbitrary cutoff point. For coronary
stenosis severity. the 50% diameter stenosis value has
emerged as a cutoff point. because it represents the approx-
imate value in animals with normal coronary arteries at
which a blunting of the coronary flow reserve occurs (17). In
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a recent study {8), it was reported that the percent diameter
stenosis of lesions 4 months to 1 year after baileon angio-
plasty followed a bimodal distribution with the nadir be-
tween the two peaks at 50% diameter stenosis. This obser-
vation suggests that after balloon angioplasty, two types of
lesion behavior can occur: a restenosing and a nonrestenos-
ing reaction. If two different patient groups are present from
the start, then it must be possible before angioplasty to
isolate the patients who will develop restenosis: however,
the prediction of restenosis with both invasive and noninva-
sive 100ls is not very effective at best (18.19). This finding
alsg has far-reaching consequences for the statistical analy-
sis of angiographic restenosis data. The use of parametric
statistical tests (£ test. analysis of variance, for example) may
no longer be appropriate.

In our study patients the distribution of percent diameter
stenosts was not bimodal but unimodal and almost symmet-
ric and bell-shaped (Fig. 3}. This difference from the findings
of King et al. (8) might be explaiced by the fact that
quantitative angiography in their study (8) was carried out
on-line in the catheterization laboratory with 2 nonauto-
mated analysis technique and before ciinical decision-
making was performed. In that setting (8), a percent diame-
ter stenosis of approximately 50% is unwanted, because it
does not add information to the decision-making process.
Therefore. a bias away from the 50% value is likely to oceur,
This type of bias was proposed by King ¢t al. (8) at the 40th
Annual Scientific Session of the American College of Cardi-
ology as an explanation for the bimedal distribution found in
their series. In the present study. quantitative angiography
was carried out off-line in a central core laboratory using an
objective automated quantitative analysis technique with
minimal interference of the analysts who were not involved
in clinical decision-making. We therefore believe that the
present values have been less biased.

Values of quantitative angiographic measurements. The
{eptokurtic distribution of the minimal lumen diameter be-
fore angioplasty with a higher peak than expected (Fig. 1A)

can be explained by lesion selection. Values of approxi-
mately 1 mm correspond with diameter stenosis values in the
range of 60% to 70%. These are generally the type of lesions
selected for coronary balloon angoplasty.

Minizmal Jumen diameters <0.5 mm were not encoun-
tered. Figure 5 shows the theoretic pressure decrease over a
stenasis with a leagth of 6.5 mm {mean stenosis length in this
study) and an interpolated reference diameter of 2.6 mm
(mean value in this study) at assumed flows ranging from
1 ml's (rest) to 5 ml/s (maximal hyperemic flow). Pressure
decreases were calculated using the fuid dynamic equation
derived by Gould (20) and Kirkeeide et al. (21}, Lumen
diameters <0.5 mm are unrealistic from a fluid dynamics
point of view, because the pressure gradient over the steno-
sis necessary to maintain rest flow wili be far beyond the
physiologic range (Fig. 5). Lesions that approach this sever-
ity wili therefore show a severcly reduced flow, become
unstable and will eventually thrombose and occlude. For the
same reason diameter stenosis measurements >75% are
very rarcly encountered. Only 10% of all lesions had a
percent diameter reduction before angioplasty >74% (Fig.
4). The highest percent diameter stenosis value before an-
gioplasty encountered in this study (excluding total occlu-
sions) was 86%. However, at first glance these low values of
quantitatively measured diameter stenosis correspond with
percent area reduction values >93% (Fig. 4). Therefore.
visual stenosis severity scoring systems that allow classifi-
cation of >90% diameter reduction do not reflect the actual
lesion severity and will describe lesions that are physiolog-
ically impossible. Furthermore. for accurate interpretation
of studies using quantitative coronary angiography this dis-
crepancy should be kept in mind.

Lesion progression toward total occlusion, From Figure
ID ané Figure 2 it can be inferred not oaly that lesion
progression toward total occlusion invelves the near nor-
mally distributed lumen narrowing process. but that part of
the narrowing in lesions progressing toward total occlusion
must be attributed to a different process. Because lesions
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Figure 5. Theoretic pressure decrezses calculated with
the fluid dynamics equation derived by Gould {20) and
Kirkegide et al. (21} at assured flows of 1. 2. 3. 4 and
5 ml/s, respectively. Reference diameter was assumed 10
be 2.6 mm and lesion length 6.5 mm.

Minimal Luminal Diameter (mm)

with & minimal {umen diameter <(0.5 mm are impossible
because of the unphysiologic high pressure decreases aec-
essary 1o maintain blood flow (Fig. 5). it is likely that the last
step in lesion progression toward total occlusion is due to
thrombosis, Delivery and activation of platelets is dependent
on shear rate, which is a measure of the difference in blood
velocity between the cenzer and the periphery of the vessel.
A tightening stenosis causes progressively higher shear rates
to occur. which favors platelet activation and depositior
(22.23). Animal experiments by Folts et al. (24) showed that
platelet aggregation spontaneously occurs in partially ob-
structed coropary arteries. Another explanation might be
that a “‘silent™ thrombotic occlusion occurs early after
angiographically successful angioplasty. In the absence of an
important coilateral circulation. one would expect a high
incidence of myocardial infarction in patients with a total
occlusion at follow-up angiography. Sixteen of the 70 totally
occluded arteries at follow-up were also totally occluded
before angioplasty and collateral flow was present before
angioplasty. Of the 54 artedies patent before angioplasty.
only 4 were related to an infarct during follow-up study
{enzyme elevation 10 twice normal or presence of new Q
waves, or both), Visible collateral circuiation before angio-
plasty was present in 8 of these 5 lesions (Table 3). A slowly
progressing lesion. on the other hand., could allow a gradual
build-up of collateral circulation, enabling a total occlusion

Tabie 3. Tota? Occlusions at Follow-Up Angiography (n = 70)

No. of lesions totally occluded before angioplasty 16 (23%%)
Presence of collateral circulation before angioplasty in Bof 54
the ubsence of total occlusion (14.8%)
Myocardiad infarction during follow-up S{7%)
Minimal lumen dizmeter {mm)
Before angioplasty 0.73 = 0.43*
After angioplasty 1.62 = 036"

*Mean values = 1 3D.

10 develop later after angjoplasty without myocardial necro-
sis.

Lesion regression. A definite increase in minimal lumen
diameter (regression) was observed in 16 patients only
(1.1%%) (Fig. 1D). This finding is in concordance with earlier
reported data (3). True angiographic regression in the first
months after angioplasty thus appears to be rare. However.
Rosing et al. (25) described regression of the dilated lesion in
46 patients 3 years after successful angioplasty when values
were compared with those of the 6-month acgiogram. This
finding can be attributed to 2 late resorption of the extracel-
lular matrix in the neointima (15).

Conclusions. The process of lumen narrowing after cor-
onary balloon angioplasty is approximately normalty distrib-
uted, with few lesions showing regression, most showing no
change and a considerable number showing progression.
Restenosis can thus be viewed as the tail end of a near
gaussian distribution, with some lesions crossing a more or
less arbitrary angiographic cutoff point, rather than as a
separate discase entity that occurs in some lesions but not in
others. For comparison of the angiographic efficacy of
pharmacologic 2gents and new interventional devices, we
therefore recommend the use of changes in minimal lumen
diameter rather than the rate of restenosis as the end-point.

We thunk Juap Pameijer for technical and logistic support.
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Conflicting data have been published regarding
the rate of postangioplasty restenosis observed in
diverse segments of the coronary tree. However,
these studies may be criticized for their biased se-
lection of patients, metheds of analysis, and defi-
nitions of restenosis. In the present study, £,353
patients underwent a successful coronary ditata-
tion of =1 site. In all, £,234 patients (91%) had a
follow-up angiogram afier & months, or carlier
wihen indicated by symptoms. All films were pro-
cessed and analyzed at the thoraxcenter core iak-
oraflory with the coreonary angiography analysis
system (automated contour delection). Restenosis
was considered present if the diameter stenosis at
follow-up was >50%. No differences in restenosis
rates were observed between coropary segments
using this categorical definition. A continuous ap-
proach was alse used; absolute changes in mini-
mal leminal diameter adjusted for vessel size were
used in order to allow comparison between vessels
of different sizes (relative loss). No significant dif-
ferences were observed between the corenary seg-
ments with this continuous appreach. These re-
sults sugrest that restemosis is a ubiguitous phe-
nomenon without any predifection for a particular
site in the coronary free.

(Am J Cardiol 1992;69:194-200)
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ver since the introduction of percutancous transhu-

minal coronary angioplasty {(PTCA}! as an alter-

mative to coronary artery bypass grafting, this
means of treatment has been plagued by the problem of
restenosis, which has become an important field of in-
vestigation in interventional cardiology. During the last
14 years clinicians have searched extensively for facters
increasing the risk of restenosis, and many patient-le-
sion-procedure-related factors have been put forward.™?
However, the cause and effect relation of these factors
can be questioned. because these carly studies were,
in general, retrospective analyses with relatively small
numbers of patients. In addition, these studies were
fraught with methodologic problems; angiographic fol-
low-up was incomplete, incidence of restencsis was in-
fluenced by the recurrence of symptoms, and time for
restudy was not predetermined. Furthermore, the defi-
nition of restenosis varied between the different studies,
and presence or absence of restenosis was assessed visu-
ally, 2 method known 10 be limited by inter- and in-
traobserver variability.®* One risk factor for restenosis
that led to controversy is the site of dilatation, with
some studies finding a higher incidence of restenosis in
the proximal left anterior descending coronary artery
(LAD) as compared with the right or left circumflex
coronary artery (LC) (Table 1).5'? Recently. 2 muiti-
center restenosis prevention trials enrofled >1,400 pa-
tients who were analyzed at the same angiographic core
laboratory. In 91% of these patients, follow-up angiog-
raphy was performed, and the same quantitative coro-
nary angiographic method of analysis was used.>* The
present study investigates whether the previously report-
ed differences in restenosis rates in the 3 major coro-
nary arteries could be confirmed in this large study
group.

METHODS

The study population consisted of 1442 patients
with significant primary stenoses in native coronary
arteries who were prospectively enrolled in 2 restenosis
trials in Europe. Because no anglographic or clinical
benefit of the 2 tested compounds could be demon-
strated, the control and active treatment groups were
pooled for the present study. PTCAs and follow-up
films of all patients with successful dilations were ana-
lyzed at the thoraxcenter core laboratory. Informed
consent was obtained in all cases before the PTCA pro-
cedure, and alt patients were asked to return to the hos-
pital for follow-up angiography. Patients with stable
and unstable angina pectoris. and those with totally oc-
cluded vessel segments were included in the study. Pa-
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TABLE § Summary of Restenosis Studies Demonstrating Conflicting Resuits as to the Site of Dilatation as a Risk Factor for Restenosis
Ango Fup Restenosis
Study Year Patients %, Definltion of Restengsls (%, Caronary Artery Statistical Analysis
Hotmes® 1984 665 a4 NHELBI =1V 336 No ditference Multhvariate
Kaltenbach? = 1985 356 94 DS Fup <20% DS pre 12 No difference Univarlate
Decrease = 50% of gan 18
T DS =30% 17
Matabt 1985 63 a5 1 0S >30% 23 LAD or LC > nght Multivarate
or D% > 70%
Disciasclo®t 1986 191 211 Dectease = 50% of gamn 58 1-vD Na difference Unlvarlate
422D
Lelmgruberl® 1986 1,758 57 >50%05% 20.2 LAD > right >LC Multrvanate
Mylerllt 1987 286 57 >50% D% 41 No differance Multhvariate
vail? 1987 181 98 * =30%DS 28 Na difference Multvanate
Vandormael 13} 1587 209 52 >50% D8 82 {Symp) LAD >rnghtor LG Multvanate
30 {No Symp) Prox > Dlist
Black!%§ 1988 384 29 >50% DS 31 Ne difference Multvaziate
de Feyter? 9| 1988 179 &8 >50% DS 3z LAD >rightor LG Multwanate
Fleck!6™ 1988 110 86 AMLCA > 1 mm? (QCA) 58 N difference Multwaznate
Quigley?$ 1989 114 88 >50% DS 3z No diffetence Multwanate
Renkini® 1990 278 a7 >50% DS — No difference Multivariate
Rupprechti® 1980 E76 70 >50% DS ar 29.2 No difference Multvariate
decrease > 50% of galn
Prasent study 1991 1,353 91 >50% DS 31 No diffrence Univariate
Relative loss 0.11 =0.21 Analysis of varlance
'Exc:u'ded tatal occlustons T multvessel dilatation; $multiesion dilatation; §tor restenosls; |unstable angina; Treview of patlents with chincal racurrence; ~*angiogradhy = oxercise
mﬂ!;{g Eﬁ‘gty‘g.pgrbanenm with angiographic follow-Up; Dist = distal; DS = dlameter stenosls; LAD = feft anterior descending: L6 = el elrcumnflex; AMLCA = change In minimal
lyminal cross-sectlonzl area; NMLB| = Matlonal Heart, Lung, and Blood Institute; pre = before; Prox = proximat; GCA = quantitative coronary anglorraphlc metnod of analyss, RCA =
right coronary artery; Symp « symptorms: V0 = vessel disease.

tients with developing myocardial infarctions and signif-
icant left main disease were excluded from the study.
PTCA was successful if the final diameter stenosis
was <50% on visual inspection of the angiogram after
PTCA. PTCA was considered complete when the guid-
ing catheter was removed from the groin, When recur-
rence of chest pain during the bospital stay led to coro-
nary reintervention, the film before reintervention was
used as the foliow-up angiogram., If a follow-up angio-
gram was obtained before 3 months and if no definite
restencsis had occurred, the patient was asked to under-
go another coronary angiogram at 6 months.

Figure 1 describes the flow chart of all 1,442 ran-
domized patients. Of the 1.353 patients with successful
PTCA. 1.234 patients had a follow-up angiogram after
6 months, or carlier when indicated for symptoms.

Percutaneous transiuminal coromary angioplasty
procedurs and anglographic analysis: At the beginning
of the procedure, all patients received a bolus of intrave-
nous heparin (10,000 [U). After 2 hours, an additional
infusion of heparin (5,000 IU/hour) was administered
until the end of the procedure. Use of a calcium antago-
nist for 48 hours was permitted. Choice of balicon type,
inflation duration and pressure was left to the discretion
of the operator.

Three anglograms were obtained of each patient (1
immediately before and 1 immediately after PTCA,
and 1 at follow-up). The angiograms were recorded in
such a way that they were suitable for quantitative
analysis by the cororary angiography analysis system.
An example of an analysis is shown in Figure 2. To
standardize the method of data acquisition and to en-
sure exact reproducibility of angiograms after PTCA

and at follow-up, measures were taken as described pre-
viously 5%

All cineangiograms were quantitatively analyzed us-
ing the coronary angiography analysis system that has
been validated and described in detail previously.>2
The absolute values of the stenosis diameter as well as
the reference diameter are measured by computer using
the known contrast-cmpty catheter diameter as a scal-

’—RANDOMIZED
| 1442 PATIENTS FAILED PTCA
“NOGER ; 74 PATIENTS
FOSSIBLE -] —
L PATIENTS NG PTCA
 PATIENT: PERFORMED
SUCCESSFUL PTCA| _ 8 PATIENTS
1353 PATIENTS
T oEATH
—= . 8 PATIENTS
REFUSAL ‘ — . 2 PALIERTS
L 76 PATIENTS T CONTRA
—tioGe— mmcmomj
gt — 24 PATIENTS
11 PATIENTS N
WITH Fup ANGIO |
. 1234 PATIENTS

FIGURE 1. Flow chart of 2,442 randomized patients. In 74

or y dopl P dure was ad, in 13, per-
cutameons translumingl coronary angioplasty (PTCA) was not
performed, and in 2, guantitative analysis (QCA) was not pos-
sible, Anglographic follow-up (Fup ANGIO) was obtained in
3,234 patients (91%) after sfial y angioplasty in
1383
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ing device. For that purpose, the catheter tips were re-
tained for accurate measurement with 2 micrometer. To
achieve maximal vasodilation, either nitroglycerin (0.1
to 0.3 mg) or iscsorbide dinitrate (1 to 3 mg) was ad-
ministered for each coronary artery invaived before and
after PTCA, and at follow-up angiography. All contour
positions of the catheter and the arterial segment were
corrected for pincushion distortion introguced by the
image intensifiers. Because the algorithm is not able to
measure total occlusions and lesions with Thrombolysis
in Myocardial Infarction-! perfusion, a value of 0 mm
was substituted for the minimal luminal diameter and
100% for the percent diameter stenosis. In these cases,
the reference diameter after PTCA was substituted for
the refercnce diameter before PTCA or at follow-up.
For cach dilated segment, the minimal luminal diame-
ter and diameter stenosis before and after PTCA, and

at follow-up were taken as the mean value from multi-
ple matched projections.’

Befinition of coronary segments: Austen et al®! di-
vided the coronary tree in 15 different segments (Figure
3). Because dilatation of the disial vessel segments did
not occur frequently, it was decided to regroup these
distal segments. The right coronary artery was divided
in 4 segments; segment 1 corresponded with the proxi-
mal, segment 2 with the middle. and segments 3 and 4
were taken together as the distal right coronary artery.
The LAD was divided in 5 segments: segment 6 corre-
sponded with the proximal LAD, segment 7 with the
middle LAD, and segments 8, ¢ and 10 were taken to-
gether as the distal LAD. The LC was divided in 5 seg-
ments; segment 11 corresponded with the proximal LC,
segments 13 and 15 were taken together as the middle
LC, and segments 12 and 14 were taken togcthcr as the
distal LC.

Definition of restenosis: CATEGORICAL APPROACH:
Many criteria have been proposed by the National
Heart, Lung, and Blood Institute to assess restenosis.
The most frequently used criterion by clinicians is that
restenosis is present when the diameter stenosis is >50%
at follow-up angiography.® This definition was used for
our data.

CONTINUOUS APPROACH: In addition to this arbitrary
categorical approach for restenosis, we wanted to use
absolute changes in minimal luminal diameter adfusied
for vessel size, which allows for comparison between
vessels of different sizes and is a reflection of how the
lesion behaves during and after PTCA.

Relative gain depicts the increase in minimal lumi-
nal diameter normalized for the reference diameter dur-
ing PTCA {minimal luminal diameter [before PTCA —
after PTCA] /reference diameter before PTCA). Rela-
tive loss depicts the decrease in minimal luminal diame-
ter normalized for the reference diameter (minimal lu-

follow-up (£). Arterial b
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minal diameter [after PTCA — at follow-up) /reference
diameter before PTCA) {Figure 4).

Data analysis: Data were analyzed using the bio-
medical-designed program statistical software package
{(University of California Press, Berkeley, California.
1990). A chi-square test was used to assess differences
in categorical variables. A [-way analysis of variance
was used to assess differences in continuous variables
among the 3 major coronary arteries and the 9 different
segments of the coronary tree. A p value <0.05 was
considered indicative of a significant difference.

RESULTS

The mean time to follow-up angiography was 165 £
42 days. In 1,234 patients, 1,452 lesions were success-
fully dilated (1.2 lesions/patient). In 74 patients, a 1o-
tally occluded vessel segment was dilated. In 1,137 pa-
tients, 1-vessel dilatation was performed, 93 had 2-ves-
sel dilatation. and 4 had all 3 vessels dilated. The
majority of stenoses were located in the LAD (684 le-
sions) compared with 414 lesions in the right coronary
artery and 354 in the LC.

RESTENOSIS PER VESSEL SEGMENT (N-1452)
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Table I1 lists the results of the quantitative measure-
ments of the 1,452 lesions. The largest vessel was the
right coronary artery, with an average reference diame-
ter of 2.86 + 0.55 mm. The LAD and LC had similar
sizes; the average reference diameters were 2.54 & 0.53
mm for the EAD, and 2.55 & 0.50 mm for the LC {p
<0.001). In addition, the average increases in minimal
Iuminal diameter were 0.82 £ (.37 mm in the right cor-
onary artery, 0.71 % 0.36 mm in the LAD, and 0,72 +
0.35 mm in the LC. If these values were “normalized
for the reference diameter™ (relative gain), no signifi-
cant differences were observed among either the 3 ma-
jor coronary arteries (right coronary artery vs LAD vs
LC; p = 0.44) or the different segments of the coronary
tree (p = 0.77). During follow-up, the average losses in
minimal luminal diameter were 0.26 2= 0.55 mum in the
right coronary artery, 0.30 = 0.48 mm in the LAD. and
0.25 % 0.48 mm in the LC. If these values were normal-
1zed for the reference diameter (relative loss), no signifi-
cant differences were observed among the 3 major coro-
nary arteries (right coronary artery vs LAD vs LC:
p = 0.13) or the different segments of the coronary tree
(p=0.19).

The restenosis rate. and relative gain and loss for the
3 major coronary arteries and the diverse vessel seg-
ments, using either the categorical or continuous ap-
proach, are listed in Table III. No significant difference
in either approach was observed.

DISCUSSION

Several investigators have raised the question as to
whether the dilated vessel constitutes a risk factor for
the development of restenosis. They have reported con-
flicting results {Table I). The question is becoming even
more relevant as new interventional techniques (such as
stenting, atherectomy. laser photoablation and rotabla-
tion) have been “claimed™ to be more effective than
conventional balloon angloplasty in ¢ertain lesion types
(long iesions and total occlusions), locations or vessels
{right coronary artery, LAD, 1.C ané bypass graft).?

RELATIVE GAIN AND RELATIVE LOSS

3.0 MM 1.0 MM

;1.8 MM.

RD MLD PRE M{.D POST MLD FUP

COMLDPTCA (1.2 o Aross- OMLBEUP L 06 L9
ReAiN-SHLDE 5504 > 8w

FIGURE 4. See text for explanation of relative gain (RGAIN)
and relztive loss {RLOSS). FUP = follow-up; MLD = minimal
kmuna!ﬁame@erPOST after; PRE = befote; PTCA = porcu-

! coronary angicplasty; RD = reference di-
ameter.
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although these new techniques have not yet succeeded mal selection of the bailoon/artery ratio and optimal
in reducing restenosis rates.”** Several explanations balloon pressure application. They suggested that ana-
have been put forward 1o explain the increased risk for  tomic or procedural factors were responsible for reste-
restenosis in the (proximal) LAD. Mata et al® believed nosis. Leimgruber et al'® had 3 possible explanations.
that a high rate of “continuous success™ needs an opti- First, because they believed that the proximal LAD is

TABLE It Baseline Quantitative Anglographic Data per Vessel Segment Dilated

Coranary Pre PTCARD Past PTCA RD Follow-Up RD Pre PTCA MLD Pest PTCA MLD Fellgw-Up MLD
Artery No. {mm) {mm) {mm) {mm) {mm} (mm)
Tatal 1,452 2632054 2.70 = 0.52 2.70 = 0.56 1.02 = 0.38 1.77 =036 1.50 = 0.57
Right 414 286+ 055 2453 =052 2587 =058 1.0B = 0.41 1.81 £ Q.37 1.65 = 0.65

Proximal 148 299 =055 3.05=051 207 £ 055 1.11 = 0.45 1.96 = (.39 1.69 = 0.63
Mididla 174 2.82 + 050 250 = 0.50 254 =059 108 =041 181 +034 166+ 065
Dlstal a2 2.71 = 0.5% 2.81 = 0.56 2.85 = 0.57 1.02 = 0.35 1.83 = Q.40 1.57 = 0.66
LAD 6B4 2.54 = 0.53 2.59 = 0.49 258 = 0.53 1.01 = 0.36 1.72=035 1.42 £ 0.53
Praximal 288 273 = 0.52 2.78 = 0.48 276 = 0.53 1.08 = 0.35 1.83 £ 035 1.53 = 0.5%
Middie 328 2.48 = 0.47 252 = 0.43 2.52 = 0.47 0.97 = 0.36 1.68 = 0.32 1.35 = 0.51
Dlstal 72 2.08 = D.44 2.14 = 0.44 213 = 0.42 0,87 = 0.35 1.43 =029 1.29 = 0.37
LG 354 2.55 = 050 262 =046 261 =048 101 =036 1.73x0.34 1.48 = 0.51
Proximal 101 2.73 = 047 2.75=043 2.74 =044 1.06 = 0.42 1.82 * 0.32 1.52 + 0.50
Middle 125 2.55 = 0.50 2.64 = 0.45 2.61 = 0.50 1.00 = 0.34 1.75 = 0.32 1.52 = 0.53
Distal 128 2.41 =049 2,50 = 046 2.52 =048 0.98 = 0.34 1.63x0.34 141 = 0.49

Values are means = standard deviation.
[ = left anterior descending: LG = left cercuemilex; MLD = pumymat luminal diameter; Post = atter; Pre = befere; PTCA = percutangous trans|Ummnal coronary angloplasty) RD =
reference diameter,

TABLE o Restenosis Rate per Segment Using the Categorical Definition of > 50% DS at Follow-Up, and the Continuous Approach
with Relative Gain and Loss

08 (%) at Follow-Up > 50%

No. Yes Ne Relative Gan Relative Loss
Total 1452 444(31) 1008 {69) 0.29 = 0.16 0.11=90.21
Right 414 123(30) 285 (70) 0.30 = 0.15 0.10 = .22
Proximal 148 45 (30 10370 0.29 =015 0.10=021
Middle 174 48 (28) 126(72) 0.30 = 0.15 0.10=0.22
Distai 92 3033 62 (67) 0.31 = 0.15 0.11 = 0.26
LAD 684 224(33) 457 (67 0.29=0.17 0.12=0.20
Proximal 238 89533 193(67 0.2¢=0.17 0.12 £ 0.19
Miadle 324 114 (35) 210651 0.29=0.17 0.13 =021
Distat 72 1521 57 (79) 0.27 = $.19 0.07x0.15
Lc 354 97 (28 255 (72) 029 = 0.16 o11=021
Proxlmat 191 3333 68 (57) 0.2¢ = 0.16 0.11x0.18
Middle 125 25 (20 100 (89 0.30=0.15 0.09 =021
Dlstat 128 4031 BH (69) 0.28=0.17 009 =021

p Valua {nghtvs LAD vs LC) 0.22 .44 0.13

(9 segments) 0.06 0.77 0.19

Values are means = standard deviation,
Abvrevlations as In Table |

TABLE IV Ralatlve Gain and Loss per Reference Diameter Group

DS (%) at Follow-Up > 50%

RO {mm) No.  Absolute Galn{mm}  Relative Gain  Absolute Lass (mm)  Relative Loss Yes No BAR
>4.0mm 18 0.72 = 0.55 017 =0.13 0.13 = 0.46 003 = 0.10 6(33) 12 (67} 0.77
35104.0mm g1 0.87 = 047 0.24 = 0.13 0.10 = 0.50 0.03 =0.13 23 (28 58(71) 0.8%
3.013.5mm 222 0.83 = 0.42 0.26 = 0.13 033 =054 0.10 = 0.17 71(32) 151 (68} 0.97
2.5103.0mm 507 0.76 = 0.40 0.28 = 0.15 0.28 = 0,52 0.10 £ 0.18 153 (30) 354 (70 1.07
2.0162.5mm 454 0.72 = 0.40 0.32=0.17 0.28 = 0.51 0.12 = 0.23 148 (33 308 (67} 1.20
<2.0mm 170 06l =034 0.34 = 0.20 0.27 = 0.46 Q.15 =026 44 (26} 126 (74} 1.39
Analysls of vanance <Q.001 <0.001 <0.02 <{0.001 NS

Yalues are means = standard deviation.
BAR = halleon-artery rateo (sice of the Balloon accorhng to manyfacturer divided by the reference diameter brtare pereutanesus transluminal ¢oronary angioplasty); DS = diameter
stenosis; NS = not slgnificant; RD = relerence dlameter.
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most often the largest artery, the 3.0 mm diameter bal-
loons most frequently used at that time could have been
undersized for the LAD and oversized for the right cor-
onary artery and LC. This resulted in increased diame-
ter stenosis after PTCA, which seems to be associated
with a higher risk for restenosis. Second. 2 dilatation of
the proximal LAD often involves the origin of the vesscl
and vessel branch points, and this factor also appears 1o
be associated with an increased risk of restenosis. Third.
the proximal LAD is well-recognized to develop “local-
ized stenosis.” Whether the same underlying mecha-
nisms may predispose a patient to recurrence of lesions
after angioplasty is unknown but well-conceivable.

Because balloon/artery mismatch was not identified
as a predictor for restenosis in a group of patients with
multilesion coronary angioplasty, Vandormael et all?
suggested that the different anatomic and structural
features of the proximal segment of the LAD compared
with those of the proximal segment of the right coro-
nary artery or LC may be responsible for the observa-
tion that dilatation of the proximal LAD is an indepen-
den: risk factor for restenosis.

According to Califf ez al,? 1 of the methodologic ca-
veats for an increased rate of restenosis in the proximal
LAD was that an ischemic response to exercise testing
was more likely to be seen with proximal LAD lesions,
thereby increasing the chance of preferential detection
unless angiographic follow-up was complete. Also, a
larger diameter of this vessel may have increased the
risk that a satisfactory initial result was not achicved in
carlier series, especially before the recent development
of larger balloons to approach large vessels.

In the present study, no significant difference in the
restenosis rate was found among the 3 major coronary
artenies {p=0.22) or the 9 coronary artery segments
{p = 0.06) selected for the purpose of analysis. Our re-
sults contradict the earlier observations of Leimgruber
and Califf and their coworkers that the proximal LAD
is the largest vessel. In the present study, almost every
segment of the right coronary artery has a larger diame-
ter than the proximal LAD, An explanation for this dis-
crepancy may be the differences in patient populations;
availability of different balloon sizes (with diameters
<2.0 mm as compared with those in the carly days of
PTCA when only balloon sizes of 3.7 mm were avail-
able} for dilatation may have affected PTCA of the
proximal LAD. Another argument put forth in the ear-
ly years that there was a mismatch between balloon
catheters and proximal LAD is no longer valid, because
in the present study. all patieats underwent PTCA be-
tween December 1987 and December 1989 so that in all
cases matched balloons were available. The differences
in restenosis rates reported by these investigators are
probably more related 1o the biased and incomplete an-
giographic follow-ups of these studies. In contrast,
the present study has a 91% angiographic follow-up
rate, and so the biased selection of symptomatic versus
asymptomatic patients is virtually ruled out.

Definition of restenosis: The definition of restenosis
has been the subject of much debaze.* Of the different
restenosis criteria proposed, >50% diameter stenosis
at follow-up angiography is the most frequently used

to assess restenesis. because physiologic measurements
have shown that the threshold for chest pain is near a
reduction of 50% of the lumen of a normal vessel.2* This
definition was applied to our data. However, carlier
studies have shown that the reference diameter can be
involved in the dilatation process so that the % diameter
stenosis could underestimate the change in the severity
of a stenosis after PTCA.? Furthermore, the 50% di-
ameter stenosis criterion at follow-up reveals nothing
about the way the Iesion has behaved since the PTCA
procedure. We have previously shown that a change
(.72 mm in minimal luminal diameter is an appropri-
ate method 1o assess intimal hyperplasia after coronary
PTCA 3207 However, this criterion was historicaily as-
sessed in vessels with an average reference diameter of
3.7 mm.?® Therefore, it should be applied to vessels of
comparable reference diameter; it is unlkely to have a
decrease >0.72 mm in coronary segments with a refer-
ence diameter of 2 mm, and a minimal luminal diame-
ter of 1.4 mm. In other words, criteria based on the
absolute change in minimal luminal diameter azre limit-
ed because they make no attempt to relate the extent of
the restenosis process to the size of the vessel. To cir-
cumvent this limitation it was proposed to use the
change in minimal luminal diameter from after PTCA
to follow-up. normalized for the reference diameter (rel-
ative loss). This sliding scale criterion that adjusts for
vessel size allows for regional assessment of the extent
of the restencsis phenomenon in the entire coronary
tree. No difference in relative loss among the 3 major
coronary arteries (p=0.13) or the coronary segments
could be observed (p = 0.19). Restenosis should thus be
viewed as a ubiquitous phenomenon that is inducible to
the same extent in every segment of the coronary tree,
It must be emphasized that the relative gain (change in
minimal luminal diameter from before to after PTCA,
normalized for the reference diameter) and thus the
stimulus for restenosis™ were similar in every segment
of the coronary tree.

Because the subdivision of the American Heart As-
sociation-coronary segments is somewhat arbitrary in
that vessels of different diameters are grouped together,
we reanalyzed the data by stratifying the lesions accord-
ing to their reference diameters. Table IV lists the re-
sults. It appears that the larger the reference diameter is
before PTCA, the smaller the relative loss is at follow-
up: vice versa, the greatest value of relative loss is ob-
served in the smalier vessels. This may be explained by
oversizing of the balloon in these vessels. However, if
the restenosis criterion of >50% diameter stenosis is
used, then similar restenosis rates are found.

Potential Emitation of the study: Our study popula-
tion consisted mainly of patients with 1 dilatation site:
1.044 patients had 1 dilatation site. and 190 underwent
dilatation of >2 sites. The high incidence of 1 dilatation
site reflects the fact that the study population inciuded
in these 2 trials consisted predominantly of patients with
1-vessel disease, so that our findings may not be extrap-
olated o a population with multivessel disease. Never-
theless, in the subset of 93 paticnts with multivessel di-
latation. the overall restencsis rate per lesion was also
31%. However, the relative gain and loss observed in
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patients with 1- and 2-vessel dilatations differed statisti-
cally: a relative gain of 0.30 £ 0.16 was seen for 1-vessel
dilatation versus 0.27 &+ 0.16 for 2-vessel dilatation (p
<0.04), and a refative loss of 0.12 & 0.21 for I-vessel
dilatation versus 0.08 & 0.20 for 2-vessel dilatation (p
<0.02). Thus. in the population with 2-vessel dilztation,
2 reduced gain is associated with a reduced loss consis-
tent with the concept that PTCA operators are less ag-
gressive in their dilating strategy.
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ABSTRACT

Background. The identification of variables predictive for restenosis could be helpful
in the selection of lesions suitable for angioplasty and, if modifiable or controfiable,
potentially reduce restenosis. The purpose of this ancillary study of the MERCATOR
trial, & double biind placebo-controlied trial to study the effects of cilazapril 5 mg twice
a day, on restencsis and long-term clinical outcome, was t¢ determine which, if any,
patient,tesion ar procedural factors were predictive of restenosis.

Methods. Quantitative coronary angiography was obtained in 94% of the 653 patients
(778 successfully dilated coronary lesions) at angioplasty and at 8 months follow-up.
Restenosis was defined as the mean loss in minimal lumen diameter at follow-up, as
this reflects the magnitude of the fibropreliferative vessel wall reaction as a response
to caronary balloon angioplasty.

Results. Stepwise multiple linear regression analysis was performed to identify
independent predictors of restenosis. The following variables were retained in the
model in order of significance: 1) relative gain {difference between the minimal lumen
diameter pre and post-PTCA, normalized for vesselsize), 2} minimal lumen diameter
post-PTCA, 3) dilatation of another vessel than right coronary artery. The overall
prediction of the model was poor, where the predicted change in minimal lumen
diameter was <0.1 mm, 0.1 to 0.3 mm, >0.3 mm, the corresponding percent correct
classification was 30%, 52% and 55%.

Conclusion. The present study illustrates that the restenosis phenomenon cannot
accurately be predicted by simple patient, lesion and procedural variables.
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INTRODUCTION

The major limitation of the long term success of percutaneous transluminal coronary
angioplasty (PTCA) is still restenosis (1-18). Fourteen years after its introduction by
Andreas Gruntzig in 1877 as an alernative ireatment modality for patients with
asymptomatic or symptomatic coronary artery disease (20), more than 400,000
patients will be treated by PTCA worldwide in 1981, and most likely this number will
increase further in future (21). Histological, experimental and clinical research has
provided us with information that enables us to better understand the recurrence of
successfully dilated coronary lesions. This untoward phenomenon is now recognized,
by many researchers, as an intimal proliferation of smooth muscie cells together with
an abundant matrix production (22-40).

Quantitative coronary analysis is the most reliable available method of assessing
coronary arterial lumen changes aver time and has demonstrated that the change in
minirmal lumen diameter between post-PTCA and follow-up angiography is the most
non-ambiguous measurement to describe the continuous process of restenosis at
present time (41-47).

Recent developments in pharmacological therapy and new percutaneous
intracoronary revascularization techniques have failed to inhibit or prevent restenosis
{47-55). On the other hand, & variety of patient - procedural - lesion related factors
have been associated with an increased risk of restenosis {table 1, 1-15,18,19),
however the ability to predict in individual cases which patient or lesion will be affected
by restenosis, is poar.

A model that could predict which of the dilated iesions will re-narrow would be of
value in many ways. 1) it could help to identify patients and lesions at high risk for
lumen re-narrowing during the first 6 menths. Such patients could then be offered
another interventional technigue or alternatively could be invited to panticipate in clinical
trials of new pharmacological agents since they are at high risk. Their selection could
potentially reduce the number of patients required in a study to evaluate new
treatment. 2) it could provide more insight into the restenosis phenomenon by the
identification of particular variables. 3) It might be helpful in the evaluation of new
interventional devices.

The MERCATOR triad was set up to study the efficacy of a new angiotensin
converting enzyme inhibitor, cilazapril, in the prevention of lumen re-narrowing after
successful corcnary angioplasty. All patients were asked to have a follow-up
angiogram & months later or earlier if symptoms warranted. As an ancillary study,
patient - lesion - procedural factors were prospectively collected to determing which,
if any, were predictive for lumen re-narrowing at follow-up.
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Table 1 Summary of studies using multivariale analysis techniques to find varlables with increased risk for restenosis.

Pts Anglo Definitfon Heslenosls HIsK Taclors
{up (%) restenosis {%) Patient Lesion Procedural
Homes” 665 B4% NALBIToF IV 9% pis malg Bypass arah =
severity angina
no history of M
Mata™" 63 96% + DS > 30% 23% lesion - LAD or LCX > RCA bar (0.9 vs 1.1)

or DS > 70% % DS post-PTCA
(40% vs 20%)
calcified lgsion

Leimgruber® 1758 57% > 50% DS 30% pts unstable angina LAD absence of intimal
1 %DS post-PTCA dissection
. gradient > 15 mmhg
Myler*™® 286 57% > 50% DS 57% pts diabstes > 95% DS pre-PTCA 1 Max pressure
43% lesion hypercholesterolaemie
new onset al?gina
current smoking
Guiteras Val” 181 98% 1 >30% DS 28% pts variant angina 1 % DS post-PTCA .
. 25% lesion multivessel low %0DS Pre - Post
Vandormael™® 209 62% > 50% DS 50% pis :jnaga Prox L};\Di -
. iabstes onger tesions
de Feyter"™ 179 88% > 50% DS 32% pis worsening AP or - -
post-Mi AP
Fleck® 110 88% MLCA > tmm? 44% leslons - -
Halon™ 84 56% > 70% DS 25% - (rjnultiple irregularities s
. . ecrease corenary perfusion
Quigley™? 114 88% > 50% DS 32% pts unstable angina - -
gy%erlension
iabetes
Renkin" 278 A7%"° > 50% DS - - MLD post-PTCA -
Ruppracht™ 676 70% > 50% DS or 28% pts unstable angina 1 %D5 pre-PTCA long single inflation
. loss > 50% of gain 1 %08 post-PTCA
Bourassa'™ 376 65% > 50“;6 DS + ‘ 36:? ts severity angina length > 10 mm -
10% 1 post - fup  35% lesion % DS post-PTCA
Hirghfeld'*'? 694 74% >50% DS 40% lesion - length > 10 mm optimal BAR (1.1- 1.

vein graft
LAD

% DS pre-PTCA
% DS post-PTCA

*7) mullivassel; *2] muliiiesion; *3) reslenosls; *4) unsiable angina; *5] = pallents wilh clinical rectirrence; *G) = anglography + exercise Ihallii
scintigraphy. Anglo fup = % of successfully dilated patients with anglo follow-up; AP = angina pectoris; bar = baffoon artery ratio; DS = Diameter Stenosf



METHODS

The study population consisted of 735 patients who were originally enrolled in 26
centers for the MERCATOR trial (Appendix [). The trial was carried out according to the
declaration of Heisinki (1963), revised in Venice (1983). In this randomized double-
bind placebo-controlled trial, cilazapril was investigated for its ability to prevent
restenosis after primary coronary angioplasty. The results of the comparison between
cilazaprii and placebo have been reported elsewhere (48). All symptomatic and
asymptomatic patients, aged 25 to 75 excluding women with childbearing potential,
who had angiographically proven significant narrowing in one or more major coronary
arteries and who signed informed consent before the FTCA-procedure, were
considered to be eligible. Exclusion criteria were: PTCA performed to revascularize
acute myocardial infarction, history of sustained hypertension, maintenance therapy
of diuretics, Q-wave myocardial infarction before 4 weeks of study entry, previous and
or failed PTCA at the same site, PTCA of a bypass graft.

informed consent was obtained in 735 recruited patients before the PTCA procedure
and were randomly assigned to cilazapril or placebo, but only 683 patients with a
successful PTCA (defined as a visually assessed diameter stenosis of less than 50%
post-PTCA) who met all in and exclusion criteria as stated in the protocol and formed
the study population (figure 1). Clinical or angiographic benefit could not be
demonstrated, so that the placebo and active treatment group could be pooled for the
present study (48). Of the 893 randomized patients, 853 {(or 94%) had a follow-up
angiogram suitable for quantitative analysis and this forms the study popuiation (fig 1).

TOTAL PATIENT GROUP 735
No coronary angioplasty performed 4
Unsuccessful coronary angioplasty 11
Unsatisfactory result 2
Complicated procedure 12
Exclusion criterion overlooked 10
No baseline quantitative coronary analysis possible 3

PATIENTS RANDOMIZED 693
Deaths 5
Adverse event 25
Follow-up angiography 7
No follow-up quantitative corcnary analysis possible 3

PATIENTS WITH FOLLOW-UP ANGIOGRAM 653

Figure 1 Patient flow chart.
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PTCA procedure and angicgraphic analysis At the beginning of the procedure
ali patients received a bolus of 10,000 1U intravencus heparin. After two hours, an
additional infusion of 5,000 1U /hour was given until the end of the procedure. Use of
a calcium channel blocker for 48 hours post-PTCA was permitied. Aspirin 160 to 250
mg per day was given for six months to all patients (56,57). Choice of guiding catheter,
guide-wire, bailoon type, inflation duration and pressure were |eft o the discretion of
the operator.

Three angiograms were obtained in each patient, just before PTCA, immediately after
PTCA and at follow-up. To standardize the method of data acquisition and to ensure
exact reproducibility of PTCA and foliow-up angicgrams, specific precautions were
taken as described elsewhere (16,41,44,47). To avoid potentiai coronary spasm, either
nitrogiycerin 0.1-0.3 mg or isosorbide dinitrate 1-3 mg, was given intracoronary for
each coronary artery invelved at pre-PTCA, post-PTCA and at follow-up angiography.
All contour positions of the catheter and the arterial segment were corrected for
pincushion distortion intreduced by the image intensifiers. All cine-angicgrams were
quantitatively analyzed using the coronary angiography analysis system (CAAS), which
has been validated and described in detail (41,44). All angiograms were processed and
analyzed in a central core-laboratory. An example of an analysis is shown in figure 2.

Figure 2 A single frame of a narrowing in the LCx marginal branch before dilatation
(A}, after dilatation (B) and at follow-up (C). The diameter along the analyzed segment
is depicted on the diameter function curve (Upper 'cun/e). The MLD is 1.51 mm (A),
2.10 mm (B) and 0.92 mm (C) respectively. The length of the stenosis js determined
with curvature analysis. The white area represents the atherosclerotic plaque.
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The follow-up coronary angiocgram was performed at six months fallow-up. If
symptoms recurred within six months, coronary angiography was carried out earlier.
If no definite restenosis was present and no revascularization procedure was
performed and the follow-up time was less than 3 months, the patient was asked to
undergo another coronary arteriogram at 6 months.

The absolute values of the stenosis diameter as well as the reference diameter are
measured by the computer using the known contrast-empty catheter diameter as a
scaling device. For that purpose the catheter tips were retained for accurate
measurement with a micremeter. Since the algorithm is not able to measure total
occlusions and lesions with TIMi-1 perfusion, a value of 0 mm was substituted for the
minima! lumen diameter and 100% for the percent diameter stenosis. In these cases
the post-PTCA reference diameter was substituted for the reference diameter pre-
PTCA or at follow up. For each dilated segment, the pre-PTCA, the post-PTCA and
foliow-up minimal lumen diameter and diameter stenosis were derived from the mean
value from muitiple matched projections (41,44,47).

Patient, lesion and procedural risk factors The loss in minimal lumen diameter that
occurred after angioplasty untit follow-up angiography, per lesion dilated, was
assessed for patient, lesion and procedural risk factors, prospectively recorded in each
participating center. Some of the lesional factors (type of lesion, branch involved in
stenosis, lesion located in bend, calcification of lesion, thrombus post-PTCA, dissection
post-PTCA) were assessed by the core laboratory blinded for the code and clinical
data. For each categorical variable, the change in minimal lumen diameter between
post-PTCA and follow-up was deterrmined in each category. Continuous variables were
grouped into three equally sized subgroups (tertiles) and the loss in minimal lumen
diameter between post-PTCA and follow-up was assessed in each tertile.

Pztient-related factors are systemically present and therefore affect all dilated lesions:
1) age, 2) gender, 3) non-insulin dependent diabates, 4) previous myocardial infarction,
5) history of smoking, &) smoking at entry of the study, 7) extent of coronary
atherosclerotic disease (single or muitivessel), 8) number of sites dilated {1 or > 1),
8} angina CCS-class (0,1,2 versus 3,4}, 10) pain at rest (yes or no), 11} unstable
angina (defined as pain at rest requiring treatment with intravenous nitrates), 12)
duration of angina (days), 13) medication taken and 14) cholestercl level at baseline
(58).

Lesion-refated factors are unique for each lesion: 1+2) minimal lumen diameter
before and after PTCA, 3) relative gain (difference between the minimal lumen diameter

before and after angioplasty, normalized for the vessel size), 4+ 5) % diameter stenosis
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before and after PTCA, 6) vessel size, 7) lesion iength (determined from the diameter
function on basis of curvature analysis), 8) atherosclerotic plague area before PTCA
(defined as the area between the actual and reconstructed contours at the obstruction
site), 8) eccentricity of the lesion before PTCA (symmetry index: defined as the
coefficient of the left hand distance between the reconstructed interpolated reference
diameter and actual vessel contours and the right hand distance between
reconstructed and actual contours at the site of abstruction. In this equation the largest
distance between actual and reconstructed contours becomes the denominator, A
symmetrical lesion has a value of 1 and a severely eccentric lesion has a value of 0.),
10} curvature (bending) of the analyzed segment before PTCA (is computed as the
average value of all the individual curvature values aleng the centerline of the coronary
segment, with the curvature defined by the rate of change of the angle through which
the tangent to a curve turns in moving along the curve and which for a circle is equal
10 the reciprocal of the radius. The curvature value was determined in the projection
in which the analyzed segment appeared longest between 2 defined landmarks, the
least foreshortened view), 11) patency of the vessel before PTCA, 12) vessel dilated
{right coronary artery versus left anterior descending versus left circumflex), 13)
tocation of lesion dilated in the vesse! (proximal versus middle versus distal), 14)
qualitative assessment of lesion morphology: a) type of lesion, b) involvement of side
branch in lesion, ¢) bailoon for dilatation located at a bend, d} calcification of lesion,
e) dissection after PTCA, f) thrombus after PTCA (59,60,61,62).

Procedural-related factors are unique for each lesion: 1} minimal balloon diameter
of the largest balloon with the highest pressure used, 2) balloon material used
{compliant (PolyVinylChloride, PolyEthelyne, PolyQlefin Copolymer) versus non-
compliant (PolyEthelyne Terphelate and Hydracross)}, 3+4) balloon - artery ratio {size
of the inflated ballogn at highest pressure used (either measured or according size of
manufacturer) divided by reference diameter of the analyzed vessel), 5) stretch
{difference between minimal balloon diameter and minimal lumen diameter pre-PTCA,
normalized for the reference diameter), 8) elastic recoil (difference between minimal
balloon diameter and minimal lumen diameter post-PTCA, normalized for the reference
diameter), 7) maximal balloon inflation pressure (atm), 8) total inflation duration {sec),
9) total number of inflations (63-63).

Statistical methods Statistical analysis was carried out with a commercial statistical
package (BMDP Statistical Software 1890). Data are presented as mean + 1 standard
deviation. In univariate analysis, continuous variables were divided in 3 subgroups and
compared with analysis of variance. Categorical or discrete variables were compared
with the student t-test.
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To obtain independent predictars for the loss in lumen dizmeter per lesion dilated,
variables were entered in a stepwise multiple lingar regression analysis in which the
foss in lumen diameter between post-PTCA and follow-up was the independent
varizble. Stepwise multiple linear regressicn analysis was performed to assess the
relationship between the variables mentioned in the "patients and methods” section
{(independent variables = X) and the loss in minimal lumen diameter from after
angicplasty to follow-up angiogram (dependent variable = Y): Y = 8, + Bx, where 3,
is the intercept and B, is th " regression coefficient. The standard BMDP criteria of F
> 4 for inclusion and F < 3.9 for elimination were applied. Continuous variables were
entered as such in the mullivariate analysis, except variables with 2 of 3 tertiles
showing approximately the same amcunt of loss in lumen diameter. These were
entered as discrete variables (duration of anging, balloon-artery ratic, maximal balloon
inflation pressure, total inflation time} (88). The code (placebo or cilazapril) of the
treatment was forced into the model to rule out any influence of the investigational
drug.

To determine how well the regression model performs in predicting restenosis
according to 2 frequently applied restenosis criteria (1) >0.72 mm change in minimal
lumen diameter between post-PTCA and follow-up (186,44,49), 2} > 50% diameter
stenosis at follow-up and to describe the discrepancies of the 2 criteria, receiver
operator characteristics (ROC) curves were constructed for each critericn. In these
ROC curves sensitivity {true positive %) at different cut off points of predicted change
in minimal lumen diameter is graphed as a function of 100% - specificity (false positive
%).

RESULTS

Of the 8393 randomized patients, 653 (84%) with 778 lesions (1.2 lesion / patient) had
a follow-up angiogram suitable for quantitative analysis. The mean age was 58 + 8
years and 82% of the patients were males. The average follow-up time was 164 + 44
days. More than 82% of the patients had 1 vessel disease, 31% two vessel disease
and only 8% had three vessel disease. There was an increase in overall minimal lumen
diameter from 1.02 = 0.38 mm before PTCA to 1.78 = 0.36 mm post-PTCA and with
subsequent decrease to 1.51 = 0.57 mm at follow-up. Using categorical criterion,
restenosis rate was 30% according to the > 50% diameter stenosis criterion and 18%
if the criterion of >0.72 mm lgss in lumen diameter at follow-up was used.

Variables predicitve for change in minimal lumen diameter during follow-up
(table 2)

Patient related variables Statistically significant association was detected for 2
patient-related varfables and loss in minimal lumen diameter between post-PTCA and
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follow-up. A greater loss in minimal lumen diameter was observed in association with
the number of sites dilated and duration of the angina, with a greater loss in minimal
lumen diameter if only 1 site is dilated and if symptoms are of recent origin (Table 2A).

Lesion-related variables Statisticaily significant association was detected for 8 pre-
or post-PTCA variables and loss in minimal lumen diameter between post-FTCA and
follow-up. A greater loss in minimal lumen diameter was observed in association with
A) pre-procedural variables: 1) lower values of minimal lumen diametier, 2) higher
values of diameter stenosis, 3) occluded vessel, 4) lesions in left anterior descending
artery, 5) calcified lesion and B) post-procedural variables 1) higher values for minimal
lumen diameter after PTCA, 2) lower values for diameter stenosis after PTCA, 3) higher
ratic of relative gain (Table 2B).

Procedural-related variables Statistically significant association was detected for 2
lesion-related variables and ioss in minimal lumen diameter between post-PTCA and
follow-up. A greater loss in minimal lumen diameter was observed in association with
the total inflation time and stretch, with a greater loss in minimal lumen diameter with
longer total inflation time and with more sireich (Table 2C).

Table 2: Change in MLD per lesion

Variable # Change in MLD (mm) P-value
{(post-PTCA - Fup)

PATIENT RELATED VARIABLES

Age (years)
< 55 (n=256) 0.30 = 0.58
55-62 (n=283) 0.25 £ 0.50 0.5
> 62 (n=259) 0.26 = 0.48

Sex
male {n=649) 0.28 + 0.53 0.21
female (n=128) 0.22 = 0.48

Diabetes type if
yes (n=45) 0.32 + 0.48 0.52
no (n=733) 0.27 * 0.52
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Table 2 continued

Variable # Change in MLD {mm) P-value
(post-PTCA - Fup)

History of Myocardial Infarction
yes (n=328) 0.28 = 0.54 0.70
no (n=450) 0.26 + 0.50

Ever smoked
yes {(n=803) 0.25 £ 0.48 0.08
no (n=175) 0.33 £ 0.59

Currently smoking
yes (n=127) 0.21 = 0.53 0.16
ne (n=8651) 0.28 % 0.51

Extent of coronary artery disease (CAD)”
single vesse! (n=424) 0.30 = 0.51 0.11
multi vessel (n=318) 0.23 £ 0.54

Number of sites dilated
1 {n=538) 0.3C = 0.52 0.02
> 1 (n=242) 0.20 = 0.50

CCS-class at baseline’
Lil (n=441) 0.28 = 0.52 0.68
Y (n=385) 0.28 = 0.51

Pain at rest
yes (n=280) 0.28 + 0.51 0.46
no (n=518) 0.26 = 0.52

“Unstable angina”
yes (n=72) 0.28 = 0.49 0.72
ne (n=708) 0.27 = (.52
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Tabile 2 continued

Variable # Change in MLD (mm) P-value
(post-PTCA - Fup)
Duration of angina (days)”
< 86 (n=252) 0.33 = 0.55
86 - 305 (n=258) 0.29 + 0.52 0.01
> 305 (n=258) 0.18 = 0.48
Medication
nong (n=39) 0.34 + 0.82
mono (n=195) 0.25 + 0.53
double (n=3689) 0.29 = 0.52 0.34
triple (n=17%) 0.22 = 047
Total Cholesterof (mmol/)*
< 8.7 (n=239) 0.26 = 0.53
57-68 (n=254) 0.28 = 0.51 0.e7
> 6.6 (n=245) 0.25 = 0.51
LESION-RELATED VARIABLES
MLD pre-PTCA (mm)
< 0.92 (n=280) 0.36 = 0.55
0.82- 1.14 (n=258) 0.27 = 0.51 0.0001
> 1.14 (n=260) 0.17 = 0.47
MLD post-PTCA (mm)
< 1.80 {n=256) 0.16 = 0.49
1.80 - 1.80 (n=283) 0.25 £ 0.47 0.0001
> 1.80 {(n=259) 0.40 £ 0.57
Relative Gain at PTCA
< 0.22 (n=238) 0.09 £ 043
0.22-0.33 (n=259) 0.20 + 0.48 0.0001
> 0.33 (n=261) 0.51 = 0.55
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Tabile 2 continued

Variable # Change in MLD (mm) P-value
{post-PTCA - Fup)
% Diameter Stencsis pre-PTCA
< 55 (n=252) 0.18 = 0.45
55-64 (n=278) 0.24 = 0.48 0.0C01
> 64 (n=250) 0.38 = 0.61
% Diameter Stenosis post-PTCA
<29 (n=258) 0.40 = 0.50
28 - 37 (n=258) 029 =048 0.0001
> 37 (n=262) 0.12 = 0.54
Vessel size (mm)
< 2.35% n=247) 0.26 = 0.45
2.35-2.80 (n=262) 0.30 * 0.54 0.5
> 2.80 (n=269) 0.25 + 0.56
Length obstruction pre-PTCA {mm)*
<5 (n=241) 0.27 = 0.47
5-8.7 (n=243) 0.22 = 0.48 0.41
> 8.7 (n=243) 0.26 = 0.55
Atherosclerotic area plague pre-PTCA (mm®)*
< 4.7 (n=240) .24 = 0.46
47-73 (n=244) 0.23 £ 0.45 0.57
> 7.3 (n=243) 0.28 = 0.58
Symmetry index”
< 0.24 {(n=232) 0.22 = 0.48
0.24 - 0.45 (n=250) 0.26 = 0.50 0.55
> 0.45 (n=245) 0.27 + 0.53
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Table 2 continued

Variable # Change in MLD {mm) P-value
{post-PTCA - Fup}

Curvature analyzed segment”
< 14 (n=234) 0.22 = 0.45
14 - 22 (n=235) 0.21 £ 0.43 0.86
> 22 (n=235) 0.19 + 0.45

Patency pre-PTCA
total occlusion  (n=351) 0.54 = 0.88 0.0001
patent (n=727) 0.25 = 0.50

Vessel Difated
RCA (n=222) 0.21 = 0.59
LAD {n=360) 0.32 £ 048 0.0
LCx (n=198) 0.24 = 047

Location of Vessel Dilated
Proximail (n=292) 0.27 = 0.51
Middle (n=339) 0.28 = 0.53 0.85
Distal {n=147) 0.26 + 0.52

Qualitative lesion morphology assessment *

Type Lesion
concentric {n=352) 0.23 = 0.47
eccentric (n=295) 0.27 = 0.54
tandem (n=38} 0.17 = 0.43 0.42
multiple irregularities (n=41) 0.31 = 0.51

Side Branch in stenosis
yes n=413) 0.27 = 0.51 0.94
no (n=364) 0.27 = 0.53

Lesion located at bend point
yes (n=865) 0.24 = 0.54 0.67
no (n=713) 0.27 £ 0.52
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Table 2 continued

Variable # Change in MLD {mm) P-value
(post-PTCA - Fup)
Calcified Lesion
yes (n=80) 0.16 = 0.47 0.04
no (n=698) 0.28 = 0.52
Dissection post-PTCA
yes (n=247) 0.28 = 0.60 0.57
no (n=531) 0.268 = 0.48
Thrombus post-PTCA
yes (n=29) 0.34 + 0.73 0.48
no (n=749) 0.27 = 0.51
PROCEDURE RELATED VARIABLES
Minimal Balloon Diameter (rmm)
< 2.15 (n=208) 0.23 = 0.46
2.15 - 2.51 n=213) 0.30 = 0.50 0.22
> 2.51 (n=209) 0.30 = 0.52
Balfoon material
Non-compliance  (n=400) 0.28 = 0.51 0.20
Compliance (n=377) 0.24 + 0.53
Balloon - artery ratio ®
< 0.88 (n=1868) 0.22 = 0.48
0.98 - 1.1t (n=245) 0.30 = 0.56 0.24
> 1.11 (n=217) 0.30 = 0.48
Balioon - artery ratio ®
< 1.05 (n=259) 0.23 = 0.53
1.05 - 1.20 (n=264) 0.33 = 0.53 0.07
> 1.20 (h=255) 0.25 £ 0.49
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Table 2 continued

Variable # Change in MLD (mm) P-value
{post-PTCA - Fup)

Stretch
< 0.43 (n=209) 0.10 = 0.41
0.43-0.55 (n=209) 0.31 = 0.48 0.0001
> 0.55 (n=213) 0.41 = 0.58
Elastic Recoil
< Q.15 (n=209) 0.32 = 0.51
0.15-0.27 (N=209) 0.26 = 0.51 0.28
> 0.27 (n=213) 0.25 = 0.52
Maximal balloon Infiation pressure (atm)
<7 (n=218) 0.20 = 0.51
7-9 {n=285) 0.28 = 0.54 0.08
> 9 n=274) 0.30 = 0.50
Total inflation times (sec)
< 145 (n=245) 0.20 = 0.48
1580 - 240 (n=285) 0.2¢ + 0.52 0.05
> 240 (n=248) 0.31 = 0.55
Number of inflations
1 (n=84) 0.24 = 0.43
2-4 (n=544) 0.27 = 0.53 0.88
>4 (n=140) 0.27 = 0.53

" CCS = Canadian Cardiovascular Society classification (58), ¥ not assessed in 38
fesions, ? not assessed for 12 lesions, * not assessed in 40 lesions. ¥ = not available
in 57 total occlusions before PTCA # : measured balloon diameter in 621 lesions; * :
balloon size according manufacturer
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Muliiple linear regression analysis The stepwise multiple linear regression analysis
showed that 1) relative gain, 2) minimal lumen diameter post-PTCA, and 3) dilatation
of another vessel than right coronary artery were independently predictive for lumen
narrowing at follow-up. Trial medication, which was forced into the model, had only a
very small statistically insignificant contribution to the fit of the mode! (table 3).

To assess the value of the model at predicting the degree of lumen narrowing at
follow-up, the percentage of correctly classified lesions was calculated for 5 intervals
of predicted change in lumen diameter. Correct prediction by the model was poor,
especially in the lower range. On average only 30% of lesions were corractly classified.
Cn the other hand, lesions that showed moderate or more sever change were more
predictable, although the percentage is still low (table 4). The information content of
the model according to the ROC curves was best for >0.72 mm cut-off criterion (figure
3). These findings underscore the very poor predictability of lumen renarrowing after
balloon coronary angioplasty and explains the discrepancies between the 2 restenosis
criteria with > 0.72 mm decrease in minimal lumen diameter as an "active criterion”
and the 50% diameter stenosis as a "static criterion”.

Table 3 Multivariate linear regression mode! for the prediction of change in MLD.

Coefficient SE Etoremove
intercept -0.33
Allocation 10 cilazapril -0.04 0.04 1.73
Relative gain at PTCA 0.95 0.12 685.73
MLD after angioptasty 0.21 0.05 14.85
Vessel dilated (RCA vs LAD+LC) -0.11 0.04 7.80

LAD = left anterior descending, LCx= left circumflex artery, MLD = minimal lumen
diameter, PTCA = percutaneous translurninal coronary angioplasty, RCA = right
coronary artery
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Table 4  Percentages of correct classification

interval of predicted change Percent correct

in MLD classification

< 0.1 mm 81 /300 30%
0.1t0 0.2 mm 20 /82 24%
0.2t0 0.3 mm 19 /72 26%
0.31t0 0.4 mm 7 / 64 11%
> 0.4 mm 97 / 2680 37%

MLD = minimal lumen diameter

0o TRUE POSITIVES (%)

# 4

50% DS
2 50% DS + delta 13%

3 GE 0.72 mm

;0 slo slu 100
FALSE POSITIVES (%)

Figure 3 Receiver operator curves for comparisan of restenosis criteria at different cut-
off points of predicted change in lumen dizameter. The diagonal line is the line of
identity or line of “no prognostic value". ROC curves on the ling of identity have no
prognostic vaiue, those in the left upper corner are most informative. Solfid curve: 0.72
mm criterion, normal curve 50% diameter stenosis criterion with a change in diameter
stenosis at follow-up of at least 13%, dotted curve: 50% diameter stenosis criterion.

DISCUSSION

Many different patient-procedural-lesion related variables have been proposed
as being predictive of restenosis (table 1), with little agreement between the various
studies. This may be due to deficiencies in their methodology relating to important
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areas: (1) patient selection, 2) methed of analysis 3) definition of restenosis (45). Most
of the early studies were retrospective analyses of a2 small number of (symptomatic)
patients not recatheterized at a predetermined time and used different arbitrary
categorical definitions of restenosis.

ad 1,2) In the present trial, 84% of all randomized patients had follow-up
angiography and thereby eliminating the bias in the assessment of the true change in
lumen diameter of the dilated lesion at follow-up if only symptomatic patients would
have follow-up angiography. All baseline and follow-up films were processed and
analyzed at the same angiographic core laboratory using an automated interpoiated
edge detection technique {CAAS), which has been extensively validated and described
in the literature, thereby reducing the inter and intra abserver variability inherent to
visual interpretation of coronary angiograms (41-44).

ad 3) Recently 2 published ancillary studies of restencsis prevention trials
prospectively collected patient, procedural and {esional factors to determine which of
these factors were predictive for restenosis. They identified different factors as
predictive of restenosis despite using the same restencsis criterion (diameter stenosis
> 50% at follow-up) (13-15). The criterion of a diameter stenosis > 50% at follow-up
is the most frequently used, although of historical relevance (87), it does not
gifferentiate between a suboptimal result immediately after PTCA and a minor
deterioration at follow-up. For example: an increase in diameter stenosis of 35% from
10% post-PTCA to 45% at follow-up is not classified as restenosis, whereas an
increase of only 8% from 45% post-PTCA 10 51% at follow-up is. If distinction is to be
identified between restenosis and a suboptimal result, one could add that a change of
13% In diameter stenosis between post-PTCA and follow-up shouid be present, as this
reflects the long-term variability of the measurements. As restenosis is a continuous
intralumen growth process - that can be measurad by quantitative techniques in large
scale populations - absolute change in MLD {or loss at follow-up) was chosen as the
dependent factor for the assessment of rigk factors for regrowth of the lesion (58).
Although potentially useful because of the ability tc compare vessels of different sizes,
the change in MLD between post-PTCA and follow-up normalized for the reference
diameter (relative loss) was not used in this analysis, as the relative loss is not
independent from the vessel size (fig 4A). As 10ss in minimal lumen diameter during
follow-up sgems tc be independent of the vesse! size (fig 4B) this was chosen (68,70).

Predictors for lumen renarrowing during follow-up
Patient related factors Patients undergoing PTCA for recent onset angina exhibited

greater mean lpss in minimal lumen diameter during follow-up. Perhaps this is related
to the tendency of lesions associated with new onset angina to be biologically more

188



active ("softer”) and more compliant and therefore more amenable to the dilating forces
of the balloon. Consequently, a better initial result is obtained with a greater " relative
gain". Long presence cf stable angina pectoris is associated with more calcification in
the lesion and therefore iess gain in minimal diameter can be achieved. Beside that
less cells that can growth are present and therefore less intimal hyperplasia is
presumably seen.

Patients with more than 1 site dilated during the same procedure has less mean
loss in minimal lumen diameter during follow-up. A possible explanation could be that
in addition to the culprit lesion, a less severe lesion is dilated, as it is not always clear
which lesion is causing the anginal symptoms. As this results in an average minimal
lumen diameter before dilatation that is higher and an average gain that is lower, the
subsequent average loss will be lower.

VESSEL SIZE vs LCSS VESSEL SIZE vs RELATIVE L0SS

LOSS (midpos - midfup) RELATIVE LOSS
) 08k oy

QA4

VESSEL SIZE (mm) VESSEL SIZE {mm)

Figure 4 Scatter plot, with on the X-axis the vessel size, and on the Y-axis the 10$s (A)
defined as the change in minimal luminal diameter between post-PTCA and folfow-
up, and relative loss (B) defined as the change in minimal luminal diameter between
post-PTCA and follow-up normalized for the vessel size. The arrow indicates the
regression line.

Lesion related factors The one factor most strongly associated with lumen
renarrowing after angioplasty was ‘relative gain" achieved by the angioplasty
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procedure. This is the ultimate paradox of treatment with coronary balloon angioplasty;
the greater the initial "relative gain’, the greater the subsequent loss. The final result
or “relative gain” of an angioplasty procedure is the combination of permanent piastic
and reversible slastic changes i.e. a combination of deep arterial injury and reversible
stretch imposed on the diseased vessel wall. The more severe the stenosis is, the
more deep arterial damage will oceur, resulting in 2 more aggressive repair process.
This phenomenon has been observed in animal models of arterial injury and is a
perfectly logical consequence of the healing process (24,25,26).

In univariate analysis the separate variables were also highly significant: minimal
lumen diameter before and after PTCA, diameter stenosis before and after PTCA, and
the presence of totally occluded vesseis, but only minimal lumen diameter post-PTCA,
beside relative gain, was retained in the multivariate linear regression model.

High values of post-PTCA diameter stenosis has been reported to be associated
with higher restenosis rates (table 1), although confusion could be caused by
suboptimal ditatation (i.e. 49% diameter stenosis) in which case only a small loss (l.e.
2% increase in diameter stenosis) is reguired to exceed this categorical cut-off point
of 50%. However, in our study Jow values of diameter stenosis post-PTCA is
associated with more loss.

Totally occluded vessels have been reported to be associated with higher
restenosis rates using "traditional” restenosis criteria {70,71), but was not retained as
a separate factor in our analysis. This is due to the fact that total occlusions are part
of the continuous variables minimal lumen diameter whcich is by means of the relative
gain the most important predictor.

There has been many conflicting studies whether the vessel dilated is a risk
factor for restenosis {table 1). In present study, univariate analysis shows & greater
loss in minimal lumen diameter in the left anterior descending artery as compared 1o
the right coronary or left circumflex artery (table 2B). In stepwise linear regression
analysis, dilatation of another vessel than the right coronary artery consistuted an
independent riskfactor predictive for [0ss. This is somewhat surprising, as recently our
group has found no statistical significant difference in loss between the 3 major
coronary arteries in 1452 dilated lesions, although a trend towards more (relative) loss
in left anterior descending artery was observed (47,48,72). Those 1452 lesions were
derived from two identical executed restencsis prevention trials using a similar
methodologic approach. The cbserved loss in lumen diameter for respectively the
CARPORT and MERCATCR trial were: 0.34=0.83 and 0.21 + 0.5% for RCA (vessel size
2.85mm), 0.27 +0.46 and 0.32 = 0.49for LAD (vessel size 2.53 mm) and 0.28+0.55 and
0.24x0.47 forthe LCX (vessel size 2.53 mmy). Although similar loss during follow-up was
cbserved for the LAD and LCX, the loss in the RCA was low in the MERCATOR trial
and high in the CARPORT trial. We have no explanation for this contradictory
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observation. In addition, the coefficient is 0.11, which means that 0.11 mm of what is
lost can be explained by dilatation of the vessel and therefore is of imited value for the
prediction of logs in the individual patient.

Calcified lesions are associated with less loss during follow-up. A possible
explanation is that in these lesions less gain is achieved, as calcified lesions are difficuit
to dilate successfully.

Precedural related factors Higher total inflation times was associated with more loss
during foliow-up. This reflects an initial poor result after 1 to 3 dilatations and
consequently more extensive deep arterial injury with perhaps prolonged sub-intimal
ischemia due to pressure occlusion of vasa vasorum. This has been the observation
in animal experiments (74).

Stretch was found to be highly significant in univariate anzlysis, although it was
not retained in the stepwise linear regression analysis, as stretch was reflected inthe
variable (refative) gain (75).

Limitations As this is an exploring data analysis, no adjustments were made for
multiple statistical comparisons. Therefore, it is possible that some of the relationships
found in this paper has reached significance by chance alone. The muitivariate model
was developed and tested in the same population. Generally the model will be less
accurate if assessment of fit is carried out in a different population. However the poor
fit of the model even if tested in the same population underscores the poor
predictability of the restenosis proces.

Conclusion Prediction of lumen narrowing with prospectively collected patient, lesion
and procedural factors was shown to be poor. Only 3 variables were found to be
independent determinants of the [oss in minimal lumen diameter of the dilated lesions.
The most important factor is 1) relative gain achieved during coronary angioplasty, 2)
minimal lumen diameter after angioplasty, and 3) dilatation of not the right coronary
artery. This finding seems to be a paradox, as every dilatation is aimed to achieve an
increase in minimal lumen diameter. However it seems that the more gain is achieved
during caronary angioplasty, the more the lesion ¢can and will lose.

Maybe a more meaningful parameter to use in future restenosis prevention trials
or testing of new interventional devices could be the minimal lumen diameter at foliow-
up, as it is not important for the patient what is lost in diameter as to what is left over.
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SUMMARY

Quantitative coronary angiography is ingreasingly being used as the method of
analysis for defining the endpoint in restenosis prevention trials as it is more accurate
and reproducible as compared to visual assessment. However, large variations in data
acquisition and analyses are possible and they should be minimized. in this chapter
our experiences in an angiographic core laboratory in four restenosis prevention trials
with approaches toward standardized angiographic data acquisition and analysis
procedure are presented.

INTRODUCTION

Since its introduction more than 14 years ago [1], percutaneous transluminal
coronary angioptasty [PTCA] has been attended by a 17% to 40% incidence of
restenosis, typically developing within 6 months of the procedure [2-5]. Each year the
number of patients undergoing PTCA has increased and now approaches the number
treated with coronary artery bypass grafting [CABG]. In the last 10 years, experimantal
models have given us more insight into the restenosis phenomenon and
pharmacalogical agents have been developed aiming to prevent ar reduce restenosis.
Many of these "experimental agents have been investigated in clinical restenosis
prevention trials [4-7] and although these agents were able to reduce restenosis in the
animal modei, most of the clinical trials failed to demonstrate a convincing reduction
in the incidence of restenosis in man. In these clinical trials, the primary endpoint has
been either angiographic [change in minimal luminal diameter at follow-up; > 50%
diameter stenosis at follow-up; loss > 50% of the initial gain] and / or clinical (death,
nonfatal myocardial infarction; coronary revascularization; recurrence of angina
requiring medical therapy, exercise test, quality of life]. The use of an angiographic
parameter as a primary endpoint provides the necessary objectively whereby the
patient population reguired for statistical analysis numbers between 500 and 700,
whereas more than 2,000 patients are necessary if a clinical endpoint is used [6].

Despite the widespread and long-standing use of coronary angiography in clinical
practice, as wel as the outstanding improvement in image acquisition, the
interpretation of the angiogram has changed very little and is still reviewed visually.
However, visual assessment is a subjective evaluation with a large inter- and intra
observer variability and can therefore not be used in important scientific studies for
example restenosis prevention trials [8-9]. Quantitative coronary angiography has the
advantage of being more accurate and reproducible in the assessment of lesion
severity, than visual or hand-held caliper assessments. At the Thoraxcenter, the
computer-assisted Cardiovascular Angiography Analysis System (CAAS) using an
automated edge dstection technigue was developed and validated [8,10]. A typical
example of the quantitative analysis of a coronary obstruction is presented in Fig. 1.
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Figure 1 Example of a quantitative analysis of a coronary obstruction of the mid portion
of the right coronary artery: pre-PTCA (a), and post-PTCA (b). The upper curve
represents the diameter along the analyzed segment, the Jower curve represents the
densitometric analysis along the analyzed segment. The minimal lumen diameter is
1.28 mm pre-PTCA (a), and 2.58 mm post-PTCA (b).

Over the last 3 years, we have been the angiographic "core laboratory" {using the
CAAS-system) in 4 restenosis prevention trigls with recruitment of patients in Europe,
United States and Canada (Table I). In order to obtain reliable and reproducible
guantitative measurements over time from coronary (cine)-angiograms, variations in
data acquisition and analyses must be minimized.

Table 1 Angiographic Core Laboratory in 4 restencsis prevention trials (1988 - 1997)

CARPORT Coronary Artery Restenosis Prevention On Repeated Thromboxane
antagonism. Intake and analysis compiete, 707 patients, published:
Circulation Oct 1891,

MERCATOR Multicenter European Research trial with Cilazapril after Angioplasty
to prevent Transluminal coronary Obstruction and Restenosis. intake
and analysis complete, 735 patients, publication pending.

MARCATOR Multicenter American Research trial with Cilazapril after Angioplasty to
prevent Transluminal coronary Obstruction and Restenosis. Intake
complete, follow-up analysis pending, 1436 patients.

PARK Peost Angioplasty Restenosis Ketanserin trial. Intake complete, fup
analysis pending, 703 patients.
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[n this chapter we present our experiences in the core laboratory with our
approaches toward standardized angiographic data acquisition and analysis
procedures as well as in qualitative or morphologic descriptions.

Table 2 Potential problems with angiographic data acquisition and analysis

1 Pincushion distortion of image intensifier

2 Differences in angles and height levels of X-ray system settings

3 Differences in vasomotor tone

4 Variation in quality of mixing of contrast agent with blood

5 Catheter used as scaling device (angiographic quality, influence of contrast in
catheter tip on the calibration factor, size of catheter)

& Deviations in size of catheter as fisted by the manufacturer from its actual size

7 Variation in data analysis

1 Pincushion Distortion

Pincushion distortion af the image intensifier introduces a selective magnification of
an object near the edges of the image as compared with its size in the center [Figure
2 A). An inaccuracy in the measurement of the minimal lumen diameter of the stenosis
over time could be introduced if, for example, the stenosis after the angioplasty
procedure is fimed in the center and &t follow-up near the edges of the image
intensifier. To overcome this potential problem, a cm grid has to be fimed in each
mode of the image intensifier in all the catheterization rooms to be used before the
clinic can start to recruit and randomize patients for a restenosis prevention trial. With
this cm grid film, the CAAS system calculates a correction factor for each intersection
position of the grid wires s0 that the pincushion distortion can be corrected for [Figure
2 B]. Fortunately, the newer generations of image intensifiers intreduce significantly
less distortion than the older gnes from the early and mid 80°s; the degree of distortion
is even less when the lower magnification modes are used with multi-mode image
intensifiers. At present time there are in our database pincushion correction factors of
557 different modes of magnification (82 clinics with 207 angiorooms) from all aver
Europe, United States and Canada.
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Figure 2 Example of pincushion distortion introduced by the image intensifier (A, see
arrow) and of the calculated correction factor with the use of the filmed cm-grid (b).

2 Differences in angies and height levels of the X.ray gantry

As 1t is absolute mandatory to repeat exactly the same (baseling) views of the
coronary segments in studies to evaluate changes in lumen diameter over time, we
have developed at the Thoraxcenter an on-line registration system of the X-ray system
parameters such as parameters describing the geometry of the X-ray gantry for a
particular cine-film run (rotation of U-arm and object, as wel as distances from
isocenter to focus, table height) and also selected X-ray exposure factors (KV, mA).
When repeat angiography is scheduled, the geometry of the X-ray system is set on the
basis of the available data, so that approximately the same angiographic conditions are
obtained. in a clinical study with repositioning of the X-ray system, it was found that
the angular variability, defined by the standard deviation of the absolute differences of
angular settings, was < 4.2 degrees and that the variability in the varicus positions of
image intensifier and X-ray source was < 3.0 cm [8,11]. As on-line registration of the
X-ray system settings is not available in all hospitals, we have developed a technician’s
worksheet that has to be completed during the PTCA procedure with detailed
information of the procedure (view, catheter type, catheter size, balloon type, balloon
size, balloon pressurg, kKV, mA, medication given) (fig Il1]. In this way minimization of
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differences in X-ray settings at follow-up angiography is ensured. Furthermore, each
center intending to participate in one of the trials is required to provide 2 sample cine-
angiograms from each of its catheterization rooms for verification of their ability to
comply to our standards.
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Figure 3 Example of a page of the technician’s worksheet

3 Differences in vasomotor tone of the coronary arteries

As the vasomotor tone may differ widely during censecutive coronary angiographic
studies, it should be controlled at all times. An optimal vasodilatative drug for
controlling the vasomotor tone of the epicardial vessel should produce a quick and
maximal response without influencing the hemodynamic state of the patient. Only
nitrates and calcium antagonists satisfy these reguirements. On isolated human
coronary arteries calcium antagonists are more vasoactive but they act more slowly;
in the in-vivo situation, however, the nitrates are more vasoactive than the calcium
antagonists [12-15].

We have measured in 202 patients the mean diameter of a normal segment of a
non-dilated vessel in a single view pre-PTCA, post-PTCA and at follow-up angiography
& months later. In cases where a stenosis of the left anterior descending artery (LAD)
had been dilated, a non-diseased segment in the left circumflex artery (LCx) was
analyzed and vice versa; where dilatation of a stenosis in the right coronary artery
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(RCA) was performead, a non-diseased segment proximal 1o the stenosis was used for
analysis. All patients were given intracoronary (either 0.1 to 0.3 mg of nitroglycerin or
1 tc 3 mg isosorbide dinitrate (ISDN)) before PTCA and before follow-up and all but
34 received similar dosage before the angicgram immediately after PTCA. Table 3
surmmarizes the results of the analyses; a decrease in mean diameter of -0.11 = 0.27
{mm} was observed in the segments of patients studied without intracoronary nitrates
post-PTCA, whereas a small increase was seen of +0.02 + 0.21 (mm) in the group
with intracoronary nitrates prior to post-PTCA angiography (p < 0.001). No difference
in the mean diameter between pre-PTCA and follow-up angiography was measured.

In summary, the vasomotor tone should be controlled in quantitative coronary
angiographic studies. This is only achieved by means of a vasodilator drug that
produces fast and complete vasodilation without any peripheral effects. Therefore, we
strongly advocate the use of 0.1 to 0.3 mg nitroglycerin or 1 to 3 mg of ISDN pre-
PTCA, after the last balloon inflation before repeating the views used pre-PTCA and at
follow-up angiography.

Table 3 Influence of nitroglycerin on the mean diameter of non diseased segments in
202 patients in single projection

Without Nitro With Nitro
Mean Diameter Post-PTCA Post-PTCA
(mm) N =34 N = 168 t-test
Pre-PTCA 3.12 = 0.83 2.74 = 0.63
Post-PTCA 3.01 =+ 0.64 2.75 = 0.58
Follow-up 3.18 = 0.55 282 = 0.63
Deilta (Post - Pre) -0.11 = 0.27 +0.02 = 0.21 p < 0.001
Belta (Fup - Pre) +0.08 = 0.22 +0.07 £ 0.22 p=ns

4 Influence of contrast agent on vascmotor tone of epicardial coronary agents

Jost et al. have clearly demonstrated that the vasodilative changes in vessel
dimensions due to contrast medium administration are significantly smaller with the use
of @ nonionic rather than ionic contrast medium [18]. Therefore, in guantitative
coronary angiographic studies, nonionic contrast media with iso-osmolality should be
applied.
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It has been suggested to administer the contrast medium by an ECG triggered
injection system. This is however not (yet) feasible during rautine coronary angioplasty
even in a setting of a clinical trial,

5. Catheter used as scaling device for measurements of absolute diameters

A Anglographic versus microcaliper measured size of catheter

The image quality of the (x-ray radiated) catheter is dependent on the catheter
material, concentration of the contrast agent in the catheter and kilovoltages of the x-
ray source. Reiber et al. in 1885 showed that there was a difference of +9.8% in
angiographically measured size as compared with the true size for catheters made
from nylon. Smaller differences were measured for catheters made from woven dacron
(+0.2%), polyvinylchloride (-3.2%) and polyurethane (-3.5%) [17]. It was concluded
that nylon catheters could not be used for quantitative studies.

B Influence of variation in contrast filling of the catheter on calibration

It was also demonstrated that catheters made from woven dacron, polyvinylchloride
and polyurethane when flushed with saline had, identical image contrast gualities
whereas differences in image contrast at various fillings (air, contrast with 3 different
concentrations (Urografin-76, Schering AG, Berlin, Germany; 100% - 50% - 25%)) of
the catheters acquired at different kilovoltages was seen [17].

in addition, we measured the calibration factor in 95 catheters from 15 different
clinics to compare contrast with filled saline catheter. Figure 4 summarizes qur results.
In a considerable number of cases, a difference in calibration factor was present with
an average calibration factor of 0.143 = 0.020 (mm/pixel) for the flushed (contrast
empty) catheter versus 0.158 = 0.030 (mm/pel) for the catheters filled with contrast (p
< 0.001). This means that with the use of a contrast filled catheter instead of a flushed
catheter, the minimal luminal diameter will have an apparent increase in diameter value
of = 0.05 mm pre-PTCA, = 0.15 mm post-PTCA and + 0.20 mm for the reference
diameter.

For this reason we strongly advise the clinics to flush the catheters before each cine-
run to have an "identical flushed catheter” for calibration throughout the study period.

C Size of the catheter

Until recently only 7F and 8F catheters have been used for follow-up angicgraphy
and from earlier studies it is known which of the catheters are preferred for guantitative
analysis [17,18]. However, 5F and 8F catheters are available and increasingly being
used for follow-up angiography. Koning et al. have carried out a study to determine
whether these catheters can be used for calibration purposes (internal Report), (Table
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4). They found that the differences between the true and angiographically measured
diameters of the 5F and 6F catheters in all cases were lower for 8F than for the 5F
catheters. Secondly, the Argon catheters showed the largest overall average
difference, followed by the Edwards catheters and the SF USCI catheter. The Cordis
catheters, the 8F right Judking Medicorp, the 8F Schneider and 8F USCI have the
lowest average differences between the true and measured diameters. However, none
of the catheters satisfy earlier established criteria [17], being that the average
difference of the angiographically assessed and true diameter is lower than 3.5% and
that the standard deviation of the measured diameters be smaller than 0.05 mm, under
the following conditions: filled with 100% contrast concentration, filled with water,
acquired at 80 kV and 80 kV. On the basis of these results, it was concluded that 5F
or BF catheters should not be used for QCA studies using the CAAS-system at the
present time.

CALIBRATION FACTOR (mm/pixel)
CONTRAST EMPTY / FULL CATHETER

0.25
| Regression linel.~~
] e
L ~ s)>
F oz 5P 5
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Lotst © N
L O
ok 527« [Line of identity |
e Y = 0.007 + 1.045 X
R = 0.86: P < 0.001
0 1 L L |
0 0.05 0.1 0.15 g.2 0.25
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Figure 4 Relationship between the calibration factor calculated using an conirast
emply (flushed) catheter versus a contrast filled catheter. A considerable number of
measurements with the contrast filled catheter are above the line of identity.
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Table 4 Comparison of the true sizes of the 5F and 6F catheter segments with
angrographically measured dimensions (measurements were averaged over the three
different fillings (water, contrast medium concentrations of 185 and 370 mg I/cc), each
at two different kilovoltages (60 and 80 kV).

TRUE SIZE ANGIOGRAPHICALLY AVG DIF

(mm) MEASURED SIZE (mm) (%)
5F Catheters
Argon 1.68 1.85 = 0.08 11.3
Cordis 1.73 1.79 = 0.15 3.2
Edwards 1.66 1.80 = 0.08 8.5
Mallinckrodt 1.73 1,72 £ 0.14 0.8
Schneider 1.69 1.79 = 0.07 8.1
uscl 1.61 1.75 = 0.14 8.5
6F Catheters
Argon 1.88 2.14 = 0.07 8.1
Cordis 2.0 2.03 = 0.11 1.1
Edwards 1.6 2.10 £ 0.07 7.1
Medicorp (left) 1.97 2.07 = 0.04 5.1
Medicorp (right) 1.88 2,02 £ 0.10 1.6
Mallinckrodt 1.97 181 = 015 28
Schneider 1.84 200 = 0.09 3.0
UscCl 1.98 2.06 = 0.08 3.4

Mean value * standard deviation, = measurements of the Softouch tip will be more
favorable

6. Deviations in the size of the catheter as listed by the manufacturer

in our experience, the size of the catheter as speciiied by the manufacturer often
deviates from its actual size, especially disposable catheters. If the manufacturer
cannot guarantee narrow ranges for the true size of the catheter, all catheters should
be measured by a micrometer. Therefore, all catheters used during the angioplasty
procedure and at follow-up are coilected, labelled and sent to the angiographic core
laboratory for actual measurement.

As the actual measurement can be hampered by individual variation, we have
evaiuated the inter- and intraobserver variability of catheter measurements at the Core
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Laboratory. A total of 96 catheters with different sizes (6F o SF) were measured by 3
different analysts independent of each other. One month later, all three analysts
measured the same catheters for a second time, unaware of the results from the first
time (Table 5) . The intraobserver variability was excellent with a mean difference of
less than 0.01 mm and a standard deviation of the difference of less than 0.03 mm for
all catheter sizes. Similarly the interobserver variability between the 3 analysts showed
a mean difference of less than 0.03 mm and a standard deviation depending on the
size between 0.00 and 0.04 mm. We conclude that the catheter can be measured with
an excellent accuracy and precision.

Table S Intra- and inter-observer variability of 96 catheter diameter measurements with
an glectronic microcaliper

INTRA-OBSERVER VARIABILITY

n Cverall Mean of p-vaiue s.d of
Mean Diff Dif¥
oF 30 275 0.008 NS 0.026
8F 114 2.56 0.00e NS 0.028
7F 132 2.25 0.001 NS 0.008
6F 12 1.94 -0.002 NS 0.006

INTER-OBSERVER VARIABILITY

N 1vs 2 1vs 3 2vs 3
Mean s.d. Mean s.d. Mean s.¢
Diff Diff Diff Diff Diff Diff
9F 20 0.00 Q.04 0.00 0.02 0.00 0.04
8F 78 0.00 0.03 0.00 0.02 000 0.03
7F 88 000 0. -0.01 002 000 0.02
6F 8 0.02 0.03 -0.01 0.00 0.01 0.03

s.d = standard deviation; diff = difference
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7. Variation in data analysis

Reference Diameter

Although the absclute minimal luminal diameter is ane of the preferred parameters
for describing changes in the severity of an obstruction as a result of an intervention,
percent diameter stenosis is a convenient parameter 1o work with in individual cases.
The conventional method of determining the percent diameter stenosis of a coronary
obstruction requires the user to indicate a reference position. This selection of the
reference diameter is hampered by observer variation. In arteries with a focal
obstructive lesion and a clearly normal praoximal arterial segment, the choice of the
reference diameter is straightforward and simple. However in cases where the proximal
part of the arterial segment shows combination of stenotic and ectatic areas, the
choice may be difficult. To minimize these variations, the CAAS-system uses an
interpolated or computer defined reference technigque.

Eength of Analyzed Segment

Anatomic landmarks such as bifurcations are used for the manual definition of start
and end points of arterial segments s0 as to minimize the problem of non identical
analyses. For that purpose, drawings are made by the investigator of all different views
suitable for quantitative analysis, pre-PTCA, post-PTCA and at follow-up. In addition,
a hard-copy is made of every drawing, to enable anzalysis of the exact same segments
at follow-up angiography.

Frame Selection

Usually, an end-diastolic cineframe is selected for the quantitative analysis of a
coronary obstruction to avoid blurring effect of motion. if the obstruction 13 not
optimally visible in that particular frame (e.g. by overlap by another vessel} a
neighboring frame in the sequence is selected. However, since a marker is not always
present on the cine-film, the visually selected cine-frame may not be truly end-diastolic.
Beside that, individual analysts may choose different frames even when the same
selection criteria are followed. In addition, it is possible that the frames are selected
from different cardiac cycles, in relation to the moment of contrast injection. Reiber et
al. have critically assessed this problem in 38 fims whether selection of the frame (3
frames preceding, 3 frames immediately following the frame and the same frame as
chosen by the senior cardiologist as the reference end-diastolic frame, but one cardiac
cycle earlier or later) resulted in a significant differences in the measurements. They
found no significant difference in the mean and the standard deviation of the
differences for the obstruction diameter, interpolated reference diameter, percent
diameter stenosis, extent of the obstruction and area of atherosclerotic plaque
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obtained in various frames with respect to the "select reference frame”. Therefore, it is
concluded that the selection of a true end-diastolic cineframe for quantitative analysis
is not very critical and that in case of overlap it is possible to select a neighboring
frame [1€].

Il QUALITY CONTROL IN THE MERCATOR TRIAL

in the MERCATCR-trial - a restenosis prevention trial with a new angiotensin
converting enzyme inhibitor cilazapril - in which 28 clinics have participated, quantitative
coronary angiography was used to determine the primary endpeint as defined by the
rate and extent of restenosis. Before the clinics could start to recruit patients for the
study, they had to supply 2 sample cinefilms for analysis to demonstrate that they
could comply with the reguired standards. Of all participating clinics 1 or more cm-
grid fims of all modes of all image intensifiers were received at the core laboratory 1o
allow correction for pincushion distortion of the image intensifiers. All ciinics received
a set of radiopaque plates to be able to make it clear on the film whether nitroglycerin
or isosorbide dinitrate was given before the contrast injection, which field size of the
image intensifier was used, the balloon pressure and balloon size used ete. In a period
of 3 months (June 1885 - Novernber 1888), a total of 735 patients were recruited with
a minimum of 8 patients and a maximum of 58 patients per clinic. Five of the 735
patients were not included in the final analysis of the trial because their cinefilm could
not be quantitative analyzed; in 1 patient the film developing machine broke down so
that no post-PTCA film was available for analysis; in 2 patients analysis was not
possible due 10 a large coronary artery dissection; in 1 patient no matching views were
available and in 1 patient poor filing of the vessel had occurred (due to the use of a
catheter with side holes) making cormparison with the baseline fim unreliable.

In 2 patients pre-PTCA, 34 patients post-PTCA and in 4 patients at follow-up
angiography intracoronary nitroglycerin or iscsorbide dinitrate had not been
administered as assessed by the absence of the plate on the film and nothing had
been recorded in the column "'medication given during the procedure”. In 26 patients,
a 5 or 8 French catheter was used at the time of follow-up angiography. In 8% of the
views pre-PTCA, 12% of the post-PTCA views and 12% of the follow-up views, the
images had to be analyzed with a contrast-filled catheter because no flushed catheter
was available. Figure 5 shows the average number of matched views available for QCA
analysis per segment dilated.

QUALITATIVE ASSESSMENT
In addition to quantitative measurements, an angiographic core laboratory can
assess gualitative or morphologic factors, such as type of lesion (according the AHA
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AVERAGE NUMBER OF PROJECTIONS FPER SEGMENT

MERCATOR

Figure 5 The average number of matched projections (pre-PTCA, post-PTCA and at
follow-up) that were used for quantitative analysis in the MERCATOR trial per segrment
are given in the circles. The numbers between the brackets are the fotal number of
stenoses for that particular segment.

classification), description of the eccentricity of the lesion and type of dissection after
the procedure, using modified NHLB! criteria, to establish the roles of these descriptors
in the restenosis process. Recently, we have studied the interobserver variability for the
description of the lesion and the type of dissection [20,21]. Using the Ambrose
classification there was an agreement of 80% between the two assessors of the corg
laboratory and for dissection there was an agreement of 87%. At the present time, no
additional data is available but will become available in the near future,

CONCLUSION

The use of quantitative coronary angiography is an objective and'reliable method to
evaluate changes in arterial dimensions qver time. An angiographic core laboratory
plays a crucial role in minimizing the problems of data acquisition and data analysis as
well as the overall quality of the trial. Beside that an angiographic core laboratory may
help demonstrating the reproducibility of qualitative factors and their role in the
occurrence of acute and late complications of PTCA.

Furthermore, in our experience it has been possible to standardize angiographic
data acquisition from 82 different clinics in Europe, United States and Canada.
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APPENDIX @

DOES THE NEW ANGIOTENSIN CONVERTING ENZYME INHIBITOR
CILAZAPRIL PREVENT RESTENOSIS AFTER PERCUTANEQOUS TRANSLUMINAL
CORONARY ANGIOPLASTY?
THE RESULTS OF THE MERCATOR-STUDY:
A MULTICENTER RANDOMIZED DOUBLE-BLIND PLACEBO-CONTROLLED TRIAL

MERCATOR study group

Circulation: 1982;86:100-10.
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Does the New Angiotensin Converting Enzyme
Inhibitor Cilazapril Prevent Restenosis
After Percutaneous Transluminal
Coronary Angioplasty?

Results of the MERCATOR Study: A Multicenter,
Randomized, Double-Blind Placebo-Controlled Trial

The Mudticenter European Research Trial With Cilazapril After Angioplasty to Prevent
Transluminal Coronary Obstruction and Restenosis (MERCATOR) Study Group

Backgrournd. Cilazapril is a novel angioteasin converting enzyme inbibitor witk antiproliferative effects
in the rat model after balloon injury.

Methods and Results. We conducted a randomized. double-blind placebo-controlled trial to assess the
cffect of cilazapril in angiographic restenosis prevention after percutameous translmminal corosary
angieplasty (PTCA). Patients received citazapril 2.5 mg in the evening after successful PTCA and 5 my
b.i.d. for 6 months or matched placebo. In addition, all paticnts received aspirin for 6 months. Coronary
angiograms before PTCA, after PTCA. and at 6-month follow-up were quantitatively analyzed. In 94% of
735 recruited patients, PTCA was successful and all inclusion and exclusion criteria were met. For the
per-protocol amalysis. quantitative angiegraphy after PTCA and at follow-np was available in 595 patients
who complied with the treatment regimen (309 control, 286 cilazapril). The mean difference in minimal
coronary lumen diameter between post-PTCA and follow-up angiogram {primary end point) was
—0.29+0.4% mm iz the control group and —0.27%0.51 mm in the cilazapril group. Clinical events during
6-month follow-np, analyzed on an intention-to-treat hasis, were ranked according to the most serious
clinical event rapging {rom death (control, two; cilazapril, three), nonfatal myocardial infarction (control,
eights cilazapril, 5), coronary revascularization (control, 51: ¢itazapril, 53), or recurrent angina requiring
medical therapy (control, 67; cilazapril, 68) to none of the above (control, 224; cilazapeil, 212}, There were
no significant differences in ranking.

Conclusions, Long-term angiotemsin converting enzyme inhibition with eilazapril in a dose of 5 mg boid.
does not prevent restenosis and does not favorably influence the overall clinical outcome after PTCA.

(Circnlation 1992:86:100-116)

Key Worps « clivical trials o cilazapril ¢ angiotensin comverting enzyme e percutancous

transluminal coronary angioplasty

(PTCA) was introduced by Andreas Gruentzig

in 1977 as an alternative treatment for coronary
artery bypass grafting (CABG) in patierts with angina
pectoris.! Increased experience and advances in tech-
nology have resulted in a high primary suceess rate
(over 90%) and a low complication rate (death or
nonfatal myocardial infarction. 4—5%).2 However, the
late restenosis rate (17-40%) still limits the long-term
benefit of the procedure.®-#

Pcrcutancous transluminal coronary angioplasty

From the Multicenter European Research Trial With Cilazapril
After Angioplasty to Prevent Transluminal Coronary Obstruction
and Restenosis (MERCATOR) Study Group.

Supperted by F. Hoffmann-La Roche Ltd., Basel, Switzerland,

Address for correspondence: PW, Serruys, MD, PaD, Cathe-
terization Laboratory. Thoraxcenter. Postbox 1738, 3000 DR
Rotterdam, The Netherlands.

Received December 20, 1991; revision accepted March 10, 1992,

The cause of restenosis is unclear, but factors such as
platelet aggregation, formation of mural thrombi, inti-
mazl proliferation of strooth muscle celis, elastic recoil.
and active vasoconstriction at the site of PTCA injury
have all been implicated.™7 A decade of intensive
clinical and pharmacological research has not suc-
ceeded in altering the restenosis rate. ™! Various reat-
ments started shortly before or after PTCA and some-
times given for up to 6 months. such as intravenous
administration of heparin, antiplatelet therapy {aspirin,
dipyridamole, ticlopidine, prostacyclin, ciprostene.
thromboxane A; receptor biocker). anticoagulants (cou-
madin), calciem channel blockers (nifedipine, diltia-
zem, verapamil), and other agents such as corticoster-
oids and colchicine, have failed to reduce the restenosis
rate.®%2! Fish oil and cholesterol-lowering agents have
shown promise, although the published results are
conflicting. 202

Balloon angioplasty extensively damages the medial
smooth muscle ceils as well as the endothelial lining of
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the coronary vessel wall. > Recent data have shown that
mitogens from platelets are not wholly responsibie for
initiating the proliferative response in balloon catheter-
injured arteries, because smooth muscle cell prolifera-
tion: occurred in the absence of platelets.® The smooth
muscle cell proliferation was correiated with the sever-
ity of trauma inflicted by the denuding technique to the
arterial wall, which wouid suggest a role for endogenous
factors possibly released from damaged endothelial and
smooth muscle cells.’* The basic fibroblastic growth
factor {bFGF) is onc of the main factors. as it is released
from disrupted cultured vascular cells and is a growth
factor for smooth muscle cells in vitro and in vivo 242
Platetet-derived growth factor (PDGF) may regulate
the migration of smooth muscle cells from the media
into the intima,* In this process, angiotensin i1 might
act as a comitogen and stimulate increased proliferation
of smooth muscle cells that have been activated to enter
the cell cycle and have migrated to the subintima.®
Based on the hypothesis that a local angiotensin system
may regulate the vascular response to endothelial jn-
jury. Powell et 21* examined the effects of various doses
of the angiotensin converting enzyme (ACE) inhibitor
cilazapril on peointimal proliferation in the rat carotid

See p 325

artery. Administration of a high dose resulted in an 80%
reduction in neointima formation in this balioon-injured
artery model.

The present multicenter, randomized, double-blind
placebo-controlled trial was designed to test whether
ACE inhibition can prevent late restenosis after PTCA
in hurmans.

Methods

Study Population

Al symptomatic and asymptomatic paticnts sched-
uled for PTCA with an angiographically proven. func-
tionally significant narrowing in onec or more major
coronary arteries were considered for inclusion in 26
participating centers (sce “Appendix”). A screening log
was maintained in 17 participating centers. Between
June 1989 and December 1989, 27% of patients
screened in these centers were enroiled. Reasons for
exclusion are listed in Table 1.

Treatment Allocation

The trial was carried out according to the Declaration
of Helsinki (1963: revised in Venice, 1983). Informed
consent was obtained in 735 recruited patients before
the PTCA procedure. Patients were randomly assigned
to cilazapril or placebo, but only 693 patients with
successful PTCA (defined as 2 visually assessed diame-
ter stenosis of <50% after PTCA) who met all inclusion
and exclusion criteria as stated in the protocol contin-
ued the trial and formed the study population (Figure
1). Forty-two paticnis were excluded for the foilowing
reasons. 1) The PTCA procedure could not be per-
formed (lesion not suitable). 2) The PTCA procedure
was unsuccessful or unsatisfactory (either inability to
reach or to cross the lesion or a diameter stenosis of
=>50% after PTCA, or abrupt ccclusion not responding
10 intracoronary spasmolytic or thrombolytic therapy).
3) The PTCA procedure was complicated by myocardial

pril and Restenosis Prevention

TasLE 1. Screening Resualts of 17 Log-Keeping Clinics

i

n

Total number of screened patients 1.755 160
Number of recruited patients 478 27.2
Excluded from the trial 1.277 8

Reason for exclusion
History of sustained essential

hyperteasion 271 154
Previous and/or failed PTCA at

the same site 268 15.3
Q wave MI <4 weeks before

study entry 174 99
Follow-up coronary angiography

unlikely 109 6.2
Logistic reasons 57 38
Significant concomitant disease 50 2.8
Older than 75 years 43 25
Dilatation of bypass graft 40 23
Primary perfusion therapy 39 22
Ne¢ informed consent given 39 22
Current evidence or histery of

heart {ailure 28 16
Other reasons* {<1% each) 322 8.6

PTCA. percutancous transluminal coronary angioplastvy MI,
myocardial infarction; MERCATOR, Multicenter European Re-
search Trial With Cilazapril After Angioplasty to Prevent Trans-
luminal Coronary Obstruction and Restenosis; ACE. angiotensin
converting enzyme.

“Participation in other trial: planned directional atherectomy
procedure or stent implantation: left main disease; history of type
11 hypercholesterolemia: previous cerebrovascular accident; previ-
ous participation in MERCATOR: hypoteasion: contraindieation
to ACE inhibition/nspirin; women of childbearing potential: insu-
lin-dependent diabetes; miscellaneous.

736 PTG AECRUITED|
NO PTCA 4
'm[fu@ﬂmg;
[PLACEI
INTENTION TG THEAT
633 1«-{ 552
STOPPED FOR ADV. EVENTS)

26 15
NON COMPLIANT
21 | 18

PROTOCOL VIOLATION
1 0

[STOPPED FOR CLIN. ENDPTS.
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2 [ '|
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FIGURE 1. Patient flowchart in MERCATOR (Multicenter
European Research Trial With Cilazapril After Angioplasty to
Prevent Transkoninal Coronary Obstruction and Restenosis).
Prs, potients: QCA, quantitanve coronary angiograpity; BL,
baseline; Excl, exciusion; PTCA, percutancous transluminal
coronary angioplasty; ADV, adverse; Clin endpts, clinical end
points; F-up, F-U, follow-up: ANGIQ. angiogram.
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FIGURE 2. Video bnages: Single frame of & narrowing In the right coronary artery before percutancous translumninal coronary
angioplasry (PTCA) (panel A), after PTCA (pancl B). and at follow-up (pancl C). Superimposed on the video image is the
diameter function curve (upper curve) logether with the interpolated reference curve. Minimal lumen diameter is 1,28 mm before

PTCA, 2.58 mm after PTCA, and 1.17 mm at follow-up,

infarction before the first drug intake (symptoms. ECG
changes. and creatine kinase levels more than twice the
upper limit of normal). Retroactively, patients were
excluded from the study for the following reasons. 1)
The baseline fiim could not be quantitatively analyzed.
2) The exclusion criterion was overlooked at the time of
screening,

Trial medication was given for the first time in the
evening after successful PTCA and consisted of either
capsules of cilazapril (first evening, 2.5 mg: 5 mg b.id.
thereafter) or matching placebo for 6 months. In addi-
tion, all patients received 75-125 mg aspirin b.id.
before coronary PTCA until {follow-up angiography.3:-

Follow-up Evaluation

Patients returned 1o the outpatient clinic after 1,2, 4,
and 6 months for an interview. a cardiac examination,
ECG, laboratory tests, and 2 capsule count. Foliow-up
angiography was performed at the é-month visit after
the trizl medication was discontinued. When symptoms
recurred within 6 months, coronary angiography was
carried out earlier. When neo definite restenosis was
present and the follow-up time was less than 3 months,
the patient was asked to undergo another coronary
angiogram at 6 months.

Qne 10 4 days before follow-up angiography but after
discontinuation of the trial medication, a symptom-lim-
ited exercise test was performed on 2 bicycle ergometer
according 10 2 standard protocol. The test was performed
with the patient in a sitting position, starting with a work
load of 20 W, which was increased by 20 W every minute.
Exercise was continued until anginal symptoms, a drop in
systolic blood pressure, severe arrhythmia, or an ST
depression of more than 1 mm occurred or the patient
stopped because of fatipue. A 12-lead ECG was recorded
during exercise and recovery. ST changes were measured
80 msec after the J point.

PTCA Procedure and Angiographic Analysis

At the beginning of the procedure, all patients re-
ceived a bolus of 10,000 IU intravenous heparin. After 2
kouxs, an additional infusion of 5,000 IU/hr was given

until the cnd of the procedure. Use of a calcium channel
blocker for 48 hours after PTCA was permitted. Choice
of balloon type. inflation duration, and pressure were
left to the operater.

For the purpose of the study, three coronary angie-
grams were obtained in each patient—one just before
PTCA, one immediately after PTCA, and onc at follow-
up. Angiograms were recorded in such a way that they
were suitable for quantitative analysis by the Coronary
Angiography Analysis System (CAAS). An example of
an analysis is shown in Figure 2. To standardize the
method of data acquisition and to ensure exact repro-
ducibility of post-PTCA and follow-up angiograms,
measures were taken as described earlier 2% All angio-
graphic anpalyses. including qualitative assessment of
certain lesion characteristics,™-* were performed at a
core laboratory, which was blinded to treatment alloca-
tion and did not have access to clinical data,

As visual assessment of coronary angiograms is ham-
pered by a large interobserver and intraobserver vari-
ability,*37 all cineangiograms were quantitatively ana-
lyzed using the CAAS system, which has been validated
and described in detail. % The absolute values of the
stenosis diameter as well as the reference diameter are
measured by the computer, using the known contrast—
empry catheter diameter as a scaling device. To achieve
maximal vasodilatation, intracoronary nitroglycerin or
isosorbide dinitrate was given for cach coronary artery
involved before PTCA, after PTCA, and at follow-up
angiography. All contour positions of the catheter and
the arterial segment were corrected for pincushion
distortion introduced by the individual image intensifi-
ers. Because the algorithm is not able to measure total
occlusions and lesions with TIMI-1 perfusion. a value of
0 mm was used for the roinimal lumen diameter and
100% for the percent diameter stenosis. In these cases,
the post-PTCA reference diameter was used as the
reference diameter before PTCA or at follow-up.

End Poinzs

The primary end point of this study was the within-
patient change in minimal lumen diameter as deter-
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mined by guantitative angiography after PTCA and at
follow-up. Post-PTCA values were obtained from the
last post-PTCA angiogram made directly after removal
of the guide wire. The initial procedure was considered
finished when the guide catheter was removed. In the
case that the clinical condition required repeat PTCA,
the angiogram made before repeat PTCA was used to
obtain follow-up values irrespective of the timing of
repeat PTCA (hours, days, or weeks).

For each dilated segment, the minimal lumen diam-
eter was taken as the mean value from multiple matched
projections. Within-patient change was defined as the
follow-up value minus the post-PTCA value. In the case
that more than one segment was dilated (multivessel or
multisite procedures), the mean change over all iesions
dilated was taken as the end point. Sccondary end
points were restenosis rates, exercise test results. and
clinical events. These were death (irrespective of cause).
New York Heart Association class III-IV as a result of
congestive heart failure, nonfatal myocardial infarction
{symptoms, ECG changes, and creatine kinase enzymes
above twice the upper limit of normal}, coronary revas-
cularization (CABG, repeat PTCA. stent implantation,
or athercctomy at the same site or other site)., and
Tecurrent angina requiring initiation or increase in med-
ical therapy, or none of the above. Only revasculariza-
tions that were done before the 6-month time window (6
months+3 weeks) were counted as a clinical event,

Statistical Methods and Analysis

As stated in the original protocol. the required sample
size (200 evaluzble patients per treatment group) was
based on the assurnption of a restenosis rate of 309 in the
control group and of 15% (i.c.. 2 50% difference) in the
cilazapril group {two-sided test with an « error of 0.05 and
a power of 0.80). However. as more and more quantitative
data became available, we realized that restenosis should
be viewed as a continuous process. This is best measured
by the mean overail change in absolute minimal luminal
diameter instead of applying arbitrarily selected cutoff
criteria of 50% diameter stenosis at follow-up or
=(.72-mm chanpge in minimal diameter between post-
PTCA and follow-up. Consequently, the imtial power
caleulations were changed during the trial in a protocol
amendment with continuous data. With the assumption of
a change of —0.400.50 mm in mean mimmal lumen
diameter between postangioplasty and follow-up angio-
gram in the control group and —0.25=0.50 mm (ie., a
37.5% difference) in the active drug group (two-sided test
with an « error of 0.05 and a power of 0.90), the minimal
samople size was estimated t© be 233 padents in cach
group. Thus, enough patients were recruited to detect a
significant difference between the two trearment groups.

For statistical evaluation, intention-to-treat and per-
protocol populations were defined, The intention-to-treat
population comprised patients who falfilled all indusion
and exclusion criteria and received at least one dose of test
medication. The per-protocol population consisted of all
compliant patients of the intention-to-treat population
who had an analyzabie follow-up angiogram. A paticnt
was judged compliant if at least 80% of the test medication
was taken and the test medication was not stopped more
than 5 days before follow-up angiography.

To test the hypothesis that the mean change in
minimal lumen diameter is equal in the twoe treatment

groups, ANOVA was done with treatment and center as
main factors and treatment times center as interaction
term. As the change in minimal luminal diameter after
PTCA follows a ncar-gaussian distribution, parametric
tests were allowed to be used.™ The treatment effect
was defined as the difference in mean change in minimal
lumen diameter between the two treatment groups. In
addition. 95% confidence intervals of the treatment
effect were obtained from the ANOVA,

Comparison of the clinical outcome was done for the
intention-to-treat population. Each patient was as-
signed at the time of follow-up to the most serious
applicabic event on the scale described above, For
comparison of the clinical outcome between the two
treatment groups, standard nonparametric statistical
methods were used.

Results

In total, 735 patients gave informed consent. and
subsequently, 693 continued the trial and constituted
the intention-to-treat population. Figure 1 shows the
patient flowchart. Forty-two patients (23 patients ran-
domly assigned to cilazapril and 19 patients to placebo)
were aot included in the trial for the following reasons.
In four patients, no PTCA was performed because the
lesion was no lopger an indication for PTCA: in 25
patients, the outcome of the PTCA procedure was
unsatisfactory (two patients with a post-PTCA diameter
stenosis of >50% by visual assessment), unsuccessful
(11 patients because of inability to cross the lesion), or
complicated {four patients with emergency CABG,
eight patients with sustajned occlusion). Thirteen pa-
tients were excluded from the analysis (10 because a
selection criterion was overlooked, three because no
baseline quantitative analysi$ was possible). Of the
remaining 693 patients, 352 were randomized to receive
placebo and 341 were randomized 1o receive cilazapril,

Baseline Characteristics and Clinical Follow-up

Selected demographic and clinical characteristics of
the two study groups are shown in Tables 2 and 3. In
general, baseline characteristics were evenly distributed
in the two groups except fof patients with pain at rest
and patients currently smoking., who were more fre.
quently encountered in the control group.

Clinical follow-up was obtained for all 693 patients.
During the coursc of the study, five patients died
(controi, twos cilazapril, three). The cause of death was
cardiovascular in four cases and of other origin in one
case. Nonfatal myocardial infarction was documented in
13 patients (control, eight; cilazapril, five); 17 patients
underwent bypass surgery (controf. eight: cilazapril,
nine); repeat PTCA, athercctomy, or stent implantation
was performed in 87 patients (control, 43; cilazapril,
44): and recurrent angina was observed in 135 patients
(control, 67; cilazapril, 68). Finally, 224 (64%) in the
control group and 212 (62%) in the treated group were
event free at &-month follow-up. Table 4 shows the
rumber of cvents on a per-patient basis, with enly the
most sericus event listed. Adjusted y 7 test revealed no
difference in ranking between the two groups.

During foliow-up. 40 patients stopped their treatment
because of adverse experiences (hypotension: control,
ong; cilazapril, nmines cough: control, none: cilazaprif,
four; rash: control, three: cilazapril, two: dizziness:
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Tapre 3. Clivicat Characteristics of the
Intention-to-Treat Population

TABLE 3,  Angiographic Characteristics of
Per-Protocol Population

Control Cilazapri! Control patients  Cilazapril patients
patients patients (n=309, (=286,
(n=352) {n=341) 367 lesions) 342 lesions)
Men (No.) 292 (83%) 282 (83%) Vessel dilated
Age (years) 5628 (32-T4) 57=9 (35-74) RCA 103 {28%%) 101 (305%)
Ever smoked 269 (76%) 259 (7655) LAD 173 (47%%) 153 (45%%)
Current smokers® 70 (20%%) 49 (145%) LCx 93 (25%) 88 (25%)
Non—insulin-dependent diabetes 20 (6%) 21 (6%%) Number of sites dilated
One-vessel disease 2B (65%) 225 (66%) One 305 (82%) 283 (329%)
Two-vessel disense 106 {30%) 99 (299 Two 51(15%) 51 (15%)
Three-vessel discase 18 (3%) 17 (3%) Three 8 (2%) T{2%)
Total cholesterol (mg/dl} 223=59 227=54 Four 3 (1%} 1{1%)
No angina present 30 (9%) 28 (8%) Lesion type
Angina present 322 (91%) 313 (92%%) Concentric 188 (51%0) 179 (52%)
CCS class [ 46 (13%) 33 (16%) Eccentric 135 (37%) 108 (31%%)
CCS class I1 108 (31%) 163 (30%0) Tandem 31(1%) 18 (5%)
CCS class 1 102 (29%) 100 {29%5) Multiple irregularitics 31(8%) 25 (%)
CCS class TV 66 {19%) 57(17%) Total occlusion 10 {3%) 12 (49%)
Pain at rest® 133 (38%) 99 (29%) Calcified lesion 45 (1292) 46 (1458}
Controlied by oral medication 92 64 Side branch in stenosis 213 (58%) 197 (56%)
Controlied by nitrates (i.v.} 28 15 Lesion at bend point 34 (9%) 48 (13%)
Controlled by maximal medication 11 16 Thrombus after PTCA 10 (3%2) 14 (49)
Ceontinues at maximal medication 2 4 Dissection”
Duration of angina (days) 4322902 422921 No* 262 (72%) 235 (695%)
Previous M1 146 (4158) 142 (4295) Type A 32 (6%) 39 (12%)
Previous CABG 6 7 Type B 57 (16%2) 49 (15%)
Previous angioplasty 3 4 Type C 12 (3%} 13 {(4%)
PTCA+CABG 1 1 Type D 1 1
No. of patients on Type E 4 2
Nitrates 246 (70%) 236 (6950} Largest size balloon {mm) 2.88=0.41 2.83=0.65
Ca anaponists 228 (65%) 217 (63%2) Muximal pressure (atm) 8325 8.0x27
B-Blockers 182 {524%) 180 (339%) Totl inflation (seconds) 2452226 247=214
No medication 14 {45%) 19 (6%) Balloon artery ratio 1.14:20.20 1.12+0.18
Morotherapy 89 (25%) 91 (27%) RCA. right coronary artery: LAD, left anterior descending
Double therupy 180 (51%) 151 (44%%) corenary artery: LCx, left circumflex artery: PTCA, perculaneous
Triple therapy 69 (209%) 30 (23%) transluminal coronary angioplasty.

CCS. Canadian Cardiovaseular Sociery angina classification;
MI, myocardial infarction: CABG, coronary artery bypass graft;
PTCA, percutancous transluminal coronary angioplasty.

Values are mean=8D. *p<0.05.

control, twos ¢ilazapril, three; gastrointestinal problems:
control, three; cilazapril, four; other reasons: control,
five; cilazapril, four). Ning patients stopped treatment
because they had a clinical event {death: control, two;
cilazapril. three; CABG: control, one: cilazapril, one;
nonfatal myocardial infaretion: conatrol, two; cilazapril,
none), and one patient became a prozocol violator,
Thirty-pine parients did not fulfill compliance criteria
(control, 18: cilazapril, 21): in nine patients. no angio-
gram suitable for quantitative analysis could be ob-
tained due to either refusal (control, five: cilazapril,
two) or to technical reasons (absence of matched views
or poor quality of the follow-up film: ¢ontrol. none;
cilazapril. two). Thus. the per-protocol population ¢on-
sisted of 309 control patients and 286 patients treated
with cilazapril.

Vaiues are mean=3D. *Modified from Reference 35.

Angiographic Efficacy Analysis

Table 5 summarizes the quantitative angiographic
findings in the per-protoco} population. On per-proto-
col basis. the loss at foliow-up in minimal lumen diam-
eter was —0.29x0.49 mm in the control group and

Tasiz 4. Ranking per Patient Based oo Moest Serious Clinical
Event During 6-Month Follow-up

Control Cilszapril

patients patients

{(n=352) (n=341)
Death 2(<1%) 3(<1%)
NYHA IILTV 0 0
Nonfatal myoeardial infarction 8(2.3%) 5(1.4%%)
Coronary revascularization 51(14.5) 53 (15.5)
Angina recurtence 67 (19.0%) 08 (19.9%)
No cvent 124 (63.6%) 212 (62.2%)

NYHA, New York Heart Association classification for conges-
tive heart failure.
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TAsLE 5. Quantitative Analysis in the Per-Protocol Popalztion

Conrrol Cilazapril
patients patients
(n=309) (n=286)
Obstruction diametar (mm)
Before angioplasty 0.98=0.35 1.05+035
After angioplasty 1.77=034 1.80=x0.36
Follow-up 1.48=0.52 1.54=0.54
Reference diameter {mm)
Before angioplasty 2.61x0.54 2.66=051
After angioplasty 2.67x048 2.72=049
Follow-up 2.68=056 2742052
Bifference in obstruction diameter {mm)
After preangioplasty 0.79=0.42 0.75=0.37
Foliow-up postangioplasty —029+049  ~0,27x051
Percentage stenosis (92)
Before angioplasty 614134 60.1x323
After angioplasty 32.9=9.0 33.0=10.0
Follow-up +#.2=18.0 435+17.2
Difference in percentage stenosis {2)
Adter preangioplasty —285=1583  —27.1=13.7
Follow-up postangioplasty 11.3x=18.2 10.5=18.0

Values are mean=SD».

—0.27=0.51 mm in the cilazapril-treated group (treat-
ment effect, 0.023 mm; 95% CI. —0.06-0.11 mm).
Figures 3 and 4 represent a cumulative frequency curve
of the mivimal lumen diameter and of the change in
minimal [umen diameter observed in both groups. Ad-
justment for current smoking and pain at rest did not
affect the results. When participating clinics were ana-
lyzed separately, the results were consistent.

Table 6 summarizes the restenosis rates in the per-
protocol population per lesion according to seven fre-
quently used restencsis criteria.

Bicycle Ergometry

Of 693 patients. 564 (81%) underwent exercise test-
ing at follow-up. Reasons for not performing the test
were death in five patients (control, two; cilazapril,
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FIGURE 3. Curmudative distribution curve (CUM %o, cumu-
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both trearment groups.
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FIGURE 4. Cumulative distribution curve of the change in
wminimal fumen digmeter from before percutoneous transiu-
minal coronary angioplasty (PTCA) o follow-up in both
treatment groups. CUM %, cumudative percentage of putients.

three), unstable angina in 58 patients (control, 30:
cilazapril, 28), refusal in 18 patients (control, five:
citazapril, 13), adversc event in 23 patients (control, 11;
cilazapril. 12). logistic reasons in six patieats (control,
four: cilazapril, two). and other reasons in 14 patients
{control. five: cilazapril, nine). The exercise test was not
performed according to protoco! in five patients (con-
trol, four; cilazapril, one). Table 7 summarnizes results of
exercisc testing in both groups. No difference in objec-
tive parameters was observed. Chest pain during exer-
cise was reported in 74 patients (25%) receiving placcbo
and 42 patients (15%) receiving cilazapril ( p=0.03). ST
deviation (depression or clevation) of >0.1 mV associ-
ated with arginal symptoms was observed in 39 patients
{13%%) in the control group and 25 patients (993) in the
cilazapril group.

Discussion

Rarionale for ACE Inhibition After PTCA

Over the past decade. it has been repeatedly demon-
strated that reatment of chronic hypertensive rats with
ACE inhibitors reduces the medial hypertrophy of
muscular arteries.*-< Therefore. it has been postulated
that the local renin-angiotensin system may participate
in regulating the vascular response to arterial injury.

TaBLE 6. Restenosis Rates per Lesior According to Frequently
Used Definitions

Centrol  Cilazapril
patients patients
(=309, (=236,
- 368 lestons) 342 lesions)
MLD (post-PTCA follow-up) =0.72 59 (16%) 56 (17%)
MLD {post-PTCA follow-up) 20.36 153 (42%) 129 (38%)
>30% DS increase in DS at follow-up 45 (12%)  42(13%)
<50% DS after PTCA to >70% DS 25(7%) 20 (6%)
foliow-up
DS follow-up <10% DS befors PTCA  66{18%)  55(16%)
Loss of >50% of gain or >30% T DS 144 {39%) 125 (37%)
<30% DS after PTCA 10 >50% DS 103 (28%) 96 (28%)

follow-up

MLD, minimal lumen diameter; PTCA, percutaneous transhu-
minal coronary angioplasty; DS, diameter stenosis.
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TaBLE 7. Exercise Test Revults of 564 Patients

Control patients

Cilazapril patients

{n=291} r=273) P
Maximum work lond (W) 146+39 151=44 NS
Excrcise time (seconds) 146=124 454127 NS
Syszolic blood pressure at peak cxercise {mm Hg) 196=27 19228 NS
Heart rate a1 peak cxercise (beats per minute) 142222 142=21 NS
Double product (mm Hg - 100/beats per minute) 27965 2752066 NS
ST deviation >1 mm 102 (365%) 99 (37%%) NS
Anginzal symproms during test 74 (25%) 42 (15%) .03
Combination of ST >1 mm and symptoms 39 (13%) 25 (9%%) NS

This hypothesis has prompied the investigation of the
role of angiotensin II after injury. For this purpose, the
effect of the long-acting ACE inhibitor cilazapril on the
proliferative response to arterial injury was examined by
Powell et al®® in an animal model. This inhibitor was
selected because at a dose of 10 mg/kg/day. it lowered
blood pressure over a 24-hour period and reduced the
medial hypertrophy of hypertensive rats. Using the
same dose of cilazapril, neointima formation was de-
creased by 80% and lumen integrity was preserved in
normotensive rats in which the left carotd artery was
subjected 20 endothelial denudation and injury by bal-
loon catheterization.*®

More recently, several groups have studied the effects
of angiotensin II on smooth muscle cell proliferation in
vitro as well as the influence of ACE inhibition on
smooth muscle cell proliferation. Angiotensin II in-
duced expression of several growth factor genes. such as
genes encoding PDGF. transforming growth factor-3
(TGF-£). and thrombospondin (T5).4-4 These results
demongtrate that, in cultured cells. angiotensin I¥ in-
duccs messenger ribonucleic acids to encode several
important growth fzctor genes and thus induces cell
proliferation. Cilazapril or its active metabolite did not
have a direct effect by itsclf, but the antiproliferative
cffect was mediated through angiotensin JI. Conse-
quently, the inhibition of angiotensin IT production may
prevent the proliferative response that occurs after
PTCA in humans.

Trial Design: Quantitative Angiography as Primary
End Point

The primary goal of z restenosis prevention trial is
the improvement in shori-term and long-term clinical
outcome of patients having undergone a PTCA proce-

dure. it is assumed that the improvement in clinical
outcome is related to an anatomical phenomenon,
namely, the prevention of the recurrence of the stenosis
ins the treated vessel. However, in trials testing pharma-
cological compound with possible anti-ischemic or an-
tianginal effects unrelated to the postinjury hyperplasia,
the clinical outcome might be misleading and obscure
the reason for the observed improvement. Quantifica-
tion of luminal dimension changes over time may pro-
vide insight into the biological and mecharnistic cffects
on the treatment after PTCA. The appearance (or
reappearance) of angina as a sole ¢riterion of restenosis
underestimates the angiographic rate of restenosis. The
poor value of recurrent anginal symptoms as a marker of
restenosis is confirmed by the low predictive value of
symptoms found in many studies.' Similarly. the use-
fulness of ergometry to detect restenosis after PTCA
has been questioned since several studies have found
that the presence of exercise test—-induced angina or 5T
segment depression/elevation or both are not highly
predictive for restenosis when the test is performed
early or late after PTCA.'* A drug tested for its ability
to prevent restenosis may be shown to be beneficial
after PTCA by reducing angina during exercise testing
and yet have no effect on intimal hyperplasia after
balioon-induced injury.

In the present study, fewer patients in the cilazapril-
treated group experienced anginal pain during exercisc
testing, This symptomati¢ beneficial effect was not cor-
toborated by an increase in work load or in double
product or by ST changes. It must be emphasized that
this difference in behavior between the two groups
remains unexplained and had no bearing on the general
outcome of the rrial.

TABLE 8. Progmostic Value of Minimal Lumtcn Diameter at Follow-up in the Per-Protoco! Pepulation Divided Into

Five Equal Groups

Exercise test

Clinical outcome

MLD follow-up <1 mm ST changes =1 mm ST changes

(mm} and no chest pain and chest pain MI Reintervention  Angina None
<1.10 70 (75%) 24 (2656) 5 (4%3) 49 (41%%) 24(20%) 41 {(35%)
1.10-1.39 88 (88%) 12 (12%) 1(15) 18{15%) (1% T4{63%)
1.39-1.63 103 (90%) 11 (10%) 2(2%) 10 (3%2) 31(26%) 7T {645
1.63-1.91 99 (93%) §(7%) 1(1%) 7 (6%) 21 (15%) 89 (75%)
=191 111 {98%%) 2(2%) 1(1%) 7 (655) 18(155:) 94 (78%)
Total patients 47 57 10 9 119 375

MLD. minimal lumen diameter; MI. myocardial infaretion.
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In contradistinction. the prognostic value of the
change in sequential coronary angiogram has been
largely underestimated as a surrogate end point for
clinical atherosclerotic events. In the second phase of
the pharmacological investigation, the main emphasis
should be put on the pathophysiological mechanism of
prevention of restenosis in the postinjury model, and
the improvement in clinical outcome should be viewed
as a sccondary benefit dependent on the anatomical
status.

When the patient population of this trial is stratified
aceording to the minimal lumen values at follow-up. it
appears that the percentage of patients having reached
onc of the predefined clinical end peints is as high as
65% in the worst category (minimal lumen diameter at
follow-up <1.10 mm). whercas the percentage of event-
free patients ranges from 63% to 78% in the other
categories (Table 8). It must be emphasized that 41% of
the patients in the worst anatomical category had
reintervention versus only 6% in the best anatomical
category irrespective of the initial diatation site. Be-
sides the prognostic value, the anatomical results also
have a clear functional impact because only 2% of the
patients had a positive exercise test in the best anatom-
ical category versus 26% of the patients in the worst
anatomical category.*?

Lack of Effect on Angiographic Restenosis

The lack of angiographic effect in MERCATOR
{Multicenter European Research Trial With Cilazapril
After Angioplasty to Prevent Transluminal Coronary
QObstruction and Restenosis) might have been dilution
because of the loss to angiographic follow-up. If cilaza-
pril had an important effect on restenosis, then clinical
events such as sedden death, ete., would have predom-
inated in the placcbo group. Inasmuch as such events
lead to loss to angiographic follow-up. angiographic
restenosis might have been underestimated in the pla-
cebo group but not in the cilazapril group. Dilution
would also oceur if patients who are compietely asymp-
tomatic refuse repeat angiography. This Kind of distor-
don (bias) of the effcet assessment in an angiegraphic
restenosis trial cannot be avoided as a matter of pringi-
ple. Because there was no difference in clinical events
leading to loss to angiographic follow-up and because
the percentages of patients who had angiographic fol-
low-up was relatively high (cilazapril, 94%; control,
94%), we do not believe that the lack of angiographic
effect of cilazapril observed relates to loss to angio-
graphic follow-up.

Scveral explanations (which are not mutually exclu-
sive) may account for the apparent failure of cilazapril
to decrease the rate of coronary restenosis.

Dose Relarion

The dose selected for this trial was based on pharma.
cokinetic data in healthy volunteers, demonstrating that
a single dose of 5 mg cilazapril reduced the plasma ACE
activity 1o virtually unmeasurable levels. %4 Pharmaco-
kinetic data from hypertensive patients demonstrate
that after a single dose of 5 mg cilazapril, the plasma
angiotensin II concentration starts o return to baseline
in 8-10 hours, aithough a sustained blood pressure
reduction 18 achieved. Therefore, the dosage of 5 mg
b.i.d. was chosen.

After the trial was designed. it was shown that inhibi-
tion of neointima formation is a dose-dependent phe-
nomenon and that the dose required for inhibition: of
neointimal formation appears to be somewhat higher
than for lowering blood pressure.* In the rat model, this
dose relation for the antiproliferative effect of cilazapril
is different from the dose retation for the antihyperten-
sive effect. Thus, a possible explanation for the lack of
cffeet in MERCATOR is that the dose used was too low,
as the dose used in the rat model was 70 times higher (10
mg/kg/day). The ongoing American/Canadian sister trial
to MERCATOR, MARCATOR, which is similar in
design but randomizes between 1, 5, and 10 mg of
cilazapril b.id.. will give us the unique opporturity te
further investigate this relation in humans. If the antihy-
pertensive effect in the 10 mg-b.i.d. subset of patients
docs not materiaily differ from that in the two other arms
of the trial (1 and 5 mg b.i.d.), although a direct antipro-
liferative effect is obscrved, further investigation of the
role of the renin-angiotensin system in tissue prolifera-
tion after vascular inury scems warraated.

Time Relation

As in apimal cxperiments. ne major difference in
mmhibition of necintimal proliferation was observed
whether the drug was given 1 hour before or within 2
days after the wall injury. It was assumed that ACE
inhibition by cilazapril could be started immediately
after PTCAL

In experimental studics, the strongest inhibition of
neointima formation was obtained when treatment was
started 6 days before injury. It could be that a period of
drug impregnation before injury might be required to
obtain an inhibitory effect. although a significant but
slightly attenuated effect was observed when it was
started 2 days after injury.

Species Relation

Powell et al compared the effects of high doses of
cilazapril (10 mg/kg/day) and captopril (100 mg/kg/day)
on neointimal proliferation in the rat carotid artery
model. Both agents were highly effective and, in addi-
tion, concomitant heparin therapy appeared to exert a
synergistic antiproliferative effect. Similarly, in the ath-
erosclerotic rabbit iliac model, cilazapril {5 mg/kg/day)
reduced the incidence of restenosis after balloon inju-
1v.3 Tn contrast, Lam ¢t al® found no benefit of
high-dose cilazapril (20 mg/kg b.i.d.) in the porcine
carotid artery injury model, Churchili et al*® and Huber
et al®® ¢ould not demonstrate significant benefit of
capropril or enalapril in preventing restenosis o the
swine model. Despite the fact that all species show an
effect on blood pressure, the postinjury proliferation in
baboons and pigs was not clearly affected by cilazapril at
the doses used, whereas rats, guinea pigs, and rabbits
did respond.®* Ralkugi et al®® have shown that vascular
imjury results in the induction of ACE in proliferating
¢ells in the neointima and supports the role of the local
renin-angiotensin system in restenosis. Although quite
attractive, the close paraliel between the muscular
response to experimental arterial injury and the devel-
opment of restenosis ie humans after therapeutic angio-
plasty remains a working hypothesis. The response of
atherosclerctic human arteries may be modulated by
celiuiar and molecular influences that are not exactly
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similar to those acting in nondisecased nonhuman
arteries.

Alternative Pathways of Angiotensin IT Production

Other enzymes besides ACE are known for their
ability to metabolize angiotensin I to angiotensin I
(chymase, tonin, and cathepsin). It could well be that
these alternative pathways resulted in sufficient levels of
angiotensin II to activate or to stimulate the restenosis
process. Because no actual measurement was done of
angiotensin I or I, it is difficult 1o say whether these
alternative pathways were active. However, we found a
significant decrease in blood pressure immediately after
the first drug intake in patients randomized to cilazapril
compared with patients raking placebo. This effect was
maintained during the entire 6-month follow-up period.
Thus, clinically, there was an effect of cifazapril by
reducing blood pressure. presumably by lowering the
level of angjotensin II. The use of an angjotensin II
receptor blocker might be worth exploring.™ as in this
case all angiotensin I1, irrespective of the metabotlic
pathway that is used, is blocked.

Possible Mitogenic Effect of Angiotensin 1

Another explanation for failure of cilazapril 1o reduce
restenosis is that as a logical consequence of the use of
ACE inhibitors, the concentration of angiotensin I is
increased, which has been shown te be mitogenetic for
arterial muscle cells.*® This unavoidable side effect of
ACE inhibitors may. perhaps only in some species,
annihilate their favorable actions exerted through an-
giotensin I suppression.

Relevance of Mechanism of Action

The most recent theory on restenosis put forward by
Lindner and Reidy'® indicates that bFGF released after
disruption and cell necresis of the endothelium and
media is the factor that initiates the proliferation and
duplication of the smooth muscic cells. These subse-
quently activated smooth muscle cells tend to migrate in
the subintima of the vessel, where they are attracted by
the PDGF stemming from the aggregated platelets: Itis
in this location and stage that angiotensin II acts on
them as a comitogen, This complex interaction may be
the predominant biokogical scenario in certain species
such as rat and rabbit but may be inoperative in other
species such as the baboon and guinea pig.

Recently, Forrester et al'? hypothesized that resteno-
sis is & manifestation of the general wound-healing
process expressed specifically in vascuiar tissue. They
list five different groups of growth factors: PDGF, FGF,
EGF (epidermal growth factor), IGF (insulin-like
growth factor), and TGF (transforming growth factor),
each with a specific role and with possibly many inter-
actions. It is of course possible that anpgiotensin II has
only a minor role in this complex process and that ACE
inhibition did not result in less angiographic restenosis.

In contrast. Schwartz et al” hypothesize that mural
thrombus is the most important factor in the restenosis
process: It is seen in all treated animals after injury:
after 3 days it is covered by endothelium, and iater on,
smeoth muscle cells start to grow downward toward the
media, suggesting that neointimal celis are probably not
derived from arterial media at the immediate injury site.

Conclusions

Long-term ACE inhibition with cilazapril in a dose of
5 mg b.id. does not prevent restenosis and does not
favorably influenee the overall clinical outcome after
PTCA in patients. The results of the MARCATOR triat
must be awaited to see whether a higher dose of
cilazapril kas any effect on angiographic restenosis.
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SUMMARY

During the last decade, percutaneous transluminal coronary angioplasty (PTCA)
has become widely accepted as a treatment modality for patients with ischemic heart
disease. In 1881 more than 500.000 patients were treated by coronary balloon
angioplasty and this number will soon exceed that treated by corcnary artery bypass
grafting. Balloon angioplasty accomplishes uncomplicated successful revascularization
in more than S0% of patients. However, in approximately one third of patients re-
interventions will be necessary within 8 months because of a return of the anginal
symptoms after successful initial treatment. In most patients, this "restenosis" can be
managed by repeat balloon angioplasty or by the use of one of the increasing range
of interventional devices, which have been developed in attempts to reduce the
number of patients who experience restencsis. Unfortunately neither new devices nor
pharmacological interventions have thus far been able to pravide a remedy for the
prevention of restenosis following percutanecus caronary revascularizations.

The pathological process of “restenosis® is now viewed as an exaggerated
healing response of the vessel wall 10 the injury caused during the therapeutic
manoeuvre of balloon inflation, in which multiple elements play an important role, for
example growth factors, platelets and smooth muscle cells to mention but a few. In the
animal model, several pharmacological approaches have been applied to prevent
restenosis with excelient results but these results have not (yet) been reproduced in
clinical trials (chapter 2).

The ideal approach to evaluate and assess for restenosis is still an issue of
much debate. At the present time, quantitative coronary angicgraphy has emerged as
the gold standard for objective angiographic evaluation of the immediate and the long
term outcome of coronary balloon angioplasty in restenosis prevention trials as it
overcomes the wide inter- and intra-variability of visual assessment of the
cineangiograms. To minimize the variability in data analysis in these important trials the
value of & central angiographic core laboratory for independent abjective off-line
analysis is now well recognized {chapter 1, appendix 1).

In this thesis the process of restenosis in a prospective fashion is examined,
using detailed guantitative coronary angiography, as applied to two large European
multicenter restenosis prevention trials, The effect of clinical angiographic and
procedural factors, hypothesized to have some influence on the likelihcod of adverse
events following balloon angicplasty as well as on subsequent development of
restenosis, were evaluated. In the CARPQRT study, 707 patients were randomized to
either placebo or a thromboxang antagonist prior 10 undergoing corenary ballcon
angioplasty and therapy continues for 6 months. The MERCATOR trial evaluated the
egfficacy of an angiotensin converting enzyme inhibitor cilazapril to placebo in 735
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recruited patients who were randomized to receive treatment after successful coronary
angioplasty (appendix 2). Neither trial could demonstrate any clinical or angiographic
benefit of the agents being evaluated, so all the patients were considered as a single
group for some of the ancillary studies which comprise this thesis.

Elastic Recoil of dilated lesions following coronary balloon angioplasty has been
advanced as being of potential importance on the process of restenosis. In chapter 3
technical difficulties in quantification of elastic recoii are addressed and an objective
and practical approach is proposed. It is concluded that the minimal balloon diameter
should be used for the assessment of elastic recoil, because this measurement
localizes the non-distensible part of the stenosis that restricts the dilatation and
therefore the ultimate angioplasty resuit. Chapter 4 examines the actual effect of elastic
recoil as well as other factors on restenosis. The amount of relative gain (difference in
minimal iumen diameter between pre and post angioplasty, normalized for the vessel
size) emerged as the most important predictor for restenosis, defined as a loss in
minimal lumen diameter of equal or greater than 0.72 mm. This definition of restenosis
is chosen since it represents the 95% confidence interval for long-term lesion
measurement variability of the CAAS system. Ultimately, elastic recoil emerges as
having no influence cn restencsis.

in chapter 5, the influence of quantitative and qualitative angiographic lesion
morphology, in addition 1o clinical characteristics, and the occurrence of major adverse
cardiac events in the immediate postangioplasty period was investigated. Although
quantitative coranary analysis techniques have become the "gold standard” for the
assessmentfor long-term outcome of coronary angioplasty, lesion morghology derived
from gquartitative analysis did not help to differentiate between lesicns at high risk for
major procedural or in-hospital events. Multivariate logistic analysis, showed that
unstable angina and iesions at a bend point of more than 45° were found to be pre-
procedural predictors and dissection a post-procedural predictor of major adverse
cardiac events during the initial hospital stay.

In chapter 6, the association between intimal dissection after successful
coronary angioplasty and subseguent restenosis was examined. Dissection was
assessed by the central angiographic core laboratary, blinded for clinical data, and
according to Naticnal Heart, Lung, and Blood Institute criteria. Although dissection was
visualized in 32% of all successfully dilated lesions, no differences were observed in
the occurrence of restenosis, defined as diameter stenosis of more than 50% at follow-
up or clinical outcome (death, myocardial infarction, coronary revascularization,
recurrent anging requiring increase in medical therapy, or none of these). If restencsis
was considered as the proportional loss of minimal luminal diameter during follow-up
(relative loss) again dissection was not found to have any detectable influence.

In chapter 7, the angiographic morphology of the ‘restenotic lesion” was
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considered and compared both with its initial morphology and also with the
morphology of "non-restenctic lesions”. The aim of this evaluation was to study the
process of restengsis in terms of morphological changes occurring and in addition to
examine the impact of using different definitions of restenosis on the information
obtained. Further more an additional critera for the occurrence of a significant
deterioration in minimal lumen dizmeter is introduced, based on the post angioplasty
lesion measurement variability of the CAAS system. It is clear that the restenosis
process involves the entire vessel segment dilated at coronary balloon angioplasty and
that the categorical "static” cut-off criterion of *50% diameter stenosis at follow-up does
not clearly describe the restencsis process.

In chapter 8, 1445 lesions were studied before and after coronary angioplasty
and at 6 months follow-up, to examine the distribution pattern of changes in
angiographic lumen dimensions of healed lesions. Traditionally the restencsis proces
has been defined using categorical criteria as seen in some of the chapters. In this
chapter, it is demonstrated that the minimal lumen diameter before and after
angioplasty and at follow-up angioplasty as well as the change in minimal fumen
diameter and diameter stenosis between post angioplasty and follow-up, is distributed
as a uni-model, approximate Gaussian fashion. The application of categorical
restenosis criteria therefore merely selects a portion of the population as being
separate and different when in reality it would appear that restenosis is a single
process with no difference can be validly defined.

in chapter 8, the distribution of restenosis between segments of the major
coronary arteries are examined in 1452 lesions using 1) "static" restenosis criterion >
50% diameter stenosis at follow-up or 2) "dynamic” restenosis criterion: relative logs".
This study reveals an ubiquitous distribution of the restenosis phenomencon without
predilection for any portion of the coronary tree.

In chapter 10, multivariate analysis of clinical, angicgraphic and procedural
variables i3 performed 1o determing if it is possible to identify factors which might be
associated with more luminal renarrowing after successful angioplasty. The relative
gain, or proportional luminal improvement, at coronary ballocon angioplasty emerged
as the most powerful determinant of subsaquent renarrowing although the predictive
value of the multivariate model in individual cases was rather weak. These findings are
in agreement with pathological and experimental studies which indicate that the healing
response of the vessel wall is directly proportional of the injury caused at intervention.
This undoubtedly illustrates the multifactorial nature of the restenosis process.
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SAMENVATTING

Percutane transluminale coronaria angioplastiek (PTCA), dotteren of ballon
dilatatie van vernauwingen in kransslagaderen, is een niet meer weg te denken
behandelings-methode voor patienten met ischemische hart- en vaatziekten. In 1921
werden meer dan 500.000 patienten wereldwijd op deze wijze behandeld en in
sommige landen overireft dit aantal inmiddels de chirurgische ingrepen. Ernstige
complicaties zoals dood, hartinfarct of acuut chirurgisch ingrijpen treedt bij ongeveer
5% van de patiénten ap; 95% verlaat het ziekenhuis de dag na behandeling. Echter
20 tot 40% van de patiénten krijgt binnen 6 maanden opnieuw (ernstige) angineuze
klachten. Catheterisatie, waarbij de kransslagaderen door middel van réntgen-contrast
zichtbaar worden gemaszkt, laat in de meeste gevallen een terugkeer van de
vernauwing(en) zien op dezelfde plaats als de eerdere vernauwing. Dit proces van
terugkeer van de vernauwing wordt restenose genoemd. De meeste patiénten worden
cpnieuw behandeid met de dotter procedure. In een (nog) Klein aantal patiénten wordt
een nieuwe interventie techniek (atherectomie catheterstent implantatie, laser,
rotablator) toegepast. Deze nieuwe technieken hebben hun opmars gemaakt om te
proberen het huidige restenose percentage na dotteren te verlagen. Evenmin als
medicamenteuze behandeling is momenteel een van deze technieken in staat gebleken
het restencsepercentage significant te verlagen (hoofdstuk 2).

Het "restenose proces” wordt gezien als een uit de hand gelopen herstel reactie
van de vaatwand op de beschadiging door de dotter procedure. Diverse factoren
zoals groei- en stollingsfactoren, bloedplaatjes en gladde spiercellen spelen hierbij een
belangriike rol.

Kwantitatieve angiografische analyse van de vernauwing in de kransslagader is
"de gouden standaard” om restenose te beoordelen in multi-center restenose preventie
studies, omdat deze techniek een betere inter- en intra-waarnemer variabiliteit heeft
dan visuele beoordeling van de catheterisatie film van de kransslagaderen. Om variatie
in film analyse te voorkomen, moet gebruik gemazkt worden van een centraal
angiografisch laboratorium, dat geblindeerd is voor klinische gegevens (hoofdstuk 1
en appendix T).

De meeste gegevens (prospectief verzameld) in dit proefschrift ziin afkomstig
van twee europese multicenter restencse preventie studies, die gebruik hebben
gemaakt van kwantitative angiografische analyse, namelijk, 1) CARPORT (Coronary
Artery Restenosis Prevention On Repeated Thromboxane-antagonism), een dubbel
blind placebo gecontroleerd onderzoek in 707 patienten met GR32191 40 mg per dag
{de behanceling werd voor de dotter procedure gestart en 6 maanden gecontinueerd),
2) MERCATOR (Multicenter European Research trial with Cilazapril after Angioplasty
to prevent Transluminal coronary Obstruction and Restenosis), een dubbel blind
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placebo gecontroleerde studie in 7335 patienten met cilazapril 5 mg gegeven 2 keer per
dag naast 160 tot 250 mg aspiring en gecontinueerd voor B maanden (de behandeling
werd gestart 4 tot 8 uur na het einde van de ballon dilatatie) {appendix 2). In beide
studies kon geen gunstige werking op het restenose proces van het geteste medicijn
worden aangetoond, zodat alle patiénten als een groep behandeld werd bij sommige
sub-studies.

Waarom bij sommige paiignten de vernauwing terugkeert en bij (de meeste)
anderen niet, is onbegrepen. Uit de literatuur zijn een aantal risicofactoren bekend,
factoren die als de patiént ze bezit een hogere kans geven cp het terugkeren van de
vernauwing. Naast het bestuderen van de verschilende aspecten van restenose,
worden in dit proefschrift twee factoren bestudeerd en hun relatie en inviced op
(vroege en late) restenose beschreven, namelijk de rol van het terugveren van de
vaatwand direct na ballon deflatie ("etastic recoil") en de aanwezigheid van zichtbare
scheuren in de atherosclerotische plague ("dissectie") na ballondilatatie, om op deze
manier het restenose proces beter te begriipen, en daardoor mogelijk te beinvioeden.

In hocfdstuk 3 worden de methodologische problemen beschreven bi de
meting van "elastic recoil'. De conclusie is dat bij de bepaling van de hoeveelheid
"glastic recoil” gebruik gemaakt moet worden van de minimale ballon diameter omdat
deze meting zeer waarschijnlijk het minst uitgezette punt localiseert van de vernauwing,
waardoor de dilatatie beperkt wordt en daarmee het uiteindelijke resuliaat.

In hoofdstuk 4 wordt de rol van "elastic recoll" op het restenose proces
bestudeerd. De hoeveelheid "relatieve winst" (gedefineerd als de winst in minimale
luminale diameter tijdens ballon dilatatie, gecorrigeerd voor de grootte van het vat)
blijkt de beste voorspeller te zijn voor restenose, gedefineerd als een verlies van 0.72
mm of meer in minimale luminale diameter gedurende follow-up. Dit vertegenwoordigd
twee keer de standard deviatie van lange termijn variabiliteit van analyse van een
vernauwing. Het blijkt dat "elastic recoil” geen invioced heeft op het restenose proces.

In hoofdstuk 5 wordt de rol bestudeerd van kwantitative en kwalitative
beoordeling van de morfologie van de vernauwing, naast klinische facoren, bij de
voorspelling van ernstige klinische gebeurtenissen tijdens en viak na de ballondilatatie.
Alhoewel kwantitative analyse technieken de "gouden standaard" is voor de
beoordeling van korte- en lange- termijn resultaten, blijkt de kwantitatief afgeleide
merfologie van de vernauwing geen bijdrage te kunnen leveren om op deze manier
vernauwingen te identificeren die meer risico geven op het kriigen van een ernstige
kiinische gebeurtenis tijdens de behandelings fase. Patiénten met onstabiele angina
pectoris, vernauwingen gelocaliseerd bij een bocht in een vat met meer dan 45° en het
zien van een dissectie na de ballon deflatie zijn factoren, die bij aanwezigheid een
verhcogd risico geven op het krijgen van belangrike complicaties.

In hoofdstuk 6 wordt de rol van een dissectie na een geslaagde ballon dilatatie
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en de relatie met restenose beschreven. Dissectie wordt beoordeeld door het centrale
angiografische-core-laboratorium, dat geblindeerd was voor klinische gegevens en dat
gebruik maakte van criteria valgens de "National, Heart, Lung, and Blood Institute”.
Dissectie werd gezien in 32% van alle met succes gedilateerde vernauwingen. Er is
geen verschil in restencse tussen vernauwingen met en zonder dissecties, zowel als
het "50% diameter stengse criterium” of indien het "relatieve verlies criterium” werd
gebruikt. Qok werden er geen verschillen geconstateerd in klinische eindpunten als
sterfte, hartinfarct, reinterventie, terugkeer van angina pectaris met toename van de
gebruikte medicatie.

In hoofdstuk 7 wordt de angiografische morfologie van de restenctische
vernauwing vergeleken met zichzelf vdor ballon diatatie en met de nist
gerestenoseerde vernauwing. Drie verschillende definities voor restenose worden
gebruikt. Het belangrijkste resultaat van deze studie is dat de normale vaatwand, die
naast de vernauwing ligt, ook betrokken raakt bij het restencse proces. Dit kan
gecencludeerd worden Uit de afname van de gemiddelde diameter van het "balloon
inflated vessel segment”.

In hoofdstuk 8 worden het verloop van 1445 vernauwingen nagegaan voor en
na ballon dilatatie en na 6 maanden, om te bepalen of restenose cen ziekte is die
alleen voorkomt in een bepaalde subgroep van vernauwingen of dat restenose in alle
vernauwingen in meerdere of mindere mate voorkomt. Aangezien zowel de diameter
stencse als het verschil in minimale luminale diameter na dilatatie en 8 maanden later
een normale verdeling laten zien, kan hieruit geconcludeerd worden dat restenose
gezien kan worden als de staart van een normaal verdeeld fenomeen, waarbi]
sommige vernauwingen een meer of minder arbitraire grens overschrijden, en niet als
een aparte reactie die optreedt in sommige vernauwingen en niet in andere.

In hoofdstuk & wordt de verdeling van restencse tussen de verschillende
segmenten van de 3 belangrijkste kransslagaderen bestudeerd in 1452 vernauwingen,
door gebruik te maken van het klassieke "50% diameter stenose criterium” of met de
continue benadering van het restenose probleem ‘relatieve verlies". Ongeacht het
criterium werd een gelike verdeling van restenose gevonden zonder voorkeur voor
een bepaald segment.

in hoofdstuk 10 wordt gezocht naar factoren die restenose - het verlies in
minimale luminale diameter - als een weerspiegeling van de grootte van de
fioroproliferatieve vaatwand reactie als reactie op de dotter behandeling, zouden
kunnen voorspellen. De relatieve winst in minimale lumingle diameter was de
belangrijkste voorspeller alhoewel de voorspellende waarde van het model in
individuele patienten matig was. Deze bevindingen zijn in overeenstemming met dier
experimentele en pathologische bevindingen die duidelijk laten zien dat er een relatie
bestaat tussen de hoeveelheid beschadiging en de herstel reactie (restenose).
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