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INTRODUCTION

Atherosclerotic cardiovascular disease remains one of the most important causes of
morbidity and mortality in the industrialized world. Treatment is basically aimed at
palliation and consists of either pharmacological intervention or revascularization.
The first significant advances in the latter were largely surgical [1]. However, the
pressing need for treatment with less invasive and potentially less expensive
techniques, have stimulated the development of non-surgical revascularization
techniques. Percutaneous transluminal coronary balloon angioplasty, which was first
performed by Andreas Gruentzig in 1977, is one of the most successful examples and
provided the stimulus for a rapid technological growth of interventional cardiology
[2]. It is now widely accepted as a safe and effective treatment of obstructive
coronary artery disease. However, the risk of abrupt vessel closure during or
immediately after the intervention and the risk of late luminal renarrowing or
restenosis continue to compromise its overall safety and efficacy [3,4]. To improve
the immediate and long-term results of balloon angioplasty, a number of new
technologies such as intracoronary stenting, directional or rotational atherectomy and
laser therapy have been developed and represent the leading edge in the battle against
atherosclerosis {5-8]. The intracoronary stent has been shown to be effective in the
treatment of acute or threatened vessel closure due to balloon angioplasty induced
coronary dissection, alleviating the need for emergency bypass surgery [9].
Furthermore, it has been hypothesized that iniracoronary stent implantation may
reduce the incidence of restenocsis by optimizing the Immediate angiographic results
which should lead to improved long-term clinical outcome.

The work presented in the following chapters encompass the clinical and angio-
graphic aspects of intracoronary stent implantation in human coronary arteries.

The first part of this thesis, deals with the technical aspects of intracoronary stenting.
In particular, since it has been postulated that improved immediate angiographic
results may reduce the incidence of angiographic restenosis, the changes in lesion
morphology immediately after stent implantation were studjed. Coronary angiograms
before and after stent implantation were analyzed with the computer-assisted
Cardiovascular Angiography Analysis System using automated contour detection. In
the first chapter, the principles of this quantitative analysis method are briefly
reviewed and the potential pittfals in the setting of intracoronary stenting are
discussed.

Chapters 2, 3, 4 and 5 detail the immediate changes in stenosis geometry following
stent implantation and compare these changes between two types of stents and with
other interventional techniques.

Obviously, the main task of the medical practictioner is palliation of symptoms and
eventually improve longevity in addition to palliation. Therefore, the second part of
this thesis reflects on the clinical aspects of intracoronary stent implantation.



The immediate and long-term clinical and angiographic results of Wiktor stent
implantation in native coronary arteries because of restenosis are reviewed in chapter
6 and 7. The potential role of stent implantation in venous bypass grafts is discussed
in. chapter 8.

It goes without saying that one of the methods to assess the proper role and merits
of intracoronary stenting is the conduction of a randomized trial. Some of the aspects
of the design of such a study are discussed in chapter 9. These data were of use for
the power calculations for the Benestent Study, of which the results of the pilot phase
are presented in chapter 10. This study is an international randomized smudy
comparing the safety and efficacy of stent implantation versus balloon angioplasty
for a de novo lesion in z native coronary artery.

In the final chapter, an attempt has been made to critically review the role of
intracoronary stent implantation with some reflections on how we imay improve the
results.
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INTRODUCTION

To objectively evaluate the coronary anatomy and its changes following therapeutic
procedures, a computer assisted analysis procedure was developed in the Thorax-
center by H. Reiber and colleagues [1]. This computer assisted Coronary Angio-
graphy Analysis System or CAAS system has extensively been validated with respect
to its accuracy and precision on the basis of perspex models filled with contrast
[2-4]. In addition, the overall short-, medjum-, and long-term variations in arterial
dimensions from repeated coropary angiograms have been determined [2]. This
method, commonly called Quantitative Coronary Angiography (QCA), has become
the gold standard in the assessment of the immediate and long-term results of various
coronary interventions, both pharmacological and mechanical. In particular, the
incidence of restenosis or late luminal renarrowing after coronary intervention have
become an important field of investigation [5]. Initially, it was intended as a system
to assess the extent of disease within the coronary artery. But with the advent of
povel therapeutic interventional technigues such as intracoronary stenting, several
new and unforeseen probleras have emerged. In some circumstances, the principles
had to be adapted to more complicated and complex situations related either to the
device itself or to the effect of the intervention on the angiographic appearance of
the treated artery. To appreciate the role and potential pitalls of QCA in the
assessment of the anglographic results of intracoronary stent implantation, one has
to understand its basic principles and how the angiographic parameters are defined.
This will be discussed in this chapter and additionally the capabilities of the CAAS
system. will be reviewed as well as some of the methodological problems and short-
comings of the system that have become evident from our experience with intracoro-
nary stenting. Although most of our studies are based on the use of automated con-
tour detection, some data on. the use of videodensitometry will be discussed as well.

GENERAL PRINCIPLES OF THE CAAS SYSTEM
Automated edge detection

It is beyond the scope of this chapter to review in detail the technical aspects of the
CAAS system using automated edge detection. However, for the purpose of reader,
the general aspects are briefly summarized. They are discussed in detail elswhere [6].

To analyze a coronary segment in a selected frame of a 35 mm cinefilm, an
optically magnified portion of the image encompassing that segment is converted into
video format by means of a cine-video converter, For the computer-assisted
definitions of the boundaries of this selected coronary segment, the following steps
need to be distinguished:

1) definition of the coronary segment to be analyzed;
2) edge definition;
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Definition of the coronary segment

The user indicates a number of pathline or centerline points with a sonic pen which
are subsequently connected by interpolation resulting in the pathline or centerline.
This line functions as an initial model for subsequent contour detection. The only
requirement of this line, is that it is situated within the arterial boundaries. A
disavantage of this technique is that the amount of user-interaction may become
significant, particularly in curved segments or in case of an overlapping side branch,
in which the distance between subsequent points must be chosen small to make sure
that the connecting lines will not be drawn outside of the asterial segments.
Therefore, an update of the pathline or centerline is advocated by computing a new
line from the contour positions once these have been detected and possibly corrected
manually. Thereafter the contour detection procedure is repeated. By means of this
iterative approach the influence of the user definition of the path line points on the
detected contour positons can be minimized. Figure 1 illustrates the several steps
described above.

Fig. 1. Following the mannual definition of the beginming and end points of the segment to be analyzed,
the pathline or centerline is detected automatically. Using the automatically detected pathline or centerline,
the arterial boundaries are detected. The first iteration using minimal cost criteria is followed by a second.
In the second iteration, the final contour are detected with the same edge detection technique and using
the contours of the first iteration as models.

Edge definition

For the subsequent computation of the edge positions, a number of scanlines
perpendicular to the local pathline or centerline are determined. Along these
scanlines, the brightness profile of the arterial segment is assessed. The contours are
determined on the basis of the weighted sum of the first and second derivative
function applied to the brighness information using the minimal cost criteria. The
application of the weighted sum of the first and second derivative function is based
on the experience that using maximal values of only the first or second derivative



functions underestimates or overestimates the true arterial boundary positions,
respectively [2,6].

Contour analysis

From the contours of the analyzed segment, following smoothing, pincushion
correction and calibration, a diameter function is determined by computing the
distances between the left and right edges. The distances between the left and right
edges in pixels is converted into absolute values by using the catheter as scaling
device. From these data some relevant parameters are calculated (Figure 2 and 3):

Direct measurements

. moinimal Juminal diarmeter (MLD)
maximal diameter

mean diameter

. extent of obstruction or lesion length
obstruction area (assuming circular model)
. reference area (assuming citcular model)

QB W

Interpolated measurements

1. reference diameter (RD)

2. symmetry
3. area plaque

Derived measurements

1. percent diameter stenosis (calculated from MLD and RD)
2. percent area stenosis

3. curvature

4. inflow and outflow angle

5. roughness

Definition of angiographic parameters (Figure 2 and 3)
The direct measurements are derived from the “diameter function™ which represents
the size of the analyzed vessel segment at intervals of approximately 0.1 mm as
measured by the computed centerline. The diameter values are presented along the
y-axis and the vessel length is represented along the x-axis.

The length of the lesion is determined from the diameter function on the basis of
a curvature analysis and expressed in milimeters. The curvature is computed as the
average vajue of all the individual curvature values along the centerline of the
coronary segment, with the curvature defined as the first derivative of the tangent as
it moves along the centerline which for a circle is equal to the reciprocal of the
radius.
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Fig. 2. The final result of the autemated contour

ITERPOLATED REFERENCE DXAMETER (RO}

detection is the diameter function curve from :
which a number of angiographic parameters are t ’ ¥
caleulated. The X-axis represents the extent of :
the segment, the Y-axis the value of several DETERMINED BY
lesion characteristics such as minimal luminal MLD CURVITURE ANALYSIS
diameter and reference diameter, expressed in [ ¢
mm. EXTENT OF OBSTRUCTION
CHAMETER FUNCTIGN
A c
| ——-—
INFLOW QUTFLOW
ANGLE  a————— e ANICE E
B
DIAMETER FUNCTION (OF)

Fig. 3. ?iraphlc display of a diameter function (NFLOW-ANGLE  : AVERAGE SLOPE OF THE DF
curve derived from a schematic coronary vessel. BETWEEN (B) AND (A}

The c?c{:'imnon of _scvcral anglograph.lc_: variables SUTE ANGLE : AVEFUAIE SLOPE OF THE DF
describing the lesion morphology are iilustrated. BETWEEN (3} AND (€}

To estimate the original diameter values over the obstructed region, the reference
diameter is computed. The reference diameter can be selected visually as the nearest
coronary artery segment that appears normal. However, to standardize this
measurement and minimize potential errors, the “interpolated” reference diameter is
used in ali our studies. This method has the advantage of eliminating the arbitrary
choice of a reference diameter, which will vary among individual observers, and also
provides a smoothing effect for the segments adjacent to the stenosis so that extreme
irregularities in the vessel have little influence on the reference diameter. The
interpolated reference diameter is taken as the value of the reference diameter
function at the location of the minimal luminal diameter. The latter is the single
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smallest diameter vaJue on the diameter function curve. Occasionally, a computer-
defined reference diameter can not be obtained. This occurs in situations where there
is no reliable proximal or distal obstruction boundary, such as lesions located at the
ostia of z vessel or at the origin of side branches or in diffusely diseased vessels. In
such circumstances, the analyst may decide to choose a different part of the vessel
as reference diameter resulting in a “user-defined” reference diameter. Obviously,
every user interaction introduces the risk of bias.

From the miminal luminal diameter and the reference diameter, the percent
dizmeter stenosis can easily be calculated. The same holds for the minima] lumina]
cross-sectional area, reference area and percent area stenosis. It is important to note
thzt in these calculations a circular cross-section is assumed. An assumption which
hardly holds in climical practice [7-9]. The resulting error may be reduced by
incorporating two orthogonal projections.

The plaque area is 2 measure of the atherosclerotic plaque. This area is calculated
as the sum of pixels between the computer-estimated predisease reference contours
and the actual detected luminal comtours of the obstruciive lesion. Since measure-
ment of plaque area is highly dependent on the length of the stenosis (which is
subject to considerable variation) and the determination of the reference contours of
the artery in the presumed prediseased state, the usefulness of this parameter is
debatable.

The symmetry value is a measure of the eccentricity of a particular lesion. A
symmetry measure of 1 denotes a concentric obstruction; the number decreases down
to 0 with increasing asymmetry or eccentricity of the obstruction. Unfortunately, this
parameter kas not been validated with pathologic studies and thus the pathologist and
angiographer may not be talling about the same feature. The in- and outflow angle
are derived from the slope of the diameter function curve at the defined site of the
stenotic segment.

The CAAS system has also attempted to convert information on apgiographic
parameters Into functional significance based fluid-dynamic equations (pressure
gradient, Poisseuille and turbulent resistances) [10-13]. The calculated theoretical
transstenotic pressure gradient over a particular stenosis describes the hemodynamic
impact that a particular lesion would have under a range of flow conditions, within
the range of “normal” zortic pressures. These calculations do not account for the
effects of pulsatile flow or of curved and tapered vessels, more than one lesion in a
vessel, the presence of collaterals, or perfusion of areas of nonviable myocardium.
These effects of the entrance and exit angle (along with the absolute lesion diameter,
percent narrowing, lesion length, blood flow velocity, and inertial and frictional
effects) are important factors that determine the physiologic significance of a stenosis
[14]. The pressure gradient across 2 stenosis is determined by entrance effects, drag
effects and exit effects. Although the most important site of energy loss is at the exit
of a stenosis where the separation of the {luid column occurs, neither the outflow nor
inflow angle have yet been incorporated into the CAAS software package to calculate
pressure gradients.
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Videodensitometry

Although all our smdies describing the changes in stenosis geometry after
intracoronary stenting have used automated edge detection, there is some experience
with videodensitometry in the setting of coronary stenting.

Videodensitometry zssesses the relative area stenosis by comparing the density of
contrast in the diseased or treated segment with the density of contrast in the
“normal” segment. The advantage of this method is that a single plane densitometric
profile is sufficient to obtain meaningful data regardless of the lesion morphology.
For absolute measurements (conversion of the relative area stenosis into absolute area
stenosis or minimal luminal cross-sectional area), the reference diameter must be
determined from the edge detection data with the assumption of a circular cross
section. An example of such an analysis is shown in Figure 4.

Fig. 4. Single frame angiogram with automated
contour and videodensitometric analysis of the
obstruction. Superimposed on the videoimage
are the diameter function curve (upper curve)
and the densitometric area function curve (lower
curve}, The minimal luminal diameter and
minimal luminal cross-sectional area are the
single lowest values on the diameter and video-
densitometric function curve, respectively. The
white areas are the measure for the “athero-
sclerotic™ plagque.

Although videodensitometry is extremely attractive on a theoretical basis,
numerous technical problems have limited its use [15]. Videodensitometry is much
more sensitive than edge detection to demsitometric non-linearities, oblique projection
of an artery, and overlap with other vessels. It is easily appreciated that the advent
of radiopaque stents has created its own. specific problems.

QCA AND INTRACORONARY STENTING

Fowr types of intracoropary stents are currently used in the Thoraxcenter (Table 1).
Three of these stents, the Wallstent, Palmaz-Schatz stent and the Gianturco-Roubin
stent are composed of radiolucent stainless steel, whereas the Wikior stent is
radiopaque. The radiopacity of the Wiktor stent is explained by its chemical
composition {tantalum) and its greater wire cross sectional area in comparison with
the other stents. Tantalum has a higher atomic number than the elements contained
in the stainless steel stents. Consequently, the larger electronic cloud surrounding the



nucleus absorbs more X-ray energy. This in combination with the greater wire cross-
sectional area result in a higher radiopacity (Figure 5).

Fig. 5. The Wiktor stent Is entirely composed of tantalum which expiains its radiopaque features on
fluoroscopy.

Table 1. Intracoronary stents used in the Toraxcenter

Stent Date Indication

Wallstent Sept."86 venous bypass grafts
Wiktor stent Jan. "90 restenosis/bail-out
Palmaz-Schatz Sept."90 Benestent Study/bail-out
Gianturco-Roubin Nov. "92 bail-out

QCA and stainless steel stents

Although it has been postulated that the ideal stent should be, among other factors,
radjopaque, poor angiographic visibility does not have to hamper exact stent
positioning. However, for the analyst, the lack of radiopacity means that the stent
boundaries may be uncertain which may render the analysis of the immmediate
changes in stenosis geometry at the stented segment difficult and the precise location
of late restenosis (within the stent or immediately adjacent) may be in doubt.
Nevertheless, in most instances one may discern the position of the stent by carefully
reviewing the angiogram without contrast injection. Furthermore, in all cur follow-up
reports of stenting, we have included restenosis within and immediately adjacent to
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the stented segment to ensure restenosis is not underreported due to this problem
[16,17].

A second problem with angiographic analysis of stented vessels is due to the
superior results immediately post stenting versus PTCA alone. One could focus on
the changes in stemosis geometry at the stented segment itself or ome could be
interested in the overall changes in stenosis geometty of the treated coromary artery.
This implies that, in the first situation, the analyst has to interfere with the automated
edge detection program in order to let coincide the boundaries of the segment to be
analyzed with the boundaries of the stent itself. This, we call 2 “stent analysis”. In
the second situation, there is no need for interaction with the choice of computer
detected contours. The anatomical landmarks such as vessel branches are used to
define the boundaries of the segment to be analyzed and is called “vessel analysis™.
The use of one or the other significantly influences the results of quanttative
coronary angiography. For instance, in case of complete correction or even
overdilation of the obstruction segment, a negative value for diameter stenosis may
be found when using the “vesse] analysis” method. This is explained by the fact that
the minimal luninal diameter (defined within the boundaries) is actually larger than
the reference diameter which is determined according to the diameter of the proximal
and distal segments (Figure 6). In other circumstances, one may also find that the
minimal luminal diameter is located outside the stent. This results in 2 so-called
“unrnasking of a lesion™ (Figure 7). In reporting our angiogarphic studies, we chose
the pre and post PTCA frames to be analyzed by vessel, and the post stent and
follow-up films according to the stent. This ensures that we obtain information
related to the stent and its immediate adjacent segment rather than describing a more
severe stenosis somewhere else in the coronary vessel,

The minimal luminal diameter is now widely accepted as ultimate angiographic
end point of studies analyzing the immediate and long-term effects of therapeutic
interventions [18,19]. However, we have learned that the assessment of this
parameter does not reflect all changes in stenosis geometry of the stented coronary
artery segment. While there is still some gap between the minimal luminal diameter
and the reference diameter, the mean diameter of the stented segment closely
approaches the reference diameter of the treated vessel (Figure 8 A & B).

QCA and radiopagque stents

It goes without saying that the radiopacity of the Wiktor stent facilitates exact stent
positioning. Furthermore, dislodgement of the stent from the balloon during
implantation may easily be recognized, promoting its safety.

It may be argued that the radiopacity of the stent wires interferes with contour
detection. However, It is our experience that in case of adequate filling of the
coronary artery with a contrast medium at a concentration of 100%, this is not the
case. It is, as if automated edge detection ignores the information coming from the
radiopaque stent wires. This is true for both the analysis immediately after stent
implantation as well as for the assessment of necintimal hyperplasia within the stent
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Fig. 6. Overdilatation of the coronary segment after stent implantation results in a minimal fuminal
diameter which is greater than the reference diameter and as a resuit in a negative percent diameter
stenosis.

Fig. 7. User-defined extent of the stented segment coinciding with the extent of the stent itself results
is a “stent analysis™. It forces the computer to analyze the changes in stenosis geometry within the stented
segment. This contrasts with a “vessel analysis™ in which no attempt has been made to coincide the extent
of the analyzed segment with the extent of the stent. Due to the almost perfect improvement of the
stenosis geometry after stent implantation, a non-significant lesion distal to the stented segment is now
identified as a residual stenosis outside the stent.
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Fig. 8 Cumulative distribution ¢urves of the minimal luminal diameter and its changes after stent
implantation (panef A) and the mean diameter post stenting in relation to the reference diameter of the
target vessel (panel B). On the X-axis are shown the values of the angiographic variables and on the
Y-axis the relative number of the population under investigation. It is evident that, in contrast to the mean
diameter of the stented segment, there is stili a gap between the minimal luminal diameter and the
reference diameter.

at follow-up (Figure $ & 10). This is in accordance with phantom studies from our
laboratory which disclosed that automated edge detection, in contrast to videodensito-
metry, could adequately define the luminal boundaries of a Wiktor stent-containing
plexiglass phantom (Figure 11) {20]. However, in some cases in which neointimal
hyperplasia is not clearly defined on the angiogram and appears as haziness within
the stent, automated edge detection cannot accurately define the luminal boundaries
either. Mannual correction of the contours by the analyst would induce to much bias.
It is the only situation m which videodensitometry may offer a solution despite the
inevitable densitometric information coming from the stent itself. Accurate stenosis
values are obtained by selecting the reference segment (“user-defined™ reference
diameter} within a non-narrowed segment within the stent itself (Figure 12). Of all
the follow-up angiograms of the Wiktor stent, videodensitometry had to be used in
8% of the cases.

Specific data on videodensitomerty

In contrast to the situation after PTCA, there is an excellent agreement between the
minimal luminal cross-sectional arez determined by edge detection and videodensito-
metry after stemt implantation [21,22]. In 19 patients who underwent balloon
angioplasty followed by stent implantation, a significant improvement in the
correlation and variability in the measurement of the minimal luminal cross-sectional
area between edge etection and videodensitometry was observerd after stenting {22].
This improvement is likely due to smoothing of the vessel contours by the stent and
remodeling of the stented segment into a more circular configuration. Therefore, we
believe that both methods are appropriate to assess the immediate results after
implantation of stainless steel stents. In a separate in-vitro study in which stainless
steel and radiopaque stents were placed in known stenoses within plexiglass
phantoms, The Wallstent and Palmaz-Schatz stent had minor and clinically
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Fig. 9. Example of a computer-assisted Coronary Angiography Analysis using automated edge detection
immediately after Wiktor stent implantation. There was no interference of the radiopaque stent wires with
the contour detection.

Fig. 10{left). A significant luminal renarrowing within the Wiktor stent is appreciated on the angiogram.
Despite the radiopacity of the stent, automated contour detection resulted in an adequate detection of the
lurninal contours without user interaction.

Fig. 11 (right). Control (2) and Wikror stent-containing {b) plexiglass phantoms (3 x 2 mm) filled with
100% and 50% 1opamidol contrast medium, respectively. Graphs show the diameter function (upper curve)
and the densitometric area function (Iower curve). Outside vertical lines on the graph and rightward two
vertical [ines on the phantom are the iesion boundaries. The inner two vettical lines represent the minimal
points on the diameter and densitometric graphs, respectively. The multiple vertical lines in the left part
of the graph and the Jefward vertical line in the phantom represent the user-defined reference segment.
The numbers in the graph represent the maximum and minimum diameters. The boundaries of the Wiktor
stent are visible in the phantom (arrowheads) and as a step-up in the densitometry graph (arrow).
Reproduced with permission from Strauss et al, Catheterization and Cardiovascular Diagnosis 1991;
24:259-264.
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Fig. I2. In case of haziness as expression of restenosis within the Wiktor stent, edge detection cannot
define the arterial boundaries. In such circumstances, videodensitometry is used. To obtain accurate values
of the minimal luminal cross-sectional arex, the user selects the reference in a non-stenosed segment in
the Wiktor stent itself.

insignificant contributions to the densitometric determination of the minimal heminal
cross-sectional area [20]. Conversely, the radiopacity of the Wiktor stent increased
the minimal luminal cross-sectional area in these same narrowings by 10-56%
depending on the concentration of contrast medium and specific stenosis [20].

WHY SHOULD WE USE QCA DURING STENT IMPLAN-
TATION?

Restenosis should be considered as the reparative vessel wall response or perhaps as
the natural healing process following injury [23,24]. When excessive, this may lead
to new symptoms and eventually to repeat intervention [25]. One of the objectives
of stent implantation is to reduce the incidence of restenosis in the hope that it will
favorably affect the long-term clinical outcore. Stent implantation causes substantial
injury to the coronary vessel wall and therefore will invariably be associated with
restenosis. Schwartz et al. demonstrated that the extent of late neointimal hyperplasia
was directly related to the degree of vessel wall injury following oversized coil stent
implantation in porcine coronary arteries [26]. In accordance with these data, we
found that the extent of late luminal renarrowing, increases with the amount of
luminal gain after stent implantation in human coronary arteries [27]. Resolution of
clinical or angiographic restenosis may require the creation of the largest possible
Iuminal diameter and the control of neointimal hyperplasia. On-line guantitative
coronary angiography can beneficially be used during stent implantation to minimize
vessel wall injury and to guide the operator to obtain the most optimal angiographic
result. Minimizing vessel wall injury is achieved by selecting the appropriate stent
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 (Fciative loss size by first measuring the reference dia-

12; R;;: :g; ?S-.ng) meter of the target vessel. Once the appro-
T o priate stent size has been selected and
2::: ERT implanted, on-line quantitative coronary
0.4f ° oamp ‘ggf & o angiography can be used to evaluate the
ozt ® pog? eage¥o o immediate changes in stencsis geometry.
0 e This may be of importance to the long-
-02r o o term angiographic results. As outlined
T T oz s o8 os 1 12 above, studies using quantitative coronary
Relative galn angiography have shown a positive linear

Fig.13. Graphic display of the relation between Confflation betw_een the relative gain and
the relative gain (RG = incresse in minimal Telative loss (Figure 13). However, one
luminal diametet immediately after stent implan-  ghould realize that the greater gajns are
tation normalized ao_the \_ra-;sel wailq and Te[auve not fully offset by the increased loss in
[oss (RL = decrease in minimal fuminal diameter . . . - g -
at follow-up normalized to the vessel wall). A minimal Juminal diameter which is reflect-
positive linear relation was found with a cor- ed by the slope of the curve (< 1). This
relation coefficient of C.38 (p<0.001) withaslope  apce again confirms that the Supen'_or
of 0.61 and an intercept on the Y-axis of —0.06. improvement in stenosis geomelry after
stent implantation compensates to some
degree for late loss. In addition, data from other investigators who used the categor-
ical approach to define restenosis found that a suboptimal angiographic result after
stent implantation was associated with an increased risk for restenosis according to
the 50% diameter stenosis criterion [28,29]. On-iine quantitative coronary angio-
graphy is essential to assess the residual stenosis post stent implantation. If necessary,
an additional balloon angioplasty within the stent can be performed to optimize the
immediate results (Figure 14). Based on the data of Strauss et al. we performa such
an additional dilatation when the residual percent diameter stenosis exceeds 20%
[28]. The size and inflation pressure is determined on the basis of the on-line
quantitative coronary angiography.

QCA TO EVALUATE DIFFERENT INTERVENTIONAL TECH-
NIQUES

There are currenily several interventional techniques in clinical use. They do not only
differ in the mechanisms by which they result in luminal enlargement but also in the
immediste angiographic result or gain and late loss [30]. Because of this difference
and because the minimal luminal diameter at follow-up has been shown to best
describe the functional status of the patients 6 months after coronary intervention, we
have proposed the mirimal Juminal diameter at follow-up as the zngiographic end
point in studies comparing different interventional techniques provided that the
patients included have comparable reference diameter and minimal luminal diameter
prior to the intervention [5,18,19].

The angiographic parameters are best used in a continuous approach and displayed
in cumulative distdbution curves reflecting the entire study population under
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Fig. 14. On-line quaniitative coronary angiography disclosed a residual stenosis immediately after stent
implantation. This information was used to further optimize the dilatation process by performing an
additional balloon dilatation within the stent.

evaluation (Figure 8,15) [19]. The advantage of this method is that the absolute
enlargement of the vessel lumen and the absolute loss of the initial gain in luminal
size are easily gleaned from the curves and allows the comparison of the immediate
and long-term angiographic outcome of different interventional techniques [19].
Furthermore, it depicts the process of restenosis independent of any definition. The
medical practictioner who still would like to use the categorical approach (“present/
not present™), can obtain these data from the cumulative distrdbution curve of the
percent diameter stenosis at follow-up (Figure 16).

CONCLUSIONS

Quantitative coronary angiography has been developed to assess objectively the
efficacy of modern therapeutic procedures in the catheterization laboratory. The
advent of new and innovative therapeutic interventions have raised unforeseen
problems. In most instances, they have effectively been addressed and even solved
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Fig. 15. The graphic display of the minimal
lurninal diameter post intervention and at follow-
up as a continuous variable in cumulative distrib-
ution curves offers the unique advantage that it
reflects the absolute changes (in this case loss) of
the initial gain. This model is particutarty valu-
able in antalyzing the value of different interven-~
ticnal technigues and may provide insight into the

STENT——
FTCA o
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Fig. 16. Every anglographic variable may be
displayed as a continuous variable in cumulative
distribution curves, The minimal luminat diameter
at follow-up, is depicted in the upper graph. The
percent diameter stenosis at follow-up is shown
on the lower graph. The number of patients with
a diameter stenosis > 50% at foliow-up can easily

mechanisms of dilatation and restenosis.

be gleaned from this graph.

thanks to the knowledge and understanding of the technical limitations of this
analysis method. This system does mot only provide accurate assessment of the
immedijate and long-term changes in stenosis geometry following coronary
intervention, but can also be used as a tool to understand the mechanisms of luminal
enlargement and the pathophysiology of restenosis.
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Morphologic Change in Coronary Artery Stenosis With
the Medironic Wikior® Stent: initial Results From the Core
Laboratory for Quantitative Angiography

Patrick Serruys, MD, Peter De Jaegere, MD, Michel Berirand, Mp, Gisbert Kober, MD,
Jean Francois Marquis, MD, Jan Piessens, Mb, Rainer Uebis, MD, Bernard Valeix, mD, and

Volker Wiegand, Mp

The purpese of this study was to assess the early changes in sténosis geometry after
implantation of the Mediranic Wiktor™ stent in human coronary arteries. Morphologic
changes were evaluated by quantitative coronary angiography using automated edge
detection. The hemodynamic significance of the morphologic changes were assessed by
the calcuintion of the theoretical pressure drop across the dilated and stented stenosis
derived from the Poiseuile and turbulent resistances assuming a coronary blood flow of
elther 0.5, 1, or 3 ml/sec. Fifty patients were studied before and immediately after stent
implantation. The stented coronary artery was the left anterior descending arfery in 26
patients, the circumflex artery in gight patients, and the right coronary artery in 16 pa-
tients, Stent implantation resulted in an additional increase in the minimal luminal cross-
sectional area and minimal luminal dlameter of the dilated vessel without changing the
curvature of the stenosis. Furthermore, there was a significant reduction of the “plaque
area.” This was associated with a nor ion of the calculated resistances to flow and
presure drop across the stenosis. To a minimal extent, recoil (0.1 = 0.36 mm} was ob-

served after stent Implantatlon.

Key words: coronary stent, quantitative

INTRCDUCTION

Percutancous  TFransluminal Coronary Angioplasty
(PTCA) is now accepted as a safe and cffective therapy
for obstructive coronary artery disease. Gained experi-
ence and improved catheter technology have resulted in
a high initial success rate {1-3}. These faveorable initial
results are offset by a restenosis rate of 30% to 40%
during the first  mon after the procedure [4-5]. Stent-
ing of the dilated vessel may offer an alternative ap-
proach for the prevention of restenosis [6]. Different
prostheses have been developed and tested in animal ex-
periments and  implanted in humans [7-11]. The
Wiktor®™® stent (Medtronic Inc., Mineapolis. Minn.
USA) is a new intravascular prosthesis which, in contrast
to the Wallstent® (Schneider, Zirich, Switzettand) and
Palmaz-Schatz® stent (Johnson & Johnson, Warren,
USA). is not 2 mesh made of stainless steel, but a ra-
diopaque single loose interdigitating tantalum wire
which undergoes oxidation after implantation. The re-
sultant oxide (TaQs) is not only very stable, implying
less changes in surface charge, but also corrosion resis-
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tant [12]. Potentially, the smaller amount of endothelial
surface covered by the stent (less than 10% of the vas-
cular endothelium is covered by a full expanded stent) in
conjunction with the elecorochemical charactenistics of
this stent protect against thrombus formation, As a result
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of the loose configurarion, it has been hypothesized that
the Wiktor™ stent accommodates more adequately to the
narural bending of the coronary artery in contrast to the
stents with a more rigid and stiff mesh architecture such
as the Palmaz-Schatz® stent. The Wiktor®™ stent, like the
Palmaz-Schatz® stent. is a balloon expandable endolu-
minal prosthesis and does not exert an active radial force
on the vascular walt after deployment as occurs with the
Wallstent® [13]. However, the loose configuration of the
Wiktor™ stent may have less scaffolding properties com-
pared 1o the other two Intravascular prostheses.

The purpose of this study was to assess the early mor-
phologic changes in stenosis geometry, including the oc-
currence of Tecoil, by quantitative coronary angiography
and to assess the physiological significance of these
changes by calculating the pressure drop across the ste-
nosis for a theoretical biood flow of 0.5 to 3 ml/sec after
Wiktor™ stent implantation in human coronary arteries.

MATERIALS AND METHODS
Patients

Fifty patients (45 male, five female, median age 57
years—range 30-77) were studied. The patients were
weated and investigated in the following centers: Depart-
ment of Cardiology, Hopital Cardiologique Lille,
France, Department of Cardiology, Klinikum der J.W.
Goethe Universitit Frankfurt, Germany, Department of
Cardiology, Ottawa. Ontario, Canada, Departrnent of
Cardiology. University Hospital Gasthuisberg, Leuven,
Belgium, Department of Cardiology, Medical Clinic
RWTH Aachen, Germany, Department of Cardiology,
Georg- August Universitit, Gottingen. Germany, and the
Catheterization Laboratory, Thoraxcenter. Rotterdam,
Netherlands. Writtern informed consent was obtained
from every patient. Wiktor™ stent (Medtroaic Inc.. Min-
neapolis, Minn., USA) was implanted because of a first
restenosis of a native corenary artery in 33 patients, a
second restenosis in 12 patients, and a third restenosis in
five patients. In all patients objective evidence of isch-
emia was documented. The dilated and stented coronary
artery was the left anterior descending artery in 26 pa-
tients (62%). the circumflex artery in eight patients
(16%), and the right coronary artery in 16 patients
(32%). The nominal diameter of the balloon on which
the stent was mounted was 3.0 mm in 23 patients, 3.5
mm in 20 patients, and 4.0 mm in seven patients (14%).
The nominal dizmeter of the balloon for the total study
group {mean * 8D) was 3.35 = (.36 mm.

Description of the Stent

The endoprosthesis used in this smdy is a balloon-
expandable stent (Wiktor™, Medtronic Inc.. Minneapo-
lis, Minn., USA) constructed of a single tantajum wire

Flg. 1. a: Wikitor™ stent crimped onto an polyethylene angio-
plasty balloon before Inflation. b: Wikior®™ stent on Tully inflated
angloplasty balioon.

(0.125 mm in diameter) which is formed into 2 sinusoi-
dal wave and wrapped into a helical coil structure. This
prosthesis is crimped onto the deflated polyethylene bal-
loon of a standard angioplasty catheter (Fig. la). The
features of this prosthesis design are such that by inflat-
ing the balloon the diameter of the stent increases with-
out any alteration in length (14—~16 mm, Fig. 1b). The
crimped stent profile is approximately 1.5 mm. The
maximat diameter of the balloon during inflation deter-
mines the uitimate size of the prosthesis on implantation.
One inflation at 6—8 atm is sufficient to open the stent
and allows the safe withdrawal of the deflared balloon.

Stent Implantation

One day prior to stent implantation acetylsalicylic acid
300 mg/day was started. Dextran {100 cc/hr) was admin-
istered 2 hr before the implant and continued throughout
the procedure. A minimum of 500 cc was infused. A
total of 20,000 units of heparin was injected intrave-
nously. Full heparinization was maintained until thera-
peutic levels of coumadin therapy were achieved. Con-
ventional balloon angioplasty was performed and
repeated until the desired angiographic resuit was ob-
tained. After control coronary angiography for subsce
quent quantitative analysis, the balloon/stent system was
advanced over a 0.014-in steerable guidewire under flu-
oroscopic control to the treated lesion site. The balloon
was inflated until the desired expansion of the stent was
achieved. Subsequently the balloon was deflated and the
catheter was removed under negative pressure whiie
leaving the stent in place. In case of incomplete ¢xpan-
sion of the stent, a repeat balloon dilatation within the
stent was performed. After repeat coronary angiography,
the guiding catheter was removed. The post-procedure
drug therapy consisted of coumadin for a minimum of 3
mon and acetylsalicyclic acid (300 mg/day) for 6 mon.
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Quantitative Coreonary Anglography

The coronary cincangiograms were analyzed by a
computer-assisted Cardiovascular Angiography Analysis
System (CAAS). deseribed in detail elsewhere [14,15].
Briefly, this system allows an objective and repreducible
quantification of a coronary artery stenosis. A 35-mm
cineframe was selected and digitized with a CCD-camera
at very high resolution (1330 X 1770 pixels) and elec-
tronically a region of interest (512 X 512 pixels) encom-
passing the arterial segment to be anaiyzed was selected
for subsequent analysis by the computer.

Contours of the arterial segment were detected auto-
matically on the basis of the first and secend derivative
functions of the brightness profile, and corrected for pin-
cushion distortion from the image intensifiers. A calibra-
ton factor was derived from a computer processed seg-
ment of the angio-catheter. From the arterial contour
data. 2 diameter function was computed. The minimal
luminal diameter and a reference diameter. computer-
estimated by the interpolated diameter technique, were
expressed in milliméters. On the basts of the proximal
and distal centerline segments and the computed refer-
ence diameter function, the reference contours over the
obstructed region were reconstructed. The extent of the
obstruction was determined from the diameter function
on the basis of curvature analysis and expressed in mil~
limeters. The curvature is computed as the average value
of all the individual curvature values along the centerline
of the corcnary segment, with the curvature defined as
the first derivatve of the tangent as it moves along the
centerline which for a circle is equal to the reciprocal of
the tadius. The difference in area between the reference
and the detected contours over the lesions (“plagque
ares.” in mm?) is a measure for the atherosclerotic
plaque [16). The inflow angle is the average slope of the
diameter function between the position of the minimal
obstruction diameter and the position of the proximal
boundary of the stenetic lesion. The cutflow angle is the
average slope of the diameter function of the minimal
obstruction diameter and the position of the distal bound-
ary of the stenotic segment.

The severity of the stenosis can also be expressed as a
percentage arca stenosis: assuming  circular cross-
sections at the obsirection and reference position, corre-
sponding Tupninal arcas (mm™) were calculated by com-
paring the minimal ares value at the obstruction with the
reference valve obtained following the interpolated di-
ameter technique. An illustration of such a quantitative
analysis of a coronary artery is shown in Figure 2.

Elastic recoil was calculated as the difference between
the mean diameter of the balloon when fully inflated and
the mean diameter of the stented segment immediately
after stent delivery and withdrawal of the balloon. Single
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identical views during complete expansion of the balloon
and immediately after stent implantation were chesen for
autornated edge detection,

Hemodynamic Assessment

To assess the physiological significance of the obstruc-
tion and fts changes after angioplasty and stenting, the
theorctic pressure drop was caleulated using the arterio-
grarn and digital computation, according to the formulae
described in the literature: Pgrad = Q.(Rp + Rt), where
Pgrad is the theoretic tansienotic pressure decrease (mm
Hg) over the stenosis, Q is the mean coronary blood flow
(ml/sec). Rp is the Poiscuille resistance. and Rt is the
turbulent resistance [17,18].

These resistances have been defined as follows:

Rp = Cl. {length obstruction)/(rminima) cross-sectional area)®,
where CL = S.ar.(blood viscomty) with blood viseosity = 0.03 plem.see;

and

Rt = C2.{l/minimal cross-sectionul area — 1/normat distal arew)®.
where C2 = (blood density)/0.266 with bleod density = 1.0 grem®.

The theoretic transstenotic pressure drop was calcu-
lated for theoretic coronary blood flow of 0.5. i, and 3
ml/sec. The Poiscuille and turbulent contributions 1o the
flow resistance were determined from stenotic gecometry
assessed by quantitative coronary angiography.

Statistical Analysis

All values arc expressed as mear with the standard
deviation of the mean. Comparisons between measure-
ments obtained after PTCA and stenting were made after
varianee analysis with the Student’s r-test for paired ob-
servations. A statistical level <0.05 was considered as
significant.

RESULTS

The morphologic and hemodynamic data {mean =
8D} are presented n Tables 1, I, and IH.

Stent implantation after balloon angioplasty resulted in
an additional increase in minimal luminal cross-sectional
area and minimal luminal diameter with 2 concommitant
decrease in percentage area and percentage diameter ste-
nosis comnpared with the postangioplasty state (Table I).
Moreover, there was a significant decrease in plaque area
and inflow and outflow angles while the curvature of the
lesion was respected (Table II).

This morphologic improvement was assoclated with a
decrease In both the calculated turbulent and Poiscuille
resistance, as well as the virmal disappearance of the
theoretical transgtenotic pressure drop for a theoretical
flow of 0.5, and 3 ml/sec (Table ).



Fig, 2, 1a-3b,
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Fig. 2. llustration of a quantitative analysis of a coronary artery, Single plane angiograms of
the proximai left anterior descending before and after balloon angioplasty and Immediately after
stent implantation with superimpesitlon of the automated contours of the region of interest
Below each anglogram Is shown the diameter function of the detcc!ed contours of the artery.
‘The minimat luminal diameter (vertical line) and the interp d d function (herizontal

line) from which the reference diameter is derived are shown, For further explanation, see text

In most patients, the measured diameter of the balleon
when fully inflated cxceeded the measured diameter of
the stent (Fig. 3). During maximum inflation the mean
diameter of the balloon for the total study group was 2.98
* 0.44 and the mean diameter of the stented segment
immediately following implantation was 2.88 = 0.43
mm (Table IV). This implies a recoil of 0.10 = 0.36 mm
or 3% (P < 0.03).
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DISCUSSION

Coronary artery stenting has been introduced as an
adjunct 1o PTCA in obstructive coronary artery disease
[6-10.19.32]. The implantation of vascular endopros-
theses may provide a useful approach to prevent oc-
clusion and restenosis [6]. As for cvery therapeutic
procedure, an objective and reproducible technique eval-
uating efficacy is needed. Computer based automated
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TABLE I. Morphols Changes Immediiately After Balloan Angloplasty and Subsequent
Stont Implantation

Pre-PTCA Post-PTCA Post-stent 2, Pa
Extent obstruction (mm) T.24 % 2.48 6.63 = 263 5.35 = 1.86 NS 0.001
Reference diameter (ram) 281 =047 278 =048 291 =043 NS 0.001
MLD {mm) 1.09 = 0.26 1.80 = 0.32 245 =036 0.00001 0.00001
Diameter stenosis (%) 61.00 = 9.19 .00 = 10.76 17.00 = 7.18 0.00001 0.00001
Reference ares {mm®) 6.38 = 113 6.26 =218 6.83 = 2.07 N§ 0.003
MLCA {mm?} 0.9 = 0.44 2.63 = 0.92 4,84 = 1,42 0.00001 0.00G01
Arca stenosis (%) 8400 = 7.58 56.00 = 1394 31.00 = 11.57 0.90001 0.00001

| P,

P

MLCA, minimal luminal cross-sectional arga; MLD. minimal luminal diameter. All parameters are expressed in

meus * 8D,

TABLE {l. Merphologic Changes imm y After Ball Ar and St g
Stent Implantation
Pre-PTCA Post-PTCA Post-stent e Py
Curvature 2100 = 390 21.00 = 8.65 2000 = 9.49 NS NS
Plaque area, (mm) £33 %433 513 % 3.48 333 =229 0.00001 0.0004
Inflow angle 23.00 = 6.28 15.00 = 525 700 = 15.64 N§S 0.00001
Outffow angle 23.00 = 10.39 19.00 = 1974 500 = 15.17 NS 0.00001
| P, | | Py
All purameters are expressed in mean = SD.
TABLE ill, Hemodynamlc Resuits Immedlately After Batloon Angioplasty and Subsequent
Stent Implantation
Pre-PTCA Post-PICA Post-stent P, P
Rpois 18.00 + 38.44 122172 0.47 + 0.28 0.002 0.003
Reurh 11,00 = 2891 0.32=+072 0.02 £ 0.02 0.01 0.005
Perad (0.5 mlisec) 29.00 = 67.00 1.52 =242 0.4 = 0.29 0.004 0.604
Pgrad (1 mbsec) 48.00 % 65.57 3.66 = 6.26 1.0 % 0.61 0.00001 Q.004
Perad (3 mlisce) 92.00 = 126,75 6.45 £ 11.53 1.53 £ 0.99 0.00001 4.004
| £y 1] P |
Rpois. Foiscuille resistance; Rturb, rurbulent e; Pgrad, p drop. All are exps < in, mean

= 5D.

edge detection angiographic analysis systems have re-
duced the variability resulting from visual and caliper-
determined contour detection of coronary cineangio-
grams [20-22].

The optimal method to quantitatively analyze the im-
mediate angiographic results of coronary stenting in na-
tive coronary arteries is stll a matter of debate. At
present. two technigques are available: automated edge
detection and videodensitometry. The technique of auto-
mated edge detection is limited in eccentric lesions and
in particular following balloon angioplasty when acute
tears and dissections distort the anatomy. Videodensito-
memic measurements of cross-sectional area are indepen-
dent of geometric assumptions regarding the shape of the
stenosis and should, in theory, be more reliable than
edge detection, especizlly after the disruptive action of
balioon angioplasty, which is known to cause asymmet-
ric enlargement of the lumen [23,24). However, a recent

study has shown that edge detection and videodensitom-
etry are equally acceptable methods of analysis after cor-
onary stenting [25]. This may be explaired by the more
regular and smooth vessel contours after stenging, with
tacking back of the intimal flaps by the scaffolding prop-
erty of the stent in some cases and by the remodeling of
the stented segment into a2 more circular geometry.
Moreover, it has been shown that videodensitometry
overestimates the minimal luminal cross-sectional area.
particularly in smaller vessels with the Wiktor® stent
[26]. This may be due to the radiographic characteristics
of the stent iwself.

X-ray energy dispersion spectrometry studies from our
laboratory have shown that the swructure of the Wiktor™
stent has only one element, tantalum, which has 2 higher
atomi¢ pumber than the elements contained in the Pal-
maz-Scharz® stent and the Wallstent®. Consequently,
more X-ray energy is absorbed by the Wiktor™ stent

27
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wire. Farthermore, the Wiktor™ stent has a greater wire
cross-sectional arga than the other two stents. These
physical characteristics result in a higher radiopacity in
comparison with the stainless steel stents. As a result, the
intralurninal brightness profile generated by the Wiktor™®
stent makes automated edge detection the approprizte
technique for quantification of the stented segment. Con-
versely, videodensitometry may be the technigue of
choice for the assessment of restenosis. Intimal hyper-
plasia developing within the stent may not be detected by
edge detection technigue. which is unable to distinguish
between the radiopaque structure of the wire embedded
in the vessel wall and the actual boundaries of the lumen
radiopacified by the contrast medium. For these reasons,
automated edge detection was used for the immediate
angiographic assessment in this study.

The increase in minimal luminal diameter after bal-
loon angioplasty (1.09 = 0.26 mm to 1.80 £ 0.32 mm),
is what has been observed in other scries [27.28]. This
emphasizes that prior to stenting the stenotic lesion has
been dilated to the extent normally expected. The addi-
tional improvement after the implantation of the
Wiktor™ stent is comparable to what has been observed
with either seif expanding or balloon expandable stents
[7.28.29]). The same holds for the minimal Iuminal
cross-sectional area. There is a {ivefold increase in the
minimat luminal cross-sectional area after stenting (0,99
* 044 mm” to 4.83 = 1.42 mm®). As previously dem-
onstrated, 2 normalization of the coronary flow reserve

28
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TABLE IV. Nomina! Diameter of the Balioon, Measured
Diameter of Balioon at Maximal inflation Pressure, and of
Stented Segment by Edge Detection

Nerminal Measured

Measured diameter P Py
diameter balloon  diameter balloon  slented segment

33503 mm 298 =049 mm 2.88 = 0.43mm 0.0001 0.03
L Prodl P |

All parameters are expressed i mean = SD,

may be expeeted with such ar increase [30]. As indirect
confirmation of the above findings, the pressurc drop
across the swenosis remains virtually zero even with a
theoretical flow of 3 ml/sec and a normalization of the
calculated resistances. In addition to the increase in the
minimal luminal cross-sectional area. there is a signifi-
cant change it plaque area. in the inflow and outflow
angles, and in the extent of obstruction, while the natural
curvature of the artery is respected.

However, the smaller mean diameter of the stented
segment (2,88 = 0.43 mm} in comparison with the mea-
sured diameter of the fully cxpanded balloon (2.98 =
0.44 mm) suggests some recoil of the stented segment.
This minimal recoii appears to be a true phenomenon
since the accuracy and the precision of the CAAS system
is —30 p and 90 . respectively [L3-15]. Furthermore,
the recoil phenomenon has also been observed. although
10 2 larger extent. after Wiktor™ sient implantation in
Yorkshire pigs [11). The more pronounced recoil (10%)
in the animal model compared to the 3% recoi! in this
study may be explained by the fact that in the former
study the stent was implanted in normal animal coronary
arteries. These angiographic data indicate that in contrast
to balloon angioplasty, where recoil amounting to 50%
has been documented [31], the Wikior®® stent appropri-
ately scaffolds the vesscl,

The measured diameter of the inflated balloon at an
average inflation pressure of 6—8 atm (2.98 = 0.44 mm)
did not achieve the nominal size of the bailoon (3.35 =
0.36 mm) as specified by the manufacturer. The inflation
pressure needed 1o obtain the nominal size of the balloon
has been tested in air. It may be that a higher inflation
pressure should be applied to achieve full expansion of
the balloon to overcome the opposing forces exerted by
the arterial wall and possibly by the stent itself.

CONCLUSIONS

Implantation of the Wiktor™ stent results in a further
improvement in stenosis geometry after balloon angio-
plasty. A fivefold increase in the minimal luminal cross-
scetdonal area with a significant reduction of the inflow
and outflow angles is observed without changing the
curvature of the stenosis. This is associated with a nor-
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malization of the resistances to flow. With the recom-
mended inflation pressure of 6—8 atm. there is no full
expansion of the balloon ¢n which the stent is mounted.
Furthermore, some recoil {0.10 = 0.36 mm) is observed
after stent implantation. This may be explained by the
rather loose interdigitating coil structure of this particular
stent.

‘Whether these observations will result in a reduced
restenosis rate in comparison with balloon angioplasty
and to an improved long-term clinical success ratwe re-
maing to be determined.
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Immediate Changes in Stenosis Geometry Foliowing Stent Implantation:
Comparison Between a Self-Expanding and a Balloon-Expandable Stent

PETER P. o JAEGERE, M.D., BRADLEY H. STRAUSS. M.D.,
WILLEM J. van pEr GIESSEN, M.D.. PIM J. pE FEYTER. M.D.,
and PATRICK W. SERRUYS. M.D.. Pu.D.

From the Catheterization Laboratory and Laboratory for Quantitative Angiographic Aralysis (Cardialysis), Thoraxcenier,
Rotterdam. The Ncetherlands

The immediate changes in stenosis geomerry following Wallstent and Wiktor stenr implantation in
native coronary arterics were compared in 92 patienis (46 in cach group) using automated edge detee-
tion, Paticnts with comparable bascline stenosis characteristics were selected. Lesions were matched
for lesion site, reference diameter, and minimal luminal diameter, In both groups. the stented coronary
artery was the left anterior descending artery in 27 patients (595%), the left circumflex artery in four
patients (95%), and the right coronary artery in 15 patients (33%). The bascline reference diameter was
2.86 = .39 mm and 2.87 = 0,42 mm in the Wallstent and Wiktor stent study group, respectively (NS).
The baseline minimal uminal diameter was identical in both groups (113 = 0.24 mm), The nominal
size (mean &= SD) of the unconstrained Wailstent was 3.5 = 0.3 mm and 3.3 + 0.3 mm for the Wiktor
stent (P < 0.05). Borh tipes of stents resulted in a similer increase in minimal lumingl digmeter
immediately following implantation (Wallstent: 2.34 * 0.38 mm, Wiktor stent: 243 = 0.27 mm, NSj.
Furthermore . there was ¢ similar decrease in diameter stenosis and increase in minimal luminal cross-
section area following implantation of both stents. These morphological changes were associated with
a normalization of the hemodynamic parameters in both groups. It is concluded that, although the
Wallstent and Wiktor stent are different in design and mechanical characteristics, there is a similar
immediate improvement in stenosis geometry following implantation of both deviees. (3 Interven Car.

diol 1992; 5:71-78)

Introduction

Treating obstructive corenary artery discase
by means of intravascular catheters is an okd
dream that came true in the late 1970s.'-* Percuta-
neous coronary artery balloon angioplasty has
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been plagued by restenosis since its introduction.
To circumvent this limiting factor, mtracoronary
stenting has been proposed as an adjunct to bal-
loon angioplasty.® Although the exact pathophys-
iological mechanism(s) respensible for restenosis
are largely unknown, intracoronary stenting may
resujt in a lower incidence of restenosis by optim-
izing the balloon dilatation process. Indeed. it has
been shown that stent implantation does not only
provide scaffolding for the vessel and thereby
prevents recoil but also results in a larger vessel
lumen and cross-sectional area compared to bal-
loon angioplasty and thus may compensate for
late neointimal hyperptasia.*~’

At present, several stents are available, each
with its own specific design and physico-chemical
characteristics, “*'° Distinction can be made be-
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tween self~expanding and balloon-expandable de-
vices. The seif-expanding stent, in contrast to the
balloon-expandable devices. exerts active radial
force on the vessel wall after deployment. 37112
This may result in differences in vessel lumen ge-
ometry following stenting. Therefore, the aim of
this study is to compare the morphological
changes in stenosis geometry immediately follow-
ing the implantation of a self-expanding stent
(Walistent, Medinvent, Lausanne, Switzerland)
and a balloon-expandable stent (Wiktor stent,
Medtronic. Inc.. Minneapolis. MN, USA).

Metheds

Patients. At present. our database contains the
angiographic data of 257 patients in whom a
Wallstent (162 patients} or Wiktor stent (95 pa-
tients} were successfully implanted 1 2 native
coronary artery. Two groups of patients witk
comparzble baseling stenosis characteristics
were selected according to the matching princi-
ple. Ondy patients in whom a Wallstent or Wiktor
stent was successfully implanted as elective pro-
cedure In a native coronary artery were eligible.
Lesions were matched for lesion site, reference
diameter, and minimal luminal diameter. The cor-
onary artery tree was subdivided into 15 seg-
ments according to the American Heart Associa-
tion guidelines.®™ Since the variability of repeat
measurement of the reference dizmeter and mini
mal luminal diameter from the same cineangio-
gram is 0.10 mm. matching was performed such
that the difference of this parameter between two
patients of each group did not exceed 0.20 mm
(twice the vadability or 95% confidence in-
terval).™

A total of 92 patients (46 in each group) met the
matching criteria and formed the study popula-
tion. Matching was considered adequate since
there was an equal number of different stenosis
locations i both groups (left anterior descending
coronary artery, 27 patients; left circumflex ar-
tery. 4 patients: and right coronary artery, 15 pa-
tients), the reference diameter was 2.86 = 0,39
mm and 2.87 = 0.42 mm for the Wallstent group
and Wiktor stent group, respectively (NS). The
minimal luminal diameter was identical in both
groups (1.13 = 0.24).

72 Journal of Interventionzl Cardiology

Description of the Steats. The Wallstent (Fig. 1)
is a geometrically stable, pliable, and self-ex-
panding prosthesis. woven from 2 surgical grade
stainless steel alloy. The stent consists of 16 wire
filamnents, each 0.08 mm in diameter. Its elastic
and pliable properties are such that its diameter
can be substantially reduced by moderate elonga-
tion. It can be constrained on a small diameter
delivery catheter, but spontancously returns to
its original (ungonstrained) larger diameter when
the constraining membrane is removed. The
outer diameter of the stent-catheter system
mounted on this delivery device is 1.57 mm, using
prostheses that expand to a diameter of 6.5 mm,

The Wiktor stent (Fig. 2) is a radiopague bal-
loon-expandable stent constructed of a single
loose interdigitating tantalum wire (0.125 mm in
diameter) formed into 2 sinuseidal wave and con-
figured as a helix. The prosthesis is crimped onto
the deflated polyethylene balloon of a standard
angioplasty catheter. The crimped stent profile
18 approximately 1.5 mm. Upon inflation of the
balloon, the sinusoidal waves expand to that ex-
tent that the stent conforms to the vessel wall
The features of the prosthesis are such that by
inflating the balloon. the dizmeter of the stent in-
creases without alteration of its length (14—-16
mmy). The maximal diameter of the balloon during
inflation determines the ultimate size of the pros-
thesis.

Selection: of Stent Size. Selection of the stent
size was based on the visual assessment of the
vessel size, The size of the Wallstent was selected
to obtain an unconstrained diameter of 0.5 mm
larger than the vessel. For the Wiktor stent, a
baHoon on which the Wiktor stent is mounted
with a nominal size. which is 0.5 mm Jarger than
the vessel, was selected. The size {mean = SD)
of the unconstrained Wallstent proved to be 3.5
=+ 0.3 mm and was 3.3 = (.3 mam for the Wiktor
stent (P < 0.05). In case of incomplete expansion
of either stent, a repeat balloon dilatation within
the stent was performed.

Quantitative Coronary Angiography. To assess
the immediate and long-term changes in stenosis
geometry, all coronary cincangiograms were ana-
lyzed at the corc laboratory in Rotterdam by
means of the computer-assisted Cardiovascular
Anglography Analysis System (CAAS), de-
scribed in detait elsewhere.'® This system allows
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Figure 1. Self-expanding stent {Wallstent) with membrane partially pulled back and expanding stent (top): and stent in position

illustrating loagitudinal fexibility (bottom).

an objective and reproducible quantification of a
coronary artery stenosis. Brefly. a 35-mm cine-
frame selected for analysis is digitized with a
charge coupled device (CCD) camera at high res-
olution (1330 x 1770 pixels) in a matrix size of
512 x 512 pixels with eight bits of brightness res-
olution. The segment to be analyzed is deter-
mined by selecting a number of centerline points
that are connected by interpolation. An auto-
mated edge detection program determines the ar-
terial contour by assessing the brightness profile
along scanlines perpendicular to the centerline.
After correction for pincushion distortion and
calibration using the guiding catheter as scaling
device., a diameter function curve can be deter-
mined from the contour analysis by computing
the distances between the left and right edges.
From this diameter function curve, several pa-

Vol. 5. No. 2. 1952

34

rameters can be computed such as the minimal
luminal diameter, reference diameter, and diame-
ter stenosis. The variability. precision, and acen-
racy of the system has been reported previ-
OUS[y_14.16

All angiograms for subsequent analysis were
performed after intracoronary isjection of 2-mg
isosorbide dinitrate.

The hemodynamic significance of the obstruc-
tion and its changes after stent implantation were
evaluated by calculating the theoretic pressire
drop using the arteriogram and digital computa-
tion, according to the formulae described in the
literature: Pgrad = Q. (Rp + Rt), where Pgrad
= the theoretic transstenotic pressure decrease
(mmHg) over the stenosis. Q = the mean ¢coro-
pary blood flow (mL/sec), Rp = the Poiseuille
resistance, and Rt = the turbulent resistance.'?-!¥
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Figure 2. Balloon-cxpandable stent (Wikror stent) mounted on a conventionnl polyethylene balloon when de- and inflated.

These resistances have been defined as fol-
lows: Rp = CI. (length obstruction)/(minimal
cross-sectional area)®, where CI = 8.m. (blood
viscosity) with blood viscosity = 0.03 g/fcm-sec.
Rt = C2. (I/minimal cross-sectional area — 1/nor-
mal distal area)®, where C2 = (blood density)/
0.266 with blood density = 1.0 glem?.

The theoretic transstenotic pressure drop was
calculated for theoretic coronary blood flow of
0.5, 1, and 3 mL/sec. The Poiseuille and turbulent
contributions to the flow resistance were deter-
mined from stenotic geometry assessed by quan-
titative coronary angiography.

Statistics. Values obtained by quantitative an-
giographic analysis are expressed as means =
SD. The changes of each angiographic vartable
before and immediately after stent implantation
were compared by analysis of variance. If signifi-
cant differences were found. two-tailed Student’s
ttests were applied to paired data. A statistical
probability of < 0.05 was considered to indicate
significance.

Results

The morphological and hemodynamic changes
in stenosis geomctry are presented in Tables 1

74 Journal of Interventional Cardiology

and 2. There was no difference in any baseline
angiographic parameter between the two study
groups. Predilatation with a balloon catheter re-
sulted in a significant increase in minimal luminal
diameter from 1.13 = 0.24 mm to 1.86 = 0.31
mm and 1,78 = 0.28 mm in the Wallstent group
and Wiktor stent group, respectively. There was
no difference in the minimal luminal diameter
post-PTCA (percutaneous transluminal coronary
angioplasty) between the two groups. Stent im-
plantation resulted in a further significant in-
crease in minimal luminal diameter from 1.86 =
0.31 mm to 2.34 = 0,38 mm following Wallstent
implantation and from 1.78 = 0.28 mm to 2.43
= 0.27 mm following Wiktor stent implantation.
Although the mean change in minimal luminal di-
ameter was 1.21 = 0.40 mm following Wallstent
implantation and 1.30 = (.30 mm following Wik-
tor stent implantation, there was no statistical dif-
ference in the minimal luminal diameter poststent
implantation between the two study groups. The
cumulative distribution of the minimal Juminal di-
ameter and its changes is depicted in Figure 3. It
shows a wider range in minimal luminal diameter
immediatefy following Wallstent implantation
compared to Wiktor stent implantation. Statisti-
cal analysis performed between the two study
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CUMULATIVE FREQUENCY OF MLD

100"
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Figure 3. Cumulative distribution of the minimal luminal dismeter pre-PTCA. post-PTCA, and immedintely following

stent implantation.

groups. revealed no difference between any an-
giographic parameter after PTCA and immedi-
ately following stent implantation, These mor-
phological changes were associated with a signifi-
cant decrease in the calculated turbulent and
Poiseuille resistance and a virtual disappearance
of the pressure drop for a theoretical blood fiow
0f0.5, 1, and 3 mL/sec (Table 2).

Discussion

PTCA. by means of balloon catheters. has
gained widespread acceptance as a nonsurgical
method of treating obstructive coronary heart
disease. Despite its high initial success rate, its
efficacy is limited by the occurrence of resteno-
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sis.'"** Pharmacological efforts to reduce or
¢liminate this proliferative process have largely
been unsuccessful. -2 This is due partly to the
lack of knowledge and understanding of the
pathophysiological mechanism(s) responsible for
restenosis. Therefore, it is not surprising that
along with the pharmacological interventions,
new devices have entered clinical testing to cir-
cumvent restenosis. In this respect, mtracoro-
nary stenting may be a logical approach. It is ob-
vious that implaatation of an endovascular pros-
thesis by itself cannot eliminate the triggers for
the proliferative response of the vessel wall fol-
lowing injury. On the contrary, stents could pro-
mote intimal proliferation by stretching medial
smooth muscle cells, stimulating mural throm-
bus. or attracting inflammatory cells.”* How-
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Table 1. Immediate Morphological Changes in Coronry Artery Stenosis Following Wallstent and Wikzor Stent Implantation

Wallstent
pre-PTCA post-PTCA post-STENT Py Pa
Ref. Diam, {mm) .86 = 039 2,95 = 0.49 298 = 035 NS N§
MLD (mm) 1.13 = 024 186 =031 234 £ 038 0.00001 0.00001
DS (%) 60 = 8 36 = 10 2=x9 0.00001 0.00001
RA (mm®) 6.52 = 178 704 = 239 7.09 = 1.68 NS NS
MLCA (mm®) 1.04 = 0.45 2.81 = 0.89 440 = 1.38 0.00001 0,00001
AS (%) B3=s 58 = 13 3B =4 0.00001 0.00001
P, Py

Ref, Diam. = reference diameter; MLD = minimal luminal diameter; D8 = diamcter stenosis: RA = reference area: MCLA =
mrmimal luminal cross sectional area; AS = area stenosis.

Comparison between the Wallstent and Wiktor Stent study group revealed no statistical difference between any angiographic
parameter,

All parameters are expressed in meun = SD.

ever, by optimizing the luminal geometry and Quantitative coronary angiography was used to
minimizing the residual stenosis. a sient may assess the difference in the immediate modifica-
compensate for the proliferative process. tions in stenosis geometry following Wallstent

Randomized studies comparing new coronary and Wiktor stent implantation. This is not only of
angioplasty techniques are not available. To com- pure academic importance, but may hold impor-
pare the angiographic effect of different interven- tant clinical consequences. As stated previously,
tions. patients with identical baseline stenosis a high initial gain after stent implantation may
characteristics have 1o be selected.*™™ For this compensate for late neointimal hyperplasia, A re-
purpose, the method of matching was used in this sidual diameter stenosis larger than 20% follow-
study. At present. this may be the best surrogate g stenting is an angiographic predictor for reste-
for a randomized study, which would be very nosis.** However. the gain is a double-edged
time-consuming. The baseline stenosis character- sword. Mechanical medial injury is 2 known
istics of the patients herein reported are represen- factor in generating a proliferative vessel
tative for the angioplasty population. encoun- wall response. Experimental animal and an-
tered in general practice,S-%11.3%.33 giographic studies indicate a relation between

Table 2. Immedizte Hemodynamic Changes Following Wallstent and Wiktor Stent Implantation

Wallsten:

pre-PTCA post-PTCA post-STENT P, 2
Rpois 22,55 = 61.76 23+ = 7.7 1.92 = 6.58 0.02 N§
Rturb 798 = 372 0.39 = 0.54 0.04 = 0.10 0.05 0.0002
Pgrnd (0.5 missec) 30,53 = 18.73 267 = 7.08 1.95 = 7.57 0.02 0.03
Perad (1 mlisec) 56.98 = 109.73 597 £ 1471 4.05 = 15.10 0.002 0.007
Pzrad (3 mL/sec) 8Z.5] = 148.09 9.88 = 22,95 6.14 = 22.88 09002 0.002

P P:

Rpois = Poiseuille resistance: Rturb = turbulent resistance; Pgrad = pressure drop.

Comparison between the Wallstent and Wiktor Stent study group revealed no statistical difference between any angiographic
pammeter.

All parameters are expressed in mean = 8D,

76 Journal of Interventionat Cardiclogy Vol. 5, No. 2, 1992

37



QUANTITATIVE COMPARISON OF TWO INTRACORONARY STENTS

Table 1. (continued)

Wiktor Stent
pre-PTCA post-PTCA post-STENT P, P
2.87 = 0.52 279 = 0.48 299 = 038 0.03 0.00001
1.I3 = 0.24 178 = 028 243 = 0.7 0.00001 0.00001
60 = 7 3510 =7 0.00001 0.00001
6.62 = 1.93 629 = 2.16 7.11 = 1.88 0.05 0.0001
1.06 = 0.46 2.55 = 0.83 472 = 1.08 0.00001 0.06001
83 =6 57 =14 33 =12 0.00001 0.00001

vessel oversizing and neointimal prolifer-
ation.?®-*

Both devices resulted in a more than twofold
increase in minimaf luminal diameter and a more
than fourfold increase in the minimal luminal
cross-sectional area. Despite the lesser increase
in minimal luminal diameter post-PTCA in the
Wiktor group and despite the smaller nominal
size of the Wiktor stent used in this study. there
was a larger. although statistically not different.
increase in minimal luminal diameter following
Wiktor stent implantation. However. there are
several unknown factors limiting a comprehen-
sive comparison. First, the number of repeat bal-
loon inflations and balloon size within the Wiktor
stent is not known. Second, this difference may
be temporary since the dilatation process of the
Wallstent continues until an equilibrium is at-
tained between the circumferential elastic resis-
tance of the vessel wall and the dilating force of

the prosthesis. Moreover, previous and recent
angiographic studies indicate that both stents di-
late the vessel 1o the same extent.%? Third. al-
though our experience is that edge detection is
the appropriate technique for guantification of
stenosis geometry following Wiktor stent implan-
tation, validation studies with phantom models
are warranted to verify this.* Furthermore. a se-
lection bias entered in the matching technique
cannot be excluded.

Conclusions

These data indicate that although the Wallstent
and Wiktor stent are different in design and me-
chanical characteristics. there is a similar imme-
diate improvement in stenosis geometry follow-
ing implantation of both devices.

Table 2. (continued)

Wiktor Stent
pre-PTCA post-PTCA post.5TENT P P2
8.71 = 7.98 106 =077 0,47 = .20 0.00001 0.00001
4.47 = 497 0.26 = 036 0.02 = 0.02 0.00001 000001
13,19 = 12.54 1.33 = 1.05 577 & 35.77 0.00001 NS
34.90 = 34.46 3.19 = 232 1.01 = 044 0.00001 0.00003
66.44 = 66.60 5.59 = 5.10 1,53 = 0.74 0.00001 0.00001
P P,
Vol. 5, No. 2, 1992 Journal of Interventional Cardiology 77
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Comparative angiographic quantitative analysis
of the immediate efficacy of coronary
atherectomy with balioon angioplasty, stenting,

and rotational ablation

V. A. W. M. Unmans, B. H. Strauss, B. J. W, M. Rensing, P. de Jaegere,
P. Jd, de Feyter, and P. W. Serruys. Rotterdam, The Netherlands

Directional atherectomy has recently beer intro-
duced as an alternstive to conventional balloon
dilatation.’ It kas been shown to be safe and effective
when applied in human coronary arteries.>3 It was
initially hypothesized that removal of the atheroscle-
rotic plague would result in a better immediate result
with fewer acute complications and a reduced rest-
enosis rate compared with conventional balloon
angioplasty.® However, at the present time it is dif-
fieult to compare the respective merits of varicus
mechsanical interventions, sinee no randomized
gtudies have been atteropted. While awaiting these
trials we used information from our quantitative an-
glography data base to compare patients treated with
various coronary interventions. Cercnary lesions
from 51 patients who underwent directional atherec-
tomoy were analyzed with the computer-based coro-
nary angiography system and mazched with similar
lesions treated by means of balloon angioplasty, in-
tracoronary stenting, and rotational ablation. The
immediate results from geometric assessment of the
stenotic lesion by edge detection before and after
atherectomy are presented and ¢compared with the
results of conventional balloon angioplasty, intrac-
oronary stenting, and rotational ablation.
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METHODOLOGY

Patient group. From September 1989 through Sep-
tember 1990, a total of 51 patients {43 men and 8
women) underwent an atherectomy procedure for
symptomatic coronary artery disease. Three patients
underwent two procedures and one patient had three
procedures. The atherectomy procedure was success-
ful in 54 of the 56 procedures (postprocedural diam-
eter of stenosis <50%). The mean age {£SD) was
58.2 (£10.1) years. At the time of atherectomy 21
patients were in New York Heart Association func-
tional class IV, 11 were i class IIT and 19 were in class
1. Coronary angiography showed one-vessel disease
in 39 patients, two-vessel disease in eight, and three-
vegsel disease in four. The site of obstruction was To-
cated In the left anterior descending coronary artery
in 31 patients, in the right coronary artery in 13, in
the circumflex artery in nine, and in the venous by-
pass graft in three.

Atherectomy procedure. After administration of lo-
cal anesthesin, an 11T sheath was inserted into the
femoral artery. All patients received 250 mg acetyl-
salicylie acid and 10,000 U heparin intravemously.
Intracoronary injection of isosorbide dinitrate was
given to minimize any possible spasm. After inijtial
angiograms in multiple views were ¢btained, & special
11F guiding catheter was placed into the estium of
the coronary artery. Under fluoroscopy the guide wire
was advanced into the distal part of the artery. Then
the atherectomy device was directed over the guide
wire and positioned across the stenosis. The support
balloon was then nflated up to 0.5 atm, the cutter was
retracted, and the balloon inflation pressure was in-
creased to 2 to 3 atm. The driving motor was
activated, and the rotating cutter was slowly ad-
vanced to cut and collect the protruding atheroscle-
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rotic lesion in the collecting chamber located at the
tip of the catheter, After every pass the balloon was
deflated and either removed or repositioned. On av-
erage 6.1 = 2.9 passes in multiple directions were
performed across a stenosis. Atherectormy was con-
sidered successful when the residual stenosis was less
than 50% after tissue retrieval. After atherectomy
the arterial and venous sheaths were usually Ieft in
vlace for & hours. Patients were monitored for 24
hours, and ECGs ard cardiac enzyme levels were ob-
tained twice a day. Nifedipine was giver every 2
hours after the procedure, and patients continged to
receive agpirin medication for 1 year.

Quantitative ¢oronary angiography. Quantitetive
anglysis of the coronary segments was performed
with the computer-based Coronary Angiography
Analysis System, which was previously described in
detail. 8 In essence boundaries of a selected coronary
artery segment {Fig. 1) are detected automatically
from opticelly magnified and video-digitized regions
of interest (512 X 512 pixels) of a cineframe. The ab-
solute diameter of the stenosis (in millimeters) is de-
termined with the use of the guiding catheter as a
scaling device. Calibration of the catheter in absolute
values (in millimeters) is achieved by comparing the
mean diameter of the guiding catheter in pixels with
the measured size in millimeters. Each individual
catheter is measured by a micrometer. To correct the
detected contour of the arterial and catheter seg-
ments for pincushion distortion, a correction vector
is corputed for each pixel based on a computer-pro-
cessed cineframe with a centimeter grid placed
against the input screen of the image intensifier. Be-
cause the functional significance of a stenosis is
related to the expected normal cross-sectional area of
avessel at the point of obatruction, we use a cormputer
estimation of the original dimension of the artery at
the site of the obstruction to define the interpolated
reference area. The percentage diemeter and area
stenosis, as well ag the cross-sectional area (in nilli-
meters squared), are then calculated. The length of
the leston {(in millimeters) is determined from the di-
ameter function on the basis of a curvature analysis.
By use of the reconstructed horders of the vessel, the
computer calculates the symmetry coefficient for the
stenosis, The symmetry index ranges from zero (to-
tally eccentric stenosis) to one {(symumetzic). The de-
gree of coronary bend is assessed by the curvature
value at the site of the obstruction. This parameter
iy computed as the average value of 21l the individual
curvature values along the center line of the coronary
segment, with the curvature defined as the first de-
rivative of the tangent 23 it moves along the center

Comparative assessment of new intracoronary techriques 837

line, which for a circle is equal to the reciprocal of the
radius.

Homodynamic assessment. The hemodynamic re-
sults were determined as deseribed earlier.”° Briefly
the theoretical pressure decrease was calculated by
means of the arteriogram and digital computation
aceording to the formula: Pgrad = Q. (Rp + . Rt),
where Pgrad is the theoretical transsterotic pressure
decrease (mm Hg) over the stenosis, Q is the mean
coronary flow (ml/sec), Rp is the Poiseuville resis-
tance, and Rt is the turbulence resistance. The the-
oretical transstenmotic pressure decresse was calcu-
lated for a theoretical blood flow of 1, 2 and 3 mi/sec.
The Poiseuille and turbulence contributions to flow
resistance were determined from stenosis geometry
assessed by quantitative coronary angiography. .

Matching process. T'o avoid patient selection bias
we selected populations with comparable baseline
stenosis characteristics. The coronary artery tree was
subdivided into 15 segments according to the Amer-
ican Heart Association guidelines. The lesions were
individually matched according to the location of the
gtenosis and the reference diameter. Matching was
considered adequate if the mean difference of the
reference diameter between the groups was identical.
Three patients who were treated for bypass graft
stenosis and two patients with an unsuccessful pro-
cedure were excluded from the matching process.
Thus 51 lesions treated with intrecoronary atherec-
tomy were individually matched with “twin” lesions
treated with balloon angioplasty or self-expandable
stent. The group treated with the Rotablator (Heart
Technology Ine., Bellevue, Wash.) was not individu-
ally matched, since only seven patients were in-
cluded. Their results are represented as a group. Cur-
rently the Thoraxcenter angiographic registry con-
tains quantitatively assessed stenosis data for 2300
patients treated either by angioplasty (n = 1847), in-
tracoronary stenting (n = 406), directional atherec-
tomy (n = 56), or rotational ablation (n = 7).

Device profiles

Atherectomy devices. In 50 of 51 patients under-
going atherectomy a 6F catheter was used, whereas in
one patient a 7F atherectomy device was employed.
The mean diameter of the atherectomy device was 2,1
mmn by quantitative angiographic assessment.

Belicon angioplasty. The transverse diameter of
the deflated balloon is an important determinant as
1o whether 2 stenosis can be crossed. Currently used
balloons have favorable profile characteristics as ex.
pressed by their small diameter (1.0 rom: ranging
from 0.8 to 1.1 mm)}. The balloon sizes were matched
to the reference diameter with the goal of achieving

43
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Fig. 1. A, Detected contours superimposed on original video image for o, representative right coronary
artery stenosis filmed in right anterior oblique projection before directional atherectomy. Diameter fune-
tion is shown at bottom. White arca is measure for “atherosclerotic plaque.” Minimum luminal diameter
(verticle line) is 0.71 mm, ¢orresponding to diameter stenosis of 79% and area stenosis of 96% . B, Contour
analysis of intracoronary atherectomy device without infiated support balloon. This represenss Srst or
"prefunctional” stage of intracoronary intervention characterized by intrinsic diameter of device. €, Con-
tour analysis of intracoronary fllmed atherectomy device with inflated support balloon. Beneath this is
shown diameter function. Mean diameter is 3.06 mm. This analysis represents second or “operational™ stage
in which atherectomy device exhibits its mode of action. D, Single-frame angiogram of right coronary ar-
tery filmed in right anterior oblique projection after directional atherectomy. Minimum luminal diameter
increased to 2.27 mm, corresponding to diameter steneais of 21% and area stenosis of 38%.

a ratio of 1:1 {infiated balloon diameter:artery diam- Stenting. The self-expanding stent is constrained
eter). The following balloon digmeters were used in ~ on a small-diameter delivery catheter but assurnes itg
this study population: 2.0 mm (n=1), 25 mm unconstrained larger diameter up to 6 mm when the
0=12),3.0mm (@ =27),34mm (@ =1),35(n~=9), constraining membrane is removed. The stent cath-
and 4.0 mm {n = 1). eter profile mounted on its delivery device is 1.57
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Fig. 2. Schematic representation of coneept of functional and theoretical expansion ratio of various in-
fracoronary intervention techniques. First or “prefunctional” stage is characterized by introduction of de-
vice. Int becoming operationsl some devices get expanded fatherectomy, balloon, stene), whereas others
maintain their original dimensions (faser, Rotablator). End result is determined by recoil phenomenon and
vasculor reactivity. After device is removed reaximum acute effect may be poartiolly lost becanse of elastic
recoil vessel. Expanaion ratio is subdivided into theoretical expangion ratio, which is determined by oper-
ational device, and functional expansion ratio, which takes into accotnt elastic recoil phenomenon and de-

scribes net result.

ram. ! In the 51 study patients the unconstraized di-
ameters were 3.0 mm (n = 5), 3.5 mm (a = 29), 40
mm (n = 8), 4.5 mrn (@ * 1), and 5.0 mm {(n = 3): the
diameter was unknown in four. The stent sizes were
selected on the basis of the size of the arterial
segrent, talfing into aceount that the stent in itsun-
consirained form must have a diameter 0.5 mm larger
than the reference diameter of the stented vesgel!l!

Rotational ablation. With rotational ablation the
device consists of o rotating abrasive burr of variable
profile characteristics (from 1.5 to 3.5 mm). In this
series the largest burr size uged was 2.25 mm. Choice
of burr size was selected according to the reference
diameter.

Quantitative t of the expansion ratio of the
varfous devicos. Recently the concept of the expan-
sion ratio has been addressed.’? Briefly the mecha-
nism of all intracoronary interventions may be di-
vided into three stages. The frst or “prefunctional”
stage is characterized by the introduction of the de-
vice. The deviee is not yet operational, and its intrin-
sic dimensions determine to what extent the device
may be mtroduced into the coronary tree. During the
introduction of a bulky device across a stenotic
lesion, some degree of dilatation occurs as a direct
result of a Dotter effect. The second or “operational”
stage starts when the device becomes operational and

exhibits its specific mode of action (dilatation, cut-
ting, ablation, vaporization}. In becoming opera-
tional the diameter of the device may expand
(atherectomy, balloon, stent) or maintain its origingl
dimensions {laser, rotational ablation). During this
stage the maximurm effect of the device is achieved.
The final result after removal of the device is then
determined by the recoil phenomenon and vascular
reactivity. Consequently the net luminal gain will be
less than the initial gain when the device is opera-
tional (Fig. 2).

To distinguish the acute effect of the various
devices from the vascular reactivity and recoil phe-
noroenon, we subdivided the expansion ratio into the
theoretical expansion ratio, which occurs during the
“operational” stage, and the functional expansion
ratio, which takes into account the elastic recoil phe-
nomenon and describes the net result.’® Both the
theoretical and functional ratios were assessed for all
interventional devices used in our study. The maxi-
mum achievable diameter of the vessel is calculated
according to the diameter of the operational device
while it is active. In the case of balloon angioplasty
and self-expandable stent, this corresponds to the
diameter of the inflated balloon and to the uncon-
strained diameter of the self-expandable stent. For
atherectory this was assessed by intracoronary quan-
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Table I. Effect of directional coromary atherectomy on 55 ebstructive lesions

Extent MLD Reference DS MLCA Plague arce
{mm)} {mm,) {mm) (%) (mm) (mm®) Symmetry index
Mean + 5D
Before atherectomy 6425 11+0Q4 30z 06 B3 £ 11 1.1 =08 88356 06 =03
After atherectomy 4.7 =21 25+ 05 3.2 + 04 22+ 15 52+ 1.8 26 %21 0.7 %02
p Value <0.00001 <0.00001 0.03 <0.00001 <0.00001 <0.00001 NS
MLD, Minimal luminal ¢i; DS, diamet, iv; MLCA, minimal erous-sectlonal area; SD. standard deviation: NS, not clgnificant.

Table il. Hemodynamic results immediately after directional coronary atherectomy

Pregsure gradient (mm Hg)
Poiscuille resistance Turbulens resistance Flow Fiow Flow
{dyneafscefem™) (dynes/secfern™) {1 mifsec) (2 mifsec) (3 mlfsec)
Mean = 5D
Before atherectomy 39.2 = 1248 20.6 = 59.7 48.0 £ 154.5 105.5 = A80.9 197.5 = 697.0
After athorectomy 0.3 = 0.4 0.05 = 0.17 04 01 0.6 = 1.0 10=x 186
P Volue 0025 0.013 0.028 <001 0.042

5D, Stondard deviation.

titative analysis during inflation of the support bal-
loon. The Rotablator does not alter its diameter while
operational. The postprocedure diameter has heen
measured immediately after withdrawal of the de-
vice. For example, when the diameter of an intracor-
onary atherectomy device increases from 2.1 mum to
3.5 mm or inflation of the balloon, the maximum
achievable vessel diameter becomes 3.5 mm. How-
ever, the final luminal diameter at the end of the
procedure measures 2.6 mm. Thus the theoretical
and functionsl expansion ratios are 1.7 (3.5/2.1) and
1.2 (2.6/2.1), respectively.

Statistical anaiysis. All values are expressed as mean
valaes + 1 standard deviation. Morphologic and he-
modynamic variables before and after atherectomy
were compared by the paired Student’s ¢ test. Com-
parisons of the severity of minimum luminal diame.
ter, area of plaque, and diameter of stenosis among
the groups were performed by means of analysis of
variance. If significant differences were found, the
unpaired Student’s ¢ test was applied. Differences
were considered statistically significant at p < 0.05.

OBSERVATIONS

Directional atherectomy, Fifty-six lesions in 51 pa-
tients were studied, ard a mean of 1.4 angiographic
projections per lesion were analyzed. The morpho-
logic and hemodynamic data are presented in Tables
I and II, respectively. The mean values for the min-
imurn luminal diameter before and after atherectomy
were 1.1 £ 0.4 mm and 2.5 = 0.4 mm, respectively.
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This morphologic improvement was associated with
a significant decrease in the calculated Poiseuille and
turbulent resistance, as well as a theoretical trans-
stenotic gradient decrease for a theoretical flow of 1
ml/sec.

Athorectomy versus angioplasty and stenting.
Matching according to lesion distribution and refer-
ence diameter was considered adequate since the
reference diameter was equal in all groups (3.0 = 0.6
mrn}, whereas the mean difference for this parameter
between the groups was 0.0 = 0.1 mm. No preproce-
dural differences were found among patients under-
going atherectomy, balloon angiopiasty, and stenting
with regard to minimum luminal diameter (1.2 = 0.4
mm v3 L2 + 0.3 mem vs 1.2 £ 0.5 mm), diameter
stenosis (63 + 10% va 62 = 10% vs60 + 12%), area
plague (8.8 + 5.8 mm?vs 8.2 = 4.5mm’ vs 8.4 = 4.5
mm?), and symmetry value (0.5 + 0.3vs 0.6 = 0.3 vs
0.5 = 0.2). Curvature value was less in the atherec-
tomy group compared with the angioplasty group
(159 = 7.0 vs 22.2 £ 13.1). Table III represents the
changes in minimum luminal diameter, diameter of
stenosls, and ares plague induced by presently avail-
able intracoronary interventional devices as assessed
by quantitative angiography in our institution. A
significantly larger gain in lumen diameter was
achieved by directional atherectomy and stenting
compared with balloon angioplasty (1.4 mm and 1.3
mm vs 0.7 mm; p < 0.00001). Rotational ablation re-
sulted in the smallest huminal increment (1.2 + 0.4
mm to 1.6 + 0.1 mm).
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Table 1il. Comparative quantitative analysis of the immediate results of atherectomy, angioplasty, and stenting

Atherectomy PTCA Stenting
Before After Before After Before After
MLD (mm) 1.2+ 04 26 £ 04 1.2 %03 1.9 + 04" 1205 2.5 = 0.4t
AP (mm?} 88 £ 58 26= 21 82z 45 53 = 4.0" 84z 45 3.5 = 241
D8 (%} 83t 10 20=11 6210 36 ¢ 11+ 60 - 12 20 £ 9t
P inal coronary nngioplasty; MLD, minimal luming) diameter; AP, aren plaque; DS, dinmeter stenosis.

F 1
"p < 0.00001 atherectomy versus
tp Value not significant for atherectomy versus rtenting.

PTCA and stenting versus PTCA,

Table V. Quantitative assessment of the theoretical and functional expansion ratio of intracoronary devices

Exparnsion ratio

Device Meximum diameter Postinterventional
Tntervention profile (mm) achieved (mm)* diameter (mm)* Theoretical Functional
Balloon angioplasty 1.0 (0.8-11) 2.8 £ 0.5 1.9+ 04 2.9 1.9
Self-expandable stents 1.6 33 = 03t 2.5 & 04 2.5 1.6
Directional ntherectomy 21 {2.0-2.4) 33105 26 + 04 16 L2
Rotationsl ablation 2.0 (1.5-2.3} 19404 1.6+ 02 10 0.8

*Assessed by quantitative corenary analysin,
tUnconatrained stent diameter.

Quantitative analysis of the theoretical and functional
expansion ratlo. Quantitative analysis of the intracor-
onary atherectomy device shows a mean diameter of
2.1 mum, which increases to 3.3 mm after inflation of
the support balloon. Compared with the other de-
vices atherectomy has a larger catheter delivery sys-
tem, which limits the theoretical and effective ex-
pansion ratio (1.6 and 1.2, respectively). Balloon
angioplasty and stenting give supexior expansion
ratios, since they are introduced on smaller delivery
systems. Rotational ablation had the lowest expan-
sion ratio, since the Rotablator does not change in
size while in operation (Table IV).

COMMENTS

Over the past 5 years there has been a rapid
increase in the development of new interventional
devices aimed at supplementing conventional bal-
loon dilatation. This progress In technology has
resulted in the introduction of directional coronary
atherectomy, intracoronary stenting, rotational cor-
onary ablation, and laser-assisted angioplasty. Clin-
ical studies have demonstrated the feasibility and
safety of these interventions; however, the relative
efficacy of each technique remains to be assessed.

Edge detection versus videodensitometry. The im-
mediate efficacy of the various coronary interven-
tions should be assessed by reproducible quantitative
angiographic measurements.’* Visual estiration of
the severity of stenosis alone results in wnacceptable

variation in the assessment of changes in coronary
artery lesions. To obtain values that are objective and
reproducible, a computer-assisted techrique that
usges automated edge detection or videodensitometry
should be applied.’® Whether edge-detection tech-
nigues are inferior to videodensitometry remains an
unresolved issue. Results of a previouws study® dem-
onstrated that the edge-detection method correlates
well with densitometric analysis of the severity of
stenosis before angioplasty. However, after angio-
plasty discrepancies between these types of measure-
ments may be observed when a single-plane view is
used.’® Recently we have shown that a linear rela-
tionship exists between edge detection and video-
densitometry both before and after atherectomy, al-
though the strength of this relationship deteriorates
slightly after atherectomy.’” Therefore we felt justis
fied in assessing the immediate efficacy of coronary
atherectomy by edge-detection analysis.
Atheraectomy versus angioplasty and stenting. With
the increasing number of interventional modalities,
current indications and patient selection become
difficult. This study demonsirates the tmportant
finding that atherectoray and stenting result n a
larger increase in minimum Juminal diameter when
compared with results of balloon angioplasty (1.4 and
1.3 mm w8 0.7 mm, p < 0.00001). In addition, no dif-
ferences In the postinterventiona! angiographic re-
sults were observed between groups undergoing
gtherectomy and stenting. Results of this study con-
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firm the findings of Muller et al.’8; however, with our
more refined matching technique individual atherec-
tomy lesions were directly compared with angio-
graphically similar lesions treated by angioplasty or
stenting, Although a randormized trial is the optimum
method for comparing the short- and long-term
regults of new interventional techniques, matching
based on quantitative analysis might become an ac-
ceptable alternative while patients are awaiting these
trials, With the use of this matching program we se-
lected populations with comparable baseline stenosis
parameters. The lesions were adequately matched,
since no differences were found in reference diame-
ter, minimsl lumningl diameter, area plaque, and
symmetry index among the three groups. Whether
the superior Immediste resuls after atherectomy
and stenting will be associated with a reduction in
restenosls remains to be assessed in random irials.

ntracoronary devices. The expansion ratio is an
important concept that relates the final effect of the
Intracoronary device on the arterial diareter to the
size of the catheter required to deliver this effect ¥
The maximum effect of the device may be partially
lost because of the elastic recoil of the vessel. The ex-
paxnsion ratic has been subdivided into two compo-
nents, theoretical and functional, to separate these
influences.’® Balloon angioplasty and stenting give
extremely favorable theoreticsl and fumectional ex-
pangion ratios {2.9 and 1.9 va 2.5 and 1.6, respective-
1y), since they may be delivered on low-profile cath-
eters. The directional atherectomy device is more
limited by the size of the housing and collecting
chamber. The dimensions of the rotational atherec-
tomy device do not change during the operation and
therefore this procedure exhibits the lowest theoret-
ical expansion ratio.

Although balloon angioplasty has the most favor-
able expansion ratio, the final result is profoundly
influenced by the elastic recoil of the vessell®
Stenting and atherectomy appear to be rore effec-
tive in resisting elastic recoil, although the mecha-
nisms are likely different. Stenting effectively pre-
vents this recoil phenomenon presumably because of
its scaffolding function and its intrinsic dilating
effect.)®? By physically removing tissue atherec-
tomy appears to diminish the potential elastic recoil
effect. However, the actual dismeter of the atherec-
tomy device limits its suitability in smaller coronary
arteries.

Limitations. There arve several limitations of this
study. First, it is an uncontrolled reirospective oh-
servational study Emited to a subset of patients who
underwent successful coronary intervention. Al-
though matching for angiographic variables is a
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promising technigue to assess the efficacy of iatra-
coronary Interventions, patient- and procedure-
related variables should algo be included in the anal-
ysis. Second, this study is based on early experiences
with atherectomy and stenting. Future design
changes and improved operator experience rogy fur-
ther improve the immediate and long-term resuits.
Finally, the efficacy of all intracoronary interventions
will be limited by the problem of restenosis, which
necessitates careful and complete angiographic fol-
low-up. Thus controlled clinical trials are imperative
in the future to determine the immediate angio-
graphic results and the long-term efficacy of these
interventions and whether any benefit can be shown
in particular patient subgroups.

Conclusions. Quantitative anglographic assessment
of the immediate results after directional atherec-
tomy skows significant iraprovement in the geometsy
and hemodynamics of stenosis. While patients are
awaiting raxdomized trials, matching on the basis of
quantitative analysis might become an acceptable
alternative for ohjective and comparative assessment
of various interventional technigues. In matched
populations directional atherectomy and stenting
appear to be more effective intracoronary interven-
tional devices than balloon angioplasty based on the
immediate result; however, atherectorny is limited in
smaller coronary vessels by its larger size. Theoreti-
cally stenting has the most favorable characteristics
as a dilating device, although its clinical use is limited
by its more complicated patient management.

SUMMARY

Interventional cardiology has branched in two di-
rections: devices that primarly dilate coronary
stenoses and those that debulk coronary tissue.
Presently the optimurm coronary intervention has not
been found. While patients are awaiting randomized
trials, a comparison based on matched quantitative
coronary analysis may be useful to evaluate results of
new interventional techniques. Therefore we com-
pared 51 patients undergoing atherectomy with in-
dividusally matched patients who were undergoing
ballcon angioplasty and stenting. The lesions were
matched according to location of stenosis and refer-
ence diameter. Atherectomy and stenting resulted in
larger gains in minimal luminal diameter ¢compared
with conventional balioon angioplasty. The minjmal
lumninal dismeter was increased from 1.2 + 0 4mmto
2.6 t 0.4 mm in the atherectomy group and from
1.2 + 0.3 mm to 1.9 = 0.4 mm in the angioplasty
group (p < (LO0001). Atherectomy and stenting re-
sulted in similar gains in minimurm luminal diameter
(1.4 mm v§ 1.3 mm, p = NS). In addition, atherec-
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tomy and stenting appear to be more effective in re-
sisting elastic recoil because of tissue removal and
an intringic dilating effect, respectively. In matched
populations directional atherectomy and stenting
appear to be more effective intracoronary inter-
ventional devices than balloon angloplasty based on
the immediate results. However, atherectomy is
limited in smaller coronmary vessels because of its
larger size.

We thank Eline Montauban von Swijndregt, Marie Angele
Morel, and the Cardislysis Core Laboratory for the quantisative
nngiopraphic analysis and Marjolein Wapenaar for her secretarial
andistance.
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INTRODUCTION

The exact mechanisms by which balloon angioplasty leads to Iuminal enlargement
and clinical improvement remain unclear [1]. Several mechanims have been proposed
but principally rely on histopathological examination of experimentally induced
atherosclerosis in animals or postmortem examination of human coronary arteries and
therefore preclude any firm conclusions [2-7]. In vivo serial analysis of the vascular
wall during balioon angioplasty with intravascular ultrasound has shown that in
addition to plastic changes such as plaque fracture and compression, elastic changes
occur which contribute to luminal enlargement [1,8,9,10]. As a response to these
elastic changes, recoil may occur and constitute a mechanical reason for loss of gain
achieved during balloon angioplasty [11]. It has been reported that elastic recoil
accounts for an average 32% to 47% loss of the maximal achievable vessel diameter
or vessel cross-sectional area [12-16]. To improve the bmmediate and long-term
results of balloon angioplasty, intracoronary stent implantation has been advocated
[17]. At present, the stent is the only catheter technology which scaffolds the vessel
and therefore may prevent recoil. A munber of stents are currently available [17-21].
They differ in geometry, wire thickness and physico-chemical characteristics. It has
been hypothesized that the Wiktor stent, which is constructed of a single loose
interdigitating tantalum wire, may have less scaffolding properties compared to the
other stents with a more rigid and stiff mesh architecture. Therefore, the purpose of
this study was to determine elastic recoll immediately after Wiktor stent implantation
in native coronary arteries and to assess whether there is compression or “late recoil”
of the stent itself at follow-up.

METHODS
Patients

The study population consisted of 77 consecutive patients (88% male, age 58 + 9
years) in whom a single Wiktor stent (Figure 1) was successfully implanted and in
whom repeat angiography was performed 2t (mean # sd) 5.7 £ 1.3 months. In 21
patients, a stent was implanted because of recumrence of angina with objective
evidence of ischemie due to restenosis of a lesion in 2 native coronary artery. A. first
restenosis was documented in 44 patients (57%), a second in 27 patients (35%) and
2 third in 6 patients (8%). The target vessel was the left anterior descending artery
in 42 patients (54%), the circumflex attery in 9 patients {12%) and the right coronary
artery in 26 patients (34%). The nominal size of the stent used was (mean * 5D)
3.40 = 0.37 mm (3.0 mm device in 30 patients (39%), 3.5 mm device in 33 patients
(43%) and 2 4.0 mm device in 14 patients (19%)). The baseline anglographic
characteristics of the study population are shown in Tzble 1. Written informed
consent was required for every patient. The study protocol was approved by the
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Fig. 1. The Wiktor stent is a radiopaque balloon expandable device, constructed of 2 single loose
interdigitating tantalum wire (0,125 mm in diameter), formed into a sinusoidal wave and wrapped into a
helical coil structure. The stent is crimped onto the deflated polyethylene balloon of a standard angioplasty
catheter. The features are such that by inflating the balloon the diameter of the stent increases without any
alteration in length (14 « 16 mm). The crimped stent profile is approximately 1.5 mm.

Table 1. Baseline angiographic data of the 77 study patients.

Reference diameter (mm) 2.88 £ 055
Minimal Iuminal diameter () 1.14 £ 0.37
Diameter stenosis (%) 60 £ 10

Reference area (mm?) 6.68 £ 2.36
Minimal luminal cross-sectional area (mm®) 1.13 = 0.85
Area stenosis (%) 8211

Lesion length (mm) 12.6 £ 2.33
Plaque area (mm) 138 + 5.00
Symmetry 0350 + 030

All parameters are expressed as mean £ SD,

ethics committee of the individual hospitals. The procedure of stent implantation and
anticoagulation protocol have been described in depth elsewhere [22].

Assessment of recoil

All coronary anglograms were analyzed by the computer assisted Cardiovascular
Angiography Analysis System (CAAS) using automated edge detection. as previously
described [23]. Single identical views before and after stent implantation and during
complete expansion of the balloon on which the stent was mounted were chosen for
quantitative analysis. The same X-ray setting in terms of kilovoltage and milli-
amperes were used during the cine recordings. Vessel segments were analyzed in the
least foreshortened projection that is, perpendicular to the incoming X-ray beam. To
maximally dilate the vessel and to control vasomotion, the same amount of
intracoronary nitrates — either nitroglycerin, 0.1 to 0.3 mg, or isosorbide dimtrate, 1
to 3 mg - was administered before and after stent implantation [24].
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Definition of receil

Elastic recoil immediately after stent implantation was defined by the difference
between the mean diameter of the fully expanded balloon on which the stent was
mounied ané the mean diameter of the stented segment immediately after stent
deployment (Figure 2). The time interval between balloon inflation and post stent
cine recordings was usually less than 1 min. Advantage was taken of the unique
radiopaque properties of the Wikior stent to analyze whether there was compression
or “late recoil” of the stent itself at follow-up. The mean diameter of the stent itself
was measured without opacification of the vessel. Compression was calculated by
comparing the mean stent diameter immediately after implantation and at follow-up
(Figure 3).

A nunber of clinical (gender and age), angiographic (target vessel, vessel size,
minimal Iuminal diameter before and after intervention, percent diameter stenosis,
lesion length, plaque area, symmetry, curvature) and procedural variables (stentfartery
ratio defined as the ratio of the mean diameter of the fully expanded balloon on
which the stent was mounted and the interpolated reference diameter) were selected
to study their relation with acute and chronic recoil.

Furthermore, the relation between acute recoil and late restenosis was analyzed.
For this puzpose recoil was not only defined by the definition described above, but
also as the difference between the mean diameter of the final balloon diameter and
the minimal haminal diameter post stenting. This was done because restenosis is
clasically described by the loss in minimal Iuminal diameter (difference between the
minimal huominal diameter post intervention and the minimal Iminal diameter at
follow-up). In addition, the incidence of restenosis was defined according to the
categorical approach using the 0.72 mm and the 50% diameter stenosis criteria [19].

Statistical Analysis

Data are presented as mean + standard deviation. The 95% confidence intervals were
calculated with the statistical package CIA [25]. When using an univariate analysis,
continuous variables were divided in three subgroups. Subgroups from categorical or
discrete variables, or obtained from continuous variables were compared by means
of the estimated differences and their 95% confidence interval.

To obtain independent predictors of recoil, variables were entered in a multiple
linear regression analysis in which recoil was the dependent variable. Multiple linear
regression analysis was performed to assess the relationship between the variables
that were statistically significant at an 0.05 level in the univariate analysis
(independent variables X;) and recoil (dependent variable Y): Y = g + X, were
Bg is the intercept and P the regression coefficient. The standard criteria of the F
statistic being or not being significant at a .10 level were used for inclusion and
elimination in the model, respectively. Continuous variables were entered as such in
the multivariate analysis, except for variables with two of three tertiles showing
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Fig. 2. Quantitative analysis with the computer-assisted Cardiovascular Angiography Analysis System
using antomated edge detection of the fully expanded balloon on which a Wiktor stent is mounted (left
panel) and of the stented segment immediately after stent deployment (right panel). Superimposed on the
videoitnage is the diameter fanction curve, The mean diameter of the fuily expanded balloon 2nd of the

stented segment amounts to 3.40 and 2.97 mum, respectively. This corresponds to an acute recoil of 0.43
mm or 12.6%, in this case.

Fig. 3. Advantage was 1zken of the radiopague propertties of the stent for automated detection of its
boundaries with the same system and methods illustrated in Figure 2 in order to define late compression
or “late recoil” of the stent itself. In this case, the mean diameter of the stent immediately after
implaniation and at follow-up was 3.02 mm (left panel) and 3.10 mm (right panel), respectively. This
suggests some increase in the diameter of the stemt itself or negative “late recoil™ of 0.08 mm or 2.6%.

approximately the same amount of recoil. These were entered as discrete variables
[26]. Statistical analysis was camried out with a commercial statistical package (SAS
- release 6.03).
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RESULTS
Acute recoil

The mean diameter of the fully expanded balloon and stented segment was
3.05 £ 0.37 mm and 2.80 + 0.44 mm, respectively (Table 2). Therefore acute recoil
amounted to 0.25 £ 0.32 mm or §.2%.

Table 2. Acute recoil following Wiktor stent implantation in native cOromary arteries.

Mean dizmeter fully Mean diameter stented A 95% CI
expanded balloon segment
3.05 £ 037 mm 2.80 = 0.44 mm 025+ 0.32 mm (0.18; 0.33 mm)

All variables are expressed as mean + SD; A difference; CI = confidence interval.

Univariate analysis identified sex, reference diameter, lesion length and stent/artery
ratio as potential predictors of acute recoil (Table 3). After multivariate analysis, only
sex and stentfartery ratio prevailed as the two independent predictors of acute recoil
(Figure 4).

Table 3. Relation between clinical and angiographic variables and acute recoil. Results of the univariate
analysis.

n Acute recoil (mum) A 95% CI

Sex

Male 68 029 = 0.32 -

Female g -0.01 + 021 030 (0.08; 0.51)
Reference dizmeter (mm)*

<25 23 036 + 030 -

25-30 26 025 = 0.28 0.11 (-0.05; 0.28)

z30 26 0.15 £ 035 021 (0.03; 040)
Lesion length (mm)*

< 11.5 25 035 £ 022 -

11.5-13.5 25 016 £ 023 0.16 {0.04;029)

> 135 25 021 £ 045 0.14 {(—0.05; 0.34)
Stentfartery ratio™

< 1.00 23 0.07 £ 0.27 -

1.00-1.13 25 024 £ 021 -0.17 (-0.31;0.03)

2 1.13 27 0.43 + 0.36 ~0.36 {-0.51;-0.12)

All parameters are expressed as mean + SD; A difference
* of 2 patients the reference diameter, lesion length and stent/artery ratic was not known.

“Late recoil”

Late compression of the stent itself was not observed. On the contrary, the overall
difference of the mean diameter of the stent itself immediately after implantation and
at follow-up was —0.15 + 6.33 mm, suggesting an overall increase in diameter of
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Fig. 4. Graphic display of the lincar regression analysis studying the relation between acute recoil (Y-
axis) and stent/artery ratio (X-axis). Stent oversizing is associated with significant more recoil. Dots
denotes data of male patients, crosses denotes data of female patients.

5.0% (Table 4). Lesion length and mean diameter of the stent imrnediately after
implantation were identified as predictors of late {negative) recoil in the univariate
analysis. They were both retained as independent predictors in the multivariate
analysis.

Table 4. “Late recoil™ following Wiktor stent implantation in native coronary arteries.

Mean stent diameter immediately Mean stent diameter A 95% CI
after implantation at follow-up
2.99 £ 0.41 mm 3.13 £ 037 mm 015+ 033 mm -023; -0.07

All variables are expressed as mean = SD; A difference; CI = confidence intetval.

Relation between acute recoil and late restenosis

The incidence of restenosis was 43% and 27% according to the 0.72 mm and 50%
diameter stenosis criteria, respectively (Table 5). Irrespective of the definition of
acute recoil described above, there was no difference in the degree of recoil between
patients with restenosis and those without angiographic restenosis (Table 5). When
defining recoil as the difference between the mean final balloon diameter and the
minimal Iuminal diameter post stenting, there was a trend towards a greater degree
of recoil in patients without restenosis compared to those with restenosis according
to the 0.72 mm criterion (0.70 £ 0.30 mm versus 0.58 +£ 0.27 mm, respectively).
Moreover, linear regression analysis disclosed a weak but negative cosrelation
between acute recoil and loss in minimal Iumina]l diameter (r = 0.25, slope: —0.55,
p = 0.04). This trend towards an inverse relationship indicates that patients with more
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Table 5. Relation between acute Tecoil (wum) and late restenosis

Restenosis criterion

0.72 mm 50% Diameter Stenosis
Yes No A Yes No A
n =33 n =44 n-21 n = 54
Acuterecoil 1 026 £ 026 025+029 002030 028042 024028 004032
95% CI 0.13: 039 0I6; 034 -0l4; 016 009; 047 0.16; 031 —0.12; 021
Acuterecoil 2 058 £ 027 0702030 -0.12+029 063 x028 0.64 =031 -0.0I =030
95% . CI 048 ; 067 0.61; 079 -025; 001 051; 076 056 0.73 -0.16; 0.14

All values are expressed as mean + SD. Acute recoil 1 = difference between mean final balloon diameter
and mean diameter stented segment. Acute recoil 2 = difference between mean final balloon diameter and
minimal Tuminal diameter post stent implantation. CI = confidence interval.

acute recoil tended to have 2 smaller loss in minimal luminal diameter. There was
no relation: between acute recoil and minimal lurninal diameter at follow-up (r = 0.0,
slope: —0.004, p = 0.99).

DISCUSSION

Although the precise mechanisms by which balloon angioplasty lead to luminal
enlargerent are still incompletely understood, there is now substantial evidence that
in addition to plastic changes {(e.g. plaque fracture, plaque compression, dissection),
elastic changes (arterial wall stretching) occur which contribute to the dilatation
process [1,8,5,11]. As a response to these elastic changes, elastic recoil after balloon
angioplasty has been reported to be responsible for 32% to 47% loss of the
theoretically achievable result which in turn may affect the Jong-term angiographic
outcome [12-16]. Since it has been hypothesized that the Wiktor stent may offer less
scaffolding properties in comparison with other stents, the behaviour of the vessel
wall after Wiktor stent implantation and of the stent itself at follow-up were studied
using quantitative coronary angiography.

In comparison with historical data on balloon angioplasty, only a limited amount
of recoil (0.25 mm or 8.2%) was found {12-16]. This is in accordance with the
degree of recoil observed after Wiktor stent implantation in non-atherogenic porcine
coronary arteries [27]. These data, furthermore, compare favorably with those of
other investigators assessing recoil after stent implantation in human coronary arteries
[28-30]. In these studies recoil is reported to vary between 3.5 and 17.7% following
Palmaz-Schatz stent implantation and between 20 and 22% following Gianturco-
Roubin and Wiktor stent implantation [28-30]. The difference in recoil after Wiktor
stent implantation between the study reported by Poprma et al. (22%) and this study
(8.2%) is most likely related to the difference in definitions used [29]. In the former,
recoil was defined as the difference between the mean final balloon diameter and the
minimal hminal diameter post stent implantation, while in this study recoil was
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defined as the difference in the mean final balloon diameter and the mean diameter
of the stented segment. This definition was chosen because we were interested in the
behaviour of the vessel wall of the entire stented segment. Studies using either
quantitative coronary angiography or a combination of a balloon catheter which
houses a unltrascund transducer clearly demonstrated that balloon expansion is not
uniform [11,16]. This has recently been observed in balloons on which 2 stent was
mounted resuiting in asymmetric stent expansion [31]. This suggets that one part of
the dilated or stented segment may yield more easily to the mechanical force of the
balloon than the other. Therefore, one segment may experience more stretch than the
other and consequently more recoil [11,16,31]. It is noteworthy that, if recoil is
defined according to the definitions propesed by other investigators, it amounts to
0.65 £ 0.30 mm or 21% which is strikingly similar to the degree of recoil after
Wiktor stent implantation reported by Popma et al. [29].

In accordance with data on balloon angioplasty, stent oversizing was found to be
the strongest independent predictor of acute recoil after Wiktor stent implantation
[12,13,13]. Such a relation was also found by Leon et al. in patients who received
a Palmaz-Schatz stent, but is at variance with the dataz of Haude et al. [28,30]. The
discrepancy between the herein reported results and those of Leon et al., on one
hand, and the results of Haude et al.on the other, is unclear. It may be related to
differences in matching the stent size to the vessel size. In this study, most patients
(52%) received a stent which was larger than the target vessel. The mean stentfartery
ratio was 1.08 £ 0.15 (median 1.0, range 0.5 - 1.5). Haude et al. reported a mean
stentfartery ratio of 0.96 [30].

In this stady, female gender was found to predict acute recoil and contrasts with
data on balloon angioplasty [12]. One should realize that this conclusion, although
statigtically significant, was based on data of only nine fernale patients. Its biological
significance is unclear. It is unlikely that the response of the coronary artery to
mechanical energy is different between males and females.

Another interesting observation is that there was no late compression of the Wiktor
stent itself at follow-up. On the contrary, overall there was an negative “late recoil”™.
Although the principle of balloon-expandable stent implantation is based on the
plastic deformation of the stent beyond its elastic properties, it can be speculated that
chronic damage to the vessel wall, as observed after Wiktor stent implantation in
porcine coronary arteries, may offset opposing forces of the vessel wall permitting
Turther stent expansion [32]. Whether this damage is due to movement of the rigid
Implant within the vessel wall or due to local weakening of the media underneath the
stent wires reflecting reparative processess remains to be elucidated.

The absence of late recoil it addition to the evidence that acute recoil does not
contribute to late luminal renarrowing or restencsis (Table 5) indicate that late loss
in minimal luminal diameter is due to tissue ingrowth into the lumen of the stented
segment. This is in accordance with pathologic observations disclosing that the
predominant cause of restenosis following balloon angioplasty or stent implantation
is extensive neointimal thickening due to smooth muscle cell proliferation at the
dilated or stented site [27,32,33-37].
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Contrast angiography to assess recoil

Elastic recoil implies an active component of the vessel wall which, for cbvious
reasons, cannot be directly studied with contrast angiography. This technique, which
was used in almost all other studies on recoil after balloon angioplasty and
intracoronary stenting, at best describes the fuminal changes but does not provide any
insight into the underlying pathological mechanisms [12-16,26-28]. In addition to
recoil, other mechanisms such as vasoconstriction, platelet deposition, nonocclusive
mural thrombus formation and subintimai hemorthage have been proposed to cause
early Iuminal narrowing {12]. Although attractive from a theoretical point of view,
they are unlikely to explain these changes. Vasomotion was controlled by intracoron-
ary injection of nitrates before each cine run which effectively reverses vasoconstric-
tion [24]. Given the intrinsic thrombogenicity of the intracoronary stent, platelet
deposition and mural thrombus formation canmot be ruled out. It is nevertheless
uniikely to be the cause of the reduced luminal diameter taking into account the time
interval between stent implantation and control angiography. The same holds for
intramural hemorthage. Stents have been shown to effectively prevent vessel collapse
in such circumstances [38].

Obviously, the ideal method to study the nature of vessel wall behaviour during
coronary intervention is the use of intravascular ultrasound and preferably the use of
a combination of a balloon-ultrasound imaging catheter described by Isner et al. [11].
This method offers the unigue opportunity to continuously assess vessel wall changes
before, after and above all during balloon inflation. The preliminary results of Gorge
et al. who used conventional intravascular ultrasound technigues suggests that recoil
indeed exists after stent implantation [39].

Automated edge detection to quantify recoil

To quantify recoil, one has to rely on cardiac imaging techniques with known
precision, accurracy, inter- and intracobserver variablity. The computer-assisted
Cardiovascular Angiography Analysis System vsed in this study has been extensively
validated in both the clinical as well as in the experimental setting following balloon
angioplasty and stent implantation [40-43]. Despite the radiopacity of the Wiktor
stent, it is our experience that in case of adequate filling of the balloon or coronary
artery with contrast medhum at a concentration of 100%, the radiopaque stent wires
do not interfere with the automated contour detection [19,22 43]. This is explained
by the high iodine content in the coronary artery in such circumstances which
absorps most of the incoming X-rays. This is, furthermore, in accordance with
phantomn stadies from our laboratory which disclosed that automated contour
detection, in contrast to videodensitometry, adequately identified luminal contours of
a Wiktor stent-containing plexiglass phantom [43]. With respect to intravascular
ultrasound, one should acknowlegde that notwithstanding its value and Importance,
the delineation of the arterial boundaries is subjective and therefore may not always
be precise.
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CONCLUSIONS

The Wiktor stent effectively scaffolds the instrumented vessel. Although statistically
significant, only a minimal amount of acute recoil was noted which did not
contribute to late luminal renarrowing or restenosis. In addition, no late compression
of the stent itself was observed. Therefore, tissue ingrowth into the humen of the
stented segment is the main cause of late luminal renarrowing after stent implan-
tation.
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Wiklor Stent iImplantation in Patients with
Restenosis Foliowing Balloon Angioplasty of a
Native Coronary Artery
Peter P. de Jaegere, MD, Patrick W. Serruys, MD, Miche!l Bertrand, MD,

Volker Wiegand, MD, Gisbert Kaber, MD, Jean Francois Marquis, MD,
Bernard Valeix, MD, Rainer Uebis, MD, and Jan Piessens, MD

[ntracoronary stenting has been introduced as an
adjunct to balloon angieplasty aimed at overcom-
ing its Emitations, namely acute vessel closure and
late restenosis. This study reporis the first experi.
ence with the Wikleor™ stent implanted in the first
50 consecutive patients. All patients had resteno-
sis of 2 native coronary artery lesion after prior
bafloon angioplasty. The target coronary arfery
was the left anterior descending artery in 25 pa-
tients, the circumflex artery in 7 patients and the
right coronary artery in 17 pafients. The implan
talion success rate was 98% (49 of 50 patients).
There were no procedural deaths. Acute or sub-
acute thrombolic sient occlusion sceurred in 5 pa-
tients (10%). All 5 patients sustained a nonfatal
acute myocardial infarction. Four of these patients
underwent recanalization by means of balloon an.
gioplasty; the remaining patient was referred for
bypass surgery. A major biveding complication oc-
curred in 1% patients (22%): groin bleeding neces-
sitating blood transfusion in 6, gastrointestinal
bleeding in 3 and hematuria in 2. Repeat angiog-
raphy was performed at 5 mean of 5.6 = 1.1
months in all but 1 patient undergoing implanta-
tion. Restenosis, defined by a reduction of >0.72
mm in the minimal luminal diameter or a change in
diameter stenosis from < fo >=50%, occurred in
20 (45%) and 13 (29%) patients, respectively. in
this first experience, the easiness and high techni-
cal success rate of Wiktor sten? implantation are
overshadewed by a high incidence of subacute
stent occclusion and bleeding campilcatuons. AI-
though direct iscn with ball Ty

Bl

regarding the incid of subsequent rest
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rate is mot possible, the experfence reported in
this study compares faverably with data reported
in other published reports.

[Am § Cardiol 1992;69:598-602)

. creutaneoys transhiminal coronary balloon an-
¥ gioplasty (PTCA) has established its role as a
% nonsurgical revascularization procedure in select-
ed patients with obstructive coronary artery disease.
Gained operator cxperience and improved catheter
technology has resulted in a high immediate success
rate and a Jow incidence of complications,! These favor-
able initial results are compromised by the unpredict-
able problem of late restenosis, occurring in 20 to 40%
of the patients afier successful PTCA.?- Furthermore,
there is some evidence that the recurrence of subsequent
restenosis after repeat PTCA increzases with the number
of repeat interventions.®* Intracoronary stents are one
of the new technologies that (along with pharmacologic
interventions, atherectomy and laser techniques) have
entered clinical testing to address this problem.'® Re-
cently, the first experience with the self-expandable
Wallstent® and the balloon expandable Palmaz-Schatz®
stent have been reported.!’'? The stent used in this
study is the Medtronic Wiktor™ stent which, in contrast
to the Wallstent and the Palmaz-Schatz stent, is not a
mesh-made stainless steel device but a coil-like prosthe-
sis made of a single locse interdigitating tantalum wire
formed into 2 sinusoidal wave and configured as a helix,
This loose configuration may offer less scaffolding prop-
criies compared with the other 2 stents. Therefore, the
pwrpose of this study was to assess the immediate and
long-term clinical and angiographic results following
Wiktor stent implantation in the first 50 consecutive pa-
tients with restenosis following balloon angioplasty of a
native coronary artery lesion.

METHODS

Patients: The study group consisted of the first 50
consecutive patients in whom & single Wiktor stent im-
plantation was attempted (Table I). All patients had re-
currence of angina with objective evidence of ischemia
due to restenosis of a native coronary artery lesion fol-
lowing PTCA. A first restenosis was documented in 33
patients, a second restenosis in 13 patients and a third in
4 patients. The dilated and stented coronary artery was
the left anterior descending artery in 26 patients (52%).
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the circumflex artery m 7 patients (14%) and the right
coronary artery in 17 patients (34%). A written in-
formed consent was required for every patient. The
study protocol was approved by the ethics commitiee of
the individual hospitals. The stents used in this study
are shown in Figures 1 and 2. They are described in
detail elsewhere as well as the drug protocol associated
with stent implantation.'"* The angiograms were ana-
lyzed using automated edge-detection as previously de-
seribed 413

End points: Primary dinical end points were death,
myocardial infarcticn, bypass surgery or repeat inter-
vention and bleeding complications. All deaths were
considered cardiac, unless an unaquivocal noncardiac
cause couid be established. The primary angiographic
end point was the change in minimal Jumiral diameter
at the diJated and stented segment a1 6 months relative
to the baseline. If a revascularization procedure involv-
ing the stented segment had been performed before 6
months repeat angiography, the last angiegram before
this intervention was used to obtain follow-up values,
irrespective of the timing of repeat PTCA (hours. days
or weeks). The secondary anglographic end point was
the incidence of restenosis defined according to the fol-
lowing criteria: First, 2 continuous approach was used in
which restenosis was defined by a reduction of =0.72
mum i the minimal Juminal diameter at follow-up, This
change in minjmal luminal diameter has been found to
be a reliable indicator of angiographic progression of
vessel narrowing, This value takes into account the limi-
tations of coronary angiographic measurements and
represents twice the long-term variability of repeat mea-
surements of a coronary artery obstruction with the
Cardiovascular Angiographic Analysis System.!s Sec-
ond, 2 categorical approach was used in which an in-
crease in diameter stenosis of <50% immediately after
stent implantation to =350% at follow-up was used as a
cutoff point to define restenosis. This eriterion was se-
lected since commen clinical practice has continged to
express lesion severity as a percentage of stenosis.

Seatistics: Values obtained by quantitative angio-
graphic analysis are expressed as mean & SD. The
means for each angiographic variable before PTCA, af-
ter PTCA, immediately after stent implantation and at
follow-up were compared by analysis of variance. If sig-
nificant differences were found, 2-tailed # tests were ap-
plied to paired data. A statistical probability of <0.05
was considered significant. In the patient with the miss-

F!GUREI Medtmmewmnrmmm«.nmdnnammm

when deflated (fop panel) and inflated

TABLE | Clinlcat Characteristies
No. of patients 50
Aga (mean x SD, yrs) 55=9
Men a4
Functional class*
| 10
I 3
n 14
v 20
Systamie hypertenslon 7
Cholestatel > 200 mg % 7
Crgarette smokers 17
Drabetes mellitust [
~According to Caradlan Cardlovascular Socloty.
TAL nornsulin-dependent.

ing follow-up angiogram and no clinical evidence of re-
stenosis, imputation of the minimal luminal diameter at
follow-up was performed: the minimal luminal diameter
at follow-up of this patient was calculated by subtract-
ing the mean change of the minimal luminal diameter
of the entire stedy population from the value of the
minimal luminal diameter immediately after stent im-
plantation of this particuiar patient.

RESULTS

Clinical results: The implantation success rate was
98% (49 of 50 attempted implants), In 1 patient, the
stent could not be delivered at the target site due 1o the
inability 1o ¢ross 2 tortuous proximal right coronary ar-
tery. There were no procedural related deaths. How-
cver, subacute thrombotic stent occlusion occurred in 5
patients (10%) while still in the hospital. The occur-
rence to this thrombotic event with respect to the im-
plantation was as follows: day 0 = | patient, day 1 =1

. splAMETER BALLOON (mm)
;
o]
ab
o
o]
3.5r Co &
Q o Q
Q0
&) o o
sr [8.0] oo@ 2 ©
Q 000
o (o]
oo o
25 o oZoo
o
°© 2.88 + 0.43
2.5 3 35 4 45
L DIAMETER STENT {(mm)}

FIGURE 2. Difference between Bhe mean Gameter of the bal-
loon when fully inflated and stented segment immediately af-
ter implantation.
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TABLE I Changes in Minimal Luminal Dlameter After Wiktor Stent Implantation

At Follow-Up
Prs, Withput
Subatute
Bofors After After Stent All Pts. Oeelusion
PTCA PTCA Implantation {n =453} {n = 44)
Mirimal lurminal dlameter 1.09 = 0.26 1.80 = 0.32 2.45 £ 0.35 152 2079 178 =0.60
(mm)
Dlameter stenosis (%) B1=9 34 =11 =7 45 = 25 3%=x18
p < 0.0000l— —p < 0.001— ——p < 0.00001——

——p < 0.00001

All parametets afe cxpressed as mean = SO
PTEA = pertutaneous transluminat camnary anglaplasty.

patient, day 4 = | patient, and day 5 = 2 patients. Four
patienis underwent recanalization by means of conven-
tional balloon angioplasty. In 1 of these patients adjunc-
tive thrombolytic therapy was used. In the remaining
patieat, repeat PTCA. was not attempted because retro-
spective analysis of the implantation angiogram re-
vealed incomplete stent expansion. This patient was re-
ferred for emergency bypass surgery. All 5 patients sus-
tained a nonfatal acute myocardial infarction (mean %
SD, creatine phosphokinase 1,797 + 1,849 U/liter). A
major bleeding complication occurred in 11 patients
(22%): 6 patients sustained a groin hematoma pecessi-
tating blood transfusion, 3 patients had a gastrointesti-
nal bleeding {2 duodenal ulcers, 1 intestinal polyps) and
2 patients had hematuria. One patient bad an infected
pharyngeal hernatoma caused by acenocoumarol thera-
Py at 3 months after implant.

During follow-up, 1 patient died 3 months after stent
implantation following prostate surgery. This patient
had a history of bypass surgery, mitral valve replace-
menat and multiple PTCAs. Because of severe disabling
heart failure, he was screened for heart transplantation.
During this period, a prostate adenoma was found and
surgicaily removed. The second day after surgery., he
died because of heart failure. Although necropsy was
not performed, death was not considered stent-related
because there was no clinical evidence of restenesis. No
patient sustained an acute myocardial infarction. Three
patients (6%) underwent bypass surgery (2 patients 3.5

months and 1 patient 6 months after the stent implanta-
tion). There was a significant improvement in function-
al ¢lass at 6-month follow-up. Before stent implantation,
10 patients were in class L 6 in class I1, 14 in class [II
and 20 in class IV, according to the Canadian Cardio-
vascular Society. At follow-up, 34 patients were in class
1, 9 in class I1, 4 in class III and 3 in class IV.

Angiographic results: Wiktor stent implantation re-
sulted in a further significant increase in minimal lumi-
nal diameter, from 1.80 + 0.32 mm immediately fol-
lowing balloon angioplasty to 2.45 £ 0.35 mm immed:-
ately after stent implantation. This was associated with
a reduction in diameter stenosis from 34 & 11 t0 18 £
7% (Table II). There was no change in the reference
diameter before and after PTCA (2.81 £ 0.48 and 2.80
% 0.48 mm, respectively, ¢ = not significant). However,
there was 2 significant increase after stent implantation
(2.98 == 0.42 mm, p <0.00001), which was confirmed at
follow-up (2.91 % 0.55 mm). In most patients the mex-
sured diameter of the balloon when fully inflated was
higher than the measured diameter of the stent (Figure
2). During maximal inflation the mean diameter of the
balloon for the total study group was 2.98 =+ C.44 mm.
The mean diameter of the stented segment immediately
after implantation was 2.88 + (.43 mm. This implies a
recoil of 0.10 % 0.36 mm (p <0.03).

Repeat angiography was performed in all patients
with successful stent implantation (49 patients), except
in 1, who died 3 months after stent implantation follow-

9 100

30r

—— PREPTCA
—— POST STENT

—— POST PTCA
— FOLLOW-UP

60
FIGURE 3. Cumulative distribation of the
40 minimal kminal dlameter (MLD) of the en-
tire study population and s changes im-
Eatety afier bab iop . stent
20 o/ implantation and at follow-up, PTCA =
4/'/ o percutaneocus trensluminal coronary angi-
a] Lo L I . r' by
Q 0.5 1 15 -4 25 3 3.5
MLD (mm)
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ing prostate surgery. There was no clinical evidence of
restenosis in this patient. The mean time interval be-
tween stent Implantation and control study was 5.6 £
1.1 meaths. Overall, the minimal luminal diameter was
found to have decreased from 2.45 + 0.35 to 1.59 =
0.79 mm (p <0.00001}. The percentage of stenosis had
increased from 18 £ 7 to 45 £ 25% (p <0.0001, Table
I1}. When only patients without clinical evidence of sub-
acute vessel dosure during hospital stay (44 patients)
were included, the minimal luminal diameter and per-
centage of stenosis were 1.78 + 0.60 mm and 39 +
18%, respectively (Table II). Figure 3 displays the cu-
mulative distribution of the minimal luminal diameter
and its changes (immediately after balloon angioplasty
and stent implantation and at follow-up). The addition-
al increase in mpinimal luminal diameter immediately
after stent implantation is lost at follow-up.

The incidence of restenosis depended on the defini-
tion used. When a change of 20.72 mm in minimal
luminal diameter was used as the criterion, restenosis
was observed within, the stent in 19 patients (43%) and
in the segment immediately distal to the stent in 1 (2%}
of the 44 patients without clinical evidence of subacute
stent ocglusion during bospital stay., Of these 44 pa-
tents, the percentage of sienosis at follow-up had in-
creased o 2350% within the stent in 12 (27%) and in the
segment distal to the stent in 1 (2%). Therefore, the
101al restenosis rate was 45% according to the 0.72 mm
criterion and 29% according to the 50% diameter steno-
sis criterion (Figure 4).

DISCUSSION

Clinical resuits: Intracoronary stents are currently
being tested in ¢linical practice to reduce the incidence
of acute vessel occlusion and restenosis following bal-
loon angioplasty. Several stents are available, cach with
its own specific design, composition and physicochemi-
cal behavior once implanted. Implanting foreign body
material implies an increased risk for acute thrombosis.
Therefore, a stringent anticoaguiation protocol is man-
datery. Despite the protocol previously described, a
thrembotic subacute stent occlusion o¢curred in 5 pa-
tients (10%). Three of these patients did not receive
dextran and 1 patient was not properly treated with
acenocoumargl. Of the 44 patients without clinical evi-
dence of subacute stent occlusion during hospital stay,
only & (14%) dié not receive dextran. Unfortunately,
since central assessment of anticoagulation was not per-
formed, the exact role of the failure of anticoagulation
with respect to subacute thrombotic stent oeclusion can-
not be elucidated, Although it is tempting to speculate
that suboprimal anticoagulation may be the main cause
of stent occlusion, other pathophysiologic mechanisms
also may be involved. Before stent implantation, balloon
angioplasty is performed to facilitate stent delivery. The
disruptive action of the balloon may cause intimal dis-
section, which in twm may be the primary cause of an
ensuing thrombotic event. Furthermore, patients” relat-
ed factors such as acute ischemic syndromes, procedure-
related factors such as technical difficult stent implanta-
tion and angiographic related factors such as small
vessel size and total occlusion may predispose to throm-

botic stent occlusion. In this study group, no difference
in vessel size was seen in patients with apd without sub-
acuie stent occlusion (reference diameter 2.8 &+ 0.4 and
2.8 £ 0.5 mm, respectively (p = not significant). The
reported subacute stent acclusion rate compares very fa-
vorably with the initial Wallstent experience (20% in
105 patients), but is similar to the subacute occlusion
rate following the extended Wallstent experience {12%
in an additional 160 patients)?! ¢ However, it contrasts
sharply with the incidence of 0.6% following Palmaz-
Schatz stent implantation.'? True comparison is not
possible because the studies differ in methods for pa-
tient selection, indication for stent implantation and
type of vessel stented. Furthermore, the very low inci-
dence of 0.6% reported by Schatz, has not been con-
firmed by a recent study. using the same device.'” In
this latter study, an incidences of 16% is reported. Proba-
bly, the incidence of subacute stent occlusion may be
reduced by a more detailed coagulation monitoring. In-
deed, recent work indicates that measurement of pro-
thrombin fragment 1 4 2 and its changes after stent
implantation may be predictive for subacute thrombotic
stent occlusion. '®

Another matter of concera is the risk of bleeding,
inherently associated with aggressive anticoagulation.
The incidence of bleeding is negligible after PTCA but
is substantial when a combination of intravenous and
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oral anticoagwlant drugs are administered.’? The most
serious bleeding complication is intracranmial bhemor-
rhage, which occurred in 1 of 174 patients following
Palmaz-Schatz stent implantation and in 3 of 265 pa-
tients following Wallstent implantation.!* Another as-
pect to be considered regarding anticoagulation is the
jonger period of hospitalization, which in turn increases
the overall costs of the procedure.!® In this study, the
hospital stay was (mean = SD) 11.8 == 7.4 days for the
entire study population.

Angiographic resuits: The smaller mean diameter of
the stented segment (2.88 & 0.43 mm) compared with
the measured diameter of the fully expanded balloon
(298 & 0.44 mm) suggests some recoll of the stented
segment. This minimal recoil appears 16 be a true phe-
nomenon since the accuracy and the precision of the
quantitative coronary angiography system used in this
study is ~30 and 90 g, respectively.’3 Furthermore, re-
coil has also been observed, although to a larger extent,
after Wiktor stent implantation in Yorkshire pigs.*® The
more pronounced recoil (10%) observed in the animal
model compareg with recoil observed in this study (3%)
may be explained by the fact that in the former animal
study the stent was implzanted in normal coronary arter-
ies. All these angiographic data indicate that in contrast
to balicon angioplasty, where recoil amounting to 50%
has been documented, the Wiktor stent appropriately
scaffolds the vessel. !

Resterosis and recurrence of restenosis remains the
major fimitation of (repeat) PTCA. Whether intracoro-
nary stents can address this issue appropriately is still
unknown. There are some encouraging data from pre-
liminary reports.”>>* However, firm conclusions carmot
be drawn, since these data stem from nonrandomized
studies in which single and multiple stent implantations
have been performed in both native coronary arteries
and venous bypass grafts have been performed in pa-
tients with ¢ither acute ischemic syndromes or stable
angina for a variety of indications (primary stent im-
plantation, restenosis, bail out). Patients undergoing re-
peat PTCA appear to be at a higher risk for recurrence
of restenosis after repeat intervention. The angiographic
documented restenosis rate increases from 34% after a
second dilatation to 40% after a fourth dilatation.5®
This is probably an underestimation of the actual inci-
dence owing to incomplete angiographic follow-up. Re-
peat angiography is mandatory in all patients, even in
patients free of angina at foliow-up since approximazcly
25% of the patients with resienosis are asymptomatic.™
Taking into account the limitations of these nonran-
domized observational studies, as is done in this study,
the incidence of 29% restenosis using the 50% diameter
stenosis criterion compares favorably with data from
those former studies. Indeed, randomized studies are
needed to define the exact role of intracoronary stenting
in the prevention of (recurrent) restenosis.
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CHAPTER 7

ANGIOGRAPHIC PREDICTORS OF RECURRENCE
OF RESTENOSIS FOLLOWING
WIKTOR STENT IMPLANTATION
IN NATIVE CORONARY ARTERIES
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INTRODUCTION

Percutaneouns transluminal coronary balloon angioplasty is now widely accepted as
a safe and effective weaunent in selected patients with obstructive coronary artery
disease [1]. However, acute vessel closure and late restenosis are inherent to balloon
angicplasty and continue to compromise its efficacy [2,3]. Although the exact
pathophysiologic mechanism(s) and factors responsible for restenosis are largely
unknown, some clinical and angiographic variables have been identified as potential
nisk factors [4]. There is, furthermore, some evidence that repeat angioplasty of a
previously dilated lesion in a native coronary artery is associated with a higher
incidence of restenosis [5-9]. The Wikior stent has been used to treat such patients.
The incidence of recurrence of restenosis following Wiktor stent implantation in the
first 50 consecutive patients has recently been published [10]. The subject of this
paper is to try to identify angiographic predictors of recumrence of restenosis
following Wiktor stent implantation. This may not only have important clinical
consequences but may also broaden cwr understanding of the pathophysiology of
restenosis.

METHODS
Patients

Between Jamary 1990 and May 1992, Wiktor stent implantation was attempted in
193 patients because of recurrence of angina due to restenosis of 2 native coronary
artery lesion following prior balloon angioplasty. The smdy population herein
reported consists of the 51 out of the 109 consecutive patients with successful stent
implantation without clinical evidence of thrombotic stent occlusion during hospital
stay and in whom the scheduled follow-up angiography was completed at (inean *

109 CONSECUTIVE PATIENTS

> 13 (SUBJACUTE OCCLUSIONS
{5 CABG/ 8 re~PTCA/ thrombolysis)

1 DEATH (HEART FAILURE) AT 3 months

———3 REFUSALS

s 1 MISSING
W

91 CONSECUTIVE PATIENTS .
WITH ANGIOGRAPHIC FOLLOW-UP

*5,7 + 19 months

Fig. 1. Flow diagram showing angiographic follow-up in the first 109 consecutive patients. In hospital
acute or subacute occlusion occutred in 13 patients (12%). Of the remaining 96 patients who were
discharged without clinical evidence of (sub)acute occlusion, 91 underwent repeat angiography at (mean
£ sd) 5.7 ¢ 1.9 months after stent implantation.
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sd) 5.7 £ 1.9 months (Figure 1).

Eighty-one patients were male (89%), the age (mean £ sd) was 58 + 11 years. A
first restenosis was documented in 50 patients (55%), a second in 32 patients (35%),
a third in 8 patients (9%) and a fourth in one other patient (1%). In all patients, a
single Wiktor stent was implanted except in one, in whom a single stent was implant-
ed in both the left anterior descending and the right coronary artery. The target vessel
was the left anterior descending artery in 48 patients (52%), the right coronary artery
in 31 patients (34%), the left circumflex in 12 patients (13%). In amother patient
(1%), a single Wiktor stent was implanted in the left main stem. The size of the stent
used (mean * sd) was 3.4 + 0.4 mm; 3.0 mm device in 38 patients (41%), 3.5 mm
device in 40 patients (44%) and 2 4.0 mun device in 14 patients (15%). The stent is
described in detail elsewhere as well as the associated drug protocol [11].

Angiographic variables and definition of restenosis

Based on the quantitative angiographic data, mulkiple variables were identified and
recorded for each lesion. These variables were of a priori clinical interest on the basis
of previously published reports on balloon angioplasty and intracoronary stenting and
of a more fundamental scientific interest based on experimental studies on stent
implantation in animals {4,12-16]. The following continuous variables were selected:
obstruction diameter before and immediately after stent implantation, baseline
reference diameter and diameter stenosis, length of target lesion, plaque arez and the
relative gain defined by the increase in minimal lominal diameter bmmediately
following stent Implantation normalized to the vessel size. In addition to these
continuous variables, one discrete variable (Left anterior descending astery) was
selected. All coronary angiograms were analyzed with the computer assisted
Cardiovascular Angiography Amnalysis System. Its principles and definitions of
angiographic variables have been described in a previcus study on Wiktor stent
implantation [11]. Since the primary objective of this study was to identify angio-
graphic variables predicting restenosis, the process of restenocsis was dichotomized
and defined according to the 0.72 mm and 50% diameter stenosis criteria [17].

Statistics

A relative risk analysis was performed for the aforementioned angiographic variables.
To avoid an arbitrary subdivision of datz in the continuous variables, the median
value was chosen as cut off point. The selection of this value as cut off point has the
advantage of being consistent for all values and thus avoids any bias in the selection
of subgroups that might be undertaken to emphasize a particular point. All values zre
expressed as means + SD. The risk for restenosis for each parameter according to the
0.72 mm and 50% diameter stenosis criteria was determined by using an univariate
analysis and is expressed as odds ratio with corresponding 95% confidence interval.
An odds ratio of 1.0 for a particular varjable implies that the presence of that
variable poses no additional risk for restenosis, an odds ratio greater than 1.0 or less
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than 1.0 implies additional or reduction in risk. Furthermore, since experimental
animal data indicate that there is a relation between the severity of vessel wall injury
and the extent of subsequent neointimal thickening, the relation between relative gain
(as index of vessel wall injury) and relative loss (as index of neointimal thickening)
was studied using a regression analysis. The relative gain is defined above. The
relative loss is the difference between the minimal huminal diameter immediately
after stent implantation and at follow-up normalized to the vessel size.

RESULTS

Incidence of restenosis

The changes in stenosis geometry are sumimarized in Table 1. The incidence of
restenosis was 44% (40/91 patients) according to the 0.72 mm criterion and 30%
(27/91 patients) according to the 50% diameter stenosis criterion. When the stent is
used as 2 unit, the incidence of restenosis was 45% (41 out of the 92 stents) and 29%
(27 out of the 92 stents), respectively (Figure 2).
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Fig. 2. Changes in the minimal luminal diameter at follow-up following Wiktor stent implantation. The
diameter of ¢ach segment immediately after stent implantation is plotted against the diameter at follow-up.
The lines on each side of the line of identity (diagonal) represent twice the variability (95% confidence
interval) of duplicate measurements (2 change > 0.72 mm). A significant decrease in minimal lumunal
diameter according to the 0.72 mm criterion was found in 41 out of the 92 stents implanted (45%). The
incidence of restenosis according to the 50% diameter stenosis criterion was 28% (27 out of the 92 stents).
Of these, 4 stents were completely occluded at follow-up, as shown on the X-axis.

Angiographic predictors

The relative risk and 95% confidence intervals for each variable using either of the
two criteria are shown in Table 2. The only statistically significant predictor of
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Table I. Findings at quantitative angiography following wiktor stent implantation (n = 91 patients),

Before PTCA  After PTCA After Stent At follow-up

Implantation
Reference diameter (mm) 285+ 049 280z 048 3.02 042 298 £ 047
Minirmal Iuminal diameter (mm) 1.13= 036 177+ 036 245zx034 1.73 £ 0.67
Diameter stenosis (%) 60 =10 35 11 19 =7 42 =21

Al parameters are expressed as mean + SD. PTCA - percutaneous transluminal corenary angioplasty.
All changes were higly significant (p < 0.00001), except for the reference diameter; onlly the difference
in reference diameter after stent implantation and after PTCA was statistically significant (p < 0.001).

Table 2. Angiogtaphic predictors of restenosis following Wiktor stent implantation.

Restenosis critetia

Angio; hic variable
srogrEp 0.72 mm criterion 50% diameter
stenosis criterion

Relative gain (mm) > 0.48 2.7 (1.1 - 6.4) L1(04-27)
Minimal Luminal Diameter post (mm) > 238 18 (0.8 - 42) 0.5 (02 - 1.4)
Minimal Lumninal Diameter pre {mm) <108 1.6 (0.7 - 3.7 27(1.0-172)
Lesion Iength (mmy) > 648 14 (0.6 - 32) 1.8 (0.7 - 4.0)
Reference Diameter pre (mm) 277 13(06-29) 14 (0.5 -34)
Plaque area (mm?) 2 747 13 (0.6 - 2.9 1.1 ¢04 - 2.7}
Diameter stenosis pre (%) 2 61 1.0 {04 - 23) 1.3 (0.5 -32)
Left anterior descending artery 0.703-17 1.1 (0.5-2.8)

recurrence of restenosis according to the 0.72 mm criterion was the relative gain
when it exceeded 0.48 (odds ratio 2.7, 95% confidence interval 1.1 - 6.4). Related
to the relative gain is the obstruction diameter before and after stent implantation.
Although their odds ratio exceeds 1.0, their corresponding 95% confidence interval
precludes any firm conclusion. The same holds for leslon length, reference diameter
and plaque area. The left anterior descending artery was not identified as a risk factor
for recurrence of restenosis. When using the 50% diameter stenosis criterion, no
angiographic predictor of restenosis was evident.

The number of balloon angioplasty performed before stent implantation did not
influence the risk for subsequent restenosis after stenting. The odds for restenosis in
case of stent implantation for a second, third or fourth restenosis compared with stent
implantation for a first resienosis was 0.8 (95% confidence interval 0.4 - 1.8)
according to the 0.72 mum criterion and was 1.5 (5% confidence 0.6 - 3.7)
according to the 50% diameter stenosis criterion.

Regression analysis
The relation between relative gain, as index of vessel wall injury, and relative loss,
as index of late neo-intimal hyperplasia as vessel wall response to injury, is shown

in Figure 3. A Pearson product-moment correlation coefficient of 038 was found
(p < 0.001, slope 0.61, intercept —0.06).
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Fig. 3. Graphic display of the relation between the relative gain (RG = inecrease in minimaj lwminat
diameter immediately after stent implantation normalized to the vesse]l wall) and relative loss (RL ~
decrease in minimal lumninal diameter at follow-up normalized to the vessel wall). A positive linear
relation was found with a correlation coefficient of 0.38 (p < 0.001) with a slope of 0.61 and an intercept
on the Y-axis of —0.06,

DISCUSSION

The pritnary objective of this study was not the detetrnination of the incidence of
recurrent restenosis following Wiktor stent implantation in patients with restenosis
after previous balloon angioplasty. However, it is noteworthy that the incidence of
post-stent restenosis reported here in the 91 patients is identical to the incidence of
recuirent restenosis in the first S0 consecutive patients [10]. Detailed analysis of a
subgroup of 74 patients revealed that there was no late compression of the stemi
itself. Therefore, late loss or restenosis was due to ingrowth of tissue into the humen
of the stented segment [18].

The lack of randomized studies precludes any conclusion as to whether stent
implantation in this subset of patients will reduce the incidence of subsequent
restenosis. Moreover, the exact incidence of recurrent restenosis after repeat balloon
angioplasty is not known. There is some evidence that it increases with the number
of repeat angioplasty. A second restenosis has been reported to occur in 25 and 34%,
but amounts to 39 and 40% following a third or fourth angioplasty, respectively
[5-9]. These data should be interpreted with caution considering the difference
between the study populations, the difference in definition of restenosis and in the
time and completeness of follow-up angiography. In the prasent study in which stents
were implanted because of restenosis, the risk for recurrent restenosis after stenting
did not differ between patients with a first restenosis and patients with a second, third
or fourth restenosis, Two other studies failed to show a statistically siginificant differ-
enice in the restenosis rate for primary or de novo lesions compared with lesions who
had undergone previous balloon angioplasty [12,13]. However, subgroup analysis of
those patients in whom a single Palmaz-Schatz stent was implanted showed a
restenosis rate of 13% compared with 36% for patients with previous restenosis [13].
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The pathogenesis of restenosis remains incompletely understood. Histologic data have
shown that any injury to the vessel wall, whatever its nature, will invariably be
associated with neointimal hyperplasia as a non-specific tissue response leading to
restenosis when excessive [14,19-23]. It is both of scientific and utmost clinical
importance to know and understand its pathogenesis but also to know the factors
controlling the extent of the vessel wall response following injury. Experimental
animal siudies, postmortem pathologic observations in humans and angiographic
studies have shown that the extent of neointimal hyperplasia is proportional to the
degree of injury applied to the vessel wall (Figure 4) [14-16,24]. This is in accord
with earlier work in the percine model, describing a relation between the degree of
injury and early platelet deposition {25,26]. In the present study, the relative gain was
used as angiographic correlate of vessel wall injury. This parameter was found to be
the only statistically significant predictor of recurrence of restenosis when using the
0.72 mm criterion. The drawback of the latter is, first, that the process of restenosis
is dichotomized (present/not present) and secondly, that ahhough statistically
justifiable, cutoff points are used for the angiographic variables under investigation
However, the continuous approach underscores these findings by indicating a positive
linear relation between the relative gain and relative loss. These observations were
still valid when using absolute measurements. However, the correlation between the
absolute gain and absolute loss was somewhat weaker (r=0.21, p = 0.05). This is
explained by the fact that the use of absolute values does not relate these changes to
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Fig. 4. Experimental animal data, postmortem pathologic observations in hunans and angiographic studies
independently from cach other indicate a proportional relationship between the degree of vessel wall injury
and the extent of late neointimal thickening. Left panel: coil stent implantation in domistic pigs results in
a more extensive smooth muscle cell proliferation in case of rupture of the internal elastic lamina and
consequent medial injury (reproduced with permission from Schwarz et al. Circulation 1990;82:
2190-2200), middle panel: pathologic observations in human indicate that Jeep arterial injury is associated
with tore extensive intimal proliferation (reproduced with permission from Nobuyoshi et al. J Am Coll
Cardiol 1991;17:433-439), right panel: an angiographic study assessing the immediate and long-term
changes in stenosis geometry following balloon angioplasty, shows that restenosis defined as = 0.72 mm
decrease in minimal luminal diameter (MLD, bold line), was found to be signifanctly correlated with both
a larger increase in MLD and larger absolute dimension after balloon angioplasty (reproduced with
permission from Beatt et al, J Am Coll Cardiol 1992;19:258-266).
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the vessel size. Although we found no difference in absolute loss between small and
large vessels, an identical loss in mipimal luminal diameter represents a larger
relative loss in a small vessel than in a large vessel and vice versa. This confirms
other studles using a categorical approach to define restenosis after stenting, that
small vessels are not per se more prone to restenosis than large vessels [12,13,27].

This concept, describing a proportional relationhip between vessel wall injury and
neointimal thickening, has been reported in other studies using quantitative coronary
angiography. Beatt et al. found that restenosis (0.72 mm criterion) was significantly
correlated with both a greater improvement in obstruction diameter and a larger
absolute dimension after balloon angioplasty [16]. Furthermore, in a recent study the
absolute change in minimal luminal dizmeter was reported to be the greatest single
determinant of late Luninal narrowing after balloon angioplasty [28]. In another
report, it was found that interventions achieving a “bigger” lumen provoke a
concomitantly larger relative loss, so that the ultimate end point of various treatment
modalities is similar [29].

All these findings carry potential far-reaching clinical implications. Clearly, the
greater the improvement in minimal luminal diameter achieved by intervention, the
greater the magnitude of subsequent kaminal narrowing will be. Unfortunately, what
can not be drawn from the data is how much damage the clinician may inflict on the
vessel wall. On one hand, a2 suboptimal angiographic result is associated with a
higher risk of subacute occlusion due to rheologic factors and platelet deposition and
a higher need for repeat balloon angioplasty but, on the other hand, improvement of
the initial result may be at the price of more extensive late neo-intimal thickening
[14-16,30,31]. This indistinctness can be circumvented by proper matching the
balloon size or device with the vessel wall using on line quantitative coronary
angiography. This is underscored by the data displayed in Figure 5 indicating that the
more the stent is oversized, the greater the loss in minimal luminal diameter will be.
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Fig. 5. Graphic display of the relation between the stent/artery ratio (X-axis) and relative loss (Y-axis).
A, positive linear relation was found with a correlation coefficient of 0.35 (p < 0.002) with a slope of 0.60
and an intercept of —0.40.

So far, there are two other angiographic studies which have aitempted to identify
risk factors for restenosis or recurrence of restenosis and found, as in the present
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study, that the vessel size, severity of stenosis expressed as diameter stenosis and
length of the lesion not to be associated with an increased risk for restenosis [12,13].
As mentioned above, the indication (primary or secondary stenting) was not
associated with an increased risk for restenosis [12,13]. In accordance with these two
studies on stenting and one other study on balloon angioplasty, the target vessel was
not associated with an increased risk for (Fecurrent) restenosis [12,13,32].

Study limitations: The study limitations are essentialy two fold. First, the precision
of relative gain as an angiographic index of vessel wall infury and relative loss as an
index of necintimal hyperplasia has not been smdied. The coronary angiogram is a
two dimensional ltmenogram describing the changes in stenosis geometry but not the
nature andfor extent of the pathology explaining these amgiographic changes.
Therefore, the measurement of the minimal Juminal diameter, and consequently the
Telative gain and loss, are subject to potential mmprecision. Secondly, the effect of
other clinical, procedural and lesion-related characteristics on the development of late
neointimal hyperplasia, has not been considered. It is conceivable that, if they play
a role in the pathogenesis of neointimal thickening, they were unequally distributed
over the study population.
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INTRODUCTION

The management of recurrent ischemia in patients who have had previous saphenous
venous bypass surgery poses a serious, difficult problem. Recurrent ischemia occurs
not only due to attrition of the saphenous vein grafts but also to progression of
coronary artery disease in the native coronary arteries. The attrition rate during the
first year after surgery is 15 to 20%; between 1 to 6 years after surgery itis 1 10 2%
per year and between 6 to 10 years after surgery the rate is 4% per year [1-8]. By
five years, about 45% of the grafts are occluded [3,7]. Progression of native coronary
artery disease occurs in approximately 5% of the patients per year after operation
[8-11]. Symptoms recur or progress in about 5% of patients per year and it has been
estimated that 10% to 15% of the patients will require repeat surgery within 10 years
after initial surgery [11-15]. However, currently improved surgically techniques in
combination with administration of aspirin and risk factor modification have
Improved early graft attrition rate and may improve longterm attrition [16]. Despite
Improved surgical results it may be expected that the number of patients with
recurrence of ischemia will increase, because the pool of operated patients continues
to accunulate.

Reoperation is technically more difficult to perform and is associated with 2 rather
high mortality (3% to 6.5%) and high peri-operative myocardial infarction rate (3.4%
to 11.5%) and the likelihood on complete relief of symptoms is Iess compared 1o a
first operation [11-16]. This has stimulated the search for an alternative treatment.

Gruentzig reported already in 1979 that vein graft angioplasty was successful in
5 of 7 atternpts [17]. However, three out of five demonstrated restenosis during
follow-up and Gruentzig suggested that the “different kind of disease” in the bypass
graft may have explained the high recurrence rate in graft stenosis. Since then many
studies concermning angioplasty of lesions in saphenous vein grafts have been
reported.

In this article we review the literature and we will discuss the indications, the
initial and late results of angioplasty of saphenous venous bypasses and we will
briefly discuss the role of new techniques including stents, directional and
extractional atherectomy, and laser angioplasty.

Patho-anatomy of saphenous venous grafts

The pathophysiological mechanisms underlying graft failure can, arbitrarily, be
distinguished into those occurring early, within 1 year, and late after surgery. In each
period one assumes a specific predominant pathogenetic mechanism, although one
must bear in mind that the different pathological processes may occur in 2 continuous
fashion and overlap in time [18,19].

Graft occlusion early after surgery is usuaily associated with acute thrombosis
[18,19]. This is possibly attributable to harvesting and handling of the vein, or to
failure of surgical techniques at anastomosis sites [20].
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Fig. 1. Histological cross-section of a two year old saphenous vein graft showing a severe Iurninal
narrowing due to concentric intimal thickening (atrows) consisting of fibro-collagenous tissue.
(Elastic van Giesson stain X 25 magnification).

Fig. 2. Saphenous vein (v) - coronary artery (a) anastomosis, 9 months after bypass surgery, showing
intimal thickening (@) and occlusive thrombus
(Elastic van Giesson stain ¥ 25 magnification).
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Fibro-intimal hypezplasia is the dominant feature 1 to 12 months following surgery
[20-22]. The cells of fibro-intimal hyperplasia resemble smooth muscle cells and
some cells may have a “foamy” cytoplasmic appearance [21]. Focally stenotic lesions
produced by this process appear particularly amenable to dilatation.

In the late pericd after surgery fibro-intirnal hyperplasia at first remains the
dominant feature but gradually atherosclerotic lesions become more frequent (Figure
1 and 2) [19]. The fibro-intimal lesion gradually diminishes its cellularity and the
smooth muscle cells are replaced by fibrous tissue and the matrix is increased. With
time there appears to be an increase in the mumber of “foam cells™ within the intima.
The development of atherosclerosis in the aortocoronary vein grafts is an Important
factor in late graft stenosis and occlusion [23-32]. The atherosclerotic process
proceeds to a fully developed complex atherosclerotic plaque (Figure 3) and rupture
of the plaque leads to a superimposed thrombotic occlusion [23,24]. The plaques are
often large, fragile and ulcerated and the graft may show aneurysmal dilatation
[25,26]).

There is still some controversy as to whether venous graft atherosclerosis differs
from coronary atherosclerosis. Some investigators suggest [28,29] that vein graft
lesions contain more foam cells, and that they exhibit an inflammatory reaction with
foreign body giant cells. This process undermines the thickened intima so that the
fibrous cap is weakened (Figure 4) [28]. One study demonstrated lack of a fibrous
cap [29]. This thinning and weakening of the fibrous cap may explain the greater
propensity of venous plaque rupture and thrombosis. The propensity of thrombus
formation in vein grafts is enlarged because the lack of side branches, the larce
diameter of vessels and consequently low flow velocities may contribute to platelet
aggregation and thrombus formation. These factors may explein the frequent
occurrence of thrombotic complications or embolization of material during balloon
angioplasty.

However, other investigators [18,19,26,30-32] favour the opinion that athero-
sclerosis vein graft disease is not different from arterial atherosclerosis.

Immediate results of angioplasty for saphencus venous bypass grafis.

Ford et al. [33] reporied a small series of 7 patients of whom 6 patients were dilated
successfully. Since then, many centers have reported their initial result of angioplasty
of saphenous vein grafts. Only the upgraded latest reports per center are presented
(Table 1).

The initial success rate varies from 75 to 94% with a combined overall success
rate of 88%. The major complication rate is low with a procedural related death rate
of less than 1%, a myocardial infarction rate of approximately 4% and a need for
urgent surgery of less than 2%. Remarkable is the low tendency to abrupt occlusion
and the relative high success rate, probably due to the absence of sidebranches and
tortuosity. The risk of embolization of friable, thrombotic material into the native
circulation is less than 3%. Emboli usually occur during attempts in older grafts, with
long diseased segments containing friable, thrombotic lesions. The initial success rate
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Fig. 3. Six year old vein graft showing severe huminal narrowing by a “classical ™ atherosclerotic plaque;
fatty debris is covered by a fibrous cap (F¢) (lumen; arrow).
(Elastic van Giesson stain x 25 magnification).

Fig. 4. Four year old saphenous bypass graft showing a concentric fibrous intimal thickening and an
eccentric atherosclerotic plaque with fatty debris seperated from the lumen (2) by a very thin fibrous cap
(arrows). (Elastic van Giesson stain % 25 magnification).
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Table 1. Initial results of angioplasty of saphenous vein grafts

Authors (year) No. Clinjcal Procedural complications
of pts Success
% (pis) Death Ml Embolization Acute CABG
(%) (%} (%} (%)

Douglas [34] 1983 52 94 (58) [¢] 2 o] 2
El Gamal [35] 1984 44 93 (41) 0 5 1] o]
Block [36] 1984 40 78 (31) 0 0 0 25
Corbelli {37} 1985 35 89 31) [y 0 [ 30
Reeder [38] 1986 19 84 (16) 5 5 0 0
Douglas [39] 1986 235 92 {216) 0 T 3 13
Cote [40] 1987 82 85 (70) 0 1 2 1
Ernst [41] 1987 33 97 (32) 0 3 n.t. 0
Dorros [42] 1988 53 83 (44) 2 2 6 2
Reed [43] 1989 54 50 (47 0 G 0 2
Cooper [44] 1989 24 75 (18) 4 0 nr. 0
Platko [45] 1989 101 S0 (90) 2 6 3 2
Webb [46] 1990 140 85 (119) 0 4 nr. 1
Meester [47] 1991 84 82 (69) 1 3 nr, 25
Plokker [48] 1991 454 %0 (408) 0.7 2.8 LT, 13
Recves [49] 1991 57 83 (47) 2 9 7 2
Total 1571 88 (1337 <1% <4% <3% <2%

* 15 of 16 patients had non-g-wave infarction; n.r.: not reported, Ml = myocardial infarction; CABG =

coronary artery bypass grafting.

Table 2. Initial success rate of dilatation of saphenous vein grafts at different sites.

Site of venous graft dilation

Author Year -

Proximal Body Distal

% (lesions) % (Jesions) % (lesions)
Douglas [34] 1983 80 ()] 96 (23) 94 (34)
Dorros [50] 1984 84 {12 88 8) 69 (13)
Corbelli [37] 1985 88 {26} 100 (7 93 (14)
Pinkerton. [51] 1588 94 (30) 90 29 94 (35
Cooper [44] 1989 56 €] 67 3 92 (12)
Platko [45] 1989 89 53 160 (24) 93 (30)
Webb [46] 1990 80 47 86 (39) 89 (56)
Meester [47] 1991 86 (28 97 (33) 81 (32)
Total 86 (216) 93 (162) 90 (226)

depends on the site of dilatation (Tzble 2). The overall combined initial results of
dilatation of the proximal site is 87%, of the body 94% and of the distal site 90%.
These rates appear to be similar, except for a slight Jower success rate for dilatation
at the proximal site. The high success rate and low complication rate reflects the
careful selection of patients and probably difficult potentially risky lesions including
long diffuse lesions, or ulcerated, thrombotic, friable lesions have been excluded from

these series.
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Restenosis after successful dilatation of saphenous vein grafts

The restenosis rate (defined as > 30% luminal dizmeter in the majority of the
reported studies) after an initial successful angioplasty depends highly on the site of
the dilation within the graft (Table 3}. Ostial, or very proximal lesions of the graft
tend to have a very high restenosis rate on average 58%; the restenosis rate of the
body of the graft is 52% and the restenosis rate in the distal, anastomotic part of the
craft is 28%. The overall combined restenosis rate is 42%. The restenosis figures
probably overestimate the true incidence of restenosis because not all asymptomatic
patients are restudied. The angiographic completeness of follow-up varied from 56%
to 100% in the reported studies (Table 3).

Table 3. Restenosis after successful angioplasty of saphenous venous grafts

Author Year No.of Definition Completeness Angiographic restenosis by site (lesions)
Pis Restenosis  Angiographic

FU. (%) Prox. Body Distal All sites (%)
Douglas [34] 1983 41  nr Ir. /2 917 42 14/41 (34
El Gamal [35] 1984 16 > 50% 61 12 512 2/3 Hi7T (41
Block [36] 1984 22 > 50% 71 nr. nr. nr. 1222 (55)
Dorros [50] 1984 26 T, nr. &/10 27 209 12{26 {46)
Reeder [38] 1986 16 > 30% 100 2/3 3/5 3/8 g/16 (50)
Douglas [39] 1986 130 nr. nr. 11/14  40/65  10/51 61/130 (4T
Cote [40] 1987 26 > 50% 70 3/9 521 2/13 10/43 (23)
Dorros [42] 1988 25 nr. 57 3/5 317 4/13 10/25 (40)
Pinkerton [51] 1988 23 nr, 92 1/3 3/5 6/15 10/23 (44)
Platko [45] 1989 49 > 50% 56 21/42 9/20 10/24  40/86 (47)
Meester [47] 1991 59 > 50% nr. nr. n.r. n.r. 13159 (22)
Reeves [49] 1991 45 > 50% 93 11 20/32 5014 32/57 (56
Tozal 478 58/100 99/191 48/172 229/545

(58%) (52%) (28%) (42%)

1n.r.; not reported

In native coronary arteries the restenosis process takes place in the majority of the
patients within 6 months after angioplasty. Whether this is similar in restenosis in
venous bypass grafts is unknown. But data reported by Douglas et al. [52] suggest
that this time window is longer. They followed 399 patients with successful
angioplasty and found that restenosis occurred in 32% of lesions dilated within 6
months of surgery, 43% from 6 months to 1 year, 61% from 1 to0 5 years, and 64%
over 5 years.

Longterm follow-up after angioplasty of saphenous vein bypass grafts
The longterm outcome of patients selected for angioplasty of a saphencus venous

bypass graft is not only influenced by the restenosis rate, and rate of progression of
disease in the native arteries, but also by the extent of the left ventricnlar dys-
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function. The frequency of late mortality, myocardial infarction and recumrence of
angina is listed in Table 4. The wide range of rates reflects the differences in patient
selection and duration of follow-up. It appears that the clinicel event rate is
significantly higher if the age of the graft is higher. The clinical event rate was 64%
in grafts over 36 months of age, and 33% in grafts less than 36 months of age [45].

Table 4. Longterm results after immediate successful graft lesion angioplasty

Authors Year No of Mortality Myocardial  Recurrence Foltow-up

Paticnts Infarction Angina Months

(%) (%) (%) (mean * SD)

Cote [40j 1987 82 2.5 ] 29 202
Reed [43] 1589 50 2 2 52 23 =11
Platko [45] 1588 87 11.5 20 47 17 + 14
Webb [463 199G 119 7.6 i1 16* 33 £ 26
Reeves [49] 1591 50 4 4 54 32
Meester [47) 1991 69 11.5 10 4z 25
Plokker [48] 1991 454 22 n.r. nr. 60

* These patients underwent re-operation or re-angioplasty.

25% and 19% respectively.

Cumytative
Probabaity of Event-free Survival

g2

Plokier et al. {48] reported that after 2 follow-up period of 5 years, 74% of 454
patients were alive and only 26% of the patients were alive and event-free (no
myocardial infarction, no repeat bypass surgery or repeat angioplasty) (Figure 5). The
time interval between angioplasty and surgery was a significant predictor for S-year-
event-free survival. The event-free survival rates for patients who had bypass surgery
1 year before, between 1 and 5 years, and 5 years after bypass surgery were 45%,

A%F {1 Death M no rCABG |

one AMI IV no rePTCA |

Q e 1z RS 24

30
Months

£

4z

43

54 80

Fig. 5. Four hundred fifty-four patients were
followed for 5 years. The cumulative probabilities
of survival (I), of survival withowt AMI (II),
without AMI and no te-CABG (UF) and without
any cardiac event (IV)} (death, AMI, CABG and
re-PTCA) are shown. AMI = acute myocardial
infarction; re-CABG = repeat coronary artery
bypass grafting; re-PTCA — repeat percutaneous
transluminal coronary angioplasty. Reproduced
with permission from Plokker et al. Am J Cardiol
1991; 67:361-366, Figure 2.

The late mortality and late myocardial infarction rate is expected to be high,
because often these patients present as end-stage coronary artery disease patients. In
these patients angioplasty should be considered 2 palliative treatment, and one should
not expect a beneficial effect on late mortality.



Balloon Angioplasty of early (within 1 year) occlusion of saphenous venous
bypass grafts

Graft occlusion occurring within 1 month after surgery is almost always associated
with graft thrombosis [18-20,24,27]. Technical factors such as stenosis at surgical
anastomotic-sites, or intra-operative vein trauma, or poor distal run-off due to
severely diseased native arteries play a role and limit the possibilities of immediate
and sustained beneficial effect of angioplasty.

Graft occlusion occurring between 1 month and 1 year after surgery is character-
ized by lesions consisting of fibro-intimal hyperplasia with superimposed occlusive
thrombosis [18-21,24,27,28 30]. These occlusions are predominantly focal, not
associated with diffuse vein graft disease, and usuaily the thrombotic component of
the occlusion is not extensive. These occlusions appear to be amenable to successful
perforation and dilatation.

Balloon Angioplasty of chrounic totally saphenous venous bypass grafts more
than 1 year after surgery

The underlying patho-anatomy plays an important role in the expected success rate
of angioplasty of a chronic totally occluded graft. Late occlusions (1-3 years after
surgery) are usually associated with focal atherosclerosis with occlusive thrombosis
[18-21,24,27,28,30]. These lesions may be amenable to successful perforation and
dilatation without increased risk of thrombotic embolization. Older occlusive
obstructions are often composed of large, ulcerated plagues containing friable
thrombeotic material. The chronic total occlusions are often extended over 2 long
segment of the graft and are often associated with diffuse graft disease. Obviously,
perforation and dilatation of these chronic occlusions may be unsuccessful or even
harmful due to dislodgement of material into the native coronary circulation with
ensuing myocardial infarction.

The safety and results of angioplasty in occluded grafts is controversial. De Feyter
et al. [53] reported in 13 patients with chronically totally occluded old degenerated
grafts that attempts to recanalization of the graft expose the patient to 2 high risk of
embolization and even if it is possible to re-open the graft it re-occludes frequently.
In their siudy only 1 out of 13 patients had a longterm success and the procedure
was complicated by a myocardial infarction in 5 patients (Table 5). Apparently the
presence of large amounts of thrombotic material and the dislodgement of 1t are the
main causes of low success and high complications with balloon angioplasty. These
results contrast highly with a recent report of Kahn et al. [54]. They reported 2 83%
success rate, (64 out of 82 patiems) with 1.5% in-hospital death, 3% myocardial
infarction rate and no urgent bypass surgery. However, at 3 years follow-up only
33% of the patients were free of repeat PTCA or surgery. The difference in
imrediately results between the 2 reports may be explained by differences in patient
selection. Results in short occlusions in angiographically reasonably normal
appearing grafts are probably better than long occlusions in degenerated vein grafts.
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Table 5. Coronary angioplasty of chronic totaily occluded vein grafts

Author Duration Age Number Initial Procedural Longterm Late Late

Occlusion  grafts of Pts  Clinical Death MI  Succes Deaths MI
Success
months  mean (yrs} Ps Pts P Ps Prs Pis
ANGIOPLASTY
de Feyter [53] 3 -6 624 13 7 o 5 1 0 o
UROKINASE + ANGIOPLASTY
Sievert [55] 05-4 02-36 7 6 v 0 4 v 0

Hartmann [56] 05-6  7(I1-13) 46  36** 0 2 22
Levine [57]  mr n. 10 6 2 2 0

=20

n.r.: not reported
* 8 patients with acute non-g-wave infarction.
** 20 patients had repeat angiogram: 7 had an cccluded graft.

Pre-treatment of chronic total occlusion with urokinase followed by angioplasty

Dissolving thrombus in a chronically occluded grafts with short infusion of urokinase
dramatically improved the short and longterm results (Table 4). Sievert et al. [55]
showed that after pretreatment with urokinase 6 out of 7 patients were successfully
recanalized, with a longtern success in 4 patients. Hartmann et al. [56] also showed
good results with longterm urokinase infusion (7.5 to 77h; mean 31h) followed by
angioplasty. Recanalization could be achieved more easily in patients with a short
estimated duration of occlusion. The price one must pay for this treatment is the
occurrence of a significant haematoma in 22% of the patients and the long stay in
a coronary cate unit. Unfortunately, the reocclusion/restenosis rate is rather high and
success was sustained in 48% (22 out of 46 patients) of the patients during 1 to 24
(nean 11) months follow-up period. Levine et al. [57] demonstrated that in 8 out of
10 patients patency was achjeved (however, 2 patients died and 2 had embolic
myocardial infarction) but during follow-up at an average of 13 + 6 months no patient
was free of reocciusion, myocardial infarction. or death.

Identification of risk factors for unfavourable outcome
Variables predicrive of unfavourable initial resulr include:

a) diffuseness of saphenous vein graft disease [40}, b) attempts of angioplasty of
stenoses in grafts older > 4-6 years [45,46], c) chronic totally occluded grafts [13]
and d) the presence of intra vein graft thrombus [49]. The presence of one or more
of these variables is assoclated with a high frequency of major complications (death,
niyocardial infarction and need for urgent bypass surgery) often due to embolization
of friable material into the coronary circulation or the occurrence of abrupt occlusion
with thrombosis formation.
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Variables predictive of late restenosis include:

a) lesions in old (> 36 months) grafts (restenosis rate 83% vs 42%) [45], b) multiple
lesions, diffuse graft disease and total occlusion (1006% vs 38%) [49], ¢) small
diameter (< 2.2 mm) grafted coronary artery (78% vs 27%) [58], d) length (> 10 mm)
stenosis (62% vs 12%) [58] and e) dilatation of lesion at the proximal site and body
of the graft (Table 3).

Limitations of surgical back-up

In many centers the availability of immediate surgical back-up is considered z pre-
requisite for performing angioplasties. Although emergency operation for acute
ischemia may not totally eliminate the development of a myocardial infarction, there
is evidence that prompt revascularization does limit the damage [59]. Time between
onset of ischemia and revascularization determines the outcome [60]. The ischemic
period during reoperation is considerably prolonged because immediate access to the
heart is hampered by the fibrosis of the previous operation, which may require
considerable time to dissect free the heart. This imevitable delay limits the potential
of revascularization to reduce myocardial damage. If possible, bail-out techniques for
instance autoperfusion catheters, should always be used in these simations. Stent
implantation for threatened closure has produced satisfactory results [61].

This expected time delay should be considered when counselling a patient. It
would be pradent to refer a patient for reoperation, if for instance acute closure of
a lesion would lead to acute heart failure due to the large arez of myocardium at risk.

New interventional techniques for treatment of saphencus venous bypass grafis
Stenr implantation

The imracoronary stent was the first of the new interventional techniques to be
applied in bypass graft angioplasty. Shortly after the introduction into the native
coropary artery system, stents were also implanted in bypass grafts (Figure 6)
[62-64]. The immediate angiographic and implantation success rate is extremely
high, 95% or higher (Table 6) [61-62,64-66]. However, early experience was
associated with an wmacceptable high incidence of subacute thrombosis and serious
bleeding complications. Increased operator experience and meticulous anticoagulation
resulted In a substantial decrease in complications [64-66]. Unfortunately, the
incidence of restenosis does not seem to be reduced (Table 6). One detailed smdy on
restenosis following Wall-stent implantation in venous bypass grafis reports an
incidence of restenosis of 39% according to the 50% diameter stenosis criterion [67].
The restenosis rate after implantation of a flexible coil is 35% [61] and the restenosis
rate afrer implantation of a Palmaz-Schatz stent was less: 28% [68]. It has been
shown that restenosis after Wall-stent implantation in bypass grafts occurs more
frequently than in stented native coronary arteries [69]. The rates were similar in
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Fig. 64A. Diffuse disease in 7 years of bypass graft implanted on the left anterior descending artery.

Fig. 6B. TImmediate result after implantation of 2 overiapping stents {Wall-stenz).

96



grafts and native coronaries after Palmaz-Schatz stent implantation [68]. Whether the
better results obtained with the Palmaz-Schatz are due to the more favorable features
of this stent or Improved peri-procedural pharmacological management or different
patient selection is unknowr.

Tabie 6. Stemt implantation in venous bypass grafts

Author Total Implantation Clenical Inhospital complications Restenosis
No. of successrate Success Death ML Em/CABG Serious
patients bleeding
(%) (%) (%) (%) (%) (%) (%)
Wallstent
Urban [62] i3 95 95 0 0 0 15 36
de Scheerder [64] 69 100 87 4* 7 6 33 47
Palmaz Schatz
Pomerantz [65] 54 100 100 0 0 0 nr. 21
Leon [66] 192 98 57 1.6 1.0 1.6 n.r. 26

Flexible coil

Bilodean [61] 37 100 86.5 0 13.5**0 21.6 35

* Not murual exclusive
*#* Al acute events were seen in patients stented for dissection or threatened closure.
nr.  Not reported

The longterm clinical follow-up results of Wall-stent implantation in bypass grafis
collected from 145 patients of 6 European centers is shown in Figure 7 [67]. The
actuarial event-free survival (freedom from death, myocardial infarction, bypass
surgery or angioplasty) for bypass graft patients was 37% at 20 months; with an

1.0Q
0.20
080
070
060
Q50
Q040
Q30
20
010

000 T L ; L L
< 2 & [S] 8 ¢ 12 14 16 18 20

PROPORTION EVEMNT FREE

MONTHS POST IMPLANTATION

---DTH - DTH+ME oo DTHOME —— DTHM
«avp BYP+PT

Fig. 7. Clinical follow-up in 145 patients with stent implantation in 2 bypass graft up to 20 months
according to actuzrial event-free survival. The curves (from upper o lower) represent freedom from death
(DTH) alone; death plus myocardial infarction (MI); death, MI, plus bypass surgery (BYP); and death,
MI, BYP plus angioplasty or atherectomy (AT). Reproduced with permission from Strauss et 2l. Am J
Cardiol 1992; 69:475-481, Figure 4.
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overall mortality rate of 9%. It is noteworthy that about 30% of the adverse events
were unrelated to the stented lesion, but were due to worsening of a different lesions
or development of new lesions [64,67].

Atherectomy: directional and extractional

The use of directional atherectomy in saphenous venocus bypass grafts is feasible and
successful in well above 90% of the patients (Table 7) [65,70,71]. The complication
rate is acceptable, but one can imagine that the use of such a bulky device in case
of friable, thrombotic lesions easily embolizes material. Preliminary data suggest that
the restenosis rate is also high.

Table 7. Initial results of new devices for treatment of lesions of saphenous vein bypass grafis

Author Year Total No Clinical Complications
Patients  Success Death M Em/CABG Embolization Restenosis
(%) (%) (%) (%) (%) (%)
Directional atherectomy
Kaufmann [70] 1990 14 93 T 1 0 7 63
Pomerantz [65] 1951 29 93 0 0 0 7 31
Selmon [71] 1991 76 91 g 9.2 1.3 115 60

Extractional atherectomy

Meany [72] 1992 278 89 03 03 0.7 35 53
Excimer laser
Untereker [73] 1991 228 97 04 44 0.8 4.4 61

* Cross-over 1o PTCA: abrupt occlusion, Em/CABG: death; n.r. = not reported

Extractionzl atherectorny of venous graft lesions is successful in 89% of the
patients (Table 7) [72]. The complication rate is low and the restenosis rate is 53%.
It is conceivable that the use of this device in vein grafts, containing much material,
is safe and is associated with a higher success rate and decreased risk of emboli-
zation due to the suction, extraction and removal of material with this device,
although embolization occurred in 3.5% of the patients.

Excimer laser angioplasty
In an initial experience including 225 patients (Table 7) it has been shown that
excimer laser angioplasty can be performed safely and effectively [73]. A success

rate of 97% was achieved in lesions in older saphenous venous grafts; however, the
preliminary reported restenosis rate of 61% is rather high
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CONCLUSION

Currently, sufficient data are lacking to establish the merits of reoperation and
balloon angioplasty to treat obstructions in venous bypass grafts. The published
results on reoperation and balloon angioplasty should not be compared because of
differences in patient selection and firm conclusions about the superiority of one
treatment above the other should not be drawn. After reviewing the litterature it
appears that in selected patients balloon angioplasty may be the preferred strategy or
in case of inoperability it is the only strategy.

Angioplasty of non-occlasive obstructions in venous bypass grafts is safe and the
success rate is high. The high restenosis rate adversely affects the longterm results.
The immediate and longterm results of angloplasty for chronic total occlusion in old
grafts are poor.

Patients considered for saphenous vein graft angioplasty may be classified into 3
groups according to expected early and late outcome: A) those with an initial high
success, low procedural risk and low restenosis; B) those with an initia] high success,
but high procedural risk and moderate too high restenosis rate; C) those with low
success, high risk, and high restenosis rate (Table 8).

Table 8. Classification of patients with attemnpted saphenous vein graft angioplasty according to expected
early and late outcome

A success > 90%; complication < 2%; restencsis: 30%
- focal, short lesion - lesion at distal site
- graft < 4-6 years
- single graft
- distal part sequential graft

B success > 90%; complication < 5%; restenosis 43-50%

- long lesion - lesion at proximal site
- graft > 4-6 years - lesion at body

- diffuse vein graft disease

- intragraft thrombus

- proximal part sequential graft

C success < 50%; complication > 10%; restenosis > 60%
- chronic totally occluded old vein graft

New techniques have shown to be promising and in particular stent placement may
be useful to “tack™ friable material. However, definite conclusions concerning the
merits of new techniques must await finalization of ongoing randomized trials.

Balloon angioplasty is a palliative procedure, not a longterm solution, in previously
operated patients who often present with far stage coronary artery disease. The high
restenosis rate is a serious limitation of balloon angioplasty.
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CHAPTER 9

MATCHING BASED ON QUANTITATIVE
CORONARY ANGIOGRAPHY,

A SURROGATE FOR RANDOMIZED STUDIES?
COMPARISON BETWEEN STENT IMPLANTATION
AND BALLOON ANGIOPLASTY OF A NATIVE
CORONARY ARTERY LESION

PP.T. de Jaegere, W.R, Hermans, B.J. Rensing, B.H. Strauss, P.J. de Feyter,
P.W. Serruys.
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Matching based on quantitative coronary
angiography as a surrogate for randomized
studies: Compariscn between stent
implantation and balloon angioplasty of native

corcnary artery lesions

Although intracoronary stenting has been advocated as an adjurct 1o balleon angioplasty to

circ t [ate its effecti

has not yet been verified, Therefore the aim of this

study was 10 determine the differences in the immediate and leng-term changes in stenosis
geometry between Wallstent implantation and balloon angioplasty in native coronary artery
lesions. To obtain two study populations with ideatical baseline stencsis characteristics, patients
were matched for lesion site, vessel size, and minimal luminal diameter. Only patients
undergeing elective and successful coronary intervention ¢f a native coronary artery, in whom 2
contrel angiographic stwdy had been performed, were included. A total of 186 patients (93 in

each group) were selected. The

rams were analyzed with the computer-assisted

cardiovascular angiographic analysis system, Matching was considered adequate, since there
was an equal number of lesion sites in cach study populaticn and there were no differences in
baseline reference diameter and minimal iuminal diameter, Walistent implantation resulted in a
significantly greater increase in minimal fuminal dlameter (from 1.22 =+ 0.34 mm to 2.49 = .48
mm, g < LOG00T} compared with balioon angioplasty (from 127 + 0.29 mm to 1.92 + 0.35 mm,
P < 0.00001). Despite & greater decrease in minimal luminal diameter after Wallstent irplantation
(6.48 = 0.74 mwn) than after balloon angioplasty (0.20 = 0.46 mm), the minimal luminat diameter
at follow-up was signiticantly greater after stent implantation (2,01 £ 0.75 mm vs 1.72 =+ 0.54,

£ < 0.0001). i was concluded that Walistent implantation results in 2 superior mmediate and
long-term increase in minimal luminal diameter compared with balloon angioplasty. The iarger
initial gain after stent implantation compensates for the late loss, and thus an improved initial
result and not kessened neointimal hyperplasia is responsible for a reduced ingidence of
restenosis, Studies based on matching of angicgraphic variables are a surregate for randomized
studies, forecasting their results and offering insight into the effects of different interventional
techniques. Moreover, these studies yield statistical information that may be helptul for the
proper design of a randomized study {sampile size, type [l error). (Am Heart J 1593;125:316.)
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Gruentzig et al.l-? in the late 1970s, has been a major
breakthrough in the treatment of obstructive coro-
nary artery disease. Gained operator experience and
improved catheter technology have resulted in a high
immediate success rate and a low Incidence of com-
plications, which in turn has resulted in an increas-
Ing number of patients with more advanced coronary
artery disease now being considered candidates for
balloon anpioplasty.®* Unfortunately these favor-
able results continue to be compromised by the un-
predictable problem of late restenosis, which oceurs
in 20% to 40% of patients after successful balloon

Coepyright © 1093 by Mosby—Year Book, [ne.
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angioplasty.>® Despite substantial basic and clinical
research, the pathophysiologic mechanism (s) respon-
sible for restenosis remain largely unknown and
poorly understood. Pharmacologic efforts to reduce
or eliminate restenosis have so far been unsuccess-
ful.*}* Therefore it is not surprising that along with
pharmacologic Interventions, new technologies and
devices are currently being developed and clinically
tegted to address the problem of restenosia. Direc-
tional rotational atherectomy devices and laser angi-
oplasty do not seer to affect the restenosis rate.}518
The intracoronary stent may be an exception. There
is some evidence to imply that suboptimal initial
stenosis geometry after balloon angioplasty contrib-
utes to resterosis. The stent optimizes the dilatation
process by effective scaffolding of the instrumented
vessel, thereby preventing receil, and by tacking back
intimal flaps, thus covering underlying thrombogenic
tissue. -2 Furthermore, it has been shown that stent
implantation results in a larger and meore homo-
geneous cross-sectional area resulting in normaliza-
tion of the hemodynamic disturbances and flow
across the dilated segment.?0: 222 Consequently the
vessel’s response to balloon-induced intimal trauma
is mitigated and the healing response modified. The
aim of this study was to corapare the immmediate and
long-term changes in stenosis geometry after stent
implantation and balloon angioplasty in patients
with identical baseline stenosis characteristics.

METHODS

Patients. At present the data base of the Thoraxcenter
containg angiographic data from 411 patients in whom a
Wallstent device (Schneider & Co. AG, K, Zirich, Switzer-
land) was implanted in a bypass graft or a native coronary
artery and 3569 patients who underwent balloon angio-
plasty of & native coronary artery lesion. From this popu-
lation a total of 186 patients (93 in each group) with iden-
tical baseline stenosis characteristics were selected accord-
ing to the matching principle. Patients were eligible if they
baod undergone elective and successful coronary interven-
tien of a native ¢coronary artery and if a control sngio-
graphic study had been performed. Since we recently dem-
onstrated that there is no difference in the restenosis rate
ofter Wallstent implantation for restenosis or for a de nove
lesion, patients with both types of indications were in.
cluded in the stent population.?® All patients who under-
went balioon angloplasty were treated for a primary lesion.

Description of stent. The stent used in this study wag
the coronary Wallstent device (Fig. 1). It is constructed of
a surgical grade stainlesg-steel alloy, braided in a tubular
wire mesh design. The stent consists of 16 wire filaments,
each 0.08 mm in diameter. The stent is collapsed down on
a delivery eatheter equipped with a restraining sheath and
is depleyed by pulling back the sheath. The outer diame-
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ter of the stent-catheter system is 1.57 mm. The device is
radially self-expanding and tengitudinally dexdble. The ga-
lection of the stent size was based on visual assessment of
the vessel size. The size of the Wallstent device was selected
to obtain an un¢onstrained diameter that was 0.5 mm
larger than the vessel. The size (mean + SD) of the uncon-
strained Wallstent device proved $0 be 3.60 & 048 mm_ In
cose of incomplete expansion of either stent, repeat balloon
dilatation within the stent was performed.

Quantitative coronary angiography. To zssess the im-
mediate and long-term changes in stenosis geometry, all
coronary cineangiograms were analyzed by means of the
computer-gssisted cardiovascular angiography analysis
system described in detail elsewhere.? T'his system allows
an cbjective and reproducible quantification of coronary
artery stenosis. Briefly, a region of interest (size 6.9 X 6.9
mm) in a selected cineframe (overall dimension 18 X 24
rmm) encompassing the desired arterial segment is digitized
by & high-resolution charge eoupled device {CCD) camera
with resolution of 512 x 512 pixels and eight bite of bright-
noes resolution. The coronary segment to be analyzed is
determined by selecting a number of center-line points,
which are connected by linear Interpolation. An autemated
edge-detection program determines the arterial contours
by assessing the brightness profile nlong scan lines perpen-
dicular to the center line, After correction for pincushion
distortion and calibration with the use of the guiding cath-
eter as a sealing device, a diameter function can be deter-
mined from the contour analysis by computing the dis-
tences between the left and right contours. From this
diameter function severnl parameters cor be computed,
such 09 the minimal luminal diameter, reference diameter,
and diaxgeter stenosis. The variability. precision, and
aceuracy of the system have been reported previously 5 All
anpiograms for subsequent snalysis were obtained after
Intracoronary injection of 2 my isosorbide dinitrate.

Matching. Lesions were matched for lesion site. minimal
luminal diameter, and reference diameter, The coronary
artery tree was subdivided inte 15 segments according to
the American Heart Association puidelines.”” The variabil-
ity of repented measurement of the minimal luminal diam-
cter and interpolnted reference diameter from the same
cincangiogramm. by use of the computer-nssisted coronary
angiographic analysis gystem, has been shown to be 0.10
mm for both angiographic parameters.2® Therefore patient
pairs were selected in which the diffexence botween those
angiographic varisbles did not exceed 0.20 mm (twice the
variability or 95% confidence interval).

End points. For each dilated or stented segment, the
postangioplasty or poststent and follow-up minivazl humi-
nal diameters were taken as the mean values from multi-
ple matched projections. The primary angiographic end
point of the present study was the minlmal luminal diam-
ater at follow-up as determined by quantitative angiogra-
phy. Furthermore, since data from experimentol animals
indicate that there is a correlation between the severity of
vessel wall injury and subsequent neointimal thickening,
the relationship between relative gain (as an index for ves-
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Fig. 1. Self-expanding stent (Walistent}, A, With membrane partially pulled back and expanding stent.
B, Stent in position illustrating longitadinal Aexibility.

Table I Immediate and long-terme changes in minimsal luminal dinmeter after stent implantation and balloon

angioplasty
Wealilstent Bealloor angioplasty
Fre Post FU Pre Post FU
Minimal lumingl diometer (mm} 1.22 £ 0.34 2.49 = 040 201 £ 0.75 121 = 0.29 192 = 0.35* 172 + 0.541
Diomoter stenosiz () 59 + 10 197 35z 20 59+8 36 = 10* 42 £ 15%
p < 0.00001 P <0000 £ < 0,00001 P < 0.00001

All parameters ure expressed on mean = SD.

‘There was no statirtical diff erence in baseline angiographic veriables between the two study populrtiona. Unpaired ¢ tosts betweon two study populations.

*p < 0.00001; +p < 0.003; 1p < 0.01.

sel wall injury) and relative loss (as an index for necintimal
thickening) was studied by means of regression analysis.
Relative gain and relative loss are defined as follows: Rel-
ative goin = MLD pest — MLD pre/RD, and Relative
logs = MLD post — MLD fu/RI}, where MLD is the mini-
mal luminal diameter, RD is the reference diameter, pre
and post refer to before and after the procedure, respec-
tively, and fu is follow-up. The final outcome of the proce-
dure wag evaluated by caleulating the net gain index, This
index represents the ratic of the net gain in lumen
improvement at follow-up and the reference diameter and
is described by the following equation: MLD {fu — MLD
pre/RD.

Statistics. Values obtained by quantitative coronary
angiography are expreased as means + SD. The changes in
each ongiographic variable before and immedistely after
the intervention ond at follow-up were compared by anal-
vais of variance. If significant differences were found, two-
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tailed paired ¢ tests were applied to comparisons within
each treatment group and two-tailed unpaired ¢ tests for
comparisons between treatment groups. A statistical prob-
ability of less than 0.05 was considered significant.

RESULTS

Matching. Matching was considered adequate since
the baselne interpolated reference diameter and
minireal luminal diameter did not differ between
groups (Wallstent: 2.99 + 0.54 mm and 1.22 = (.34
mm, balloor angioplasty: 3.01 = 0.53 mrm and
1.21 + 0,29 mm, respectively: umpaired ¢ test
p > 0.05; Table I). Furthermore, there was an equal
number of patients with a lesion in the left anterior
descending artery {47 patients), right coronary artery
(36 patients), and left circumflex artery (10 patients)
ir both groups.
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Angiographic resuits. Table I and Figs. 2 and 3
summarize the resuits of quantitative ¢oronary an-
gography. Both coronary interventions resulted in a
significant immediate increase in mirimal luminal
diameter, although to a sigrificantly greater extent
after Wallstent implantation {from 1.22 + 0.34 mm
to 249 + 0.40 mm) compared with balloon smgio-
plasty (from 1.21 + 0.29 mm to 1.92 + 0.35 mm}.
This was associated with a significant reduction in
diameter stenosis from 59 = 10% to 19 £ 7% and
36 + 10%, respectively. The reference diameter re-

dismeter (MLD) at baseline and at follow-up after

mained unchanged throughout the study period
{2.99 £ 0.54 mm, 3.310 £ 0.49 mm, and 3.09 x 0.62
m at baseline, after stent implantation, and at fol-
low-up, respectively, and 3.01L =053 mm,
3.03 £ 0.54 mm, and 2.97 = 0.58 mm before and af-
ter balloon angioplasty and at follow-up, respective-
ly).

Repeat angiography was performed in all patients
at a mean interval of 6.3 = 3.7 months (Wallstent
population) and 5.1 = 1.4 months (balloon angio-
plasty population). The minimal luminal diameter
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Fig. 4. Loss in mirimal luminal dinmeter (MLD). Cumulative distribution of minimal luminal diameter
immediately after stent implantation and balloon angioplasty and at follow-up.

was found to have decreased from 2.49 + 0.40 mm to
201 = 0.75 mm {p < 0.00001) after Wallstent im-
plantation and from 192 + 0.35 mm to 1.72 + 0.54
m after balloon angioplasty (Table I, Fig. 3). The
percentage of stenosis had incressed from 18 = 7%
to 35+ 20% and from 36 + 10% to 42 + 15%,
respectively (Table I). To allow comparison with
other interventional techniques potentially applied
in vessels of different sizes, the final angiographic re-
sult was normalized for vessel size and expressed as
the net gain index, as defined previcusly. Despite a
greater loss in minimal lwninat diaraeter after Wall-
stent implantation (0.48 = 0.74 mm vs 0,20 = 0.46
mm), the final putcome wag superior in this group
(2.01 = 0.75 mm vs L.72 £ 0.54 mm, p < 0.003; Fig.
4). Asg a result the net gain index after Wallstent im-
plantation was superior to that after balloon angio-
plasty {0.27 va 0.18, respectively; p < 0.003). Fig. 5
depicts the relationship between relative gain and
relative loss. A weak but positive corrclation was
found after balloon angioplasty. No such relationship
was observed in the Wallstent population.

DISCUSSION

Matching. The only method to compare short- and
long-term clinical and angiographic results of differ-
ent coronary interventions is a randemized study. It
is beyond the scope of this report to outline the time,
energy, and financial burden of such a study. Not-
withstanding its utmost importance, cther methods
such as matching ray be used as a surrogate for a
randomized study. Subjects can be matched not only
as they enter a study but else retrospectively, so that
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for each patient in one group there are one or more
patients with the same characteristics in the com-
parison group. Therefore matching may not ornly
forecast the results of a randomized study but may
also offer insight into the effects of novel therapeutic
coronary interventions.® % Although it would be
desirable to match subjects for both clinical and an-
giographic variables, this would require a substantial
number of patients in the data base to obtain two
study populations of sufficient size. The major dis-
advantage of such a study method is Its retrospective
design and the inevitable presence of selection bias.
It controls for bias only for those variables taken into
aecount. Matching for all variables is usually not
possible because of practical difficulties in finding
patients who meet all of the matching criteria. More-
over, if categories for matching are relatively crude,
there may be room for substantial differences be-
tween matched groups. In this study matching was
based on angiographic variables and was limited to
lesion site, minima} luminal diameter, and reference
diameter. The baseline stenosis characteristics of the
patients reported herein are similar to those reported
in other studies, and therefore the population of this
study may be considered representative of the angi-
oplasty population encountered in clinical prac-
tice. 8 14. 30,31

Angiographic parameters defining restenosis and re-
suits. Restenosis is the reparative response of the
vessel wall after injury. The most accurate method to
define and quantify restenosis is direct measurement
of neointimal thickening after coronary interven-
tion,3%% Qbviously this is not possible in humans.



Volumeo 125
Number 2, Port 1

Restenosis after intracoronary stenting and balloon angioplasty 315

Reiative Loss
A

127
it -
0.8t —
. +
0.6t ., - s
PR
0.4+ - .
! *++ +  balloon (=)
ear o wallstent (+)
0 R 4,:_'_':.:.4:43'_‘-‘_ - .
-0.2+ LT
+
-0.4 ‘ - , . :
0 02 04 085 08 1 12
Relative Gain
STENT : RL» 07 RG » .13 R= .04 ‘(ns)
BALLOON : Ri- .40 RG - .02 R= .30 (p=.004)

Fig. 5. Relationship bhetween relative gain (RG) and relative loss (RL) ofter Wallstent implantation and

balloon angioplasty.

Although gquantitative coronary angiography indi-
rectly measures the restenosis process without defin-
ing its nature (recoll, organized mural thrombus, or
neointimal hyperplasia), it is the most objective and
reproducible method to date to deacribe the changes
in stenosis geometry after intervention and therefore
has been accepted as the “gold standard™ to define
restenosis. % ¥ Whereas the clinician is best served
by a "present/not present” assessment of restenosis,
the process of restenosis itself is best analyzed by
measuring an absolute angiograpkic dimension on a
continuous scale.'t%-4 In this study the minimal
luminal diameter was selected, because regults of
previous studies based on quantitative coronary an-
giography have demonstrated that this parameter
provides more reliable and meaningful information
than percentage diameter stenosis, with regard to the
hemodynamic significance of a coronary artery le-
sion, 298 Furthermore, it has been shown that the
minireal luminal diameter at follow-up correlates
with recurrence of angina or exercise-induced myo-
cardial ischemia.?™* Although the process of rest-
enosis can best be addressed by measuring the
changes In the obstruction diameter, the final out-
come can best be evaluated by measuring the mini-
mal luminal diameter at follow-up, which describes
the severity of the lesion at that particular moment.
This is especiaily true when different interventional

techniques with a different initial gain are cornpared,
Figs. 2 and 3 elegantly illustrate how the use of this
angiographic variable in a continuous approach may
be applied to a comparative study of immediate and
long-term outcome after balloon angiopiasty and
stent implantation. The advantage of ranking the
minimal luminal diameter for the entire study pop-
ulation is that it depicts the process of restenosis in-
dependent of any definition without the appkcation
of an artificial threshold dichotomizing restenosis,
Furthermore, it allows comparison of the immediate
and long-term effects of different interventiomal
techniques,

Inasmuch as lesions are matched not only for min-
imal luminal diameter but also for reference diame-
ter, the Initial gain and the late Joss within and
between each treatment group can easily be gleaned
from the figure. It is easily appreciated that although
stent Implantation is associated with a significantly
greater initial increase in minimal Juminal diameter
compared with balloon angioplasty (1.27 £ 0.39 mm
vs 0,71 + 0.35 moum), late loss is significantly greater
(0.48 £ 0.74 mm va 0.20 £ 0.46 mm). However, de-
spite this greater loss, the minimal lumirsl diameter
at follow-up after stent implantation is larger than
that in patients who underwent balloon angioplasty
(Table L, Fig. 4). This is in accordance with the an-
giographic observations of recent uncontrolled stud-
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Table I Changes in minimal luminal dinmeter after balloon angioplasty and stent implantation

No. of

Follow-up

Patients with putent

Procedure Refcrence  paticnts  Pre-PTCA Post-PTCA  Post-stent  All petienis stent at discharge
Ballecn angioplasty
5 88 1132041 210 0.40 - 1.69 = 0,556 —
14 261 099036 177+ 034 — 1.46 = 0.58 —_
49 308 098 =035 177+ 034 - 1.48 = 0.54 -
57 60 1022020 180 + 030 — - —
Stent implantation
‘Wallstent 50 — 117 + 0.52 — 2.58 £ 052  1.39 + 1.08 199 = 0.84
Wiktor 30 50 1.09 = 026 — 2.45 £ 035 1.5¢ £ 0.79 1.78 = 0.60
Palmaz-Schatz* 51 50 1.00 = 0.57 — 3.26 + 0.31 239115 —_
Bencstent 57 60 1.02 + 020 — 2.40 = 0.50 - —

PTCA, Parcutancons transiuminal coronary angioplasty.
asistod

=All coronary angioprams were analyzed with the
tho method of Brown et aL™ war used.

ies B 14304852 Oveyall a twofold increase in minimal
[uminal diameter is observed after stent implanta-
tion, whereas the in¢rease in minimal luminal diam-
eter after balloon angioplasty i3 <1.0 mm. However,
a decrease in the minimal luminal diameter at
follow-up of 1.0 mm may be expected after stent im-
plantation, when all patients are analyzed including
those with subacute stent occlusion, and 0,50 mm
when only those patients with a patent stent at hos-
pital discharge are considered. In contrast, balloon
angioplasty is associated with a logs of 0.29 = 0.49
mm to 0.31 £ 0.54 mm (Table II). This is nicely re-
flected when the process of restenosis is presented in
a categorical approach. The incidence of restenosis s
25% after Wallstent implantation and 15% after
balloon angioplasty according to the 0.72 mm crite-
rion and 15 % and 31 %, respectively, according to the
50% diameter stenosis criterion. This underscores
the observation that the greater Initial gain after
stent implantation compensates for the late loss, and
thus the improved initial result and not the lessened
neointimal hyperplasia is respensible for a reduced
incidence of restenosis. The c¢linical importance of
this matter has been outlined previously; that is, the
degree of obstruction at follow-up is strongly related
to the recurrence of angina and myocardial ische-
mig 4748

The pathophysiologic mechanism(s) responsible
for restenosis are largely unknown. Schwartz et
al. 3% B gtudied the relationship between the degree of
vessel wall injury after coil implantation in porcine
coronary arteries and the extent of subsequent neoint-
imal thickening. They found that the severity of ves-
sel injury correlated strongly with neeintimal thick-
ness. Consistent with this hypothesis, the relation-
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lynis syrtem except for the Palraz-Sehatz atent., inwhich

ship between relative gain (as an index of vessel wall
injury) and relative loss (as an index of neointimal
thickening} has recently been analyzed after balloon
angioplasty, Wiktor stent (Medtronic Inc., Minne-
apolis, Minn.) implantation, and directional atherec-
torny. In all instances a linear relationship was found
with a correlation coefficient of (.26, 0.39 and 0.65,
respectively.® % In contrast to these observations,
such & correlation was not found after Wallstent im-
plantation in this study. This observation was unex-
pected, and because 1t is at variance with all other
reports we believe the fact that there was no prede-
termined time to control angiographic study, which
is refiected by the large standard deviation of time to

“follow-up {6.3 & 3.7 months compared with5.1 = 1.4
months), explain this discrepancy.

Use of the angiographic data emerging from this
study may be justified to tmprove statistical power
calculations in arandomized study. Indeed the proper
design of a randomized study comparing different
interventional techniques not only requires selection
of the appropriate sngiographic variable reflecting
the restenosis process in a well-validated system of
quantitative coronary angiography with known ac-
curacy, precision, and variability but also requires a
sufficient number of patients undergoing repeat an-
glography at & predetermined time for restudy to ad-
equately compare the effects of the two types of
treatment, This number depends on (1) the vari.
zblity in outcome among patients, (2) the magnitude
of the difference in outcome, and (3) the alpha and
beta errors.5® Given the herein reported variability in
outcore of 0.75 mm (stent pepulation) and 0.54 mm
(balloon population) and the diference in ouzcome of
0.29 mm., 208 patients (104 per treatment group) are
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Fig. 6. . Power calguLutions for randomized study using continuous and categorical approach based on rot-
rogpective comparison of short- and long-term angiographic results of stent irplantation and balloon an-

gioplasty.

PTS
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700
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Fig. 7. Number of patients needed for randomized study using continuous approach defining restenosis,
with power of 90 % and based on difference in minimal luminal diameter {MLD) at follow-up between stent
irplantation and balloon angioplasty ranging from 0.11 to (.49 mm,

needed for a randomized study, accepting an alpha
error of 0.05 and a beta error of 0.10 (power of 90%.
Fig. 6). Changing the power of the study in one way
or another will affect the number of patients needed.
Accepting a greater chance of missing an effective
treatment (large beta error and thus reduced power),
substantially fewer patients are needed. The ob-

served diference of 0.30 mm is only a point estimate
of the true value that Bes within the zange of 0.11 to
0.49 mm (95% confidence interval). A tree difference
at these extremes would imply 935 or 37 patients per
treatment group, respectively (Fig. 7).

In conclusion, Wallstent iraplantation results in
greater irnmediate and long-term increases in meini-
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mal luminal diameter than balloon angicplasty. The
higher initial gain after stent implantation compen-
sates for the late loss, and thus an improved initial
result and not a decrease in neointimal hyperplasia is
regponsible for the reduced incidence of restenosis.
Although this study based on matching is a retro-
gpective comparigon of two selected populations, it
offers insight inte the effects of different interven-
tignal techniques, forecasting the results of a ran-
domized study and ylelding statistical information
that might be helpful for the proper design of such a
study (sample size, type I error).

We thank Marie-Angéle Morel for performing the quantitative
analysis and for her in the datab t and
statistienl amalysis.

REFERENCES

1. Gruoentzig A. Transluminal dilatation of coromary artery

stenosis. Lancet 1978:1:263-6.

2. Gruentzig A, Senning A, Siegenthaler W, Nenoperative dila-

tation of coronary arterystenosis. N Engl 5 Med 1979,301:61-6,

3. Detre K, Holubkov R, Kesley S. Cowloy M, Kent K, Williams

D, Myler R, Faxon D, Holmen Jr D, Bournssa M, Block P,

Gosselin A, Bentivoglio L. Leatherman L, Dorros G, King ITT

SE, Galichia J. Al-Bassare M, Leon M, Robertaon T, Passa-

mani E, and comvestigators of the National Heart, Lung, and

Blood Institute Percutaneous Traneluminal Coronary Angio-

plesty Registry, Pereutaneous translymingl coronary amgio-

plestyin 1985-1986 and 1977-1981. N Engl.) Med 1883;318:265-

0.

Do Joegere P, de Foyter P, van Domburg R, Survapranata H.

von den Brand M. Serruys PW. Immediate and long-terra re-

sults of percuioneous transluminal ¢oromery angioplasty in
patients over 70. Br Heart J 1992;67:138-43.

5. Serruys PW, Luijten HE. Beatt KoJ, Geuskens R, de Foyter PJ,
van den Brand M, Reiber JHC, ten Katen HI, von Fu GA,
Hugenboltz PG. Incidence of restenosis after succezsful coro-
nary ongloplssty: o time-related phenomenon. Circulation
1988;77:361-71.

6. Leimpruber PP, Roubin GS, Hollman J, Cotsenis GA, Meier
B, Douglas JS, King I $B, Gruentzig AR. Restenosis after
auccessful coronary angioplasty in patients with single-vesael
disease, Circulation 1986:73:710-7.

7. Levine S, Ewel CJ, Rosing DR, Kent KM. Coronary angio-
plasty: clinical and angiographic follow-up. Am J Cardiol
1986:55:673-6.

8. Nobuyoshi M, Kimura T, Nosaka H, Mioka 8, Ueno K, Yokoi
H. Hemasaki N, Horiuchi H, Ohishi F. Restenosis ofter suc-
cessful percutaneous transluminal ¢oronary angioplasty: serial
eagiographie follow-up of 229 patients. 4 Am Coll Cardiol
1988:12:616-23.

9. Harker L. Rele of platelets and thrombosis in mechanisms of
acute occlusion and restenosis after angioplasty. Am J Cardiol
1987,60:21B-8B.

10. Thornten MA. Gruentzig AR. Hollmap J, King I $B, Dou-
glos J5. Coumadin and napirin in prevention of recurrence af-
ter transluminal coronory angioplosty: & randomized study.
Circulation 1954:63:721-7.

11. MaeDonald RG, Panush RS, Pepine CJ. Ratienale for use of
plucocarticoids in modification of restenosis after pereutane-
ous transluminal coronary angioplasty. Am J Cardiel 1987;
60:56B-608.

12. Corcon T, David PR. Bal PG, Renkir J, Dangoisse V, Rapold
HG, Bourassa MG. Failure of diltiszem to prevent restenosis
gfter percutanecus transluminel coronary angioplasty. An
HEearT J 1985;109:926-31.

~

114

13

14,

=
=

16

17.

18,

19.

24.

28,

27.

Fabruary 1933
Amarican Hoart Joumnat

Whitworth H, Roubin G, Hollman J. Meior B, Leimgraber PP,
Douglas Jr 8, King I 8B, Gruentziz AR. Effect of nifedipine
on recurrent stenosis after percutancous transivwmi coro-
nary angioplasty. J Am Coll Cardiol 1986:8:1271-6.

Serruys PW, Rutech W, Heyndrickx GR. Danchin N, Mast G,
Wijns W, Rensing B, Vos J, Stibbe J. Provention of restenosis
after percutaneous transluminal ¢oronary angioplasty with
thromboxane As receptor blockade. A randomized. doubie-
blind, aspirin-placebo controlled trial Circulation 1991;
84:1568-80.

. United States Directional Corenary Atherectomy Investigator

Group. Restenosts following directiomal coronary atherectomy
in a2 multicenter expericnee [Abstract]. Circulation 1990:82
{suppl LLI):I-679.

Bertrand M, Lablanche JM, Leroy F, Bauters CH, De Jaegere
P, Serruys PW, Mever J, Dietz U, Erbel R. Porcutaneous
translum.inal coronary retary ablation with Rotablator: Euro-
pean, experience. Am J Cardiol 1992:69:470-4.

Teiratein PS, Warth DC, Haq N, Jenkins NS, McCowan LC,
Aubanel-Reidel P. Morris N, Ginsburg R, High speed rota-
nonal coronary atherectomy for patients with diffuse coronary
artery disease. J Am Coll Cardiel 1991:18:1684-1701,
Buchwald A, Werner G3, Unterbers; C, Wiegand V. Resteno-
sig after excimer laser angioplasty of coronary stenoses and
chronic occlusions {Abstract]. Circulation 1990:82{suppl III):
iI1-313.

Rensing BJ, Hertnans RM, Beatt KJ, Laarman GJ, Suryapra-
nata H. van den Brand M, de Feyter PJ, Serruys PW. Quan-
titative angiographic assessment of ¢lastic recoil after percu-
taneous transiyming] coronary angioplusty. Am J Cordiel
1590:66:1039-44,

. Serruys PW, de Jaepere P, Bertrand M, Kober G, Marquis JF,

Piessens , Uebis R, Valeix B, Wiegnnd V. Morpholegic change
in coronary artery stenoais with the Medironic Wiktor stent.
Initial results from the core laboratory for quantitative an-
riography. Cathet Cardiovase Ding 1991:14:237-45.

- Schotz RA. A view of vascular stents. Circulation 1989:79:445-

5.

2. Serruys PW, Julliere Y, Bertrand ME, Puel J, Rickards AF,

Sigwart U. Additionnl improvement of stenoals geometry in
human corenary arteries by stenting after balloon dilatation.
Am J Cordiol 1988:61:71G-6G.

. Levine MJ, Leonard BM, Burke JA. Nash JD, Safian RD,

Diver DJ, Baim DS. Clinical and anglographic results of bol-
loon-expandable intracoronary stents in right coronary artery
stenoses, J Am Coll Cordiol 1990;16:332-9.

Strausa BH, Serruys PW, de Scheerder 1K, Tijssen JG, Bor-
trand ME, Puel J, Meier B, Kaufmenn U, Stauffer JC, Rick-
ards AF, Sipwart U. Relative risk analysis of anpiographic
predictom of restenosis within the coronary Wallstent. Cireu-
lation 1991;84:1636-43.

. Reiber JEC, Serruys PW, Slager CJ. Quantitative coronary

and left ventricular cineangiography: Methodolomy and ¢lini-
col applicstiona. The Hague: Martinus Nithoff Publishers,
1385,

Reiber JHC, Serruys PW, Kooijman £, Asscsament of short-,
medium, and long-term varintions in arterial dimensions from
computer-asaisted quantitation of coronary cineangiograms.
Circulotion 1985:71:280-8,

Austen W, Edwards J, Frye R, et ol A reporting systom on
paticnts evaluated for prading of corenary artery disease. Re-
port of the nd hoc ¢ommittee of ¢oronory artory disease,
Council on Cardigvascular Surpery, American Heart Assocta-
tion. Circulation 1975;51:7-13,

. Umans VA, Beatt KJ, Rensing B, Hermans W, de Fevter PJ,

Serruys PW. Comparative quantitative angiopraphic analysis
of directional coronary atherectomy and balloon angioplasty.
Am J Cordiol 1891:68:1556-63.

. Umans VA, Strauss B, Rennsing B, De Jaegere P, de Feyter P,

Serruys PW. Comparative angiographic analysis of the imme-
diate efficacy of coronary atherectomy with balloon angio-
plasty, stenting and rotational ablation. Am HsarT J 1991:
122:836-43.



Volume 125
Numbeor 2, Part 1

30. DeJacgere P, Serruys PW, Bertrand M, Wicgand V, Kober G,
Marguis JF, Valeix B, Uebis R, Piessens J. Wiktor stent im-
plantation in patients with restenosis following balloon angi-
oplasty of a native coronary artery. Am J Cardiol 1992;69:598-
602.

31. Serruys PW, Strauss BH, Beatt K.J, Bertrand ME, Puel J,
Rickards AF, Meier B, Kappenberger L, Goy J, Sigwart U.
Angiographic follow-up after placement of a self-expanding
coronary-artery stent. N Engl J Med 1991:324:13-7.

32, Schwartz RS, Mwphy JG. Edwards WD, Camrud AR, Vliet-
stro RE, Holmes DR, Restonosis after belloon ongoplasty, A
praetical proliferative model in poreine coronary arteries, Cir-
culation 1990;82:2130-2200.

33. Schwartz RS, Huber KC, Murphy JG, Edwards WD, Camrud
AR, Vliewstra RE, Holmes DR, Restenosis and the propor-
tional neointimal response to coronary artery injury: results in
o por¢ine model J Am Coll Cardiol 1892:19:267-74.

34. Holmes DR, Schwartz RS, Webster MW. Coronary restenosis;
what have wo learned from anpgiography? J Am Coll Cardiol
199117 14B-228.

36. Califf RM, Fortin DF, Frid DJ, Harlan WR, Qhman M, Beng-
ston JR, Nelron CL, Tcheng JE, Mark DB, Stack RS
Restenosis after coronary angioplosty: an overview. J Am Coll
Cardiol 1991:17:28.13B.

36. Beatt KJ, Luijten HE, de Feyter PJ, van den Brand M, Reiber
JHC, Serruys PW. Change in diameter of coronary artery sog-
ments adjacent to stenosis after percutaneous transhuminel
coronary angloplasty: failure of percenmt diamcter stenosid
mensurement to reffect morpholopic changes induced by bal-
loon dilatation. J Am Coll Cardiol 1998;12:315-23.

37. Beatt KJ. Serruys PW, Hugenholtz PG. Restenosis ofter cor-
onary angioplasty: new standards for clinical studies. J Am
Coll Cardiol 1988;15:491-8.

38. Serruys PW, Rensing BJ, Luijten HE, Hermans WR., Beatt
K.J. Restenonis following coronary angioplasty. In: Meier B, od.
Interventional cordiclopy. Toronte-Lewiston-Bern-Géttin-
ren-Stuttgart: Hogrefe & Huber Publishers, 1990:79-116.

39. Talley JD. Progress in cardiology. News from recent mectings.
J Intervent Cardiol 1991;4:231-3,

40. Mancini JB. Quantitative coronary arteriography methods in
the interventional catheterization laboratory: an update and
perspective. 4 Am Coll Cardiol 1991:17:23B-33B.

41, Boatt KJ, Serruys PW, Luyten HE, Renaing BJ, Suryapranata
H. de Feyter PJ, van den Brand M, Laarman GJ, Roelandt J,
with the statistical asistance of Gerrit Anne ven Es, Resteno-
win after coronary angioplasty: the paradox of incrensed lureen
diameter and restenosis. J Am Coll Cardiol 1992;19:268-66.

42. Zijlatra F, van Ommeren . Reiber JHC, Serruys PW. Does
quantitative assessment of coronary artery dimensions predict
the physiological significance of a coronary atenesis? Circula-
tion 1987;75:1154-61,

43. White CW, Wright CB, Doty DB, Hiratzka LF, Enstham CL.,
Harrizon DG, Marcus ML. Does visual interpretation of the
coronary arteriopram predict the physiologic importance of a
coronnry stenosis? N Engl J Med 1884:310:819.24.

14 Wijns W, Serruys PW, Reiber o, van den Brand M, Simoons
M. Kooijman C. Balakumaran K, Hugenholtz P. Quantitative
angiography of the left anterior descending coronary artery:
correlations with pressure gradient and results of ¢xercine
thallium scintigraphy. Circulation 1985;71:273-9.

4

&

47,

49.

@
&

Restenosis after intracoronary stenting and balloon angioplasty 3138

Harrison DG, White CW, Hiratzka LF, Doty DB, Boartnes DH,
Eastham CL. Marcus ML. The value of lesion cross-rectional
aren determined by quantitative coronary angiography in as-
seasing the phyaiologic significance of preximal left anterior
descendingy coronary artorial stemoses, Circulation 1984;
69:1111-9.

Klocke FJ. Measurements of coronary blood flow and degree
of stenosis: current clinical implications and continuing un-
certainties. 4 Am Coll Cardiol 1983;1:31-11,

Danchin N, Marie PY, Julliere ¥, Karcher G, Bertrand A, Al-
iot E. Serruys PW, Cherrier F. What Is the minitnum luminal
diamaeter v to sveid exercise-induced myocardial
ischemin in post-PTCA paticnts? Long-term quantitative an-
giographic study [Abstract]. Eur Heart J 1831:12(suppll:A-
889,

Rensing BJ, Hermans RM, Vos J, Rutch W, Danchin N, Hey-
ndricle GR, Mast G, Wijna W, Serruys PW. Luminal narrow-
ing after percutaneous transluminal coronary angioplasty. A
study of elinieal, procedural and lesion factors related to long-
term angiographic outcome. J Az Coll Cordiol (In prows,
1393)

Docs the new angiotensin converting enzyme inhibitor ciloza-
pril prevent restenosia after pereutaneous transluminal coro-
nary angioplesty? The results of the Mercator study: o multi-
conter randomized double-blind placebe controlled trial. Cir-
culotion 1992:86:100-10.

. Strauss BH. Serruys PW, Bertrand ME, Puel.J, Meier B, Goy

3, Kappenberger L, Rickards AF, Sigwort U, Quantitative
angiographic follow-up of the coronary Wallutent In native
veasels apd bypass grafts. Am J Cardiol 1992:69:475-81.

. Haude M, Erbel R, Straub U, Diew U, Meyer J. Short- and

long-term results after intracoronary stenting in humaon cor-
onary arteries: monocenter experience with the balloon-ex-
pandable Palmaz-Schatz stent. Br Heart § 1991:65:337-45.

. Levine MJ, Leonnrd BM, Burke JA, Nash ID. Safian RD,

Diver DJ, Baire DS. Clinfeal and angiographic results of bal-
loon-expandable intracoronary stents in right coronary artery
stenoses. J Am Coll Cardiol 198(;16:332-9.

. De Jacgere P, Bertzond M, Wiegnnd V, Kober G, Marquis JF,

Valeix B, Uebis R, Picasens J. de Feyter P. Serruys PW. An-
glographic predictors for restenosis following Wiktor stent
Implantation [Abstract]. J Am Coll Cardiol 1992;19(suppl):A-

277,

. Unans VA, Hermana W, Foley D, de Jeepere P, de Fovter P,

Berruys PW. Restenosis follewing directional atherectomy
and balloon sogioplasty: s comparative analysis based on
matched lesions. (Submitted for publication.}

. Flotcher RH, Fletcher SW, Wagner EIL “Chance™ in clinical

epidemiology: The essentials. Baltimore: Williams & Wilkins,
1982:153-68.

. Brown BG, Bolson E, Frimner M, Dodge HT. Quantitative cor-

onary arteriography. Circulation 1977;56:328.37.

. De Jacgere PPT, Kiemoney F, Morel MA, Legrand V, de

Bruyne B, van de Houvel P, Matterne P, Bonnier H, Fajadet
J, Serruys PW. QCA information derived from the pilot phase
of the Benestent study [Abstract]. Eur Heart J 1992;14(sup-
pli:A-4664,

115






CHAPTER 10

CLINICAL AND ANGIOGRAPHIC RESULTS OF
THE PILOT PHASE OF THE BENESTENT STUDY

The Benestent Study Group.
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INTRODUCTION

Despite increased operator experience and improvements in catheter design, the risk
of abrupt vessel closure and late restenosis continue to limit the safety and efficacy
of balloon angioplasty (PTCA) [1,2]. To address these two major shortcomings, a
number of new treatment modalities have been advocated, either as an adjunct to
PTCA or as a stand alone therapy. One of these is the intracoronary stent [3]. The
intracoronary stent is at present the only catheter technology which scaffolds the
vessal from its endoluminal site. It has proved not only to be successful in treating
coronary dissections and thus in preventing acute or threatened closure but also may
reduce the incidence of restenosis by optimizing the immediate angiographic resulis
[4,5]. The latter appeared to be especially true in case of single stent impiantation for
2 de novo lesion in a native coronary artery [6]. Unfortunately, all coronary stents
currently available are metallic and thus highly thrombogenic. In the early days of
stenting, subacute stent thrombosis was noted in an unacceptable high number of
patients {7]. However, with gained experience and insights, and the implementation
of a stringent anticoagulation regimen the thrombosis rate gradually decreased to a
level which is currently below the incidence of PTCA related abrupt vessel closure
[8]. To prevent stent thrombosis, a meticuluous and intensive anticoagulation is
mandatory. This exposes the patient to an increased risk of major bleeding and
puncture site related complications [9]. Despite these limitations and despite the fact
that it is still uncertain whether stent implantation reduces the restenosis rate, they
are increasingly being used in an exponential and, sometimes, uncontrolled fashion.
Therefore, a number of European interventional cardiologists took the initiative to set
up a working group on inlracoronary stenting and to design and conduct a
multicenter randomized study with the objective of analyzing and comparing the
safety and efficacy between stent implantation and PTCA in patients with stable
angina pectoris and a single de novo lesion in a native coronary artery. This study
originally started in Belgium and the Netherlands and is therefore called the
Benestent Study. The purpose of this chapter is to repott the data of the pilot study.

METHODS
Patients

All consecutive patients who were scheduled to undergo PTCA of a single de- novo
lesion in 2 native coronary artery because of symptoms of stable angina pectoris were
entered into the trial, provided that none of the following clinical- and angioplasty-
related exclusion criteria applied:

- Clinical exclusion criteria: 1) age under 30 or above 75 years, 2) potentially chbild
bearing women, 3) contraincication to anticoagulation andfor antiplatelet therapy with
acetyl salicylic acid, 4) intended surgical interventions, 5) no candidate for bypass
surgery, 6) life expectancy less than I year or factors making follow-up difficult or
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unlikely, 7) unstable angina or evolving myocardial infarction, and 8) previous
participation in this study or participation in another study with any investigational
drug or device within the past 30 days.
- Angioplasty-related exclusion criteria: 1) intended angioplasty of a lesion in a
vessel smaller than 3.0 mm andfor longer than 15 mm andfor supplying a large
myocardial infarction area, 2) presence of other lesion(s) in the same vessel segment,
3} ostial lesions, 4) lesions giving origin to a large side branch or with 2 large side
branch proximal or distal from the target lesion but having an ostial stenosis which
would be covered after stenting the target lesion, 5) lesion in 2 bend of > 45 degrees,
6) presence of intracoronary thrombus and 7) intended angioplasty of a lesion in a
vessel supplied by a venous or arterial graft.

The study was carried out according to the declaration of Helsinki and informed
consent had to be obtained in every patient.

Randomization

After informed consent was obtained, the randomization center at the Core
Laboratory Cardialysis, Rotterdam, The Netherlands was contacted via a telephone
service. Following a screening interview to document the operator eligibility and
patient demographic data, a random assignment was given to either PTCA or stent
implantation. To gnarantee an equal distribution of both treatments per center, the
randomization sequence was developed on a site basis in blocks of 6 teatment
assignments.

Fig. 1. The Palmaz-Schatz stent is an articulated device consisting of two shorter segments (7mmn each)
of slotted tubes connected by a small bridging strut (1mum). Initially, each tube consisted of eight rows
of staggered rectangles (slots) and was later modified into twelve rows. Upon expansion, each rectangular
slot adopts a diamond-like configuration while preserving the length of the stent. The stent is mounted on
a commercial available balloon catheter and can expand 4 to 6 times the collapsed diameter.
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Stent used

In this study, the articulated Palmaz-Schatz stent was used (Figure 1). The operator
was free to use ejther the Sheath Delivery System (stent mounted on a balloon
catheter by the manufacturer and covered by a protective sheath) or the “bare or
naked™ Palmaz-Schatz stent which had to be mounted on a conventional angioplasty
balloon catheter by the operator himself.

Anticoagulation protocol

The anticoagulation and antiplatelet drug therapy in patients who received a stent and
in those who were treated with PTCA are shown in Figure 2. In case of PTCA, the
anticoagulant drug therapy consisted of a bolus of 10.000 U of heparin for the first
hour of the procedure followed by an additional bolus if necessary. No special
monitoring of the activated Partial Thromboplastin Time (aPTT) or Activated Clotting
Time (ACT) was requested during the procedure. It was left at the discretion of the
operator to continue heparin after the procedure for 24 hrs or longer if he or she felt
this was necessary. In case of stent implantation, detailed monitoring of the anticoag-
ulation was performed by measuring the aPTT or ACT for the heparin therapy and
the Thrombo-Test (TT) or International Normalized Ratio (INR) for the oral anti-
coagulant drug therapy (Warfarin). Heparin therapy consisted of a bolus of 10.000 U
after insertion of the arterial sheath, and repeated once just before stent implantation.
After stent implantation, no further heparin was administered to allow sheath removal
on the day of stenting when the aPTT or ACT reached twice the normal value. Cne
to 6 hours after sheath removal, heparin therapy was reinstituted by administering a
bolus of 5000 U in association with a continuous intravenous infusion, titrated accord-
ing the aPTT or ACT. In the mean time, a total of 1000 cc of dextran was infused

R/ D 3 mths & mths
| LL |
I [ |

|
ASA
{250-500 my)
DIPYRIDAMOLE
{75 mg tid)
COUMADIN —i
{according to TT or INR)
DEXTRAN ——
{max 1000 cc, starting 2hrs before procedure) )
HEPARIN = STENT,

———]

{according to APTT or ACT) BALLOON

R/: Treatment (PTCA or STENT impiantation}, D: discharge
ASA: acetylsalicylicacid, For further details see text

Fig. 2. Anticoagulant and antiplatelet drug therpay in patients undergoing PTCA and stent implantation.
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intravenously. The dose of heparin was progressively decreased when TT (warfarin)
was in the therapentic range for at least 36 hours (3 consecutive measurements). The
patient was discharged when TT had been stabilized at the therapeutic level.

Additional drug therapy and medication at dischrage

In addition to these anticoagulants and antiplatelet drugs, calcium antagonists wers
administered in both treatment groups. When calcium antagonists were already being
taken before randomization they could be continued. If not, diltiazem CR 120 mg
bid. was administered until discharge. The medication at discharge consisted of
warfarin for 3 months, acetylsalicylic acid 250 - 500 mg/day and dipyridamole 75
mg tid. for 6 months in patients who received 2 stent while only the latter 2 drugs
were adminsitered in the patients who were treated with PTCA.. Other cardiac drugs
were continued if the patient were taking these drugs for other reasons thap angina
pectoris (e.g. hypertension). Antiplatelet drugs including non-steroidal amti-
inflammatory drugs other than acetylsalicylic acid were not allowed.

PTCA and stent implantation procedure and follow-up angiography

- PTCA was performed with a steerable, movable guide wire systern via the femoral
or brachial approach. Choice of balloon and brand as well as inflation pressure and
duration were left at the operator’s discretion. Stent implantation was performed after
prediiatation of the target lesion with an undersized balloon catheter to facilitate stent
delivery. A balloon/stent assembly, equal or 0.50 mm larger than the vessel to be
stented was then positioned at the lesion site followed by z single dilatation up to 6
atmospheres during 30 sec. to deploy the stent. The balloon was then deflated and
removed. In case of incomplete expansion or in case of suboptimal luminal result,
additional balloon inflation within the stent was performed.

- For the purpose of the study, three coronary angiogiams were obtained in each
patient ~ one just before the intervention, one Immediately after, and one at follow-
up. To achieve maximal vasodilatation, each angiogram was preceded by either
nitroglycerin or isosorbide dinitrate given intracoronarily. Angiograms were recorded
in such a way that they were suitable for quantitative analysis by the computer-
assisted Coronary Angiography Analysis System (CAAS), described in detail
elsewhere [10]. All necessary details of the procedure were recorded in the case
record form and drawings of the segments to be analyzed were made by the
investigator. Before the post-intervention angiogram, radiopaque guide wires were
removed to avoid interference with automated edge detection. For calibration
purposes, the catheter tip not filled with contrast had to be clearly visible in each
filmed view preferably near the center of the screen and were cutt off and sent with
the cinefiim to the angiographic core laboratory (Cardialysis, Rotterdam, The
Netherlands). To standardize the method of data acquisition and to ensure exact
reproducibility of post-intervention and follow-up angiograms, measurss were
undertaken as has been described earlier [2,111.
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Follow-up Evaluation

After successful PTCA (less than 50% diameter stenosis post-PTCA without
occurrence of any of the clinical events during hospital stay described below) or stent
implantation (it was recommended to obtain a diameter stenosis less than 20% post
stenting), patients returned to the outpatient clinic at I, 3 and 6 months for an
interview, physical examination and electrocardiography. At 6-month follow-up, an
excercise test was performed according to the Bruce protocol. The follow-up
coronary angiogram was performed at the 6-month visit. If symptoms recurred within
6 months, coronary angiography was carried out earlier. If the time to follow-up was
less than 3 months and if no definite restenosis was present and no repeat inter-
vention was performed, the patiemt was asked to undergo another coronary
angiography at the predetermined 6 months.

End peints

Distinction was made between primary clinical and primary angiographic end points.
In addition, a number of secondary clinical and angiographic end points were
evaluated.

- The primary ¢linical end points of the study were the occutrence of any of the
following: cardiac death, intracranial hemorthage or stroke, myocardial infarction, the
need for repeat intervention (PTCA, stent, atherectomy or other) or bypass surgery
of the previously treated lesion between the initial procedure (PTCA or stent
implantation) and repeat angiography at 6 + 1 months (or 6 months calendar time if
6 months repeat anglography is not performed). This combined end point included
periprocedural infarction, emergency bypass surgery or bailout stent implantation. In
addition, the functional class according to the Canadian Cardiovascular Society at 6
month follow-up was assessed. An indication to perform repeat intervention or
bypass surgery based on the findings at 6 month repeat angiography constituted an
end point provided that the treating physician could substantiate the decision on the
basis of findings at angiography in combination with chest pain andfor electro-
cardiogic or scintigraphic evidence of myocardial ischemia either at rest or exercise.
All events which were potential end points were centrally reviewed by the critical
event colnmittee.

End point definitions were as follows: cardiac death: all deaths were considered
cardiac unless an unequiveocal non-cardiac cause can be established. Inmracranial
hemorrhage: sll cerebrovascular accidents occurring in patients receiving anti-
coagulant drug therapy were considered as intracranial hemorrhage unless computer
tomography of the brain unequivocally demonstrated an ischaemic stroke. Myocardial
infarction: the presence of at least two of the following : (1) occlusion of a
previously patent coronary artery; (2) prolonged chest pain; (3) a serial enzyme
pattern typical for myocardial infarction with at least one cardiac enzyme raised to
more than twice the local upper limit for normal; (4) the development of a new
Q-wave. Repeat intervention: repeat intervention of the previously dilated or stented
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lesion (e.g., PTCA, atherectomy or other) after the initial procedure which was
considered completed at the time when the guiding catheter was removed out of the
arterial sheath. Angiographic assessment without subseguent intervention was not
considered as an end point. Bypass surgery: emergency or elective bypass surgery
involving the previously dilated or stented segment. Emergency bypass surgery was
defined as immediate transfer from the angioplasty suite to the operative room during
the initial treatment phase. Bailout stent implantation in patients who underwent
PTCA was considered equivalent to emergency bypass surgery. However, stent
implantation was considered as a bailout stent implantation only in case of TIMI
flow grade O or I after PTCA or in case of worsening of the TIMI flow by one grade.
In all instances an attempt to improve the suboptimal result with a perfusion balloon
catheter had to carried out before bailout stenting could be considered. Coronary
bypass surgery or revascularization by means of percutaneous intervention involving
other coronary arteries did not constitute an end point.

- Secondary clinical end points were: 1) the occurrence of symptoms and signs of
(recurrent) myocardial ischemia (i.e., chest pain with ST-segment or T-wave changes
on the electrocardiogram) without myocardial necrosis over the period from the
initial procedure until hospital discharge, 2) cross-over of the assigned treatment o
another and 3) the incidence, severity and location of bleeding events other than
intracranial hemorrhage.

- The primary angiographic end point of this study was the minimal luminal
diameter at follow-up as determined by quantitative angiography. If a revascular-
ization procedure involving the dilated or stented segment had been performed before
6 months repeat angiography, the last angiogram obtained before the intervention, if
available, was used as an end point, irrespective of the timing of repeat ntervention
(hours, days, weeks). In the absence of a 6 months repeat angiogram, the last
angiogram obtained within the previous 3 months, if available, was used, provided
that no end point had taken place. For each dilated or stented segment, the minimal
luminal diameter was taken as the mean values from multiple matched projections.

Secondary angiographic end pomts inciuded 1) the changes in the minimal luminal
diameter and percentage diameter stenosis (100% x [reference diameter - minimal
luminal diameter/ referemce diameter) following intervention and at follow-up
angiography, 2) evidence of restenosis at 6 months repeat angiography indicated by
a change from < 50% stenosis post PTCA or stent implantation to > 50% at follow-
up and by a decrease in minimal huninal diameter > 0.72 mm, 3) cross-over of the
assigned treatment to another and the incidence, severity and location of bleeding
complications other than intracranial hemomhage.

Analytical plan
The main clinical analysis consisted of a single comparison between the 2 study
groups of the primary clinical erd point, irrespective of the time of occurrence,

involving all randomized patients with the exception of those in whom no PTCA or
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stent implantation had taken place (intention to treat analysis). In addition to a total
account of all clinical events (non-mutually exclusive analysis), the clinical events
were ranked according to the highest category on a scale ranging from: 1, death, 2,
intracranial hemorrhage or stroke, 3, myocardial infarction, 4, bailout stent
implantation/emergency bypass surgery, 5, elective bypass surgery, 6,repeat PTCA.

The main zngiographic analysis consisted of 2 single comparison between the 2
study groups with analyzable angiograms. For both the clinical and angiographic end
points, randomized patients in whom an intervention has taken place were analyzed
in their assigned weatment group itrespective of the angioplasty technique used
according to the intention-to-treat principle. Additonally, an efficacy analysis was
performed according to the technique actually used at the time of the intervention,
irrespective of the randomization, implying the inclusion of the patients who crossed
over from the assigned treatment to the other. A per protocol analysis will be
performed for the total study population of the Benestent Study (n = 520 patients).
The latter is defined by the analysis of those patients who have received the assigned
treatment as dictated by the randomization and which thus excludes the patients who
crossed over from one treatment to the other.

RESULTS

Between June and December 1990, a total of 60 consecutive patients were
randorized at 8 participating centers. Of these, 27 patients were randomized to stent
implantation and 33 patients to PTCA. Thelr baseline clinical and angiographic
characteristics are depicted in Table 1 and 2. No baseline differences were observed
between the two groups. Figure 3 shows the flow diagram of the patients randomized
and their actual treatment.

Climical results

Implantation success rate: Five out of the 27 patients randomized to stent did not
receive a stent. In two patients, neither a stent implantation nor a PTCA was
performed because of unability to cross an unexpected totally occluded coronary
artery in one and because nejther a stent nor 2 balloon catheter could be advanced
to the target lesion despite the presence of a guide wire in situ in the other. The first
patient received medical weatment, the second was referred for elective bypass
surgery. Three other patents did not receive a stent but were successfully treated
with PTCA. In two patients the operator decided not to implant a stent because the
size of the target vessel proved to be much to smail (1.83 mm) during on-line
guantitative coronary analysis in one patient and because of inappropriate fitting of
the guiding catheter in the ostium of the left main stem in the other. In the remaining
patient, stent implantation was attempted but a tortuous segment proximal to the
target lesion prevented stent delivery. In this patient, the stent which was mounted
on a conventional balloon catheter by the operator, dislodged from the balicon when
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Teble 1. Baseline clinical characteristics.

Stent PTCA

n 27 33
age (mean = SD) 5811 3811
male 18 (67%) 23 (70%)
CCS Class I 1{4%) ¢

i 7 (26%) 9 (27%)

o 13 (48%) 18 (55%)

w 4 (15%) 5(15%)
Non-exertional 2(7%) 1(3%)
Prior ML 5 (19%) 7 (21%)
Prior CABG 0 0
Prior PTCA 0 4]
Hypertension 7 (26%) 10 (30%)
Hypercholesterolemia 6(22%) S (27%)
Smoking 5(19%) 10 (30%)
Diabetes 2(7%) 2(6%)

MI: myocardial infarction, CABG: coronary artery bypass grafting
No statistically significant differences were observed between the two treatment groups.

Table 2. Baseline angiographic characteristics.

Stent PICA
N =27 (N - 33)
RD(num) 2.82 + 0.50 2.82 £ 0.45
MLD(mm) 0.99 £ 0,30 0.99 £ 0.22
DS(%) 6412 64 8
RA {mm?) 6.44 224 643 +215
MLCA(mm?®) 0.88 + 0.53 0.82 + 0.62
AS(%) 88 = 10 88z 12
Length (mm) 63 %23 6.6 £19
Plaque{mm?) 77 +42 81 =34
Symmetry 05 £03 05 02
Target vessel LAD 18 (67%) 27 (82%)
LCX 5(18%) 2 (6%)
RCA 4 (15%) 4(12%)

No statistically significant differences were observed between the two treatment groups.

pulling back the balloon/stent assembly and embolized into the femoral artery. The
postoperative course was uneventful. In one patient randomized to PTCA, 2 bailout
stent was implanted because of coronary dissection.

Clinical events: A total account, and ranking of clinical events, following stent
impiantation and PTCA is depicted in Table 3 and 4. Since the postoperative course
and long-term clinical follow-up was uneventful in the three patients who crossed
over from stent implantation to PTCA, there was no difference between the intention
to treat and efficacy analysis.
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Fig. 3. Diagram iflustrating the patient flow after randomization. See text for further explanations.

All climica] events during hospital stay were related to either subacute stent
thrombosis or abrupt vessel closure after PTCA. Stent thrombosis was documented
in two patients at day 2 and 3 after implantation while abrupt vessel closure after
PTCA occurred at 30 mip. and 1 day after the procedure. Both patients with subacute
stent thrombosis underwent repeat PTCA and emergency bypass surgery. The
postoperative course was uneventful in one, The other patient sustained an anterior
myocardial infarction (CPK 3035 Ujl). The two patients with (sub)acute vessel
closure after PTCA were treated with repeat PTCA with uneventful course, except
for 2 small non-Q wave myocardial infarction (CPK 280 Ufl) in one.

One patient randomized to stent implantation received two stents. Implantation of
the first stent in the first segment of the right coronary artery resulted in dissection
type C in association with a sigmificant residual stenosis. A second stent was
successfully implanted with restoration of the antegrade flow. The immedijate and
long-term clinical and anglographic outcome was uneventful. As already mentioned
above, one patient randomized to PTCA received a stent because of dissection after
PTCA.

One patient died three weeks following successful stent implantation due to
hypovolemic shock and infection in association with repeated surgical repair of an
arterio-venous fistala. Two patients (one in each group) sustained an acute
myocardial infarction. This event was refated to repeat coronary intervention in the
patient in the PTCA group. This patient underwent directional atherectomy 4 months
after PTCA, which was complicated by a small infarct (CPK 202 Ufl) and a transient
ischemic cerebrovascular accident. The other patient sustained a Q-wave myocardial
infarction 4 months after stent implantation. The cause of this event remains unclear.
There was no evidence of angina whatsoever at the time of the infarct and control
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Table 3. Towl account of elinical events following stent implantation and PTCA.

Stent (N = 27) PTCA (N - 33) RR (95% CI)

Death

pre-discharge 0 0

post-discharge 1 0

All 1 0 NA
ICH/stroke

pre-discharge 0

post-discharge 0 1

All 0 1 NA
AMI

pre-discharge 1 1

post-discharge 1 1

All 2 2 1.22 {0.18 ; 8.11)
EmCABG/bail-out stent

pre-discharge 3 1

post-discharge 0 0

All 3 1 3.67 (0.40 ; 33.3)
Elective CABG

pre-discharge - -

post-discharge 2 2

All 2 2 1.22 (0.18 ; £.11)
re-PTCA

pre-discharge 2 2

post-discharge 1 10

All 3 12 0.31 (0.10; 097
Total account of events 11 18 0,75 (0.43 ; 1.30)

ICH : Intracranial hemorrthage, (Em)CABG : (Emergency) bypass surgery, RR ! relative risk, 95 % CI
: 95 % Confidence interval, NA : not applicable.

angiography 2 months later revealed apart from some radiolucency at the origin of
the first septal perforator which was covered by the stent, no other abnormalities. In
contrast to the PTCA patients, the two patients in the stent group sustained a
transmural myocardial infarction (CPK 3035 and 1620 Ufl).

The major difference between the two study groups, was the need for elective
revascularization during follow-up. Bypass surgery or repeat PTCA was performed
in three patients randomized to stent implantation compared io twelve patients
randomized to PTCA (Table 3). The 6-month event and symptom free survival
(freedom from death, intracranial hemorrhage or stroke, myocardial infarction, bypass
surgery or repeat intervention and angina pectoris) was 67% after stent implantation
and 55% after PTCA.

No patient in the PTCA group sustained a major bleeding or puncture site related
complication compared to seven patients in the stent group (surgical repair and
transfusion because of pseudoaneurysm: 2, surgical repair: 1, surgical repair and
transfusion because of an arterio-venous fistula: 1, transfusion because of groin
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Table 4. Clinical events following stent implantation and PTCA. according to a ranking scale ranging
from death to re-PTCA.

Stent (N = 27) PTCA (N ~ 33) RR (95 % CD

Death

pre-discharge 0 0

post-discharge 1 0

All 1 0 NA
ICH/stroke

pre-discharge 0 0

post-discharge 0 1

All 0 1 NA
AMI

pre-discharge 1 1

post-discharge I 0

All 2 i 2.44 (023 ; 25.5)
EmCABG/baif-out stent

pre-discharge 2 1

post-discharge 0 0

All 2 1 2.44 (0.23 ; 25.5)
Elective CABG

pre-discharge 0 0

post-discharge 2 2

All 2 2 1.22 (0.18 ; 8.11}
re-PTCA

pre-discharge 0

post-discharge 1 9

All 1 9 0.14 (0.02 ; 1.01)

Total 8 14 0.70 (0.35 ; 1.40)

Abbreviations: see Table 3.

hematoma: 3 patients). The hospital stay was (mean *sd) 2.2 + 1.3 days for the
patients who underwent PTCA compared to 11.5 £ 5.7 in the patients who received
a stent.

Angiographic resulfs

Table 5 and Figures 4-7 summarize the quantitative angiographic findings. A total
of 54 out of the 58 patients (93%) eligible for follow-up completed their angio-
graphic follow-up study at (mean*sd) 5.3 + 1.9 months. According to both the
intention to treat and the efficacy analysis, the increase in minimal Iuminal diameter
immediately after stent implantation was significantly greater than after PTCA.
Despite a higher loss, the minimal luminal diameter at follow-up proved to be greater
after stent implantation than after PTCA. This did not reach statistical significance,
due to the small number of patients treated. However, the 95% confidence interval
of the difference in minimal Juminal diameter at follow-up between the two treatment
groups was -0.13 to 0.57 mm according to the intention to treat analysis and
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Fig. 4. Cumulative distribution curves of the
minimal Iuminal diameter and its changes post
PTCA or post stent implantation and at follow-up
according to the intention to treat analysis. X-axis:
minirnal luminal diameter, Y-axis: relative number
of patients,
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Fig. 6. Cumulative distribution curves of the
percent diameter stenosis and its changes post
PTCA or post stent implantation and at follow-up
according to the intention to treat analysis. X-axis:
diameter stenosis, Y-axis: relative number of
patients.

Fig. 5. Cumulative distribution curves of the
minimal luminal diameter and its changes post
PTCA or post stent implantation and at follow-up
according to the efficacy analysis. X-axis: minimal
luminal diameter, Y-axis: relative number of
patients.

%)
00—

[-{-hd
(24
40

20

R LY B .
& 8Q 00
Diameter Stonaoly (%)

Fig. 7. Cumulative distribution curves of the
percent diameter stemosis and its changes post
PTCA, or post stent implantation and at follow-up
according to the efficacy analysis. X-axis: diameter
stenosis, Y-axis: relative number of patients.

—0.03 - 0.69 mm according to the efficacy znalysis. The incidence of restenosis is

shown in Table 6.

DISCUSSION

This is the first report describing the results of a randomized study in which stent
implantation was compared with balloon angioplasty. It needs to be stressed that it
concerned the pilot phase in which only a limited number of patients have been

randomized and treated.

- Taking into account this small sample size, the first striking feature is the low stent
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Table 5. Changes in minimal luminal diameter (MLD} and diameter stenosis (DS) following stent

implantation and PTCA
Intention to treat analysis
Stent (N = 27) PTCA (N = 33) P

MLD (mm)

pre 0.99 + 0.30 0.99 £ 0.22 NS

post 2.19 %070 1.35 £ 0.31 0.01

FU 1.67 £ Q.77 1.45 + 059 NS
DS (%)

pre 64 + 12 6438 NS

post 27+ 18 346 0.04

FU 41+23 5019 NS

Efficacy analysis
Stent (N = 23) PTCA (N = 35) P

MLD (mm)

pre 1.00 + 024 1.00 £ 0.21 NS

post 241 £ 046 1.81 +0.31 <0001

FU 1.75 2077 142 + 058 NS
DS (%)

pre 658 63+8 NS

post 2210 358 <.0001

FU 43+ 22 5619 NS

All changes within each treatment group (paired t-test) were highly significant. The reference diameter
(2.82 = 0.50 and 2.82 + 0.45 mm) rernained unchanged.

Table 6. Incidence of restenosis following stent implantation and PTCA

Intention to treat analysis

Stent (N = 27) PTCA (N - 33)
0.72 mm 29% 27%
50% DS 30% 47%
Efficacy analysis
Stent (N = 23) PTCA (N - 35)
0.72 mm 27% 28%
50% DS 24% 0%

implantation success rate. It contrasts with the genera] experience in which a success
rate exceeding 90% has been reported [9]. Patent selection cannot fully explain this
high implantation success rate reported in the literature since this afso holds for a
randomized study with its specific in- and exclusion criteria. Most likely, the
difference is explained by the fact that in nenrandomized studies, failed atternpts may
not always have been registered and/or reported. The protocol of the Benestent Study
requests that only patients with a vesse] larger than 3.0 mm be included. Despite this,
the median value of the reference diameter proved to be 2.91 mm (range 1.83 - 4.10
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mm) and 2.83 mm (range 2.14 -4.12 mm) for the stent and PTCA group,
respectively. Detailed analysis of this angiographic variable of the 60 patients herein
reported discloses that a tota] of 42 patients or 70% of the total study population had
a vessel smaller than 3.0 mm. The emoneous inclusion of the patient with a vessel
as small as 1.83 mm was due to the fact that neither the field size of the image
Intensifier nor the size of the diagnostic catheter used in the refering institution were
known which resulted in a wrong visual estimation of the vessel size. When the true
vesse] size became apparent during on-line gquantitative coronary angiography just
prior to the actual treatment, it was wisely decided not to implant a stent. Apart from
the risk of subacute stent thrombosis in such a patient, successful stent delivery was
not very likely considering the profile of the Sheath Delivery System of the Palmaz-
Schatz stent (5 F). True failure of stent delivery occurred in 4 patients. In addition
to the patient with a vessel of 1.83 mm, the target vessel proved to vary between
2.03 and 2.50 mm in three other patients. In one of these patients, stent delivery
failed due to 2 tortuous segment proximal to the target lesion. This undesscores that
in addition to vessel size and catheter profile and appropriate fitting of the guiding
catheter, longitudinal flexibility of the device are prerequisites for successful
implantation. buprovements in stent design are currently under way to improve the
stent profile and longitudinal characteristics {12]. It is of note that with progress of
the Benestent stady, the implantation success rate increased to 94% in the first 129
consecutive patients {13].

- One patient died three weeks after stent irmplantation. Although the stent was patent
at pathologic examination, death has to be considered procedure- and thus stent-
related. In retrospect, one may argue whether this patient should have been referred
for surgical repair of an arierio-venous fistula. This is usually well tolerated and is
generally not considered as an indication for surgery.

- The incidence of vessel closure was identical between the two treatment groups.
Stent thrombosis occurred in 2 out of the 23 patients (9%). Although the number of
patients in the pilot phase is too smeall to draw any firm conclusions, it is In
accordance with the general experience reporting an incidence, expressed as the
weighted average of all studies, of 8.2% [14]. Such an incidence of stent thrombosis
is too high to be accepted but is influenced by the high incidence of stent thrombosis
in the early days of stent implantation during which zn incidence of 20% within the
first two weeks has been reported [7]. Recent studies report 2 much lower stent
thrombosis rate. The overall incidence of stent thrombosis following Palmaz-Schatz
stent implantation is 3.3% and just recently an incidence of 0.4% was reported
[8,14]. Noteworthy is that the stent thrombeosis rate in the first 129 consecutive
patients of the Benestent study was 2.3% [13]. In contrast to abrupt vessel closure
after PTCA which generally occurs withic 24 hrs after the procedure, stent
thrombosis appears to occur after a lapse of a few days [15]. In the current study,
stent thrombosis occuwrred at day 1 and 3 after implantation. Although clinical,
haemostatic and angiographic variables may be found to predict stent thrombosis, it
remains largerly an unpredictable event. Notwithstanding the utmost importance of
proper institution of the anticoagulant drug therapy, the cause of stent thrombosis is
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most likely multifactorial. Bail out stent implantation, small stent size or final stent
diameter and left ventricular function have been identified as independent predictors
of subacute stent thrombosis [15,16]. It remains controversial whether the use of
muliiple stents is associated with an increased risk of stent occlusion. Shaknovich et
al. did not observe a difference in the subacute stent thrombosis rate between single
and maltiple stent implantation (3.9% and 3.7%, respectively) while in the single
center experience reported by Doucet et al., the use of multiple stents was identified
as an independent predictor [15,17]. Perhaps, one of the major determinants is flow.
One of the patients with stent thrombosis herein reported had a lesion distal to the
stented segment. This may have contributed to this event or even be the actual cause.
- Not unexpected, the incidence of major bleeding complications was significantly
higher and the hospital stay was longer in patients treated with a stent. The overall
incidence expressed as weighted average of groin hematomas and of pseudoaneurysm
reported in the literature is 7.5% (range 2.7% - 26%) and 4.2% (range 0.0% -
10.8%), respectively [14]. These numbers represent the overall experience including
the experience of the first period of intracoronmary stemting during which the
anticozgulation protocol evolved and during which thrombolytics were quite often
used [7]. Despite improvements in postoperative management and unification and
fmproved monitoring of the anticoagulation, these numbers have not decreased
{14,18]. This may be related to a more aggressive application of the anticoagulation
regitmen to avoid stent thrombosis. Indeed, while there is a clear rend towards a
reduced stent thrombosis rate, the incidence of wvascular access site related
complicaticns did not drop [14]. The use of new hemostatic devices may have a
beneficial influence. Controlled compression with a belt-held pheumatic compression
device proved to be higly successful and reduced the incidence of pseudoaneurysm
in our hands and those of others [19].

- Despite the risk of stent thrombosis and the need for an intensive anticoagulation,
the symptom and event free survival (freedom from death, cerebrovascular accident,
myocardial infarction, bypass surgery or repeat intervention) was higher following
stent implantation than following PTCA, (67% versus 55%). These long-term clinical
results of the patients treated with PTCA in the pilot phase of the Benestent Study
is strikingly similar to the long-term clinical resulis reported 1n the PARX Study. In
this study, whick is a multicenter randomized, double-blind, placebo controlled trial
evaluating the effects of ketanserin in the prevention of restenosis, the symptom and
event free survival was 54% in the ketanserin group and 51% in the placebo group
[20]. The difference in the long-term clinical results of the current study, is largely
explained by the difference in the need for repeat intervention or elective bypass
surgery between the two study groups. A total of three patients in whom a stent was
implanted needed bypass surgery (two patients) or repeat PTCA (one patient)
compared to twelve patients (bypass surgery: 2 patients, repeat PTCA or directional
atherectomy: 10 patients) in whom a PTCA was performed. The reduced need for
repeat intervention or surgical revascularization is most likely explained by the
significantly superior improvement in stenosis geometry after stent implantation
{Table 5). According to both the intention to treat and efficacy analysis the increase
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in minimal luninal diameter was 1.20 +0.75 mm and 1.40 £ 0.43 mm after stemt
implantation compared to 0.85 +0.30 mm and 0.81 * 0.28 mm after PTCA. Despite
a greater loss at follow-up, the minimal luminal diameter still proved to be greater
in patients who received a stent compared to patients in whom a PTCA was
performed. This did not reach statistical significance due to the small number of
patients treated. Noteworthy is the value of the minimal luminal diameter at follow-
up in the PTCA group. It was equal or less than 1.45 mm. This value was found to
correlate with recurrence of angina at follow-up in 2 population with single vessel
disease who underwent a2 single site balloon dilatation [21]. Furthermore, the
angiographic data shown in table V and VI underscore the concept that the higher
initial gain following stent implantation compensates for the late loss and thus that
improved initial results and not lessened neointimal hyperplasia is responsible for a
reduced incidence of angiographic restenosis {5,6).

CONCLUSIONS

In this limited number of patients randomized to either stent implantation or balloon
angioplasty, the long-termn clinical and anglographic outcome proved to be superior
in patients who received a stent. However, this was achieved at the cost of a
significant risk of vascular access site complications and a longer hospital stay. These
results have encouraged the investigators to start with the definite study in which a
total of 520 patients will be randomized.
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Benestent Study Group

Participating Clinics and invesgigators.

The following mstitotions and investigators participated in the Benstent study. The
number of patients enrolled at each center are given in parenthesis, with specification
of the patients enrolled in the pilot study:

1) University Hospital San Carlos, Madrid, Spain [76]: C. Macaya, MD, principal
investigator, F. Alfonso, MD, J. Goicolea, MD, A. Iniguez.

2) University Hospital Rotterdam - Dijkzigt, Thoraxcenter, Rotterdam, The
Netherfands (57 of whom 23 in the pilot study): P.P.T. de Jasgere, MD,
principal investigator, P.W. Serruys, MD, P.J. de Feyter, MD, M.A. Morel, RN.

3) Cnze Lieve Vrzouwe Gasthuils, Amsterdam, The Netherlands (50 of whom 18 in
the pilot phase): F. Kiemeneij, MD, principal investigator, G.J. Laarman, MD,
R. vander Wieken, MD.

4) Freie Universitat Berlin, Universititsklinikum Rudolf Virchow/Charlottenburg,
Berlin, Germany [35]: W. Rutsch, MD, principal investigator.

5) Onze Lieve Vrouw Ziekenhuis, Aalst, Belghum (38 of whom 5 in the pilot
phase): G. Heyndnckx, MD, principal investigator, B. de Bruyne, MD.

6} Med. Clin. 1. Sahigrenska Hospital, Goteborg, Sweden [36]: H. Emanuelsson,
MD, principal investigator, P. Albertsson, MD.

7y Clinique Pasteur, Touiouse, France (32 of whom 1 in the pilot phase): J. Marco,
MD, principal investigator, J Fajadet, MD, S. Doucet, MD.

8) Sart-Tilman, Centre Hospitalier Universitaire, Liege, Belgium (32 of whom 6
in the pilot phase): V. Legrand, MD, principal investigator.

9) Hopital Citadelle, Liége, Belghum (19 of whom 2 in the pilot phase): P Materne,
MD, principal investigator, J Boland, MD.

10) Instituto Cardiovascular de Buenos Aires, Buenos Aires, Argentina [19]: J.
Belardi, MD, prinicipal investigator, J. Berrocal, MD. '

11} Royal Brompton, Naticnal Heart, London, United Kingdom [12]: U. Sigwart,
MD, prinicipal investigator, N. Buller, MD.

12) Centro Cuore, Milano, Italy (11): A. Colombo, MD, prinicipal investigator, L.
Maiello, MD.

13) CHUV, Lauvsanne, Switzerland (11): JJ. Goy, principal investigator, E.
Eecknout, MD.

14) Middelheim Ziekenhuis, Antwerpen, Belgium (10 of whom 3 in the pilot phase):
P. van den Heuvel, MD, principal investigator, F. van den Brande, MD.

13) Gregoric Marancon, Madrid, Spain (10): J. Delcan, MD, principal investigator,
E. Gazcia, MD.

16) Ziekenhuis de Weezenlanden, Zwolle, The Netheriands (8): H. Suryapranata,
MD, principal investigator, J. Hoorntje, MD.

17) St. Antonius Ziekenhuis, Nienwegein, The Netherlands (8): Th. Plokker, MD,
principal investigator, G. Mast, MD.
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18)
19)
20)
21)
22)
23)

24)
25)

26)
27)

28)

Hospital Maggiore, Trieste, Italy (8): S. Klugmann, MD, principal investigator,
E. di Garzia, MD, A. Salvi, MD.

Hopital Cantonal Universitaire, Genéve, Switzerland (7): P. Urban, prinicipal
investigator, E. Camenzind.

Academisch Ziekenhuis Groningen, The Netherlands (6): P. den Heijer, MD,
principal investigator, R. van Dijk, MD.

Academisch Medisch Centrum, Amsterdam, The Netherlands (6): J. Piek, MD,
principal investigator, K. Koch, MD.

Christian Albrechts University, Kiel, Germany (6): R. Simon, MD, principal
investigator, Fr. Herrmann, MD.

Centre Cardiologique de Nord, Paris, France (5): M.C. Morice, MD, principal
investigator, T. Royer, MD.

James Hospital, Dublin, Ireland (5): P. Crean, MD, prinicipal investigator.
Catharina Ziekenhuis, Eindhoven, The Netherlands (3 of whom 2 in the pilot
phase): H. Bonnler, MD, principal investigator, J. Koolen, MD, F. Bracke, MD.
Clinique Universitaire St. Luc, Université Catholique Louvain, Bruxelles,
Belgium (2): W. Wijns, MD, principal investigator, J. Renkin, MD.

CHUR, Nancy, France (2): N. Danchin, MD, prinicipal investigator, Y. Juilliére,
MD.

Policlinique Volney, Remmes, France (2): C. Bourdonnec, MD, principal
Investigator.
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INTRODUCTION

Percutaneous Transluminal Coronary Angioplasty by means of balloon catheters
(PTCA) is now widely accepted as an effective treatment for selected patients with
obstructive coronary artery disease. Gained operator experience and improved
catheter technology have increased the immediate success rate to more than 90% and
reduced the incidence of procedure related complications[1,2}. However, abrupt
vessel closure during or immediately following PTCA and late restenosis continue
to limit the safety and effectiveness of this procedure [3,41.

Abrupt closure has been reported to occur in 2 to 10% of patients treated and is
the major determinant of in-hospital morbidity and mortality [3]. When refractory to
prolonged balloon inflation, dilatation with an oversized balloon andfer adjunct
thrombolytic therapy, emergency bypass surgery may be necessary to limit
myocardial damage. Even then, abrupt closure is associated with 2 3 to 6% mortality
and up to a 30% frequency of periprocedural myocardial infarction [5-9].

The incidence of restenosis varies between 20 and 57%, depending on the
definition used, patient population studied and time to and completeness of follow-up
angiography. It necessitates repeat intervention or eventually bypass surgery in up to
20% of the patents [1,4,10].

To address these two major shortcomings, a number of new devices have been
developed. One of these, is the intracoronary stent. The first clinical experience with
stent implantation dates back to the late sixties when Charles Dotter implanted tube
grafis in peripheral arteries [11]. His intention was to reduce the high rate of
restenosis in patients who had undergone peripheral balloon angioplasty of occluded
femoro-popliteal arteries. While in his initia] experiments using plastic tube grafts all
stents thrombosed within 24 hours of implantation, the results improved when using
stainless steel coils. Since then, the development of intravascular stents has
progressed steadily. At present, a number of different stents for coronary use are
available, each with its own specific design, physico-chemical characteristics and
mode of implantation (Table 1). Distinction can be made between self-expanding and
balloon-expandable stents. The first is a spring-like design that can be constrained

Table 1. Design and characteristics of stents in clinical evaluation.

Stent Configuration Filament Filament Stent Stent Surface Radio-
Composition Thickness Diameter Length  Area  pague
(mm) (Trumy) (mm) (%)

Self-expanding

Wallstent ‘Wire-mesh Stainless steel 0.067-0.10 3.5-6.0 21-45 185-20 No

Balloon-expandable

Palmaz-Schatz Slotted tube  Stainless steel 0.08 3.0-4.0 15 10 No

Gianturco-Roubin Coil Stainless steel 0.15 2.0-4.0 20 10 No

Wiktor Coil Tantalum 0.125 3.0-45 15-17 5-10 Yes
Strecker Woven-wire  Stainless steel 0.07 20-35 15-25 - No

Tantalum Yes
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to a small diameter and then expands to a predetermined dimension when the
constraint is removed. The balloon-expandable stent relies on plastic deformation of
metal beyond its elastic limits.

While the long-term impact of stent implantation in terms of safety and efficacy
still remains to be determined, its demonstrated ability to improve the immediate
angioplasty results and therefore its potential for reducing the incidence of late
restenosis and its application as a bail-out device have stimulated an explosive use
of these devices. The purpose of this paper is to summarize the clinical experience
with stent implantation in human coronary arteries.

STENT TC TREAT ABRUPT VESSEL CLOSURE

Acute symptomatic occlusion refractory to repeat dilatation with or without
adjunctive pharmacologic treatment is one of the most troublesome sitnations one
may encounter during coronary angioplasty and is associated with a significan:
morbidity and mortality [3,5-9]. Therefore, any technique or device capable of
restoring and maintaining antegrade flow, stabilizing the clinical condition and
obviating the need for emergency bypass surgery would be most welcome.

The raticnale for using intracoronary stents in this situation is based on their
unique physical properties. At presen, it is the only catheter based technology which
provides a scaffold for the instrumented vessel. It prevents vessel collapse and tacks
back intimal and medial tears, sealing the thrombogenic subintimal space. This was
first demonstrated in pathologic studies in which a balloon-expandable stent was
implanted in diseased human cadaver coronary arteries (Figure 1) [12]. Clinical
experience with bail-out stent implantation was first reported by Sigwart et al. [13].
In 2 very limited number of patients, the self-expanding Wallstent was implanted
which resulted in an immmediate restoration of adequate coronary flow with
normalization of the ECG and relief of symptoms with no evidence of acute
myocardial infarction. Since then, each of the clinically available stents have been
used for this purpose with encouraging results (Figure 2A+B, Table 2). All authors
report a high implantation success rate which is remarkable taking into account the
technical difficulties one may encounter in a bail-out sitaation. Disappearance of
angiographic landmarks and spasm of the vessel segment may render stent delivery
and correct positioning very laborious. Therefore, extra operator experience and skill
is required. The selection of the device may influence the delivery success rate. In
case of dissection in a vessel with an acute takeoff or tortuosity, stents with. a higher
longitudinal flexibility such as the self-expanding Wallstent and the balloon-
expandable coil stents (Wiktor, Gianturco-Roubin and Strecker stent) may preferably
be used instead of the stents with 2 more rigid mesh sgucture. Although the radiop-
acity of the Wiktor stent may be helpful in correct positioning, comparable delivery
rates have been reported with non-radiopaque stainless-steel devices (Table 2).

Obviously, the ultimate goal of bail-out stent implantation is the reduction and
possibly the elimination of the acute ischemic complications due to acute vessel
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Fig. I. Transversal section of a human cadaver coronary artery. The intimal and media} tear is tacked
back by the stent.
Reproduced with permission from Schwariz et al. Circulation 1989; 79:445-457.

Fig. 24 + B. Dissection of the left anterior descending artery after PTCA (panel A), which was
effectively treated with stent implantation (panel B).
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Table 2. In-hospital events following stent implantation for threatened or acute occlusion after PTCA,

Author Rel.  Year Study n s, nm, stents Successful Complications Subsequent oechusion

Period stent delivery - T
Death AMI Em CABG  Incidence Time interval

Wallstent

Sigwart ¢t al, (13) '87 nr 4 4 100% 0 0 1] 0 0

Sigwart el al. (14) 88 '86-'88 11 13 100% 1 (9%) 0 0 1 (9%) nr.

de Feyter et al. {15y '90 ’89-'90 15 19 100% 1 (6.6%) 2 (13.3%) 9 (60%)* 3 (20%) day 0 - 7

Goy et al. (16) '92 nr, 17 nr 100% 0 1(5.8%) 0 1(5.8%) day 0

Palmaz-Schatz stent

Haude et al. (17 91  nr is 22 100% 0 0 1(6.7%) 1(6.7%) day 0

Herrmann et al ** (18) 92 °88-'91 56 nr 98% 2 (3.6%) 11 (20%) 7(13%) 9 (16%) day 1-10

Reifart el al, (19 92 90-'91 64 71 95% 4 (6%) 2 (3%) 7(11%) 20 (31%) day 0-19

Gianturco-Roubin stent

Roubin et al. (200 92 '89-'9l 185 137 96% 2 (1.7%) 8 (6.7%)** 5(4.2%) 9 (7.6%) day 1 -5

Strecker stent

Reifart et al. (1% 92 '90-'91 48 56 97% 5 (10%}) 1 (2%) 3 (6%) 10 (21%) day 0-19

Wiktor stent

Vrolicx et al. 2N 92 "9l 119 nr 95% 4 (3%) nr. T(6%) 14 {12%) nr,

Total 464 19 (4.1%) 25 (10.6%) 39 (84%) 68 (14.7%)

95% C1 2.3-59% 74-13.8% 58-109% 1L5-17.9%

pts = patients; AMI = acute myocardial infarction; Em, CABG = emergency bypass surgery. * :Including the 8 patients in whom the stent was used as bridge to
surgery, **:Evenis within 30 days after stent implantation are reporied, ***:if patients in whom stent was implanted because of evolving AMI are excluded: 4%;

Cl = confidence interval.



closuwe. It is the general appreciation of many interventiona] cardiologists that stents
indeed do reduce the need for emergency bypass surgery and incidence of acute
myocardial infarction [20]. Unfortunately, data from randomized studies proving the
superiority of stents to other techniques or devices are lacking. Nevertheless, the
incidence of major cardiac events following bail-cut stent implantation compare very
favourably with those after abrupt closure following PTCA (Table 3).

Some have advocated that intracoronary stents should be available in 2l centers
for bail-out procedures [33]. This could lead to an exponential (overjuse of these
devices not taking into account potential technical and clinical pitfalls in bail-out
stent implantation. Firstly, the coronary angiogram may be misleading in the
distinction between dissection and intracoronary thrombus as the cause of acute
occlusion. In latter case, the stent may exacerbate the pathological process rather than
have 2 beneficial effect. Secondly, apart from correct positioning of the stent, the
choice of the stent size may be difficult because acute coronary occlusion is often
associated with spasm of the reference vessel segment. With respect to the clinical
pitfails, one should note that patients with acute occlusion are often clinically
unstzble, with long-lasting periods of ischemia, hemodynamic deterioration and
extensive dissection which may have induced activation of platelets and the clotting
system, all of which may lead to an increased risk of thrombosis which is higher
following bail-out stent implantation.

The Incidence of subacute stent thrombosis has been reported to vary between
9-18% foilowing bail-out stent implantation, compared with 2 to 3% after elective
stent implantation [34,35]. To avoid stent thrombosis, an intensive and meticulous
anticcagulation is necessary. This, in turn, exposes the patient to an increased risk
of serious bleeding complications (Table 4).

Since antegrade flow should be restored as soon as possible and since bail-out stent
implantation is not without risk, one should avoid unnecessary stenting by first using
classical manoeuvres such as prolonged inflation with or without an oversized balloon,
but, avoid extensive vessel wall damage by frequent and repetitive balloon inflations.
In this respect, the use of a temporary steni may offer an alternative to permanent
intravascular stenting provided it may be retrieved in a time period short enough to
avoid anticoagulation but sufficient long enough to effectively control the dissection
[43]. If this proves to be superior to the general manoceuvres of using prolonged
balloon inflations, oversized balloons or autoperfusion balloon catheters, it may avoid
the morbidity associated with penmanent stenting or emergency bypass surgery.

There are no clear guidelines with respect to the decision to refer the patient for
semi-elective bypass surgery after successful bail-out stent implantation. This
decision should be based on a number of factors such as the clinical status of the
patient after stenting (relief of angina, nomalization of ECG andfor haemodynamic
parameters), angiographic factors (TIMI flow, presence or absence of intracoronary
thrombus, complete or incomplete covering of the dissection, residual stenosis,
territory at risk, presence or absence of collaterals), procedural factors (mumber and
size of stents used) and indication for bail-out stent implantation (suboptimal result
versus threatened or frank vessel closure).
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Table 3. In-hospital events following (subjacute occlusion during or immediately after PTCA.

Author Ref Year Study n pis, Incidence (sub} Complications
Period geule occlusion

Death AMI Em., CABG
Dorros et al. 22) '83 7781 1500 69 (4.6%) 34.3%) 25 (36%) 50 (12%)
Hollman et al. (23 '83 '80-"82 935* 20 (2.1%) 0 5(25%) 5(25%)
Shiu et al. 24) ‘85 209 20 (9.5%) 2 (10%) 5(25%) 14 (70%)
Simpendotfer et al, (25) '87 '83-°85 1500 32 (2.0%) - 14 (44%) 4 (13%)y**
Sinclair et al. (26) ‘88 *81-'86 1160 54 (4.7%) 1(1.9%) 19 (35%) 18 (33%)
Ellis et al. (27 88 '82-'86 4772 210 (4.4%) 4 (2.9 x** 56 (40%)*** T8 (55%)***
Meyerovitz et al, (28) g8 '84-'80 514 44 (8.5%) 1(2.3%) 1{(2.3%) 13 (30%)
Gauf et al. 29 8% '80-'86 714 22 (3.1%) 0 6 (27%) 6 (27%)
Detre et al. (30} 90 '85-'86 1801 122 (6.8%) 6 (4.9%) 49 (40%) 49 (40%)
de Feyter et al. (31) ‘91 '86-"88 1423 104 (7.3%) 6 (6.0%) 37 (36%) 30 31%)
Lincoff et al, {32y 92 '88-'90 1319+ 109 (8.3%) 9(8.3%) <10 (9.2%) 33 (30%)
Tolal 15847 806 (5.1%) 32 (4.19%) 227 (28%) 300 (37%)
95% C1 4.8-5.4% 3.8-44% 27-29% 36-38%

pis = patients; * = procedures; ** = an additional 9 pis (28%) underwent semi-elective bypass surgery; *** = subgroup analysis of 140 pts; CI = confidence interval.
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Table 4. Incidence of hemorrhagic complications and pseudoaneurysm following stent implantation.

Author Ref Year Study n. pls Hemorthagic complications

Feriod [CH Groin Gastrointestinal  Other Pseudoaneurysm
Sigwart et al. (14) '88 *86-'88 11 0 1(9.1%} 0 0 ILT.
Utrban et al, (36) ‘89 '86-'88 13 0 1 (1.8%) 0 0 1(7.8%)
Levine et al. a7 ‘30 *88-89 37 Q 1(2.7%) 0 1(27%) 4 (10.8%)
Schatz et al. (38) 91 '87-'89 226 1{04%) 8 (3.5%) 2 {0.9%) 3 (1.3%) 3 (1.3%)
Haude et al. (17 91 n.I. 5 0 [ (6.7%) 0 0 0
Haude et al. 39) ‘91 nr, 50 0 3 (6.0%) 2 (4.0%) 0 0
de Scheerder et al. (40) '92 8890 69 229%) 18 (26%) 2{29%) 1(1.4%) 7 (10%)
Roubin et al. (20} ‘92 '89-791 115 0 7 (6.1%) 4 (3.5%) 3 (2.6%) 4 (3.5%)
de Jacgere et al. (41) 92 90 50 0 6 (12%) 3 (6.0%) 0 ILF,
Hermuann et al. (18) 92 '88-'91 56 0 2 (3.6%) 5 (8.9%) 3 (54%) 5 (8.9%)
Carrozza et al, (42) 92 ‘8891 220 - - - - 12 (5.5%)
Total 862 3 (0.5%) 48 (1.5%) 18 (2.8%) 1 (L7%) 36 (4.2%)
95% CI 0.04-1.0% 5.5-95% 1.5-4.1% 0.7-27% 29-55%

pts = patients; ICH = intracranial hemorrhage; nr. = not reported; Cl = confidence interval.



Although the recurrence of stenosis at follow-up is not an issue at the moment in
bail-out stent implantation, some authors have reported 2 restenosis rate as low as
23% [44]. It is interesting to note that in a recent study the indication for stent
implantation (elective or bail-out stent implantation) was not identified as a risk
factor of restenosis [45].

STENTS TO PREVENT RESTENOSIS

To solve the problem of restenosis, one has to understand its biclogy and the
pathophysiologic mechanisms involved. It is evident from histologic studies that any
kind of injury applied to the vessel wall, whatever its narure, will invariably be
associated with neointimal hyperplasia as 2 non-specific tissue reaction leading to
restenosis when excessive [46,47]. Immediately after stent implantation, neointimal
hyperplasia is confined to the area in direct contact with the stent wires and consists
of organized thrombus covered by a monolayer of endothelial cells. In a short period
of time, thrombus is replaced by myofibroblastic cells and at 4 weeks the neointimal
hyperplasia covers the entire stented segment (Figure 3A + B) [46]. Both animal
studies and postmortem pathologic observations in humans have shown that the
degree of this vessel wall reaction is related to the severity of vessel wall injury
(Figure 4) [47,48]. Recent studies using quantitative coronary angiography lend
support to this concept by showing that excessive oversizing of the stent relative to
the vessel reference diameter is predictive for late angiographic narrowing {45,49].
Furthermore, it has recently been demonstrated that there is a positive linear
correlation between the relative gain - as index of vessel wall injury - and relative
loss - as index of neointimal thickening - following stent implantation (Figure 5)
[30,51].

From the above, it is clear that intracoronary stent implantation can not be expected
to eliminate restencsis. However, it may reduce the incidence of angiographic
restenosis by optimizing and improving the immediate angiographic results. It is now
well recognized that in addition to the long-term changes in stenosis geometry after
PTCA, more imimediate changes occur which contribute to restenosis. It has been
shown for example that neasly 50% of the immediate gain of PTCA is lost due to
elastic recoil of the vessel wall [52]. This compares with recoil of only 8% following
Wiktor stent implantation in diseased human coronary arteries and of 9% in non-
atherosclerotic coronary arteries of the pig [46,53].

In addition, the stent may reduce the angiographic restenosis rate by creating a
more patent vessel lumen which may accommodate subsequent neo-intimal
hyperplasia. A number of studies using guantitative angiography have shown that
stent implantation indeed results in a significant further improvement in stenosis
geometry than PTCA (Table 5). Although these data are stemming from indirect
comparisons between nonrandomized studies, there is a more than a 1.0 mimn increase
in minimal luminal diameter after stent implantation compared to less than 1.0 mm
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Fig. 34 + B. Transversal section of the left anterior descending artery 1 week after Wiktor stemt
implantation (panel A) and of the left circumflex artery 4 weeks after stent implantation. During the first
week, nesintimal hyperplasia is confined to the area in direct contact with the stent wires while at 4 weeks
the stented segment is completely covered by neointimal hyperplasia.

Reproduced with permission from van der Giessen et al. Circulation 1991; 83:1788-1798.
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Fig. 4. Exessive stent oversizing with deep penetration of the stent wire into the media results in a more
pronounced neointimal hyperplasia (left panel). Deep arterial injury during balloon angioplasty (right
panel) s associated with more extensive intimal proliferation.

Reproduced with permission from Schwartz et 2l. Circulation 1990; 82:2190-2200 and from Nobuyoshi
et al. T Am Coll Cardiol 1991; 17:433-439.
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Fig 5. The relation between relative gain (increase in minjmal Jumninal diameter normalized for vessel
size} and relative loss (decrease in minimal luminal diameter normalized for vessel size) was studied using
quantitative coronary angiography. There is a weak but positive linear correlation between the two
variables suggesting that a larger vessel trauma will result in a greater loss.
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Table 5. Immediate and long-term changes in minimal luminal diameter (MLD) following balloon angioplasty and stent implantation

Author Ref. n pis. MLD-pre MLD MLD MLD at follow-up Incidence of Restenosis
t-PTCA t-stent 7
pos post-sten all pts pts without (%, per pai)
subacute ocel, 50% 0.72 mm ecrit.

Balloon angioplasty
Serruys et al. (1 261* 099 + 0,35 1.77 + 034 - 1.46 £ 0,59 - - 19
Mercator Study {54) 309+ 0.98 £ 0.35 177 £ 034 - 148 + 0.54 - 28 16
Rensing el al, (55) 1353 1.03 = 0.36 178 £ 0.36 - [.50 = 0.57 - J1x% F7E
Benestent (59 60 0.89 £ 022*%%**x+ {85 + (031 - 1.45 £ 0.59 - 47 27

100 + (21%%%%%% 1 81 + 03§ - 1.42 + 0.58 50 28
Stent implantation
Wailstent
Serruys et al. (56} 105 121 2 0.56 £.88 + 043 248 + 0,51 1.68 £ 120 226 0.78 14 33
Strauss et al. (57 166%** (17 £ 0.52 - 2.53 £ 0,53 1.59 + 1.08 1.99 = 0.81 18 34

101**** [ 39 + 0.64 - 281 *+ 0.69 2.03 £ 1.27 221 £ 1.16 39 54

Palnmaz-Schatz stent
Haude et al. 39 50 LO0 x 0.57 2.02 + 047 326 £ 0.31 239 + 1,15 - 24 37
Fischman et al. (58) 205 - - - 1.92 + 0.57 - 34 50%%
Beneslent (59) 60 0.99 £ 0.30%*%#* 2.19 £ 0.70 L.67 + 0.77 30 27

10O & Q2g%Fxiks 241+ 046 175 £ 0.77 24 29
Wikior stent
De Jacgere et al. (41) S0 1.09 + 0.26 1.80 + 0.32 245 + 035 1.59 £ 079 1.78 + 0,60 29 45

pts = patients; * = Control group (there was no difference in the changes in MLD between contro] group and active (reatment group); ** = incidence of restenosis
per lesion; *** = stent implantation in native vessels; **%* = stent implantation in venous bypass grafis;*****=intention to treat analysis, ******=gfficacy analysis.



after balloon angioplasty. Moreover, stent implantation results in a residual diameter
stenosis of less than 20% with normalization of the calculated resistances to flow and
pressure drop across the stenosis [60,61].

Despite a larger loss in minimal lominal diameter at follow-up, the minimal
luminal diameter is still greater after stent implantation than in patients who
underwent balloon angioplasty. Therefore, it is not surprising that in comparison with
PTCA, the incidence of restenosis is higher when using the 0.72 mm criterion, but,
is lower when using the 50% diameter stenosis criterion (Table 5). It underscores the
concept that improved initial results compensate for late neointimal hyperplasia
which i twn explains the lower restenosis rate according to the 50% diameter
criterion.

To readily answer the question of whether stent implantation reduces the incidence
of restenosis, randomized comparisons are needed. The Benestent study is a
multicenter randomized study comparing stent implantation with PTCA in patients
with stable angina pectoris and a de novo lesion in 2 native coronary artery [62]. The
data from the pilot phase, which started in June 1991, confirm the angiographic
findings of the above mentioned nonrandomized studies [63]. At follow-up
angiography, the obstruction diameter of the patients in whom a stent was implanted
proved to be higher than in patients who underwent PTCA. Furthermore, the
incidence of restenosis was lower {Table 5).

To fully appreciate the role and value of intracoronary stenting, it is not sufficient
to only determine the restenosis rate. All aspects of stent implantation have to be
considered, especially the in-hospital complications and the long-term clinical
outcome. The intrinsic thrombogenicity of all metalic stents currently available is a
matter of concern. It exposes the patient to the risk of stent thrombosis which may
result in a fatal or non-fatal acute myocardial infarction andfor emergency bypass
surgery. Am intensive anticoagulation is therefore imperative to avoid stent
thrombosis but exposes the patient to the risk of major bleeding and puncture site
related complications {Table 4 and 6). The anticoagulation protocol which is now
widely used consists of acetyl salicylic acid, dipyridamole, dextran, heparin and oral
anticoagulanis during the acute phase followed by a combination of antiplatelet
therapy and oral anticoagulants during the next three to six months. This is based on
animal studies indicating less thrombus formation on stents pretreated with acetyl
salicylic acid, dipyridamole, heparin and dextran and on clinical experience, showing
a (sub)acute closure rate of 18% in absence of oral anticoagulation [38,66]. This
polypharmacologic approach has recently been questioned by Simon et al. who failed
to demonstrate any beneficial effect of dextran and dipyridamole in the prevention
of acute closure [67]

Oral anticoagulation in combination with antiplatelet therapy has to be maintained
until complete endothelialization of the stent. Although the time period in which this
process occurs in humans is unknown, experimental animal studies have shown that
stents become embedded in the vessel wall and are covered by endothelium in 1 to
4 weeks [46,68,69].

149



051

Table 6. In-hospital events and incidence of (sub)acute occlusion following stent implantation

n. pts

Autlior Refl Your Study n. stents In-hospital cvents (Subdacule occlusion

Period

ene Death AMI Em. CABG Incidence Time interval

Wallstent
Urban et al. (36) '8§9 '86-'88 13 20 8] 0 0 0 -
Serruys et al. (56) '01 '86-'89 105 117 5 (4.7%) nr, nr, 21 (20%) day 0 - 14
Goy et al. (64} H '86-'87 56 68 2 (3.6%) 5(8.9%) 1(1.8%) 4 (7.1%) day 1 -7
Strauss et al. 57} 92 '86-'90 265 373 11 (4.2%) L. nr. 40 (15%) nr.
de Scheerder et al. {40) 92 '88-'90 69 136 3 (4.3%) 5(7.29%) 4 {58%) T{10%) day 1 - 12
Palmaz-Schatz stent
Levine et al. (€Y ‘50 '88-'89 37 45 nr. nr. nr. 1(2.7%) day 8§
Schatz et al. (38 91 87-'89 226 321 0 6 (2.8%) 2 (09%) 8 (3.7%) day 2 - 11
Haude et al. (39 ‘91 nr, 50 61 1(20%) 3 (6.0%) 2 (4.0%) 8 (16%) day 0, 5-9
Carrozza el al. (42) '92 '88-"91 220 250 0 0 1 (04%) 1(04%) day 8
Colombo et al. (65) 92 '89-'91 100 126 2* (2.0%) 2 (2.0%) 4 (4.0%)* 3(3.1%) day 4-6
Wiktor stent
de Jaegere et al. 41 92 ‘50 50 50 0 5(10%) 1 (2%) S (H0%) day 0 -5
Total 1191 24 (2.0%) 26 (3.3%) 15 (1.9%) 98 (8.2%)
95% CI 12-28% 2.3-43% [LI-2.7% 6.6-9.8%

pis = palients; AMI = acute myocardial infarction; Em.CABG = emergency bypass surgery, n.r. = nol reported

* reporied as not stent related; *#* including 2 patients in whom a stent was implanted as a bridge to surgery; CI = confidence inlerval.



Improvements of the stent design are currently being investigated to reduce its
thrombogenic properties. A potential solution is the change of the surface characteris-
tics of the stents by either seeding the stent with endothelial cells or by coating the
stent with either a thin layer of 2 synthetic polymer - with or without the addition
of a drug such as low melecular weight heparin - or with polymerized fibrinogen
(biopolymer coating) {70,71,72]. Another option is the development of biostable
polymer stents which are entirely composed of a synthetic polymer [73]. It has been
shown that polymer surfaces are smoother and thereby limit the adhesion of air
bubbles and cellular elements, associated with thrombosis and tissue proliferation,
respectively. Furthermore, by varying polymerization processing techniques, the
mechanjcal properties can be manipuiated in such a way that polymer stents can be
constructed which settle themselves in a much smoother fashion against the arterial
wall, which may reduce the acute and chronic vessel wall damage.

As long as a “non-thrombogenic™ stent is not available, the risk of thrombosis may
be reduced by a more fine raning of the anticoagulation therapy. This can be done
by measuring prothrombin fragment 1 + 2 [74]. An increase in these fragments
reflects an activation of the coagulation system wiich may be predictive of stent
thrombosis. It offers the clinician sufficient time to adjust the anticoagulation therapy.
This in combination with local vascular hemostatic devices may also reduce bleeding
and vascular complications which unnecessarily prolongs the hospital stay [74,75].

Despite these limitations of all stents in clinical use, it is noteworthy that the
results of the pilot phase of the Benestent study disclosed a 6-month event and
symptom. free swrvival (freedom from death, myocardial infarction, bypass suwrgery,
repeat PTCA) of 67% after stent implantation compared to 55% after PTCA [63]. It
may be inferred that the lessons of the past have been learned resulting in better
patient selection, improved implantation technique and postoperative managemen.

STENTS FOR VENQUS BYPASS GRAFTS

The management of patients with recurrence of angina pectoris after coronary artery
bypass operation poses a problem. Repeat coronary artery bypass grafting is
technically more difficult and is associated with a higher morbidity and mortality.
Furthermore, symptomatic improvement and longterm clinical resuits are less
satisfactory compared with a first bypass operation [76]. Angioplasty of vein grafts
may offer an alternative to re-operation. The immmediate results of PTCA have been
shown to be favorable in patients with discrete lesions in venous bypass grafts, but
are considerably less in diffusely diseased grafis [77-79]. Furthermore, the incidence
of restenosis varies between 40 to 70% depending on lesion site and extent of graft
diseases [80-83].

Therefore, it is not surprising that a number of new interverntional techniques are
currently being used to improve the immediate and long-term results of PTCA In

bypass grafis.
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As for native coronary atteries, the Wallstent was the first stent implanted in
saphenous vein grafts with an almost 100% successful implantation success rate and
a subacute stent thrombosis rate which proved to be lower (8-10%) than in native
coronary arteries (19%) [36,40,56,57]. This was achieved, however, at the cost of an
unacceptably high incidence of major bleeding complications, including fata]
intracranial hemorrhage, and vascular access site bleedings [40].

More favourable initial results have recently been reported with the Palmaz-Schatz
stent [84]. Subacute stent thrombosis rate amounted to only 1.1% compared with
6.0% in native coronary arteries. However, there was a significant higher frequency
of major cardiac events such as death and myocardial infarction (6%) in patients with
stent implantation in saphenous vein grafts compared with patients in whom 2 stent
was implanted in native coronary atteries (2%) [84].

Restenosis following stent implantation in vein grafts has been reported to be 35
and 34% according to the 50% diameter stenosis and 0.72 mm criteria, respectively,
which is significantly higher than following stenmt implantation in native coronary
arteries (18 and 34%, respectively) [57]. Despite this difference in restenosis rate, the
one-year event free survival (freedom from deazth, myocardial infarction, bypass
surgery or angioplasty) was similar for bypass grafts (50%) and for native vessels
(55%). It is noteworthy that 25 to 30% of the adverse events were unrelated to the
stented lesion, but due to progression of disease [40,571.

A low overall restenosis rate of 22% to 28% has recently been reported following
Palmaz-Schatz stent implantation which, moreover, did not differ from the restenosis
rate in native coronary arteries (30%) [42,84]. Considering the incidence of restenosis
of 13% in case of single stent implantation for a de novo lesion in a bypass graft, the
overall low restenosis rate may be explained by a preponderance of de novo lesions
and by the larger vessel size of vein grafts.

Despite these promising results, the wide variety of patients treated in 2 non-
randomized fashion precludes any firm conclusions with respect to the role and
merits of stent implantation in venous bypass grafts. Current indications for stent
implantation may be 1) patients with an increased risk for embolization of friable
graft material such as in case of diffusely diseased grafts with long lesions since the
stent can contain this material, 2) patients with ostial or very proximal graft stenosis
since they are at higher risk of restenosis after balloon angioplasty, and 3) in case of
the need of emergency bypass surgery since the ischemic period is substantiaily
longer because more time is needed to dissect free the heart [85].

One should realize, however, that especially in the first category of patients, stent
implantation may only provide a temporary solution but not long lasting clinical
improvement due to further progression of disease [40,57,85].

HOW CAN WE IMPROVE THE RESULTS?

The intrinsic thrombogenicity of all stents currently available and consequently the
need for an intensive anticoagulation are the major lmitations of the use of
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intracoronary stents. However, one may reduce the risk of subacute stent thrombosis
and bleeding complications by taking into accoumt some obvious clinical and
angiographic parameters. One should stay away from the noncompliant patient or the
patient with concomitant non-cardiac disease which interferes with the anti-
coagulation. Since frequent blood sampling is mandatory for proper institution of the
anticoagulation, one should check the availability and quality of amm veins. In the
very obese patient, it may difficult to find or puncture one. These patients are,
furthermore, at higher risk of vascular access site bleedings.

Stents should not be implanted in vessels smaller than 3.0 mm since this is
associated with an increased risk of stent thrombosis [86]. There are conflicting data
on the risk of stent thrombosis following the use of multiple stents. In one study, it
was found to be an independent predictor of stent thrombosis while in another there
was no difference in thrombosis rate between single and multiple stent implantation
[86,87]. It is unclear whether the presence of intracoronary thrombus is an absolute
contra-indication for stent implantation. In the series reported by Fischman et al., a
thrombus was observed in 8% of the patients. Despite this, only 3.8% of the total
study population sustained a stent thrombosis which was predominantly explained by
an 18% incidence of stent thrombosis in the first 39 patients who did not receive
warfarin [38,58].

As already outlined above, a more detailed monitoring of the anticoagulation
therapy may be helpful in the prevention of stent thrombosis. It may, furthermore,
be speculated that with the advent of new and more potent anticoagulant drugs such
as hirudin, the risk of stent thrombosis will be reduced [88].

Access site bleedings may be reduced by more appropriate patient selection,
quality of puncture and timing of sheath removal. Obese patients and patients with
chronic cough or who suffer from obstipation are more prone to access site related
bleedings because of frequent Valsalva manoeuvres. The puncture should be low to
optimize postoperative hemostasis. Sheath removal on the day of stemting is,
furthermore, associated with less bleeding complications [42]. Although the use of
collagen plugs may be attractive for time efficiency, they do not reduce bleeding
complications [89]. Other techniques are currently available such as a controlled
compression with a belt-held pneumatic compression device. It proved to be higly
successful and reduced the incidence of pseudoaneurysm in our hands and those of
others [75].

The uvltimate solution, of course, is the non-thrombogenic stent. The intensive
research to achieve this goal is currently restricted to the experimental laboratory.
Bowever, it will invariably result in a next generation of less or evenrually non-
thrombogenic devices.

In addition to these immediate resuits of stent implantation, the battle against
restenosis is promising. The lowest restenosis rate so far reported amounts to 13%
in case of single stent implantation for a de novo lesion in a native coronary artery
[58]. In addition to patient selection, this may be achieved by a more complete stent
dilatation resulting in an almost negligible residual diameter stenosis post stent
implantation {90].
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SUMMARY

To address the two major shortcomings of balloon angioplasty (abrupt vessel closure
and late restenosis}, 2 mumber of new catheter technologies have been developed and
entered clinical testing. The data presented and discussed in this thesis focus on the
clinical and angiopraphic aspects of intracoronary stent implantation in human
coronary arteries.

It has been hypothesized that intracoronary stenting may reduce the incidence of
restenosis by improving the mmmediate angiographic results. Therefore, in the first
part, special attention was paid to the changes in stenosis geometry immediately after
stent implantation using quantitative coronary angiography. The data of non-
randomized comparisons in chapter 2, 3 and 5 indicate that stent implantation indeed
resulis in a superior improvement in stenosis geometry compared with balloon
angioplasty. No difference was observed between ballcon-expendable and self-
expanding devices (chapter 3). Furthermore, the data of chapter 5 confirm that stent
implantation effectively prevents recoil. Inm populations with identical baseline
stenosis characteristics, directional atherectomy and stent implantation result in a
similar immediate improvement (chapter 4).

However, to fully appreciate the role and merits of intracoronary stent implantation,
it is not sufficfent to consider only these technical aspects which potentially may
explain a reduction in the incidence of restenosis. All aspects must considered and
in particular the mmmediate and long-term clinical outcome. It is of utmost
importance for as well the patient as the society, which faces exploding health care
costs, to select the most appropriate treament. This means the treatment which
produces more health than harm and which yields more health benefits and/or less
risks than altemnative treatments or the natural course of the disease. This matter is
in detail eloborated in part two.

There is no doubt that stents can be implanted with 2 high technical success rate.
However, this is done at the cost of a high incidence of in-hogpital events related to,
on one hand, the intrinsic thrombogenicity of the device with the risk of (subjacute
thrombotic occlusion and, on the other hand, the need for an intensive amii-
coagulation associated with an increased bleeding risk and vascular complications.
The necessity of anticoagulation prolongs the hospital stay and is one of the factors
which renders the procedure more expensive. These aspects are discussed in chapter
6, 10 and 11.

One of the methods to assess the proper role and merits of intracoronary stenting
is the conduction of a randomized trial. The results of the pilot phase of the
Benestent Study is discussed in chapter 10. Despite the above mentioned limitations
of intracoronary stents, the most striking feature is the superior 6-month symptom
and event-free survival in patients who received a stent. Of course, the small number
of patients included precludes any firm conclusions at present. Furthermore, one
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should bear in mind that even if randomization guarantees homogeneity between the
two treatment groups and thus allows comparison of two treatment modalities, it will
not tell the whole story since a substantial number of patients do not enter the trial
due to the in- and exclusion criteria outlined in the protocol. The lower restenosis
rate after stent implantation is explained by the observation that the higher initial
gain after stent implantation compensates for the late loss and thus improved initial
results and not lessened neointimal hyperplasia is responsible for a reduced incidence
of restenosis {chapter 9). The role and merits of stent implantation in venous bypass
grafts remains unclear. Based on current data on reoperation and experience with
balloon angioplasty and stent implantation in venous bypass grafts, stent implantation
may be envisaged in 1) patients with an increased risk for embolization of friable
graft material, 2) patients with ostial or very proximal graft stenosis, and 3) in those
needing emergency bypass surgery (chapter 8).

162



ACKNOWLEDGEMENTS

The position I currently have and the writting of this thesis would nect have been
possible without the help, encouragement and devotion of a number of people who have
paved the road and created the circumstances and sitation so that the unexperienced
pupil with so little knowledge may florish and blossom. This thesis should, therefore,
be considered as the product of a team of which I am fortunate to be a menber. My
deepest appreciation and sincerest thanks go to:

Professor Paul Hugenholtz who accepted me to become a fellow in cardiology in the
Thoraxcenter of which he is one of the founders and the spiritual father. In this

institution so many young people have received the opportunity to reach for higher
skies.

Professor Jos Roelandt who had the difficult and perbaps ungrateful task of taking over
command of this magnificant institution with world wide reputation. He is not only
playing a major role in my future directions but is also a great stimulus.

Dr. Pim de Feyter who was my first contact with the catheterization laboratory. He
taught and still teaches me to think in terms of clinical relevance and to stay away from
scientific nonsense. I deeply respect his intellectual and technical capabilities and above
all his care for patients and modesty.

Professor Patrick Sernays who has launched me into higher sldes and who despite his
too-busy schedule is always there to help, stimulate and answer questions. He has called
himself the sorcerer’s apprentice but I consider him to be the sorcerer. I am proud to be
his apprentice. It is a cliché but it is fair to repeat Sir Iszac Newton’s words “If I have
seen further... it is by standing upon the shoulders of a Giant™.

In addition to Pim de Feyter and Patrick Serruys, I would like to thank Harry
Suryapranata and Marcel van den Brand who were my teachers in interventional
cardiology.

I owe a great debt to Marie-Angéle Morel and Claudia Sprenger de Rover, without
whom this thesis could simply not have been written and who cheer up gloomy days.

I am sincerely grateful to Marianne Eicholtz for her unselfish and highly efficient and
professional way she guided me through the bureaucracy of a thesis.

I would like to give a special thanks to all those working in the catheterization
Laboratory (nurses, technicians, administrative personnel) and the nurses of the wards
of cardiology (3 Zuid, 1200, CCU) for their essential role in the successful fulfilment

of the stent programme.

163



Many others working in the Thoraxcenter who have provided help and support and
whose friepdship I enjoy deserve acknowledgement: Titia Bautz, Heleen van
Beusekorm, Ad den Boer, Ron van Domburg, Ad van Drunen, Gerrit Anne van Es, Wim
van der Giessen, Anja van Huuksloot, Carlo di Mario, Eline Montauban van
Swijndregt, Jan Tijssen, Jan Tuin, Jan Verploegh, Coen van der Zwaan.

Above all, I owe an immeasurable debt to my wife Sophie and our three children,
Thomas, Matthias and Louis who cheerfully accepted my mooedy silence and absences
and from whom I stole their time. I sincerely do hope that they may benefit one day or

another from all this selfish work. I offer them not only my most sincere thanks but also
my love.

164



CURRICULUM VITAE

Name
Date 2nd place of birth :

Medical education

Current Position

: Peter De Jaegere,

August 23, 1957, Bruges, Belginm.
married, 3 children

: 1976 - 1983, State University Ghent, Belgium.

Graduation cum laude, July 1983.

1983 - 1986, Internal Medicine, St. John’s Hospital Bruges,
Belgium.

1986 - 1987, fellow cardiology, department of cardiology,
Free University Brussels, Belgium.

1987 - 1999, fellew cardiology, Thoraxcenter, University
Hospital Dijkzigt-Rotterdam, The Netherlands.

October 1990 awarded qualification and certification as
cardiologist, The Netherlands.

: October 1990, Senior staff member of the Catheterization

Laboratory, Thoraxcenter, Rotterdam. Erasmus University,
Rotterdam

October 1991 - Clinical Head of the Catheterization Laborat-
ory, Thoraxcenter, Rotterdam.

165



PUBLICATIONS

P. De Jzegere, 1. Boelaert, M. Schurgers, R. Daneels. Do Non-Steroidal Antiinflam-
matory Drugs Infiuence the Effects of Antihypertensive Drugs? Acta Clinica Belgica
1986;41:189-198.

M. Taams, E. Gussenhoven, E. Bos, P. De Jaegere, J. Roelandt, G. Sutherland, N.
Bom. Enhanced Morphological Diagnosis in Infective Endocarditis by Transo-
esophageal Echocardiography. Br Heart J 1990;64:109-113.

VAWM. Umans, BH. Strauss, BTWM. Rensing, P. De Jaegere, PJ. de Feyter, PW.
Serruys. Comparative angiographic quantitative analysis of the immediate efficacy
of coronary atherectomy with balloon angioplasty, stenting, and rotational ablation.
Am Heart J 199];122:836-843.

PW. Serruys, P. De Jaegere, M. Bertrand, G. Kober, JF. Marquis, J. Piessens, R.
Uebis, B. Valeix, V. Wiegand. Morphologic change in coronary artery stenosis with
the Medtronic Wiktor Stent: Initial resuits from the core Jaboratory for quantitative
angiography. Cath Cardiovasc Diagn 1991;24:237-245.

P. De Jaegere, A. Amold, AH. Balk, ML. Simoons. Intracranial Hemorrhage in
association with Thrombolytic Therapy: Incidence and Clinical Predictive Factors.
J Am Coll Cardiol 1992;19:289-94.

P. De Jaegere, P. De Feyter, R. van Domburg, H. Suryapranata, M. van den Brand,
PW. Sermuys. Immediate and long-term resuits of percutaneous coronary angioplasty
in patients aged 70 and over. Br Heart J 1992,67:138-43.

P. De Jaegere, P. Sertuys, M. Bertrand, V. Wiegand, G. Kober, JF. Marquis, B.
Valeix, R. Uebis, J. Piessens. Wiktor stent implantation in patients with restenosis
following balloon angioplasty of a native coronary artery. Am J Cardiol 1992;69:;
598-602.

ME. Bertrand, JM. Lablanche, F. Leroy, C. Bauters, P. De Jaegere, PW. Serruys, I.
Meyer, U. Dietz, R. Erbel. Percutaneous Transluminal Coronary Rotary Ablation
with Rotablator: European experience. Am J Cardiol 1992;69:470-474.

PJ. de Feyter, PPT. De Jaegere, ES. Murphy, PW. Serruys.Abrupt coronary artery
occlusion during Percutanecus Transluninal Coronary Angioplasty. Am Heart J
1992; 123: 1633-1642.

P. De Jaegere, BH. Strauss, WJ van der Giessen, PJ. de Feyter, PW. Serruys.
Immediate changes in stenosis geometry following stent implantation. Comparison

166



between a self-expanding and a balloon-expandable stent. T Intervenional Cardiology
1992;5:71-78.

C. DiMario, JRTC. Roelandt, P. de Jaegere, D. Linker, J. Oomen, PW. Serruys.
Limitations of the zero crossing detector in the analysis of intracoronary doppler. A
comparison with fast Fourier transform analysis of basal, hyperemic and transtenotic
blood flow velocity measurements in patients with coronary artery disease. Cath
Cardiovasc Diagn 1992;28:56-64.

P. De Iaegere, W. Hermans, B. Rensing, P. de Feyter, P. Serruys. Stent versus
bailoon angioplasty; matching based on quantitative coronary anglography: a
surrogate for randomized studies. Am Heart J 1993;125:310-315.

C. di Mario, X. Escaned, I. Haase, P. de Jaegere, PJ. de Feyter, PW. Serruys, JRTC
Roeland:t. Intravascular Ulwasound. Annales Chirurgize et Gynaecologiae
1993;82:1-000.

C. Di Mario, P. de Feyter, C. Slager, P. de Jaegere, . Roelandt, P. Serruys.
Intracoronary blood flow velocity and transstenotic pressure gradient using sensor-tip
pressure and Doppler guidewires. A new technology for the assessment of stenosis
severity in the catheterization laboratory. Catheterization and Cardiovasc Diagnosis
1993, in press.

C. Di Mario, N. Meneveau, R. Gil, P. de Jaegere, PI. de Feyter, IRTC. Roelandt,
P.W. Serruys. Maximal blood flow velocity in severe coronary stenoses measured
with 2 doppler guide wire. Application of the continuity equation for the assessment
of stenosis severity. Am J Cardiol 1993, in press.

VAWM. Umans, WRM. Hermans, DP. Foley, P. de Jaegere, PJ. de Feyter, PW.
Serruys. Restenosis following directional coronary atherectomy and balloon
angioplasty: a comparative analysis based on matched lesions. J Am Coli Cardiol
1993, in press.

PW. Serruys, C. Di Mario, N. Meneveau, P. de Jaegere, S. Strikwerda, PJ. de Feyter,
H. Emanuelsson. Intracoronary pressure and flow velocity from sensor-tip
guidewires. A new methodological comprehensive approach for the assessment of
coronary hemodynamics before and after coronary interventions. Am J Cardiol 1993,
in press

PJ. de Feyter, R]. van Suylen, PPT. de Jaegere, EJ. Topol, PW. Serruys. Interven-

tional techniques for the treatment of lesions in saphenous bypass grafts. J Am Coll
Cardiol 1993, in press.

167



- PJ. de Feyter, DC. MacLeod, D. Foley, PPT. de Jaegere, PW. Serruys. Interventional
techniques for the management of coronary artery lesions: an update. Clin Cardiol
1993, in press.

- ML. Simoons, P. de Jaegere, R. van Domburg, E. Boersma. Intracranial hemoithage
after thrombolytic therapy. A Perspective. Zeitschrift fur Kariologie 1993, in press.

- P. De Jaegere, PW. Serruys, M. Bertrand, V. Wiegand, JF. Marquis, M. Vrolicx, J.
Piessens, B. Valeix, G. Kober, H. Bonnier, W. Rutsch, R. Uebis. Angiographic
predictors for recurrence of restenosis following wiktor stent implantation in native
coronary arteries. Am J Cardiol 1993, in press.

Text books/chapters

~ P. de Jaegere, PW. Serruys, W. van der Giessen, P. de Feyterlmmediate and long-
term morphologic changes in stenosis geometry after Wiktor stent implantation in
native coronary arteries for recurrent stenosis following balloon angioplasty. Report
on the first {ifty consecutive patients. In: Restenosis after Intervention with New
Mechanical Devices, Eds: PW Serruys, B Strauss and S King III. Kluwer Academic
Publishers Dordrecht/Boston/London, 1992; pp 191-205. 1992.

- P. De Jaegere, P. de Feyter, P. Serruys. Immediate and long-term clinical and
angiographic results following wiktor stent implantation in patients with documented
restenosis of a native coronary artery lesion following prior balloon angioplasty. In:
Advances in Quantitajtive Coronary Arteriography. Eds: JHC Reiber and PW.
Serruys. Kluwer Academic Publishers, Dordrecht/Boston/London, 1992; pp
593-607.

- BW. Strauss, MM. Morel, EJ. van Swijndregt, WRM. Hermans, VAW. Umans,
BIWM Rensing, P. de Jaegere, PJ. de Feyter, PW. Serruys. Methodologic aspects of
quantitative coronary angiography in interventional cardiology. In: Restenosis after
Intervention with New Mechanical Devices. Eds: PW Setruys, B Strauss and $ King
IMI. Kluwer Academic Publishers Dordrecht/Boston/London, 1992; pp 11-50.

- P. Whitlow, P. de Jaegere, PW. Sermuys. The Wikior stent. In: Textbook of
Interventional Cardiology 2™ Edition. Ed. EJ. Topol, 1993 in press.

- P. de Jaegere, P. de Feyter, PW. Serruys. Intracoronary stenting. In: Annual of
Interventional Cardiology. Eds: EJ. Topol, P.W. Serruys, 1993 in press.

- P. de Jaegere, M. van den Brand, PJ. de Feyter, PW. Serruys. Thrombolytic therapy

prior to ptca in refractory unstable angina pectoris. Results of a double blind placebo
controlled trial. In: Coronary Thrombosis. Ed: Gomez, 1993 in press.

168



— P.de Jaegere, A. Violaris, P. de Feyter, PW. Serruys. Angioplasty or surgery in the
over 70°s. In: Difficult Cardiology. Ed: Gr. Jackson, 1993 in press.

- C. di Mario, JRTC. Roelandt, P. de Jaegere, PJ. de Feyter, PW. Serruys. Intravascular
ultrasound: an evolving rival for quantitative coronary angiography. In: Quantitative
coronary angiography in clinical practice. Eds: Serruys PW, Foley DP, de Feyter PI.
Kluwer Academic Publishers, Dordrecht/Boston/London, 1993 in press.

169






	Stent implantation in human coronary arteries. Clinical and angiographic aspects = Stent implantatie in menselijke kransslagaders, Klinische en angiografische aspecten
	CONTENTS
	INTRODUCTION
	Part 1 - Angiographic aspects
	CHAPTER 1 - Critical appraisal of quantitative coronary angiography and endoluminal
stent implantation.
P.P. de Jaegere, Strauss BH, M.A. Morel, P.J. de Feyter, P.W. Serruys.
Kluwer Academic Publishers (Eds: P.W. Serruys, D. Foley, P J. de
Feyter) !993, in press
	CHAPTER 2 - Morphologic change in coronary artery stenosis with the Medtronic Wiktor stent: initial results from the core laboratory for quantitative angiography.

Serruys P, De Jaegere P, Bertrand M, Kober G, Marquis JF, Piessens J, Uebis R, Valeix B, Wiegand V.

Cathet Cardiovasc Diagn. 1991 Dec;24(4):237-45.

PMID: 1756555 [PubMed - indexed for MEDLINE] 
	CHAPTER 3 - Immediate changes in stenosis geometry following stent implantation: comparison between a self-expanding and a balloon-expandable stent.

de Jaegere PP, Strauss BH, van der Giessen WJ, de Feyter PJ, Serruys PW.

J Interv Cardiol. 1992 Jun;5(2):71-8.

PMID: 10150944 [PubMed - indexed for MEDLINE] 
	CHAPTER 4 - Comparative angiographic quantitative analysis of the immediate efficacy of coronary atherectomy with balloon angioplasty, stenting, and rotational ablation.

Umans VA, Strauss BH, Rensing BJ, de Jaegere P, de Feyter PJ, Serruys PW.

Am Heart J. 1991 Sep;122(3 Pt 1):836-43.

PMID: 1877459 [PubMed - indexed for MEDLINE] 
	CHAPTER 5 - Recoil following Wiktor stent implantation in native coronary arteries.
P.P.T. de Jaegere, P.W. Serruys, G.A. vanEs, M. Bertrand, V. Wiegand,
J.F. Marquis, M. Vrolicx, J. Piessens, B. Valeix, G. Kober, W. Rutsch, R.
Uebis.
J Am Coli Cardiel, Submitted

	Part 2 - Clinical aspects
	CHAPTER 6 - Wiktor stent implantation in patients with restenosis following balloon angioplasty of a native coronary artery.

de Jaegere PP, Serruys PW, Bertrand M, Wiegand V, Kober G, Marquis JF, Valeix B, Uebis R, Piessens J.

Am J Cardiol. 1992 Mar 1;69(6):598-602.

PMID: 1536107 [PubMed - indexed for MEDLINE] 
	CHAPTER 7 - Angiographic predictors of recurrence of restenosis after Wiktor stent implantation in native coronary arteries.

de Jaegere P, Serruys PW, Bertrand M, Wiegand V, Marquis JF, Vrolicx M, Piessens J, Valeix B, Kober G, Bonnier H, et al.

Am J Cardiol. 1993 Jul 15;72(2):165-70.

PMID: 8328378 [PubMed - indexed for MEDLINE] 
	CHAPTER 8 - Balloon angioplasty for the treatment of lesions in saphenous vein bypass grafts.

de Feyter PJ, van Suylen RJ, de Jaegere PP, Topol EJ, Serruys PW.

J Am Coll Cardiol. 1993 Jun;21(7):1539-49. Review.

PMID: 8496517 [PubMed - indexed for MEDLINE] 
	CHAPTER 9 - Matching based on quantitative coronary angiography as a surrogate for randomized studies: comparison between stent implantation and balloon angioplasty of native coronary artery lesions.

de Jaegere PP, Hermans WR, Rensing BJ, Strauss BH, de Feyter PJ, Serruys PW.

Am Heart J. 1993 Feb;125(2 Pt 1):310-9.

PMID: 8427121 [PubMed - indexed for MEDLINE] 
	CHAPTER 10 - Clinical and angiographic results of the pilot phase of the Benestent
Study.
The Benestent Study Group
	CHAPTER 11 - Intracoronary stenting. P.P.T. de Jaegere, P.J. de Peyter, P.W. Serruys.
In: Annual of Interventioual Cardiology (Eds: E. Topol and P.W.
Serruys). Current Medicine, 1993, in press

	SUMMARY
	ACKNOWLEDGEMENTS
	CURRICULUM VITAE
	PUBLICATIONS

