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Recoil Following Wiktor Stent Implantation for
Restenotic Lesions of Coronary Arteries

Peter de Jaegere, MD, Patrick W. Serruys, MD, Gerrit-Anne van Es, PhD, Michel Bertrand, mMD,
Volker Wiegand, MD, Jean Francois Marquis, MD, Matthias Vrolicx, MD, Jan Piessens, MD,
Bernard Valeix, MD, Gisbert Kober, MD, Wolfgand Rutsch, MD, and Rainer Uebis, MD

The purpose of this study was to determine acute recoil of the vessel wall immediately
after Wiktor stent implantation in native coronary arteries ot 77 consecutive patients and
to assess whether there was compression or “late recoil” of the stent itself at long-term
follow-up. Furthermore, the relationship between recoil and a number of clinical, angio-
graphic, and procedural variables was studied in addition to the relation between acute
recoil renarrowing or restenosis was assessed. All angiograms were analyzed with the
Cardiovascular Angiography Analysis System using automated edge detection. Acute
recoil was defined by the difference between the mean diameter of the fully expanded
balloon on which the stent was mounted and the mean diameter of the stented segment.
Late recoil was calculated by comparing the mean diameter of the stent itself inmediately
after implantation and at follow-up without opacification of the vessel.

Acute recoil amounted to 0.25 + 0.32 mm or 8.2%. Multivariate analysis identified sex
(coefficient = —0.20, p = 0.04) and stent/artery ratio (coefficient = 0.99, p = 0.0001) as
the only independent predictors of acute recoil. “Late recoil” of the stent itself was not
observed. The overall difference between the mean diameter of the stent itself immedi-
ately after implantation and at follow-up was —0.15 = 0.33 mm, suggesting an overall
increase in diameter of 5.0%. There was no relation between acute recoil and late reste-
nosis. On the contrary, there was a trend towards a greater degree of recoil in patients
without restenosis. Moreover, linear regression analysis disclosed a weak but negative
correlation between acute recoil and a loss in minimal luminal diameter (coefficient:
-0.55, p = 0.04).

The Wiktor stent effectively scaffolds the instrumented vessel. Only a minimal amount
of acute recoil was noted, which did not contribute to late luminal renarrowing or reste-
nosis. In addition, no late compression of the stent itself was observed. These data
suggest that tissue ingrowth into the lumen of the stented segment is the main cause of

late luminal renarrowing after stent implantation.

© 1994 Wiley-Liss, Inc.
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INTRODUCTION

The precise mechanisms by which balloon angioplasty
leads to luminal enlargement and clinical improvement
remain unclear [1]. Several mechanisms have been pro-
posed but rely principally on histopathological examina-
tion 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 balloon
angioplasty with intravascular ultrasound has shown that
in addition to plastic changes such as plaque fracture and
compression, elastic changes occur that contribute to lu-
minal enlargement [1,8-10]. As a response to these elas-
tic changes, recoil may occur and constitute a mechani-
cal reason for loss of gain achieved during balloon
angioplasty [11]. Elastic recoil has been reported to ac-
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Fig. 1.
device, constructed of a single loose interdigitating tantalum
wire (0.125 mm in diameter) that formed into a sinusoidal wave
and wrapped into a helical coil structure. The stent is crimped
onto the deflated polyethylene balloon of a standard angio-

The Wiktor stent is a radiopaque balloon expandable

count for an average 32—47% loss of the maximal
achievable vessel diameter or vessel cross-sectional area
[12-16]. To improve the immediate and long-term re-
sults of balloon angioplasty, intracoronary stent implan-
tation has been advocated [17]. At present, the stent is
the only catheter technology that scaffolds the vessel and
therefore may prevent recoil. A number of stents are
currently available [17-21]. They differ in geometry,
wire thickness and physicochemical 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, which have a more rigid and stiff mesh
architecture. Therefore, the purpose of this study was to
determine elastic recoil 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 pa-
tients (88% male, age 58 = 9 years) in whom a single
Wiktor stent (Fig. 1) was successfully implanted and in
whom repeat angiography was performed at (mean
+SD) 5.7 = 1.3 months. In all patients, a stent was
implanted because of recurrence of angina with objective
evidence of ischemic due to restenosis of a lesion in a
native coronary artery. A first restenosis was docu-

plasty catheter. The features are such that by inflating the bal-
loon the diameter of the stent increases without any alteration
in length (14-16 mm). The crimped stent profile is approxi-
mately 1.5 mm.

mented in 44 patients (57%), a second in 27 patients
(35%), and a third in 6 patients (8%). The target vessel
was the left anterior descending artery in 42 patients
(54%), the circumflex artery in 9 patients (12%), and the
right coronary artery in 26 patients (34%). The nominal
size of the stent used was (mean =SD): 3.40 = 0.37 mm
{3.0-mm device in 30 patients (39%), 3.5-mm device in
33 patients (43%), and a 4.0-mm device in 14 patients
(19%). The baseline angiographic characteristics of the
study population are shown in Table I. Written informed
consent was required for every patient. The study proto-
col was approved by the ethics committee of the indi-
vidual hospitals. The procedure of stent implantation and
anticoagulation protocol have been described in depth
elsewhere [22].

Assessment of Recoil

All coronary angiograms were analyzed by the com-
puter-assisted Cardiovascular Angiography Analysis
System (CAAS) using automated edge detection as pre-
viously 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 milliamperes were used dur-
ing the cine recordings. Vessel segments were analyzed
in the least foreshortened projection that is, perpendicu-
lar to the incoming X-ray beam. To dilate the vessel
maximally and to control vasomotion, the same amount
of intracoronary nitrates—either nitroglycerin, 0.1-0.3



TABLE I. Baseline Angiographic Data of the 77
Study Patients*

Characteristics Stent size

Reference diameter (mm) 2.88 £ 0.55
Minimal luminal diameter {mm) 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 (%) 82 = 11

Lesion length (mm) 12.6 = 2.33
Plaque area (mm?) 13.8 + 5.00
Symmetry 0.50 = 0.30

*All parameters are expressed as mean £SD.

mg, or isosorbide dinitrate, 1-3 mg—was administered
both before and after stent implantation [24].

Definition of Recoil

Elastic recoil immediately after stent implantation
(acute recoil) was defined by the difference between the
mean diameter of the fully expanded balloon on which
the stent was mounted and the mean diameter of the
stented segment immediately after stent deployment
(Fig. 2). The time interval between balloon inflation and
post-stent cine recordings was usually <1 min. To de-
termine whether there was compression of the stent itself
at follow-up (late recoil), advantage was taken of the
unique radiopaque properties of the Wiktor stent. Auto-
mated edge detection was used to measure the mean
diameter of the stent itself without opacification of the
vessel. Late recoil was defined by the difference between
the mean stent diameter immediately after implantation
and at follow-up (Fig. 3).

A number of clinical (gender and age), angiographic
(target vessel, vessel size, minimal luminal diameter be-
fore and after intervention, percentage diameter stenosis,
lesion length, plaque area, symmetry, curvature), and
procedural variables (stent/artery ratio defined as the ra-
tio of the mean diameter of the fully expanded balloon on
which the stent was mounted and the interpolated refer-
ence diameter) were selected to study their relationship
with acute and chronic recoil.

Furthermore, the relationship between acute recoil and
late restenosis was analyzed. For this purpose, 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 luminal diameter
post stenting. This was done because restenosis is clas-
sically described by the loss in minimal luminal diameter
(difference between the minimal luminal diameter post-
intervention and the minimal luminal diameter at follow-
up). In addition, the incidence of restenosis was defined
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according to the categorical approach using the 0.72-mm
and the 50% diameter stenosis criteria [19].

Statistical Analysis

The data are presented as mean =SD. The 95% con-
fidence intervals were calculated with the statistical
package CIA [25]. When using an univariate analysis,
continuous variables were divided in three subgroups of
nearly equal size. 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 relation-
ship between the variables that were statistically signif-
icant at an 0.05 Ievel in the univariate analysis (indepen-
dent variables X,) and recoil (dependent variable Y):

Y = By + B1X,,

where B is the intercept and 3, the regression coeffi-
cient. The standard criteria of the F statistic, whether
significant or not, at a 0.10 level were used for inclusion
and elimination in the model, respectively. Continuous
variables were entered as such in the multivariate anal-
ysis, except for variables with two of three tertiles show-
ing approximately the same amount of recoil. These
were entered as discrete variables [26]. For every param-
eter retained in the final model, its estimated coefficient
(i.e.. slope) and p-value are given. Regression analysis
was carried out with a commercial statistical package
(SAS-release 6.03).

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, repectively (Table II). Theretore acute recoil
amounted to 0.25 = 0.32 mm or 8.2%. Univariate anal-
ysis identified sex, reference diameter, lesion length and
stent/artery ratio as potential predictors of acute recoil
(Table III). After multivariate analysis, only sex (coef-
ficient = —0.20, p = 0.04) and stent/artery ratio (co-
efficient = 0.99, p = 0.0001) prevailed as the two
independent predictors of acute recoil (Fig. 4).

‘“Late Recoil”

Late compression of the stent itself was not observed.
On the contrary, the overall difference of the mean di-
ameter of the stent itself immediately after implantation
and at follow-up was —0.15 * 0.33 mm, suggesting an
overall increase in diameter of 5.0% (Table IV). Lesion
length and mean diameter of the stent immediately after
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TABLE II. Acute Recoil Following Wiktor Stent Implantation in
Native Coronary Arteries”

Mean diameter
fully expanded
balloon

Mean diameter

stented segment 95% Cl

3.05 %+ 0.37mm 2.80 * 0.44 mm 0.25 = 0.32 mm (0.18; 0.33 mm)

Difference

*All variables are expressed as mean =SD; CI = confidence interval.

Acute recoil (mm)
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Stent/artery ratio (mm)

Fig. 4. Graphic display of the linear regression analysis study-
ing the relationship between acute recoil (Y-axis) and stent/ar-
tery ratio (X-axis). Stent oversizing is associated with signifi-
cant more recoil. Dots denotes data of male patients; crosses
denotes data of female patients.

implantation were identified as predictors of late recoil in
the univariate analysis. They were both retained as in-
dependent discrete predictors in the multivariate analy-
sis. Their corresponding coefficient and p-value were
0.16 (p = 0.04) and 0.28 (p = 0.0007), respectively.

Relationship Between Acute Recoil
and Late Restenosis

The incidence of restenosis was 43% and 27%, ac-
cording to the 0.72-mm and 50% diameter stenosis cri-
teria, respectively (Table V). Irrespective of the defini-
tion of acute recoil described above, there was no
difference in the degree of recoil between patients with
restenosis and those without angiographic restenosis (Ta-
ble V). When defining recoil as the difference between
the mean final balloon diameter and the minimal luminal
diameter post-stenting (acute recoil 2, Table V), there
was a trend towards a greater degree of recoil in patients
without restenosis compared to those with restenosis ac-
cording to the 0.72-mm criterion (0.70 *+ 0.30 mm ver-
sus 0.58 = 0.27 mm, respectively). In addition, linear
regression analysis disclosed a weak but negative corre-
lation between acute recoil and loss in minimal luminal
diameter (coefficient; —0.55, p = 0.04). This trend to-
ward an inverse relationship indicates that patients with

more acute recoil tended to have a smaller loss in mini-
mal luminal diameter. There was no relationship be-
tween acute recoil and minimal luminal diameter at fol-
low-up (coefficient: —0.004, p = 0.99).

DISCUSSION

Although the precise mechanisms by which balloon
angioplasty lead to luminal enlargement are still incom-
pletely 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 that contribute to the dilatation
process [1,8,9,11]. As a response to these elastic
changes, elastic recoil after balloon angioplasty has been
reported to be responsible for 32-47% loss of the theo-
retically achievable result, which in turn may affect the
long-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 behavior of the vessel wall after Wiktor stent implan-
tation and of the stent itself at follow-up were studied
using quantitative coronary angiography.

In comparison with historical data on balloon angio-
plasty, 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]. Fur-
thermore, these data, compare favorably with those of
other investigators assessing recoil after stent implanta-
tion in human coronary arteries [28-30]. In these stud-
ies, 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
Popma 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 luminal
diameter post stent implantation, while in this study re-
coil was defined as the difference in the mean final bal-
loon diameter and the mean diameter of the stented seg-
ment. This definition was chosen because we were
interested in the behavior of the vessel wall of the entire
stented segment. Studies using either quantitative coro-
nary angiography or a combination of a balloon catheter
that houses a ultrasound transducer clearly demonstrated
that balloon expansion is not uniform [11,16]. This has
recently been observed in balloons on which a stent was
mounted resulting in asymmetric stent expansion [31].
This finding suggests 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 seg-
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TABLE lll. Relationship Between Clinical and Angiographic Variables and Acute Recoil: Results

of Univariate Analysis*

Acute recoil

n (mm) Difference 95% CI

Sex

Male 68 0.29 + 0.32 — —

Female 9 -0.01 = 0.21 0.30 (0.08; 0.51)
Reference diameter (mm)*

<2.5 23 0.36 = 0.30 — —

2.5-3.0 26 0.25 £ 0.28 0.11 (—0.05; 0.28)

=3.0 26 0.15 £ 0.35 0.21 (0.03; 0.40)
Lesion length (mm)*

<1L1.5 25 0.35 + 0.22 — —

11.5-13.5 25 0.19 = 0.23 0.16 (0.04; 0.29)

=13.5 25 0.21 £ 0.45 0.14 (—0.05; 0.34)
Stent/artery ratio®

<1.00 23 0.07 = 0.27 —

1.00-1.13 25 0.24 = 0.21 -0.17 (—0.31; 0.03)

=1.13 27 0.43 + 0.36 -0.36 (—0.51; —-0.12)

*All parameters are expressed as mean +SD.

*Of 2 patients, the reference diameter, lesion length, and stent/artery ratio were not known.

TABLE V. “Late Recoil” Following Wiktor Stent Implantation
in Native Coronary Arteries*

Mean stent

diameter Mean stent

immediately diameter at

after implantation follow-up Difference 95% C1

299 * 04l mm 3.13 £ 0.37 mm —0.15 * 0.33 mm -0.23;, —0.07

*All variables are expressed as mean =SD; CI, confidence interval.

ment may experience more stretch than the other, pro-
ducing more recoil [11,16,31]. It is noteworthy that, if
we would use the definitions proposed by other investi-
gators to define recoil, it would amount 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
[12,13,15]). Such a relationship was also found by Leon
et al. [28] in patients who received a Palmaz-Schatz
stent, but it is at variance with the data reported by Haude
et al. [30]. The discrepancy between the reported results
herein 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 that was larger than the target vessel. The mean
stent/artery ratio was 1.08 = 0.15 (median 1.0, range
0.5-1.5). Haude et al. reported a mean stent/artery ratio
of 0.96 [30]. Another explanation may be the fact that
the degree of recoil observed by Haude et al. was too

small to detect such a relationship. Haude and co-work-
ers reported a mean elastic recoil of 0.10 = 0.07 mm
(3.5%) in diameter and of 0.38 = 0.36 mm? in cross-
sectional area (5.1%) after stenting [30].

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

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 specu-
lated that chronic damage to the vessel wall, as observed
after Wiktor stent implantation in porcine coronary ar-
teries, may offset opposing forces of the vessel wall per-
mitting further stent expansion [32]. Whether this dam-
age is due to movement of the rigid implant within the
vessel wall or to local weakening of the media beneath
the stent wires reflecting reparative processes remains to
be elucidated. Moreover, methodological reasons, such
as changes in projections, contour detection inhomoge-
neity, and reproducibility of the Cardiovascular Angiog-
raphy Analysis System (CAAS) system, may contribute
to and explain this observation.

The absence of late recoil, in addition to the evidence
that acute recoil does not contribute to late luminal re-
narrowing or restenosis (Table V), indicates that late loss
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TABLE V. Relationship Between Acute Recoil (mm) and Late Restenosis*

Restenosis criterion

0.72 mm 50% Diameter stenosis
Yes No Yes No
(n = 33) (n = 44) Difference (n = 21) (n = 54) Difference
Acute recoil | 0.26 + 0.26 0.25 £ 0.29 —-0.02 + 0.30 0.28 * 0.42 0.24 = 0.28 0.04 £ 0.32
95% Cl (0.13: 0.39) (0.16; 0.34) (—0.14; 0.16) (0.09; 0.47) (0.16; 0.31) (—0.12; 0.21)
Acute recoil 2 0.58 + 0.27 0.70 = 0.30 -0.12 = 0.29 0.63 = 0.28 0.64 + 0.31 —0.01 = 0.30
95% CI (0.48; 0.67) (0.61; 0.79) (—-0.25; 0.01) (0.51; 0.76) (0.56; 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 luminal diameter post-stent implantation; CI, confidence interval.

in minimal luminal diameter is due to tissue ingrowth
into the lumen of the stented segment. This is in accor-
dance with pathologic observations disclosing that the
predominant cause of restenosis following balloon an-
gioplasty or stent implantation is extensive neointimal
thickening due to smooth muscle cell proliferation at the
dilated or stented site [27,32,33-37].

Contrast Angiography to Assess Recoil

Elastic recoil implies an active component of the ves-
sel wall which, for obvious 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 luminal 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, nonocclu-
sive mural thrombus formation, and subintimal hemor-
rhage, have been proposed to cause early luminal nar-
rowing [12]. Although attractive from a theoretical point
of view, these mechanisms are unlikely to explain these
changes. Vasomotion was controlled by intracoronary
injection of nitrates before each cine run which effec-
tively reverses vasoconstriction [24]. Given the intrinsic
thrombogenicity of the intracoronary stent, platelet dep-
osition and mural thrombus formation cannot be ruled
out. Nevertheless, it is unlikely to be the cause of the
reduced luminal diameter, taking into account the time
interval between stent implantation and control angiog-
raphy. The same holds for intramural hemorrhage. Stents
have been shown to prevent vessel collapse effectively 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
unique opportunity to assess vessel wall changes contin-
uously before, after, and above all during balloon infla-

tion. The preliminary results reported by Gorge et al.
[39], who used conventional intravascular ultrasound
techniques, suggests that recoil indeed exists after stent
implantation.

Automated Edge Detection to Quantify Recoil

To quantify recoil, one has to rely on cardiac imaging
techniques with known precision, accuracy, and inter-
and intraobserver variability. The computer-assisted
CAAS used in this study has been extensively validated
in both the clinical as well as in the experimental setting
following balloon angioplasty and stent implantation
[40-45]. 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 medium 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 ab-
sorbs most of the incoming X-rays. This is also in ac-
cordance with phantom studies from our laboratory,
which disclosed that automated contour detection, in
contrast to videodensitometry, adequately identified lu-
minal contours of a Wiktor stent-containing plexiglass
phantom [43]. With respect to intravascular ultrasound,
it should be acknowledged that, notwithstanding its
value and importance, the delineation of the arterial
boundaries is subjective and therefore may not always be
precise.

CONCLUSIONS

The Wiktor stent effectively scaffolds the instru-
mented 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 ob-
served. Therefore, tissue ingrowth into the lJumen of the
stented segment is the main cause of late luminal renar-
rowing after stent implantation.
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