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The purpose of this study was to assess the early

changes in stenosis geometry after insertion of intra-
vascular stents in human coronary arteries. Morpho-

logic changes were evaluated by quantitative coro-
nary angiography (using automated edge detection)
and by calculation of the theoretical pressure de-
crease across the dilated and stented stenosis from
the Poiseuille and turbulent resistances assuming a
coronary blood flow of either 1 or 3 ml/s. Twenty-
six patients®* were studied before and after angio-
plasty, as well as immediately after stent implanta-

tion. The stented coronary artery was the left
anterior descending artery in 19 cases, the circum-
flex artery in 2 cases, the right coronary artery in 2
cases and a coronary artery bypass vein graft in 3
cases. After stent implantation, an additional in-
crease in minimal luminal cross-sectional area of
the dilated vessel was observed, suggesting that the
self-expanding stainless steel endoprosthesis used
in this study has a dilating function in addition to its
stenting role.

(Am J Cardiol 1988;61:71G-76G)

S ince the introduction of percutaneous translumin-
al coronary angioplasty in 1977,' continuing im-
provements in angioplasty technique have led to a
high initial success rate and broad clinical applica-
tion.=¥ However, the rate of restenosis during the first 6
months after the procedure is still high (30 to 40% )*-%;
thus, restenosis remains one of the main limitations of
this therapeutic procedure.

Intravascular stenting of the dilated vessels has
been proposed as an alternative approach, along with
other techniques—pharmacologic,® mechanical?
and thermal'’'*—under investigation for preventing
late restenosis. Different prostheses have been devel-
oped and tested in animal experiments,'3-22 and re-
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cently in humans.=’ The endoprosthesis used in this
open clinical trial consists of a self-expanding stainless
steel mesh (Medinvent,®) that exerts an active radial
force on the vascular wall after deployment. However,
there is no quantitative angiographic data indicating
whether this ongoing outward force affects the imme-
diate anatomic result of balloon angioplasty.

The purpose of this study was to assess early mor-
phologic changes in stenosis geometry by quantitative
coronary angiography after stenting of human coro-
nary arteries.

Methods

Patients: Twenty-six patients (20 men, 6 women]
were studied. The patients were treated and investi-
gated in the 5 following centers: Division of Cardiolo-
gy, Departinent of Medicine, CHUYV, Lausanne, Swit-
zerland; Department of Clinical and Experimental
Cardiology, CHRU Rangueil, Toulouse, France; De-
partment of Cardiology, Hopital Cardiologique, Lille,
France; Department of Clinical Measurement, Na-
tional Heart Institute, London, United Kingdom; and
the catheterization laboratory, Thoraxcenter, Rotter-
dam, The Netherlands. The endoprosthesis used in
this study was provided by Medinvent SA, and insert-
ed as previously described.?? The dilated and stented

*Published 1in part in: Am | Cardiol 1988;61:546-553.
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coronary artery was the left anterior descending artery
In 19 cases, the circumflex artery in 2 cases, the right
coronary artery in 2 cases and a coronary artery bypass
vein gralt in 3 cases. Each patient gave informed con-
sent before the intervention.

Description of the stent: The stent is woven from a
surgical grade stainless steel alloy formulated accord-
ing to the specifications of the International Standards
Organization. The prosthesis is geometrically stable,
pliable and self-expanding, consisting of 16 wire fila-
ments, each 0.08 mm in diameter (Fig. 1). Its elastic
and pliable properties are such that its diameter can
be substantially reduced by moderate elongation. It
can be constrained on a small-diameter delivery cath-
eter, but spontaneously returns to its original (uncon-
strained) larger diameter when the constraining mem-

FIGURE 1. Top, simulated implantation in a length of plastic tube. A
doubled-over membrane maintains the stent constrained in an elon-
gated state. Retraction of this membrane allows the stent to be
progressively released into the vascular lumen. In doing so, the
stent gradually shortens and expands. Bottom, implanted stent
within curvature of plastic tube, demonstrating the stent’s pliability.

brane is progressively removed (Fig. 2). The outer
diameter of the stent-catheter system mounted on this
delivery device is 1.57 mm, using prostheses that ex-
panded to a diameter of 6.5 mm. In this study, the
unconstrained stent diameter ranged from 3.0 to 5.0
mm. The stent sizes were selected based on the size of
the arterial segment, taking into account that the stent
In its unconstrained form must have a diameter 0.5 mm
larger than the stented vessel.

Quantitative coronary angiography: The determi-

nation of coronary arterial dimensions from 35 mm

cinefilm was performed with the computer-based Car-
diovascular Angiography Analysis System, previously
described in detail. % In essence, boundaries of the
relevant coronary artery segment are detected auto-
matically from optically magnified and video-digitized
regions of interest of a selected cineframe (Fig. 3). The
absolute diameter of the stenosis in millimeters is de-
termined by comparison to the known diameter of the
guiding catheter. This involves the automated edge-
detection of its boundaries in situ and the comparison
of this value with the actual diameter measurement of
the catheter. Determination of the stenosis diameter in
absolute values (mm) is achieved by comparing -its
mean diameter to that of the guiding catheter. To cor-
rect the detected contours of the arterial and catheter
segments for pincushion distortion, a correction vector
is computed for each pixel based on a computer-pro-
cessed cineframe of a centimeter grid placed against
the input screen of the image intensifier.2? Since the
functional significance of a stenosis is related to the
expected normal cross-sectional area of the vessel at
the point of obstruction, we used a computer estima-
tion of the original arterial dimension at the site of the
obstruction to define the interpolated reference re-
gion.>*** The interpolated percentage area stenosis
and the minimal luminal cross-sectional area (mm?)
are then calculated from, at least 2, preferably orthogo-
nal projections. The length of the lesion is determined
from the diameter function on the basis of a curvature
analysis.
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FIGURE 2. Longitudinal section of the stent delivery catheter showing the “‘constrained’ stent surrounded by the coaxial balloon. After
inflation of the balloon, the outer sheath of the coaxial system is retracted (lower half) to allow the stent to expand within the arterial lumen.
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The accuracy of this quantification method has pre- medium-term (60 minutes) and long-term (90 days)
viously been validated with Plexiglas® phantoms filled  studies. The variability in obstruction diameter for
with contrast medium (perspex models).?® The overall these 3 types of studies ranged from 0.22 mm for the
accuracy (average difference) and precision (pooled medium-term study to 0.36 mm for the least well-con-
standard deviation of the differences) of our contour trolled long-term study. In the long-term study group,
detection technique for the measurement of percent-  the lack of significant variation in the mean difference
age diameter stenosis are 2.00 and 2.68%, respectively, of the minimal lumen diameters suggests that no de-
and for the measurement of obstruction diameters, tectable progression or regression of atherosclerotic
—30 and +90 g, respectively. The mean differences £ lesions occurred over the period of 90 days. Therefore,
standard deviations of the differences in the obstruc-  a change greater than the total measurement variabili-
tion and interpolated reference diameters, as well as  ty of repeated coronary cineangiography and quantita-
in the interpolated percentage diameter stenosis, have  tive analysis (0.36 mm for obstruction diameter. i.e. 1
previously been published for short-term (5 minutes), standard deviation of difference of duplicate measure-
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FIGURE 3. Angiograms of a left anterior descending coronary artery
(cranial projection) before (top left) and after (top right) angio-
plasty and immediately after stent implantation (bottom) with su-
perimposition of the automated contours of the coronary artery
segment of interest. Beneath this is shown the diameter function of
the detected contours of the coronary artery. The minimal lumen
diameter (vertical line) and the interpolated diameter function ( hor-
izontal line) from which the reference diameter is derived are
shown.
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ments) was considered significant and indicative of
restenosis. This change in absolute values corresponds
to a change of 6.5% in percentage diameter stenosis.=*
Hemodynamic assessment: The theoretical pres-
sure decrease was calculated using the arteriogram
and digtial computation, according to the well-known
formulas described in the literature=”-2%: Pgrad = Q -
(Rp + Q - Rt), where Pgrad is the theoretical transsten-
otic pressure decrease (mm Hg) over the stenosis, Q the
mean coronary blood flow (ml/s), Rp the Poiseuille
resistance and Rt the turbulent resistance.
These resistances have been defined as follows:

(length obstruction)

Rp = C'l i o 8 B . J,
(minimal cross-sectional area)-

where C; = 8- 7 - (blood viscosity]); where blood viscos-
ity = 0.03 g/cm-s

Rt=(32-( - =

(minimal cross-sectional area]

1 2
(normal distal area])

(blood density]
0.266 |

where blood density = 1.0 g/cm?

where C, =

The theoretical transstenotic pressure decrease was
calculated for a theoretical coronary blood flow of
0.5, 1 and 3 ml/s. The Poiseuille and turbulent contri-
butions to flow resistance were determined from ste-

nosis geometry assessed by quantitative coronary an-
giography.

Statistical analysis: Comparisons between mea-
surements obtained after PTCA and stenting were
performed using the Student t test for paired obser-
vations.

Results

Twenty-six patients were studied and a mean of 1.6
+ 0.5 angiographic projections per lesion was ana-
lyzed (Fig. 3). The morphologic and hemodynamic
data (mean % standard error of the mean as well as the
individual values of the parameters for each patient)
are presented in Tables I and II, respectively.

Stent implantation after angioplasty resulted in an
additional increase in minimal luminal cross-sectional
area (Fig. 4) and obstruction diameter, and a further
decrease in percentage area and percentage diameter
stenosis compared with the postangioplasty state. This
morphologic improvement was associated with a de-
crease in both the calculated turbulent and Poiseuille
resistance, as well as the theoretical transstenotic pres-
sure decrease for a theoretical flow of 1 ml/s. These
data suggest that immediately after angioplasty, the
endoprosthesis has an active dilating function in addi-
tion to its basic stenting (maintainence of dilated diam-
eter) role.

Discussion

Although initial success rates for coronary angio-
plasty have improved, the problem of restenosis con-
tinues to compromise the overall results of the pro-

TABLE | Morphologic Results Immediately After Stenting
Minimal Percentage
Extent Cross-Sec- Area Reference
Obstruction tional Area Stenosis Area
(mm) (Mm?) (%) (mm?)
Mean
+ SD
Pre-P [ 75+0.5 11.2:k0:2 I 812 [73+0.7
Post-P |l 69+05 ! |29 +027 L 55+2 1 NE?Q:EO? T
NS ' - NS
Post-S 7.3+04 ) 48 + 0.5 | 36+3 | 77407 ]

* p <0.005; T p <0.05.

NS = not significant; P = PTCA; S = stent; SD = standard deviation.

TABLE Il Hemodynamic Results Immediately After Stenting
Pressure Gradient (mm Hg)
Poiseuille Turbulent
Resistance Resistance Flow Flow Flow
(dynes s cm™9) (dynes s cm™>) (0.5 ml/s) (1 ml/s) (3 ml/s)
Mean
+ SD
Pre-P 31.3 + 21.2 20.1 + 14.2 (6.6 + 1.7 6.3 + 4.3 [29.3 + 7.1
Post-P 0.7+0.1 | 01+£00 1 [B80+00] | 18+01) | 32+0.4]
Post-S 03+00 | 0.0+00 | 0.1+ 0.0 0.3+ 0.1] 1.1+£0.2]
* p <0.005.

Abbreviations as in Table |.



May 9, 1988 THE AMERICAN JOURNAL OF CARDIOLOGY Volume 61 75G

cedure.?® With restenosis rates ranging from 30 to
40%,%579 there is an evident need for new techniques
to prevent restenosis.

A promising new approach to reduce the rate of
restenosis and help prevent abrupt reclosure is the
implantation of an intravascular endoprosthesis. The
principle of introducing intraarterial grafts percutane-
ously was first described by Dotter in 1969.* Over the
last few years, variants of the original technique using
thermal-shaped memory alloy,1321%° expanding spring
steel spirals,?! expanding stainless steel stents?”3? and
expanding woven stainless steel meshes!®1%19 have
been reported in animal experiments.

Recently, intravascular stents have been implanted
in humans to prevent occlusion and restenosis after
transluminal angioplasty.?? The endoprosthesis used
in this first clinical series consisted of a new self-ex-
pandable stainless steel mesh. The present study has
used quantitative coronary angiography to assess the
early modifications in stenosis geometry after implan-
tation of this new endoprosthesis.

The early assessment immediately after stent im-
plantation shows an additional morphologic improve-
ment over results after balloon dilatation, demonstrat-
ing the intrinsic dilating force exerted by the stent. The
problems arising with expandable vascular protheses
are whether a stable positioning can be achieved only
by expansile pressure against the vessel wall, and
what are the pressure thresholds to avoid serious inju-
ry such as vessel-wall pressure necrosis. Using an in-
travascular “‘double-helix” spiral prosthesis, Maass et
al3? showed that the preimplantation calculation of the
fixation pressure can be estimated if the elasticity
module of the material, the thickness of the metal wire
and the radii of the unconstrained as well as the par-
tially expanded spiral prosthesis are known. Their ex-
periments in dogs indicate that pressures up to 300 mm
Hg are well tolerated in the volume as well as in the
arterial system. In the former, however, this may rep-
resent an upper limit, whereas in the arterial system, a
higher pressure probably can be sustained. Perfora-
tion, deep pressure marks or cutting effects of the spi-
ral coils were observed only in pressures exceeding
3,000 mm Hg. Sigwart et al®? also indicated that this
prosthesis has an elastic radial force that tends to dilate
the artery when the vessel caliber is less than that ot
unconstrained stent diameter. Dilatation continues
until an equilibrium is attained between the circum-
ferential elastic resistance of the arterial wall and the
dilating force of the prosthesis. Previously, Wright and
Wallace3! showed that the expansile pressure depends
on the recipient vessel diameter and on the intrinsic
dilating force of the stent itself. The present study con-
firms the dilating capacity of the stent in human
beings.

Conclusion

Percutaneous implantation of the self-expandable
stainless steel endoprosthesis is a new technique to
prevent restenosis after human coronary angioplasty.
The dilating radial force of the stent is responsible for
an additional improvement in the results of angio-
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FIGURE 4. Changes in minimal luminal cross-sectional area
(MLCA) between percutaneous transluminal coronary angioplasty
before (pre-PTCA), after (post-PTCA) and immediately after stent
(post-STENT) implantation.

plasty. Intravascular stenting may be a promising com-
plementary technique to coronary angioplasty to pre-
vent abrupt closure and late restenosis after per-
cutaneous transluminal coronary angioplasty.
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