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introduction and Overview

The work presented in the following chapters covers a period from 1985 to 1892, Progress in
our understanding the clinical problem of restenosis following coronary angioplasty has been
slow and has been due net only to our failure to accurately determine the pathophysiology of
restenosis but also to our inability to understand the limitations of our measurement systems
in documenting and assessing the process.

The original restenosis study, conducted at the Thoraxcenter, in which all patients were to
have foliow-up angiography at a predetermined time was begun in an era when assessment
was entirely on a categorical basis, the value of angiographic follow-up questionable and the
use of quantitative angiography largely unknown amongst clinical cardiologists. The initiative
1o start the study by the Cardiac Catherisation laboratory and the impetus by Patrick Serruys
to carry it through reflects an insight into the problem that was well ahead of its time.

Chapters 2 and 3 detail our understanding of the early results and represent the first attempts
to move away from the established criteria for assessing restenosis and to make the
distinction between restenosis as it applies to the individual patient and the assessment of
restenosis as it applies to populations undergoing coronary angioplasty. Chapter 2 is the first
publication to delinsate the timing of restenosis which prior to this was described as occurring
within six months, and Chapter 3 is the first to describe the Gaussian distribution of the
restenosis population, a concept whose importance has only this year been widely
recognised.

Chapter 4 represents another major landmark in our understanding of clinical restenosis,
This was published simultaneously with complementary animal studies and had the effect of
reversing the considerable resistance to the concept built up over the previous 2 years. The
distribution of the restencsis parameters, first addressed in Chapter 2, are further developed
This controversial paper makes the distinction between a sub-optimal angioplasty results and
late restenosis. It describes new risk factors for restenosis and questions the relevance of
virtually all previous publications dealing with risk factors related to restenosis,

The final chapter in this section summarises the developments at the end of the first decade
of angioplasty and makes recommendations for more appropriate methodology in future
studies, which are particularly relevant to the assessment of new devices.



Part Il deals with the application of quantitative angiography as applied to the assessment of
new devices in general and to stent implantation in particular. The assessment of the clinical
utiity of these devices have been controversial, with disagreement between pubilished
reports. The failure of investigators to report the benefits and limitations in & clear and
scientifically precise manners has lead investigators o undertake many unnecessary studies
subjecting patients inappropriate and inconvenient investigations. Chapter 9 in particular
conveys a different and more appropriate evaluation of the henefits and complications of
intracoronary stent implantation. The adoption of concepts developed in Part |, particularly
the distinction between the dilating effect and the reslenosis process, have allowed more
appropriate evaluation. There is now a much greater acceptance among interventional
cardiologists of the methods covered in Part 1, and it seems likely that this will lead to a more
uniform and cohesive understanding of the benefits and limitations. However, the exact way
in which the resuits should be documented remains controversial. The proposal put forward
by the author is dealt with in Chapter 14, and is the only one that adeguately takes into
account the “paradox” of restenosis.



Partl

Populations and Characteristics of coronary angiographic
variables in patients following angioplasty
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Chapter 1

Incidence of restenosis after successful coronary angioplasty: a
time-refated phenomenon. A guantitative angiographic study in 342
consecutive patients at 1, 2, 3, and 4 months. Circulation 1988;
77:361-371.
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THERAPY AND PREVENTION
CORONARY ANGIOPLASTY

Incidence of restenosis after successful coronary
angioplasty: a time-related phenomenon

A guantitative angiographic study in 342 consecutive patients
at 1, 2, 3, and 4 months

erRUYS. H. E. LupTen, K. J. BEATT. R. GEUSKENS, P. J. DE FEYTER. M. VAN DEN BRAND,

P.W. S
J. H. C. Reser, H. J. TEN KATEN, G. A. vaN Es, anD P. G. HUGENHOLTZ

ABSTRACT Data from experimental. clinical. and pathologic studies have suggested that the process
of restenosis begins very early after coronary angioplasty. The present study was performed to determine
prospectively the incidence of restenosis with use of the four National Heart. Lung. and Blood Institute
and the 50% or greater diameter stenosis criteria. as well as a ¢ritzrion based on a decrease of 0.72
mm or more in minimal luminal diameter. Patients were recatheterized at 30, 60. 90, or 120 days after
successful percutaneous transiuminal coronary angioplasty (PTCA). After PTCA all patients received
10 mg nifedipine three 1o six times a day and aspinin once a day until repeat angiography. Of 400
consecutive patients in whom PTCA was successful (<50% diamerer stenosis). 342 underwent
quantitative angiographic follow-up (§6%) by use of an automated edge-detection technique. A wide
vanation in the incidence of restenosis was found dependent on the criterion applied. The incidence
of restenosis proved o be progressive to at least the third month for all except NHLBI criterion II. At
4 months a further increase in the incidence of restenosis was observed when defined as a decrease
of 0.72 mm or more in minimal lJuminal diameter, whereas the criteria based on percentage diameter
stenosis showed a vanable response. The lack of overlap between the different restenosis criteria applied
affirms the arbitrary namure of angiographic definitions currently in use. Restenosis should be assessed
by repeat angiography. and preferably ascertained according to the change in absolute quantitative

measurements of the luminal diameter,
Circulation 77. No. 2, 361-371. 1958.

PREVIOUS STUDIES with exercise thallium-201
scintigraphy and exercise-gated radionuclide ventric-
ulography performed in asymptomatic patients after
successful percutaneous transluminal coronary angio-
plasty (PTCA) have suggested that the process of
restenosis begins early after the procedure.’™ Dara
from experimental, clinical, and pathologic studies
have indicated that restenosis may occur within 60 days
via two mechanisms: first, platelet deposition at the site
of endothelial denudation early after angioplasty (min-
utes 1o days) can induce spasm and the formation of a
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mural thrombus, which may subsequently undergo
organization and cause restenosis® " second. release
of platelet-derived growth factor may induce an exces-
sive intimal fibroproliferative response consisting
mostly of preliferating stnooth muscle cells which may
conwibute 1o late (7 to 150 days) restenosis, > *-1%

It is generally considered that evidence of restenosis
usually presents itself within 6 months after angio-
plasty, and is extremely infrequent after 12 months.
However, several angiographic studies have demon-
strated that most patients with symptomatic restenosis
manifest anginal symptoms by the third month after
angioplasty."*! The timing and incidence of “silent™
restenosis (e.g., recurrent stenosis without symptoms)
in the first 3 months after PTCA remains unknown.

The present study was performed to determine the
incidence and time to restencsis with the use of six
different angiographic criteria in a censecutive series of
patients. For this purpose the study population was
subdivided into four groups of patients allocated to be
recatheterized at 30, 60, 90, and 120 days after suc-



cessful PTCA., respectively. This approach permits a
critical assessment of the values and limitations of the
currently used restenosis criteria and mises several
methodologic issues, including those related 1o how we
define and quantify restenosis: should we express our
quantitative measurements in absolute values or in
relative percentages?

Materials and methods

Study population. The initial cohort of patienats consisted of
400 patients who had undergone successful coronary angio-
plasty, defined as: (1) less than 509% diameter stenosis on visual
inspection of the postangioplasty coronary angiogram obtained
in multiple views, {2) no in-hospital complications, namely
recurrence of angina. coronary bypass grafting, repeat PTCA.
acute myocardial infarction, or death.

Patients with stable 2nd uastable anginz pectoris, as defimed
previously.™ ** were included. Patients with acute myocardial
infarction were excluded.

The recruitment period for the study was subdivided into four
equal time intervals of 5 months each. Patients with a successful
PTCA enrolled during the first time interval were allocated to
underge follow-up angiography at 30 days, the second at 60
days, the third at 90 days. and the fourth at 120 days.

Of the 400 patients who met the inclusion criteria, 342
patients had repeat angiograms suitable for quantitative anal-
ysis. The reasons for failure o complete the sudy are detailed
i figure 1.

Recatheterization was considered to be contraindicated for the
following reasons: disabling concomitant disease (e.g.. remal

PATIENTS WITH SUCCESSFUL PTCA
(< 50 % DSTEN POST-PTCA)

]
=
E%OL 18
(]

late 1

recath. contra-indicated

recath. refused

angiogram not suitable-
for anaiysis

PATIENTS WITH LATE F/U
(86% follow-up)

398 lesions

FIGURE 1. Total number of patignts who metthe inclusion ¢riteria, and
the reasons for failuze o complete the study. Dsten = diameter stenosis:
FU = follow-up: Recath. = recatheterization.

failure. lung cancer), severe peripheral vascular disease. or more
than {our prior angicgraphic investigations.

Of the total study population of 342 patients (398 lesions). 93
patients were scheduled for recatheterization at 30 days (110
lesions). 79 patients at 60 days (89 lesions), 82 patients at 90
days (93 lesions). and 85 patients at 120 days (106 lesions) aftsr
PTCA.

The bascline clinical charactexistics of patients in the four
groups were comparable for the vanables listed in 1ables 1 and
2. The mean time from PTCA to follow-up angiography in the
four smdy groups were 40 days, 61 days, 102 days, and 120
days, respectively. Patients who were reinvestigazed before their
preset time because of evidence of recurrent ischemia were
retained in their initially assigned follow-up group for the pur-
pose of analysis.

Prior myocardial infarction was defined according 0 the
Minnesota code,” and in the case of conduction abnormality the
presence of regional akinesia or dyskinesia on the left ventric-
ulogram was used as the criterion. In table 2 the vessels dilated,
the number of patients with tandem lesions, and the number of
paticnts with more than one lesion dilated is listed for cach
follow-up group.

Methods

Coronary angioplasty was performed with a steerable, mov-
able guidewire system via the feroral route. Details regarding
the proccdure used in our laboratory have previously been
reporied. ™ * Atthe beginning of the angioplasty procedure all
patients received 10.000 TU of intravenous heparin. 504 mg of
intravenOus aspirin, and a continuous infusion of Rheomacrodex
(low molecular weight dextran} was started. After dilatation 10
mg nifedipine was given orally every 2 hr for the first 12 hr after
PTCA,, and thereafter three to Six times a day together with 500
myg aspirin orally once a day for at least 6 months. S-blockers
were withdrawn unless hypertension was present.

Quantitative coronary angiography. The quantitative anal-
ysis of the stenotic coronary segments was carried out with the
computer-assisted Cardiovascular Angiography Analys:s Svs-
1em (CAAS). which has been described in detail elsewhere. ™
To analyze 2 coronary arterial segment in a selected frame of 35
mrn cinefilm, an optically magnified portion of the image
encompassing that segment was converted into video formar by
means ¢f a cine-video converter. The contours of the vesse] were
detected automatically on the basis of the weighted sum of first
and second derivative functions applicd to the digitized bright-
ness information. Calibration of the diameter daca of the vessels
in absolute values {mm) was achitved by usc of the contrast
catheter as a scaling device. To this end. the cortours of a
uscr-defined portion of the optimally magnified catheter
(optimal magnification factor 2 / 2) were detected antomatically
and comected for pincushion distortion caused by the image
intensifiers. From the contours, the vessel diameter functions,
in absolute millimeters, were determined by computing the
shottest distances between the two contour positions.

A represesiative analysis, with the detected contowrs and the
diameter functions superimposed on the onginal video image,
is shown in figure 2. Multiple matched views, orthogonal if
possible, were analyzed for ¢ach dilated lesion and the results
were averaged.

To standardize the method of acquisition and analysis of the
PTCA and follow-up angiograms, the following four measures
were undertaken.®® First, the x-ray system was repositioned to
correspond as much as possible 1o the projections and settings
used during the previous angiographies. For this purpose. the
angular settings of the x-ray gantry and the various beight levels
were readjusted according to the values previously docurnented
with the on-linc registration system.



TABLE :

Clinical characteristics of the 342 patients with successful PTCA entered into the study

Follow-up period
30 davs 60 days 90 davs 120 days Overall

Na. of patients 93 19 82 88 342
No. of lesions 110 89 93 106 398
Mean Ne. of lesions

dilated/patient 118 113 1.13 1.20 L.16
Age (yr: mean=35D) S§T=9 579 56=9 57=9 57=9

(range, 35-73)  (range, 31-75)  {mange, 32-74) (range, 31-74)  (range, 3175}

Sex ratic (M/F) 5.6 (79714} 5.1 (66¢13) 3.3 (63/19) 3.9 (70¢18) 4.3 Q78/64)
Time from PTCA 40=7 5l=12 102=18 120=32 30=38

1o FA (days) (range, 18~62) (range, 11-80)  (range. 33-164)  (range, 4-226)  (range, 4-226)
Extent of CAD

1 vessel 62 (67%) 56 (71%) 52 (63%) 62 (70%) 232 (68%:

2 vessels 24 (26%) 13 (16%) 21 {26%) 16 {18%) 74 (229%)

3 vessels 7 (8%) 10 (13%) (IR 10 (1192 35 (11%)
Previous corgnary

bypass grafting (n) 9 (10%) 7 (5%) 6 (7%) g {9%} 30 (9%)
Previous myocardial

infarction (n) 40 (43%) 39 (49%) 32 (9% 30 (34%) 138 (40%)
Previous corosary

angoplasty (n) 10 (11%) 2 (3%} 11 (13%) 12 {14%) 35 (10%)

CAD = coronary artery discase; F/'U

Second, for all studies cineframes to be analyzed were
selected at end-diastole to minimize any possible foreshortening
and blurring effect.

Third, the user-determined beginning and end points of the
major coronary scgments were identified according 10 the def-
initions of the American Heart Association.™

Finally, Polaroid photographs were taken of the video image
with the detected contours superimposed to ensure that the
analyses were performed on the same coronary segment in the
consecutive angiograms. “Interpolated” percent diameter sten-
0sis measurements were used. This is a method that expresses
the severity of a coronary obstuction without dependency on
a user-defined reference region. The principle of this technique
is the computer estimation of the original vessel diameter a1 the
site of the obstruction, assuming there is no coronary artery
disease present.™ The interpolated percent diameter stenosis

TABLE 2

= follow-up angiography.

measurement was obtained by comparison of the mintmal lumi-
nal diametear value at the obsmuction site with the coresponding
value of the reference diameter in this position.

The accuracy of this quantification method has previously
been validated with Plexiglas phantoms filled with contrast
medizm {Perspex models).?*

Definitions of restenosis, To allow comparison of our results
with those of other published studies and to svaluate the dif-
ferences between various eniteria, the following six previoushy
propased definitions of restenosis were applied: (1) an increase
in diameter stenosis of at least 30% by the time of follow-up
angiography (National Heart, Lung, and Blood Instituie
{NHLBI] D. {Z) an immediatwe post-PTCA diameter stenosis of
less than 50% increasing to greater than or equal to 70% at
follow-up (INHLBI II). (3) an increase in stenosis severnty to
within 10% or less of the predilatation diameter stenosis at the

Vessel dilzted, number of patients with tanderm lesions, and nomber of patients with more than one lesion dilated in each

of the four study groups

Follow-up period

30 days 60 days 90 days 120 days Overall
o (%) n (%) n (%) u (%) n {%)
Vessel dilated
LAD 61 (56) 81 {69) 5 ™ 62 (58) 239 (60)
LCX 18 (16) 16 (1%) 1% (20 16 (15) 69 (I7)
RCA 26 (29) 1 Az 16 (N 23 22) 76 (89
Bypass 4 (4) (V)] P v 4 &) 10 (3}
LMCA L { | I m [ e)] 4.(1)
No. of patients with tandem lesion & (6) 13 2 (2 ()] 15 &)
No. of parients with more than one lesion dilated 15 (16) I (13 13 (12) 12 20 33 (0%

Bypass = aomocoronary bypass praft; LAD = left anterior descending coronary artery; LCX = left circumfiex coronary
artery. LMCA = left main coronary artery; RCA = right coronary artery.



FIGURE 2. A single-frame angiogram of a jeft coronary 2ery with
supetimposition of the awtomated contours ar the ¢oronary artery seg-
ment of interest. Beneath this is shown the diameter function of the
detected contours of the left anterior descending coronary artery. The
inimal Juminal diametsy (vertical ling) 1s 1.29 mm, corresposding to
a diameter stenosis of 6% and an area stenosis of 90%.

time of follow-up anglography (INHLBI II). (4) aloss of atleast
50% of the gain in luminal diameter achieved 2t PTCA (NHLE]
IV, (5) an merease of the diameter stenosis from less than 50%
after angioplasty to greater than or equal to 50% at follow-up.
and (6) 2 decrease in minimal luminal diameter of greater than
or equal to 0.72 mm with respect to the post-PTCA situation.
This last definition Is based on the variability of minimal luminal
diameter measurements in millimeters {0.36 mm). This van-
abiliry is 1 8D of the difference of the means of wo observations
or the same lesion. which if used would resclt in a 17.5%
false-positive restenosis rate. while the use of 2 SDs as acriterion
(2 x 0.36 = 0.72 ram) results in a falsc-positive rate of 2.5%. %

Statistical analysis. Totest for differences in mean values and
proportions between the four follow-up groups with respect 1o
the baseline characteristics (tables 1 and 2), univariate analvsis

TABLE 3A

of variance was performed for the continuous varables, and
multiway chi-square analysis was used for the discrete variables.
For the quantitative variables listed in tables 3A and 3B, uni-
variate analvsis of variance was performed (BMDP statistical
software. University of Califorua Press, Berkeley 1985). Anal-
vsts of vardance for a linear trend was done on the change in
minimal luminal diameter from after PTCA to follow-up (Glim
statistical package). All statistical tests were two taed, A
probability value below .05 was regarded as indicating statis-
teal significance.

Resuits

The results of quantitative angiography in the 342
patients who completed angiographic foliow-up are
detailed in tables 3A and 3B, together with the p value
computed by analysis of variance for the individual
variables used ro cormpare the follow-up groups. Before
and after PTCA all the guanrirative angiographic vari-
ables for the four groups were comparable. except for
a smaller reference diameter in the 4 month group
before angioplasty, and a slightly lower percentage
diameter stenosis immediately after PTCA in the 4
month group. After PTCA there was. as expecied. a
significant improvernent in mimmal Juminal diameter
and diameter stenosis for each of the four foliow-up
groups (p<<.0001). However, analysis of variance per-
formed on the obstruction-related variables at follow-
up showed a significant difference in the four groups:
there was no significant change at 1 and 2 months. but
a significant increase in the severity of the stenosis in
the 3 month group (p<<.001 for each obswuction-re-
lated variable). and a further but smaller increase that
did not reach statistical significance in the 4 month
eroup.

Table 4 and figure 3 illusteate the incidence of reste-
nosis according o the NHILBJ criteria and the two cri-

Results of quantitative coronary anprography. expressed as mean = 1 SD. for the 93 patients (110 lesions) recatheterized
at 3 daxs., the 79 patients (89 iesions) recatheterized 2t 60 davs. the 82 patients (93 lesions) recatheterized at %0 days. and
the 83 patients (106 lesions) recatheterized at 120 davs after PTCA

Variable

30 day proup 60 day group 0 day group 120 day group p value*

Minimel Jumninal diam. {mm)

Pre 1.16=0.41 1.16=0.37 1.20=0.40 1.13=0.41 .70

Post 2.06=0.46 2.00=0.42 2.14=0.42 2.10=0.40 .25

FC 2.11=0.56 1.83=0.64 1.77=0.58 1.69=0.55 <.00001
Diarneter stenosis (%)

Pre 58.2=125 58.5=11.8 9.3=x118 37.7=15.2 73

Post 28.5=12.0 31.0=12.0 25.1=11.0 26.3=9% 04

FU 26.9=14.7 3535=198 371 =18.4 35.4=16.7 <0001
Refercoce diameter {mm)

Pre 2.81%0.66 2.86=0.62 2.96=0.58 2.69=0.68 .03

Post 2.92x0.63 2.92x0.50 3.02x0.56 2.86=0.a% .31

FU 2.90=0.60 2.91x0.54 2.86=0.55 2.62=0.51 003

Pre = befors PTCA: Post = immediztely after FTCA: FU = follow-up.

“Bv analysis of variance.



TABLE 3B

Absolute change in listed variables from pre- 1o post-PTCA, and
from: post-PTCA 10 the respective time of the follow-up angiog-
raphy

30 day 60 day 90 day 120day P

Variabic group  group  group group value®
Minimal luminal diam. (mm)

Pre 1o post +G.89 =086 409 +0.97 33

Post to FU ~0.04 =006 -—037 -—042 <.00001
Diameter stenosis {%)

Pre 1o post -298 -2385 =312 -315 53

Post o FU -16  +25 490 +9.1 <. 00001
Reference diameter {mm)

Pre 1o post +Q.12 +0.06 +0.07 +0.19 .03

Post to FU =002 —-001 -017 -026 <.00001

Abbreviations are as in table 3A.
ABy analysis of variance.

teria used at our institution. Table 4 also lists the
percentage of patients experiencing recurrent angina at
the time of repeat angiography. From these data two
conclusions<can be drawn: first. there is a wide variation
in the incidence of restenosis according to the criterion
applied. and second. the incidence of restenosis is
progressive 1o at least the third month for all the criteria
except NHLBI II. At 4 months 2 further increase is
observed in the percent restenosis defined as a decrease
of 0.72 mm or more in minimal luminal diameter.
whereas use of the criteria based on diameter stenosis
shows a variable response.

The relationship between the different crireria for
restenosis was also analyzed and the results are illus-
wated in figure 4. which shows the total number of
lesions meeting each criteria and also the overlap
among Individual criteria. Comparisen of the four
NHLBI criteria showed that all lesions that fulfilled
criteria I and Il met criteria ITl and TV. Few patients met
all four criteria (n = 9), but when NHLRI criteria IT] and
IV were compared with the two criteria used at our
institution. additional lesions were defined as having
undergone restenosis. Finally. alarge number of lesions

TABLE 4

50<‘
404
%— 30+ NHLBI Iv
; »>0.72 mm
& 204 NHLBI 1l
-
> 50%
104 NHLBI |
NHLB: 1l
o T . —
30 60 90 120 days

FIGURE 3. Percemtages of Jesions that fulfilled the various restenosis
cnleria at 30, 60. 90. and 120 days.

(119 of 398) fulfilled at least one of the six criteria
with 29 lesions fulfilling all six of them. Although the
percentages of lesions fulfilling the four criteria for
restenosis were similar. it must be emphasized that each
of the four criteria identified unique lesions that were
not identified by the other three.

Figure 5 shows the individual minimal luminal
dizmeters (mm) of all lesions immediately after PTCA
compared with the follow-up value at I, 2, 3, and 4
months. Lesions that had at least 2 0.36 mm change are
represented by closed circles. Lesions in which there
was regression. defined as an increase. and progres-
sion, defined as a decrease in minimal luminal diameter
of at least 0.72 mm (2 X (.36 mm), are represented
by the closed circles that fall outside of the dashed lines
in figure 5. There was 2 wide scatter in the change in
minimal luminal diameter of the individual lesions
within each group. and also 2 clear rend with time.
Lesion regression was observed mainly in the first 2
months (6.4% and 5.6%, respectively), while an
increasing trend in the number of lesions undergoing
progression was demonstrated up to 120 days. These
trends could be fitted with the following linear model
based on linear trend analysis (p<-0001):

AMLD post-fu {mm) = 0.21~0.17 X time (months)

Lesion-related incidence of restenosis for cach of the four follow-up groups according to six previously proposed

angiographic definitions of restenosis

Criterion
Recurrent
angina NHLBIT NHLBIIl  NHLBIHI  NHLBIIV =30% DS =0.72 ram
1 month (%) 15 0.9 0.9 10.0 9.1 16 0.9
2 month (%) 19 4.5 3.4 9.1 20.2 9.0 2.4
3 moath (%) 28 9.7 2.2 4.7 333 nT X}
4 month (%) 32 0.4 2.8 21.7 302 13.2 255
Cumuiative (%) 23 63 23 18.6 218 12.} 17.7

DS = diameldr stenosis.
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NHLBI 1 RHLEL N NHLBI It NHLBI IV

)] 74} 91}
NHLB! It NHLBI IV >072mm
74 (31} e-ta) 60)

FIGURE 4. The relationships between the different restenosis critena,
Onthe fefe refationships between all four NHLEB] eriteria, and on the righr
that between NHLBI criteria Tl and 1V and the two alternative criteria
are given. The total number of lesions fulfilling the various restenosis
criteria are shown in brackets. and the breakdown of these numbers
according 10 overlap are shown within the gircles. The center {over-
lapped by all four circles) represents the number of lesions fulfilling all
four criteria. Three additional lesions were identified as having reste-
nosis according 1o NHLBI criteria 1 and IV flefi-sided Venn diagram).
Similarty, one additional lesion complied with the NHLBI IV and the
50% or greater criteria in the right Venn diagram.

where ANMLD post-fu = change in minimal luminal
diameter from after angiopiasty to follow-up.

Discussion

With the high success and low complication rate.
restenosis remains the “Achilies” heel” of PTCA.* The
rate of restenosis reported in a profusion of studies

vanes from 12% to 48% (table 5): however, critical
evaluation and valid comparison of the available data
in the literature is exremely difficult for a number of
reasons.

First of all, the diagnosis of recurrent stenosis should
be based on reproducible quantitative angiographic
measurements. Visual estimation of stenosis severity
alone yields unacceptable variation in the assessment
of changes of coronary artery lesions.>®* To obtain
objective and reproducible values a computer-assisted
technique using either awtomated edge detection or
videodensitometry should be applied.**~*®

Second. the raie of restenosis varies considerably
according 1o the definition used.’” Essentially, angio-
graphic definitions of restenosis are either based onthe
increase in narrowing with respect to the immediate
post-FTCA angiographic appearance. or are defined as
a loss of the gain achieved by successful PTCA. Since
many angiographic definitions of restenosts are now
used {table 5). comparative evaluation of these defi-
nitions is crucial for interpretation of the data 1a the
literature, and for the assessment of the values and
limitations of the currently used criteria for restenosis.

Third. to prevent over- or underestimation, the
detection of restenosis requires strict adherence 10 a
protocol that involves routine foliow-up angiography at
a predetermined time in all patients.
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TABLE 5

Reported restenosis rates, together with the angiographic definition(s) applied, the number of patients studied, and the

time interval between PTCA and follow-up angiopraphy

Interval
FU angiog- PTCA-FU % re-
Swdy Year Patients raphy (%} (months) Restenosis criterion slenosis
M. Nobuyoshi® 1987 137 100 Next day =50% loss of gain 5.1
1 =50% loss of gain 12.0
3 =50% loss of gamn 36.4
M. Kaltenbach' 1985 356 w4 5.6 Ds <20¢% below pre- 12
PTCA Ds
T. Cercos™ 1985 92 100 8.2 =70% Ds at FU 18.5
J. Meyer® 1983 Y 90 6 >B5% area stenosist 20
R. Uebis* 1986 100 as 5.9 =50% Jess of gain 248
P. de Feyter™ 1985 S48 82 23 <50% to >50% Ds m FU 28
P.P. Leimptuber™ 1986 1758 57 7 >50% Ds at ) 36.3
M.A. Thomton® 1984 248 72 6-9 =50% loss of gain 31
M.E. Bertrand® 1986 3198 Not reperted 7 =30% loss of gain 32
D.R. Holmes'™ 1984 665 84 6.2 =30% Ds increase or =50% 33.6
loss of gain
S. Levme® 1985 {19] 92 [ =50% loss of gain a0
E. Fieek™ 1984 51 100 [ >1 mm?® stenosis arez 42
AR, Zaidi™ 1985 184 100 Not reported  Not reported a8

The percent restenosis vanes considerably. Likewise, the definition(s) wsed, rate and tming of repest catheterization, and
method of assessment of the aneriograms are far from uniform, making 2 eritical comparison extremely difficult. The authors
cited were selected primarily for the purpose of pointing out the variability in rates and definitions. rather thar in an afterapt to

cover all literatere on restenosis 1o date.
Ds = diameter stenosis; FU = folilow-up.
*Percent stznosis of cross-sectional area.
*Patients with unstable angina.

The current literature suggests that evidence of
restenosis usually becomes apparent within 3 months
of the angioplasty procedure.'” ** %' and the vast
majority of restenosis in the senies of Kaltenbach et
al.."® occurred within 3 months. However, some of
these studies exhibit a methodologic bias in that the
time to and indication for repeat angiography was
dictated predominantly by the recurrence of symptoms.
In two of the larger studies,'” * the prevalence of
ischemic symptoms in patients angiographically re-
evaluated within 5 months exceeded 83%. whereas the
observed resienosis rates were “as low as” 32.8% and
31.6%. respectively (=50% loss of gain criterion). The
selection of symptormnatic patients might be expected to
either artificially increase the angiographic restenosis
rate, or to decrease the rate by not identifying asymp-
tomatic patients with angiocgraphic recurrence.

In the present study only 23% of the total swdy
population of 342 was symptomatic at the time of
reinvestigation, while the overall incidence of reste-
nosis within the first 4 months was 22.9% (NHLBI
criterion IV: table 4). It therefore appears that the
difference in the restenosis rate of 9% to 10% (22.9%
vs 32.8% or 31.6%)'" ** might be related 1o the sub-

stantial dissimilarity in the percentage of patients with
recurrent angina at the time of repeat angiography. This
point emphastzes the importance of routine angiogra-
phic reevaluation. irrespective of ischemic symptoms,
in establishing the “true™ incidence of restenosis and
consequently in identifying the determinants of this
process.

As previously aliuded to. direct comparison of our
observed rates of restenosis with those of Holmes and
Leimgruber and their colleagues'”* *® is hampered by
major differences in study design and follow-up strat-
egy. For instance. Leimgruber et al.*® reported the
follow-up of 998 patients originating from an initial
cohort of 1758 patients with single-vessel disease in
whom PYCA was successful (57% angiographic
foliow-up). The observed restenosis rate of 31.6%
{=50% loss of gain criterion) at 2 mean follow-up time
of 7 = 5 months pertains 10 a time window ranging
from less than 2 10 42 months. This is in contrast 1o the
22.9% overall restenosis rate at a mean follow-up time
of 80 = 38 days (range 4 to 226 days) in this study (86 %
angiographic follow-up).

The PTCA Registry of the NHLBI reported on 557
patients who underwent angiographic reinvestigation
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from z group of 665 with successful PTCA (84% angio-
graphic follow-up). Their definition of success, a
greater than 20% reduction in luminal diameter nar-
rowing. is in contrast to our definition of less than 50%
diameter stenosis irnmediately after PTCA. In this par-
ticular report time to follow-up ranged from less than
1 month to approximately 12 months, with only 42%
of the patients being reinvestigated within the first 6
months.'” Moreover. although the number of patients
in our study may appear to be relatively small (n = 342)
in comparison with the total study population in the
reports of Holmes et al.'? (n = 557) and Leimgruber
et al.®® (n = 998). it should be pointed out that the
number of patients reinvestigated within the first 4
months in these two studies did not exceed 125 and 200.
respectively.

In view of the above. the question of whether the
incidence of restenosis peaks within the first 3 10 5
months can be answered more precisely by an approach
that mintmizes multiple biases as much as possible.
Based on the criteria of the NHLBI. our data show that
the incidence of restenosis appears to reach a plateau
at4 months. while restenosis according to the absolute
criterion (=0.72 mm) is still increasing at 4 months.

An interesting observation of this study was that the
percent restenosis fell rather unexpectedly from 23.7%
to 13.2% between 90 and 120 days., when defined 23

a 50% or greater diameter narrowing at follow-up.
However, this apparent reduction was paralleled by a
disproportionate decrease in the reference diameter
compared with the change in minimal luminal diameter
(figure 6 and table 3B). Consequently. use of the indi-
vidual diameter stenosis values. derived from the ratio
of the reference diameter over the minimal Iuminal
diameter. results in an erroneous lowering of the reste-
nosis rate by the 50% or greater criterion. Additionally.
this reduction is discordant with the observation that
the mean minimal luminal diameter is still diminishing
between 90 and 120 days after angioplasty. Although
no definite explanation can be given for the fact that the
mean reference diameter progressively decreases with
time, it could be hypothesized that this is in some way
related to the local remodeling process within the arte-
rial vessel wall after the uncontrelled barotrauma at the
site of the obstruction.

The absence of standardization with respect 1o def-
inition of restenosis. method of angiogram assessment,
and timing and indication for angiographic control may
lead investigators to prematurely draw important —
and possibly erroneous — conclusions about factors
responsible for a low or high rate of restenosis. such
as technique of angioplasty. drug regimen after angio-
plasty. or modification of risk factors.

In addition to this. it is becoming clear that the
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reference over to the minimal luming] diameter, is
shown in the 7gp panel. The pumber of lesions with
a 50% or greater diameler stenosis diminished from
90 e 120 days. Asaresult, the ingidence of restenosis
according to this criterion falls from 23.7% a1 90 days
10 13.2% at 120 days.



FIGURE 7. Relationship between percent diameter
stenoss and the mimimal luminal diameter at fol-
low-up for lesions that fuliill NHLBI criterion 1V. A
total of 48 of the 91 Jesions have a diameter stenosis

of less than 50%. fu. = follow-up.
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definitions of restenosis in current use. which are based
on relative percentages with more of less arbitrdry
cutoff points, do not adequately describe the progres-
sion to a physiclogically significant obstruction. For
nstance, as can be seen from the individual lesion data
plotted in figure 7, lesions that fulfill a criterion for
restenosis based on changes in the relative percent
diameter stenosis (NHLBI criterion IV) may represent
relatively miid obstuctions {percent diameter stenosis
between 30 and 40 with absolute minimal luminal
diameters ranging from 2 to 3 mm). amounting to what
1s a very satisfactory long-term result. Therefore. 1o
avoid the arbitrariness of these floating-scale criteria
the use of measurements in absolute terms (mm. mm~)
is advocated.

The most often reported visually assessed percent
diameter stenosis overestimatas lesion severity by 15%
10 25%, ay demonstrated by Bove et al.*” Qur quan-
titative measurements, showing a mearn diameter ste-
nosis before PTCA of 58% to 60% (table 3A) corme-
sponding to an area stenosis of 80 to 819, support this
finding. Thus, since values obtained before PTCA or
at follow-up are generally below 70% diameter ste-
nosis. we suggest that the more than 70% criterion
(NHLBI criterion II} for restenosis not be used when
quantitative measurements are¢ emploved.

To circumvent the previously mentioned multipie
biases and 1o define the true incidence of restenosis in
the first 4 months, we tried to standardize as much as
possible our methods and protocel of investigation.

30 mm

The problem of defining restenosis 1s not tivial. Apply-
ing the strinpgent criteria of the NHLBI PTCA Registry
to visual estimates of severity of stenosis has major
limitations, due to the large intra- and interobserver
variabilities in interpretation, especially for stenoses of
between 20% and 80%.*' Therefore, in this study ste-
noses were analyzed by computerized edge detection.™
Although this method may not be optimal for those
lesions with an imegular angiographic vessel wall
outline®*- *¢ immediately after angioplasty. it provides
ar objective and reproducible quantitative measure-
ment that avoids unintentional bias in reading the
angiogram. The overall accuracy (average difference)
and precision (pooled standard deviation of the differ-
ences) of this contour detection technigue for the per-
centage diameter stenosis measurements are 2.00% and
2.68%. respectively. and for the minimal luminal diam-
eter, -30 and + 90 wm, respectively. The mean dif-
ferences and standard deviations of the differences in
the minimal luminal diameter and interpolated refer-
ence diameter, as well as in the mterpolated percentage
diameter stenosis, have previously been published for
the short (5 min), medium (60 min) and long term (90
days). The varability in minimal luminal diameter for
these three types of studies ranged from 0.22 mm for
the medium-term study to 0.36 mm for the ieast well
controlled long-term study. In the long-term smdy
group, the lack of significant variation in the mean
difference in the mimmal luminal diameters suggests
that no detectable progression or regression of athero-
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sclerotic lesions occurred over the period of 90 days.
Therefore. a change greater than the long-term mea-
surement variability of repeated coronary cineangi-
ography and quantitative analysis (0.72 mm for the
minimal juminal diameter; i.., 2 SDs of difference of
duplicate measurements) was considered significant
and indicative of restenosis. This change in absolute
values corresponds 1o 2 change of 2 X 6.5% = 13.0%
in percentage diamster stenosis.™

It is important o realize that the process of restenosis
may be viewed either as a purely angiographic pro-
gression in focal narrowing without implication of any
functional or clinical consequence. or as a functional
deterioration assessed by means of a ¢riterion able to
identify a physiologically significant obstruction to
blood fiow. It is unclear what percent diameter nar-
rowing — which is the traditional method for grading
a coronary stenosis — will consistently lead 10 myo-
cardial ischemiz during exercise. However. 2 number
of patients who meet the criteria for restenosis will have
no symptoms and an adequate luminal diameter. It is
therefore not surprising to see that the arbitrary narure
of angiographic definitions of resienesis have further
obscured the relationship between angiographic and
functional result.

In conclusion, we believe that restenosis. when
envisaged as a progressive encroachment on the lumen
by the disease process in the vessel wall, should be
assessed by repeat angiography and preferably ascer-
tained according to the change in absolute quantitative
measuremnents of the fzminal diameter. By doing so, the
comparison of various studies and different Treatment
groups will be more scientifically valid. and more
importantly will provide 2 sound basis for the identi-
fication of the determinants of lesion recurrence.

We gratefully acknowledge the assistance of Anja van Huuks-
loot and Gusta Koster in the preparation of this manuscript.
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Chapter 2

Change in diameter of coronary artery segments adjacent to
stenosis after percutanecus transluminal coronary angioplasty:
failure of percent diameter stenosis measurement to reflect
morphclogic changes induced by balloon dilation. Journal of the
American College of Cardiology 1988; 12:315-323.
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Change in Diameter of Coronary Artery Segments Adjacent to
Stenosis After Percutaneous Transluminal Coromary Angioplasty:-
Failure of Percent Diameter Stenosis Measurement t¢ Refiect
Morphelegic Changes Induced by Balloon Dilation

KEVIN I. BEATT. MRCP, HANS E. LUIITEN, MD. PIM 1. pe FEYTER, MD,
MARCEL vax pEN BRAND, MD, TOHAN H.C. REIBER, PuD, PATRICK W. SERRUYS, MD,
FACC WITH THE STATISTICAL ASSISTANCE OF HARALD J. TEN KATEN anD GERRIT A. van ES

Rotterdam, The Netherlands

To determine the changes in stenotic and nomstenotic
segments of 2 difated coronary artery, detailed quantitative
angiographic measurements were performed in 342 pa-
tients (398 lesions) immediately after angioplasty and at a
predetermined follow-up time of 30, 60, 90 or 120 days
after the dilation. Measurements of the stenotic segments
were expressed as minimal lomival dizmeter, and the
adjacent nonstenotic segments were expressed a5 interpo-
lated reference diameter (both in millimeters). A follow-vp
rate of 6% was achieved.

In the patients followed up at 30 and 60 days, there was
no significant change in either the mean minizyal luminal
diameter or the mean reference diameter. However, at 99

and 120 days, there was significant deterioration in both the
mean minimal luminal dizmeter (—0.37 and —0.42 mm,
respectively) and the mean reference diameter (—0.17 and
—0.26 mm, respectively), all of the changes being highly
sigmificant (p < 0.00001). The reference diameter is in-
volved in the dilation process and may be subject to the
same restenosis process that takes place in initially stemotic
segrents. Percent diameter stemosis measurements, which
are conventionally used to express the change in the severity
of 2 stenosis after angioplasty. will tend to underestimate
the change when there is 2 simultaneous reduction in the
reference diameter.

(J Am Coll Cardiol 1988;12:315-23)

The incidence of restenosis after coronary angioplasty has
become an important index for defining the long-term sue-
cess rate of the procedure. The relatively high incidence rate
(range 12 to 48% [1-5]) of restenosis, as defined by 2 aumber
of arbitrary criteria. is regarded as the predominant limiting
factor to the long-term success rate of angioplasty.

The usual definition of restenosis {2) is based on changes
in percent diameter sterosis. This value is used to reflect the
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changes in minimal luminal diameter in relation to the
so-called normal diameter of the vessel in the immediate
vicinity of the obstruction. It assumes that this *‘normal™ or
reference diameter of the vessel proximal or distal to the
obstruction does not champe as 2 result of angioplasty or
during the immediate follow-up period when restenosis of
the dilated lesion is a well recognized phenomenon. With
this criterion for restenosis, which depends on changes that
occur in ™o independent variables (namely. minimal lumd-
nal diameter and “oommal” luminal diameter). it is not
possible to independently examine the absolute changes in
either variable. each of which may be important in its own
right. In addition. the selection of an arbitrary reference
diameter may introduce a further source of error because the
selection procedure is not always well standardized and. in
practice, is difficult to reproduce reliably during sequential
analysis.

Animal experiments {6) have suggested that balloon dila-
tion of a normal coronary artery is capable of inducing the
same fibrocellular response seen after dilation of atheroscle-



Table 1. Clinical Characteristics of 342 Parients With Successful Coronary Angioplasty

Follow-Up Peried
30 Days 60 Days 90 Days 120 Days Overall

No. of patients 43 7 82 88 42
No. of lesions 110 89 93 106 398
Mean no. of lesions dilated per patient 118 113 1.13 1.20 116
Age (1)

Mean = 8D 5726 57Tx9 =9 §T=9 19

Ramge 35078 N Er3 i) 3t o7
Gender mtio (MF) 5.6 (7914 5.1 (66113) 3.3 (6319 3.9 (0/18) 4.3 (278/6%)
Time from PTCA to F/U (days)

Mean = SD 4H=7 61 =12 102 =18 120=32 80 =38

Range 181062 111080 35 w164 3026 410226
Extent of CAD (no. [%])

One vesse] disease 62 (67; 56(71) 52 (63) 62 (70) 232 (68)

Two vesse] disease 32D 20025 21 (26) 16 (18) 74

Three vessel disease 515) 15 546} 1011 36011
Previous coronary bypass grafiing (. [%]) 9 (10} T 607} 38 309
Previcus myocardial infarction {ne. [%2)) 40 (43} 39 (49} 32(39) W0 (34) 138 (209
Previous toronary angioplasty (mo. [%2)) 10 {11} 203 1% 124 35 (10)

CAD = coronary artery disease: F = female; F/U = follow-up angography: M = male; PTCA = percutaneous translumingl coromary angicplasty.

rou¢ vessels. However, no data exist to show whether thisis
important in the clinical setung. where the dilating process
frequently involves relatively normal coronary artery seg-
ments. To determine the changes in stenotic and nonstenotic
segments in the period immediately afrer angioplasty and 1o
assess their importance ir relation to the change in diameter
stenosis occurring in the same period, we used a computer-
generaied angiographic measurement system in a detailed
follow-up study of patienss who had underzone successful
angroplasty.

Methods

Study patients. Four hundred consecutive patients who
underwent successful coronary angioplasty and agreed o
have a follow-up argiogram were entersd into an ongoing
study on restenosis. Successful coromary angioplasty was
defined as: 1) <50% diameter stenosis on visual inspection
of the postangioplasty corcnary angrogram performed in
multiple views; and 2) no in-hospial complications (ramely.
recurrence of angina, coropary bypass grafting. repeat
coropary angioplasty, acute myocardial infarction or
death). Padents with stable and unstable angina pectoris, as
defined previously (7). were included. Patients with acute
myocardial infarction recetving a thrombolytic agent who
subsequently had immediate coronary angioplasty were ex-
cluded.

Allocation of patients at the time of angioplasty to ore of
four predetermined times for follow-up angiography was
made sequentially according to the study period in which
the dilation was performed; patients uadergoing apgio-
plasty in the first smdy period were reinvestgated at 30
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days, the second group at 60 days. the third group at 90
days and the fourth group at 12¢ days. Of the 400 patients
who met the imclusion criteriz. 342 had repeat angio-
grams suitable for guanttative analysis. Reasons for fail-
ure 1o complete the study were late death (2 patients).
recatheterization contraindicated or refused (38 patients)
and angiogramns unsuitable for quandtative analysis (18
patients).

Of the total study group of 342 patients (398 lesions), 93
patients underwent repeat catheterization at 30 days (110
Iesions), 79 at 60 days (89 lesions), 82 at 90 days {93 lesions)
and 85 (106 lesions) at 120 days after angioplasty.

The baseline clinical characteristics in the four groups
were comparable for the variables shown in Table 1. The
mean time from angioplasty to follow-up angiography in
the four study groups was 40, 61, 102 and 120 days, respec-
tively.,

When clinically indicated {early recurrence of symp-
toms). patients were reinvestgared before their preset time.
bur apalysis was performed according to that for their
original allocation group. This was done to allow a valid
statistical comparison of the changes occurring among the
ndividual groups. We assume that changes seen at the early
mvestigation would be present if a further investigation was
performed at the original preassigned time. Most patients
restudied early had a further intervention (coronary angio-
plasty or bypass surgery) and, thus, & further investigation
was not appropriate. This method was chosen to aveid
biasing the early groups with patients who uaderwent eazly
investigation because of symptoms and who were thus more
likely 1 show a deterioration in the dilated leslon. Table 2
shows the type of vessel. the number of patients with tandem



Table 2. Type of Vessel Dilated and Number of Patients in the Four Study Groups With Tandem

Lesions and More Than One Lesion Dilated

Follow-Up Periad
30 60 S0 120
Days Davs Days Davs Qverall

Vessel didated (no. {%H

LaD 61 (56) 61 (69) 55(59) 62 (58) 239 (&)

LCx 18 (16} 16 (18) 19 (20) 16(15) 87

RCA 26 (24 1132 15 (17 3{2) 76(19)
Bypass graft 44 0 IR 4(4) 10(3)

LMCA (1 1 1(1) {1 4{)
No. of patiears with tasdem 5(6) 2(3) 22 56 15{4

lesion (no. [%])
No. of patients with (ne. [%]) 15{18) 10 (13} 10(12) 18 20} 5315

=1 lesion dilated

LAD = left anterior descending artery; LCx = left ¢ircumflex antery; LMCA = left main coronary arterv:i RCA

= ght COTOnAryY Artery.

lestons and the number of patients with more than one lesion
dilated for each swdy group.

Angiopiasty protocol. Corovary angloplasty was per-
formed with a steerable movabie guidewire system by means
of the femoral route. Details regarding the procedure used in
our laboratory have been described previously (7). At the
beginning of the procedure. all patients received infusions of
heparin. 10.000 TU and aspirin. 500 mg. and a continucus
infusion of Rheomacrodex (low molecular weight dextran)
was started. After dilation. 10 mg of nifedipine was given
orally every 2 h for the first 12 h. and then three to six times
aday rogether with 500 mg/day of aspirin orally until repeat
angiography. Beta-adrenergic blocking agents were with-
drawn unless indicated for hypertension.

Quantitative coronary angiography. The quantitative
analysis of the stenotic coronary artery segments was ¢ar-
ried out with the computer-assisted Cardigvascular Angiog-
raphy Analysis System (CAAS). which has been described
in detail (8,9). In summary. 10 analyze & coronary artery
segment in 2 selected frame of 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. The region of interest is defined and the contours
of the vessel are detected auromarically on the basis of the
weighted sum of first and second derivative functions ap-
plied to the digitized brightness information. Calibration of
the diameter data of the vessels in absolute values (in
millimeters) is achieved by using the contrast catheter as a
scaling device (10). To this end. the contours of a user-
defined portion of the optimally magnified catheter (optimal
magnification factor 2 V2 are detected automatically and
comrected for pincushion distortion caused by the image
intensifiers. From the contours, the vessel diameter func-
tiens are determined by computing the shortest distamces
between the two contour positions. All aspects of this

process apart from the selection of anglographic frames for
analysis are independent of the user and were performed
without knowledge of previous results.

A representative analvsis, with the detected contours and
the diameter functions superimposed on the original video
image, is shown in Figure I. The refersnce diameter is
difficult 1o define and is usually selected visuzlly as the
nearest coronary artery segment that appears normal. To
standardize this measurement 2nd minimize potential errors.
we used an “‘interpolated™ reference diameter measure-
ment. 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 litde influence on
the reference diameter. The principle behind this technique
has been described previously (11-13}, as have the precision
and overall accuracy of the system {13). The method of
obtaining angiograms and the precautions taken 1o reduce
error were racenty reported (14).

A change =0.72 mm was taken to represent 2 significant
change. This is based on twice the variability (0.36 mmy) of
the minirzal luminal diameter measurement (in millimerers)
when coronary anglography is repeated over an interval of
%0 days (8).

Statistical methods. To test for differences in mean values
and proportions among the four follow-up groups with
respect to the baseline characteristics (Tables 1 and 2),
univariate analysis of variance was performed for the con-
tinuous variables, and multiway chi-square analysis for the
discrete variables. For the quantitative variables listed in
Table 3. univariate analysis of variance was performed
(BMDP statistical sofrware, Unjversity of Califorma Press.
Berkeley, CA, 1985). All statistical tests were two-tailed, A
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probability (p value <005 was regarded 45 indicating sta-
tistical significance.

Results

Changes in mean minimal luminal diameter and reference
dizmeter, The mean results of quantitative angiography for
the 342 patients who completed the study. divided into four
follow-up groups. are shown in Table 3 along with the
changes that occurred between angioplasty and follow-up
study. The changes in mean mintmal luminal dizmeter and
mean reference diameter that occurred between postangio-
plasty and follow-up study are shown in Figure 2. In the
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Figure 1. A serics of single frame angiograms of the same left
anterior descending coronary lesion. before dilation (A}, after dila-
tion (B) and at 60 days follow-up study (C). The interpolatod
reference diameters (IRD) are shown 1o the right of the diameter
fonction curve, and the corresponding percent diameter stenosis
(D-STEN} and percent area stenosis (A-STEN) at the top left of each
frame. The arterial boundary of the segments of interest is defined
by the automated edge detection process, and the length of the
{esion is defined automaticully by curvature anulysis as shown by
the lines (2.a) proximal ard distal to the stenosis and the vertical lines
{b.b) on the dizmeter function plot. The interpoluted refercnce
contour ling (¢) 15 computed from the contours proximal and distul to
the lesion, and the reference diameter value is taken at the point
coincident with the point of maximal narrowing, shown by the line
(). The postangmographic analvsis (B) shows a satisfactory result.
The follow-up analysiz (C} shows that o significant restenosis hus
taken pluce, und the lesion is longer as defined by the computer.
However, the adjuzcent centours outside the boundaries huve alse
become nurrower. resulting in a reduction in the reference diameter.,
This results in an erroneously low percent diameter sicnosis of 325,
rather than 709 if the measurement had been based on the reference
diameter Immediutely ufter angioplasty. The cholce of u single
reference diumeter in such a dynamic setting would be inappropriste
and result in misicading errors.

groups who underwent follow-up angiography at 30 and 60
days. there were small nonsignificant changes in both mini-
mal luminal diameter and reference diameter. with a smalt
improvement in minimal luminal diameter and a reduction in
reference diameter at 30 days and a reduction in both values
at 60 davs. However., at 90 and 120 days. both mirimal
luminal diameter and reference diameter show a highly
significant (p < 0.000C1) deterioration, with the values ar 120
davs being greater than those at 90 days.

Distribution of individual changes in luminal diameter. The
individual changes in reference diameter and minimal lumi-
nal diameter are represented in Figures 3 and 4. respectively.
The progressive shift of the distmbution of the mintmal



Table 3. Quantitative Coronary Angiographic Findings Postcoronary Angioplasty and at Follow-Up

in the Four Study Groups

Follow-up Period

30 Days 60 Days 90 Davs 120 Days p Value

Minimal luminal dizmeter {mm)

Post 2.06 = 0.96 2.00 % 042 214 =042 210=040 0.17

Follgw-up 211 =056 1.95 = 064 177 =038 1.65 £ 0.55 <0.0004

Post to fellow-up =0.04 =0.06 -0.37 -0.42 <0.00001
Reference diameter (mm)

Post 292 =063 291 =050 3.02 = 0.56 2.86 = 0.49 0.34

Follow-up 290 =060 292=x 054 286 =058 2,62 = 0.5] 0.84

Post to follew-up -0.02 -0.01 -0.17 —0.26 <0.00001
Diameter stenosis (%)

FPost B3z RL 0=120 8= 10 365 =95 0.20

Follow-up 269 = 147 555198 31 = 184 354167 <0.0002

Post to follow-up -16 +2.5 =20 +9.1 <0.00001

Variables are expressed as mean = SI). The Post 1o follow-up values are the mean of the individual differences:
the p values are derived from the analysis of variance comparing the {our groups.

Iuminal diameter with tme to follow-up is evident and shows
that it is not just a limited number of lesions that
“‘restenose,”” but rather almost all lesions deteriorate to
some extent by 120 days after angioplasty. The degree of
change is normally distibuted about the mean value (—0.42
mm at 120 days). and the number of lesions that undergo
“restenosis”’ will depend on the criterion chosen. Figure 4
shows the percent of lesions that undergo change {either
progression or regression) if 0.72 mm is used as the criterion
for change. For patients who were reinvestigated at 30 days.
the percent of individual lesions that achieved the 0.72 mm
criterion for regression was 6%, with 1% showing progres-
sion. At 60 days, a similar percent showed regression. but
the aumber showing progression had increased to 12%%. The
rate of progression then increased 1o 23 and 26%. respec-
tvely, in the subsequent two follow-up groups, with virmu-
ally no lesions showing regression. The pattern of change for

Figure 2. Change in reference diameter and minimal minal diam-
eter for the four follow-up groups. At 90 and 120 days, both these
changes are significant (p < 0.00001) and are different from the
changes a1 30 and 60 days (p < 0.00001)-

mm
G.1=

° FZA

- ZEE

-0.1

=2

=0.3
D £hange in Reference diamerer
0.4 @ Change [n Minimal lumen diamater

-0.5.

htid

50 0
FOLLOW-UP GROUPS [DAYS)

31

the reference diameter was very similar 1o that of minimal
luminal diameter. although the degree of change was less
(Fig. 5 and 4).

Discussion

Change in minimal luminal diameter: mechanism and
timing. Early changes. The design of this study allows some
insight into the course of a dilated corenary lesion after
angioplasty. Many of the previously published studies re-
ported mean resuits for padeats with a wide range of
foliow-up ttmes. so that litde informaticn on the behavior of
the lesion with tme is available. The published data are
further distorted by preferential recatheterization of symp-
tomalic patients, who can be expected to show a higher
incidence of restenosis. To determine a significant change
within individuals, we bave taken 0.72 mm. two umes the
variability for duplicate measurements, as the criterion for
change. The variability (0.36 mm) represents 1 SD of the
mean difference berween duplicate measurements on the
same lesion and would result. if used as a criterion for
change. in a 16% false positive rate. whereas the use of 2 SD
(0.72 mm) as a criterion results In a false positive rate of only
2.5%. When this value is used as the criterion for change. it
can be seen that, in patients reinvestigated at 30 and 60 days,
the immediate response is variable, with more lesions ini-
tally showing regression than progression (Fig. 4). A 30%
rate of lesion regression after angioplasty was previously
described (14). but only in a small eroup of patients, with use
of different criteria and without specific reference to the time
after angiopiasty in the selected subgroups. Spontaneous
lesion regression may occur as part of the atherosclerotic
process (15-18) in undilated coronary artery lesions, but the
rapid improvement of 6% of the dilated lesions in our study
suggests that some lesions may undergo a remodeling proc-
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Figure 3. Histograms for the four follow-up groups. A. Distribution
in the ¢hange of reference diameter with ume. The vertical inter-
rupied line represents no change. The mean value for each follow-up
group = 1 5D is also shown. B, Distribution in the change of minimal
luminal diameter for the four follow-up groups. FU = follow-up
study: nr = number: POST PCTA = postangioplasty.

ess early after dilation that is different from the normal
atherosclerotic process.

Late changes. A190 and 120 days, there were virmally no
lesions showing regression. indicating that. even after initial
improvement. significant progression of stenosis may occur.
The more well established wend of lesion progression starts
t become evident between 30 and 60 days, but it Is not
comfirmed statstically until 90 days. with some further
deterioration at 120 days.

In the pig model, Steele et al. (6) found evidence of
smooth muscle proliferation as early as 7 to 14 days after
dilation. This same process was identified in at least seven
postmortem hearts {19-22) that were examined over a tme
period (17 to 150 davs after dilation) similar to that used in
our study. It seems likely that the process also begins early
n human patients. but because of the limitations in recog-
nizing small changes even with an accurate system of
apalysis, we do not see highly significant deterjoration unzil
90 days. Our data suggest that the restenosis process takes
place 0 some extent in virtually all lesions dilated.
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Change in reference diameter: response of nonstemotic
segments to intraarterial balioon injury. Apimal studies
(6.23.24) have shown that, after angioplasty of normal ca-
rotid arteries, there is inizially significant platelet deposition.
varticularly if 2 deep intimal tear has occurred. and subse-
quent proliferation of smooth muscle cells. During angio-
plasty, the relatively normal coronary artery segments adja-
cent to the stenosis are inevitably invelved in the angioplasty
process because the balloon is usually longer than the

Figare 4. Percent of patients within ezch of the individual follow-up
groups who fulfilied the 0.72 mm criterion for change. D = days 1o
follow-up smdy.
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stenosis and positioning of the balioon across the stenosis
canmot always be dome precisely. The diameter of these
adjacent segments (considered 10 be relatively normal coro-
nary arteries) is conventionally used as the reference diam-
eter because the use of segments at a distance from the
stenosis, which are not imvolved in the dilation process. will
no longer reflect the “‘normal™ diameter at the site of the
stenosis. In the previeusly mentioned posmmortem studies
(15=22). the authors made the distinction between dilated
and nendilated segments, but did not differentiate between
those having changes within stenotic segments and those
who did not. More recently, Waller er al. {21) observed
fibrocellular proliferation in the left main stem coropary
artery, which was not targeted for angioplasty. but was
involved in the dilation process because of the proximity of
a left anterior descending coropary artery stemosis. The
proliferation was limited 1o the segments difated by the
bzlloon whether or not they were stenotic. Otiier case reports
(26-28) also implicated intraarterial trauma as the cause fora
new $1enosis in segments not targeted for angioplasty.
Rationale for choosing variables to be measured. Conven-
tonally, the severity of a coronary artery stenosis is ex-
pressed as percent diameter stenosis (that is, the diameter of
the stenotic lumen zs a percent of the normal lumen of the
vessel). The so-called normal lumen bas to be selected
mdividually from a segment of the coronary artery immedi-
ately adjacent to the stenosis, that appears t¢ the angio-
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Figure 5. Actual tme to follow-up according (0 predetermined
follow-up groups. comparing lesions with restenosis (20.72 mm)
(left) with those without {right). See text for details.

grapher to be normal. This approach has several limitations
(25.30). The first is thar we pow know that it 1s not possible
with cineangiography 1o identify refiably the normal diame-
ter of a coronary artery because of the general cornpensatory
dilafion associated with coronary artery disease {31). Also.
the presence of diffuse atherosclerotic narrowing may give
rse 1 a normal regular appearance (32), leading 0 an
underestimation of the diameter of the normal artenal seg-
ment. Second, becanse of the normal variation in diameter of
diseased coronary arteries composed of stenotic and ectarc
segments, the selected normal segment is subject to consid-
erable individual variaton; this problem is compounded
when sequential analyses are performed on the same lesion.
Third. between two analvses the selected normal segment
may undergo & significant change that will not be recogrized
unless the segment is measured quantitatively. The use of
the interpolated reference diameter minimizes these poten-
tial errors because it is not arbitranly selected by the
angiographer and it is based not on how an artery behaves at
one point alone., but reflects the change in the segments
adjacent to the stenosis both proximally acd distally.
Factors contributing to variability of rmeasurement. De-
spite these consideradons, serial amalysis of a dilated lesion
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stll presents sigmificant methodologic problems. Figure 1
shows single frame angiograms analyzed before dilation, after
dilation and at 60 day follow-up. The vessel concerned is the
left anterior -descending coromary artery. Before dilatiom.
there is a discrete stenosis at the ofigin of 2 diagonal branch.
Angioplasty achieves a satisfactory result, bur there is a long
restenosis at follow-up. The length of the lesion is defined
automatically on the basis of the derivative of the diameter
funeton curvature analysis and demarcared by the lines on
either side of the lesion on the angiogram and by the vertical
lines on the plot. The interpolated contour is then superim-
posed on the plot on the basis of the contours to either side of
the Jesion, and the reference diameter for the lesion is taken as
the value comcident with the site of maximal narrowing. In
such analyses, the reference contour is computed from the
same segments of the coronary artery. but excluding the
length of the stenosis, which Is automatically defined by the
computer. In this way, any réal change in these contours will
be reflected in the change in reference diareter.

Like the change in the minimal luminal diameter. the
change in interpolated reference diameter (Fig. 3) constitutes
a pormal distribittion about the mean value for each of the
follow-up groups. with a wend 10 deterioration with time.
The greatest deterioration is seen between 60 and 90 days,
but the trend is still evident between 90 and 120 days. The
possibility that this change in reference diameter is artifac-
wal has been addressed; there are reasons why this is
unfikely. The first is that the change follows the same trend
as that of the minimal luminal diameter, suggesting the
underlying causative mechanism is the same. Second, if
there was a factor (such as the degree of pharmocologic
vasodilation) causing the change, it would be expected that a
simifar change would be seer in ail the foliow-up groups and
not just in the latter two.

The incidence of restenosis and the timing will be influ-
enced by the selection of patients for reinvestigation. and the
selection of symptomatic patients has certaimly been rele-
vant to otker studies (1,2). Itis inevitable that not all patients
will be restudied ar their originally allocated time, usually
because recurrent symptoms dictate early investigation.
Figure 5 shows the actual time from angioplasty to follow-up
study. comparing those lesions that underwent restenosis
with those that did not. Most patients were restudied at or
near thejr preset time. Analysis of the data according to
actual dme to follow-up study rather than allocated time to
follow-up study does a0t materially alter the results.

Restenosis: implications for follow-up studies. All of the
larger follow-up studies after coromary angioplasty have
expressed the results in terms of the changes in percent
diameter stenosis. Thus. there is little informarion available
on the change in minimal lumingl diameter independent of
the change in reference diameter. Any change in the refer-
ence diameter, as one of the varables on which percent
diameter stenosis measurement Is based, will influence the
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rate of restenesis. A reduction in reference diameter will
tend 10 underestimate any coincident reduction in the vessel
luminal diameter expressed as a percent of this diameter. As
a consequence, a resienosis rate based emtirely on the
change in percent diameter stenosis will tend to underest-
mate the Incidence of restenosis after angioplasty.
Condlusions. The use of a compurter-assisted system for
the measurement of coronary artery lesions has enabled the
accurate determination of the changes that occur in these
lesions after balloon dilation. Early after the procedure,
there is a variable response, some lesions showing improve-
ment and thus deterioration of the minimal lurzinal diameter.
Between 60 and 90 days, there is 2 significant deterioration
that is mamtained at 120 days. The reference diameter
obtajned from the adjacent “normal” segrment, also shows a
similar jate deterioration. presumably because this segment
is involved in the dilation process. This change in reference
diameter will lead 1o an vnderestimation of changes in the
dilated.esion if, &s is the convention; the percent diameter
stenosis is used as the sole measurement. ‘

We graxdu]ly ackaowledge the help of Gusta Koster, Anja van Euuksloot and
Claudia Sprenger de Rover in the preparation of this Manuscript.
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Chap‘teﬁ' 3

Early regression and late progression in coronary artery lesions in
the first three months following angioplasty. New Developments in
quantitative coronary angiography Nijhoff 1988; 167-180.
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11. Early regression and late progression i coronary
artery lestons in the first 3 months following
coronary angioplasty

KEVIN J. BEATT, H. E. LUIJTEN, J. H. C. REIBER and
P.W.SERRUYS

SUMMARY. In order to determine the changes in stenotic lesions following coronary angio-
plasty. dewiled quantitative angiographic measurements were performed in 254 patents (292
lesions) immediately post-angioplasty and then at one of three predetermined follow-up times,
at 50, 60 or 90 days, The absolute changes in mm of the minimal lumen diameter were
compared for the three groups, and a relatively high follow-up rate of 88% was achieved. In
the groups of patients followed-up at 30 dnd 60 days, the response was variable with 6% of the
lesions showing a significant improvement in both groups and 1% and 12% respectively,
showing 2 deterioration. At 90 days no lesions were seen 1o improve with 23% deteriorating.

Early following angioplasty lesions exhibit a variable response with more improving than
deteriorating At 60 days the restenosis process is evidemt, with the number of lesions
deteriorating almost doubling berween 60 days and 90 days.

Introduction

The incidence of restenosis following PTCA has become an important index
for defining the longterm success rate of the procedure. However, despite a
number of studies, some involving relatively large numbers of patients, the
incidence of restenosis in the overall PTCA population remains poorly
defined. This is due 10 a number of factors, which alone or in combination
may lead to distortion of the dara. The first of these is the failure 1o use a
reproducible quantitative angiographic measurement system for defining the
vessel diameter. Visual estimation of stenosis severity alone vields unaccept-
able errors in the assessment of changes in the coronary lesion [1—4], and an
automated edge detectdon system will further enhance the accuracy of a
quantitative system [5].

Secondly, the rate of restenosis varies considerably according to the
definition used. Restenosis rates are conventionally based on the change in
percentage diameter stenosis; the criteria used are arbitrary ané may not
reflect the true changes occurring in the vessel.

Thirdly, follow-up studies addressing restenosis should be performed
prospectively, with all or as many patients as possible undergoing repeat
angiography at preset follow-up times. Reinvestigation determined predomi-
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nantly by the recurrence of symptoms, will bias the results so that they do
not reflect the outcomne of the PTCA population as a2 whole.

In order to better define the true incidence of restenosis, ard to determine
the change of lesion characteristics with time, we performed an angiographic
study In patients who had undergone a successful PTCA. Patients were
reinvestigated at 30, 60 and 90 days (following the dilatation procedure) and
measurements were performed using 2 computer based quantitative angio-
graphic system (CAAS).

Study population

Initially 290 patients were entered into the study having undergone success-
ful coronary angloplasty, defined as: (1) less than 30 percent diameter
stenosis on visual inspection of the post-angioplasty coronary angiogram
performed in multple views; (2) no in-hospital complications, namely recur-
rence of angina, coronary bypass grafting, repeat percutaneous transluminal
coronary angioplasty (PTCA), acute myocardial infarction, or death.

Both patients with stable and unstable angina pectoris, as defined previ-
ously [6], were included. Patients with acute myocardial infarction receiving
a thrombolytic agent who subsequently had immediate coronary angioplasty
were excluded,

Allocation of patients to one of three predetermined times for follow-up
angiography was made sequentially according to the study period in which
the dilatation was performed; those faliing in the first study period being
reinvestigated at 30 days. the second at 60 days, the third at 90 days. Of the
290 patients who met the inclusion criteria, 254 patients had repeat zngjo-
graphy suitable for quantitative analysis. The reasons for failure to complete
the study are detailed in Fig. 1.

Recatheterization was considered to be contra-indicated for the following
reasons: severe concomitant disease (e.g. remal failure, lung cancer), peri-
pheral vascular disease, or multiple (> 4) prior angiographic investigations.

Of the total study group of 254 patients (292 lesions), 93 patients were
recatheterized at 30 days (110 lesions), 79 patients at 60 days (89 lesions)
and 82 patients at 90 days (93 lesions).

The baseline clinical characteristics in the three groups were comparable
for the variables shown in Table L The mean time from PTCA to follow-up
angiography in the three study groups was 40 days, 58 days and 102 days,
respectively.

Where clinically indicated (early recurrence of svmpioms), patients were
re-investigated before their preset time, but in order not w0 adversely bias
the earlier groups and so allow valid statistical comparison of the individual
groups, analysis was performed according to their original allocation group.
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PATIENTS WITH SUCCESSFUL PTCA
{< 50% DSTEN POST-PTCA)

Total

290
1 late T
28
EQ—— recath.

contra-indicated

=]
it
(278
13 recath. refused
[265
11

254 PATIENTS WITH LATE F/U
(QCA in 88%)

angiogram not.suitable
for analysis

282 # of lesions

Figure . Flow chart of the total number of patdems who mer the inclusion criteria, and the
reasons for failure 1o complete the swdy. F/U = follow-up; QCA = quantitative coronary
angiography; Recath. = recatheterizaton.

Prior myocardial infarction was dsfined according to the Minnesota code,
[7] and in the case of an electrocardiographic conduction abnormality mak-
ing interpretation difficult, the presence of regional alinesia or dyskinesia on
the lefr ventriculogram was used as the criterion for a previous infarction. In
Table I are shown for each study group the type of vessel dilated, the
number of patents with tandem lesions, and the number of patients with
more than one lesion dilated.

Methods

Coronary angioplasty- was performed with a steerable, movable guide-wire
system via the femoral route. Details regarding the procedure used in our
laboratory have previously been described [6]. At the beginning of the angio~
plasty procedure all patients received 10,000 1.U. of keparin iv., 500 mg of
acetylsalicylic acid iv., and a continuous infusion of Rheomacrodex® (Jow
molecular weight dextran) was started. After dilaraton 10 mg of nifedipine
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Teble I Clinical characteristics of 290 patents with successful percutaneous transhuminal
coronary angioplasty entered into the study.

Characteristics Follow-up period

30 Days 60 Days $0 Dayvs overall

No. (%) No. (%) No. (%) No. (%)
No. of patients 93 79 32 254
No. of lesions 110 89 93 262
Mean no. of
lesions dilated/pt. 118 1.13 113 115
Age(mean tsd)  37x9 57£9 5649 57+£9

(range, 35—75) (range, 31—75) (range,32—74} (range,31—75)
Sex ratio (M/F) 56 (79/14) 5.1 (66/13) 3.3 (63/19) 4.5 (208/45)
Time from PTCA 4027 61+12 102£18 §0£38
10 F/U (days) (range, 18—62) (range, 11—80) (range.33—164) (range.11—164)
Extent of CAD.
(No. of vessels) 1 63 (68) 53 (79) 5973 177 (70)

2 25 (27) 20 (25) 18 (22) 63 (25)
3 5 (5 4 (5 3 (6 14 (&)

Previous coronary
bypass grafting & 4 (3 33 15 (&
Previous myocardial
infarction 25 (27) 24 (30) 20 (24) 69 (27)
Previous coronary
angioplesty 10 (11) 2 (3) 11 (13) 23 (9

C.AD. = coronary ariery disease; F = female sex: F/UJ = follow-up anglography; M = male
sex; s.d. = standard deviation.

was given orally every two hours for the first twelve hours after PTCA, and
then three to six tmes a day together with 500 mg of acetvlsalicylic acid
orally once a day until repeat angiography. Beta-blockers were withdrawn
unless hypertension was present

Quanrirative coronary angiography

The quantitatve analysis of the stenotic coronary segments was carried out
with the computer-assisted Cardiovascular Angiography Analysis System
(CAAS), which has been described in detail {8, 9. In summary, to analyze
a coronary arterial segment in a selected frame of 35 mm cinefilm, an
opucally magnified (magnification factor 2) portion of the image encom-
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passing that segment is converted into video format by means of a cine-video
converter. The contours of the vessel are detected automatically on the basis
of the weighted sum of first- and second-derivative functions applied to the
digitized brighmess information. Calibration of the diameter data of the
vessels In absolute values (mm) is achieved by using the contrast catheter as
a scaling device. To this end, the contours of a user-defined portion of the
optically magnified catheter (optical magnification factor 2,/Z) are detected
automatically. Both the arterial segment and catheter contours are corrected
for pincushion distortion caused by the image intensifier. From the arterial
contours, the vessel diameter functon, in millimeters, is determined by
computng the shortest distances between the two contour sides. A represen-
tative analysis, with the detected contours and the diameter function super-
imposed on the digitized video image, 1s shown in Fig. 2.

The reference diameter or the normal diameter of the coronary artery
at the site of obstruction is difficult to standardize and is usually defined
visually using the nearest coronary artery segment that appears normal.
A number of errors may be produced in this way: firstly, there is a large
individual variation in the choice of the segment used, and secondly, because
of the variation in the vessel diameter, typical of atherosclerotic vessels,
adjacent segments will not always represent the normal diameter of the
vessel at the site of the obstruction. To avoid these potential errors we have
used an ‘Interpolated’ reference diameter measurement. The principle behind
this technique is the computer ¢stimation of the original diameter within the
obstructed region assuming that no lecal coronary disease is present. This is
calculated from the computed reference diameters of the proximal and distal
segments, and after the vessel has been reconstructed the interpolated
reference diameter is taken as the value coincident with the site of maximal
narrowing [10—11]. The precision of the contour detection process has
previously been validated using plexiglass phantoms filled with contrast
medium [12]. We have found that using our measurement system, the overall
accuracy (average difference between true and measured values) and the
precision (pooled standard deviation of the differences) of the obstruction
diameter is minus 30 and plus 90 microns, respectively [8].

In order to standardize the method of analysis of the PTCA and follow-
up angiograms, the following four measures were undertaken: first, multiple
matched views, orthogonal if possible, were analyzed for each patient and
the results averaged; second, the X-ray system was repositioned in the
serings corresponding as much as possible to the projections used during
the previous angiographies. For this purpose, the angular settings of the
X-ray gantry and the various height levels were readjusted according to the
values previously documented with the on-line registration system. Third,
for all studies cineframes to be analyzed were selected at end-diastole to
minimize any possible foreshortening effect. Fourth, the user-determined
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Figure 2. A single frame angiogram of a lefr coronary artery with superimpositon of the
automated comtours at the corpmary artery segment of interest. Beneath this is shown the
diameter funcaon of the detected contours of the left anterior descending coronary artery. The
minimal Jumer diameter {0.91 mm) and the interpolated diamezer function line (i) from which
the reference diameter is derived, are shown on the diameter function plot.

beginning and end-points of the major coronary segments between side
branches, where possible, were identified according to the definitions of the
American Heart Association. Finally, Polaroid pictures were taken of the
video image with the detected contours superimposed, to ensure that the
analyses were performed on the same coronary segment in the consecutive
ANgiogTams.

Absolute measurements of the reference diameter and minimal obstruc-
tion diameter were recorded in millimeters. A change of greater than
0.72 mm was taken to represent a significant change. This is based on twice
the variability of the obstruction diameter (0.36 mm) when coronary angio-
graphy is repeated over an interval of 90 days {8].



Staristical analysis

To compare the three follow-up groups with respect to baseline charac-
teristcs (Tables I and II), univariate analysis of variance was performed for
the continuous variables, and chi-square analysis for discrete variables.
Urivariate analysis (BMDP statistical software, University of California’
Press, Berkeley, California 1985) was performed on the quantitative angio-
graphic data.

Table I, Type of vessel dilated, number of padents with tandem lesions, and number of
patients with more thar one lesion dilated for each of the four study groups.

30 Days 60 Days 90 Days overall
No. (%) No. (%) No. (%) No. (%)
Vessel dilated
LAD 61 (56) 61 (69) 35 (39) 177 (61)
LCx 18 (16) 16 (18) - 19 (20) 55 (18)
RCA 26 (24) 11 (12) 16 (17) 53 (18)
Bypass 4 N (4)] 2.3 & (2)
LMCA 1 1 (0 1 ) 3@
No, of patients with tandem lesion 6 (6) 2.3 2@ 10 3
No. of patients with more than I
lesion dilated 15 (16) 10 (13) 10 (12) 35 (14)

~ Bypass = aortocoronary bypass graft; LAD = left anterior descending artery; LCX = left
circumflex artery: LMCA, = left main coronary artery: RCA = right coronary artery.

Results

In the three follow-up groups 254 patients completed angiographic follow-
up. As a result of PTCA there was an expected significant improvement in
the minimal lJumen diameter and diameter stenosis in each of the 3 groups
(p < 0.0001). The changes in the mean minimal lumen diameter and the
mean reference diameter occurring between post-PTCA and follow-up are
shown in Fig. 3. In the groups that had follow-up angiography performed at
30 and 60 days, there were small nonsignificant changes in both these
values. However, at 90 days there was a highly significant decrease in not
only the minimal lumen diameter, but also in the reference diameter.

The changes in the individual minimal lumen diameters (mm) of 21l the
lesions divided into the 3 follow-up groups are represented in Fig. 4. Individ-
ual lesions that have undergone a change greater or equal to 0.36 mm are
distinguished by 2 closed circle. Regression is defined as an increase, and
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p <0.0001
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0.4 @ Change in Minimal lumen diameter
-0.54

30 60 90 days

Figure 5. Change in reference diameter and minimal lumen diameter for the three follow-up
groups. For the 5¢ days group both these changes are significantly greater than in the two
previous follow-up groups (p < 0.0001).

DaskPTCA (e} S0PTGA (mery

Frgure 4. Individual minimal jumen diamerer (mm} post-PTCA compared with thar at congrol
angiography for the three groups. The two solid lines on either side of the identity line
correspond 1o the long-term variability (0.36 mm) of repeated measurememts for this para-
meter. This variability is one standard deviation of the differences of the duplicate angio-
graphic measurements. Here two standard deviations were used (2 X 0.36 = (.72 mm; dashed
lines) as a criterion for lesion progression or regression. Based on this criterion the percentage
of lesions showing progression or regression (outside of dashed lines) are shown within the
relevant brackets.

progression as a decrease of at least 0.72 mm (twice the vanability) and
these vatues fall outside the dotted lines. It can be seen that the mean
change for each group does not reflect the number of individual lesions
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undergoing a significant change. In the group followed up at 30 days there
were 2 greater mumber of lesions undergoing regression than progression. At
60 days the percentage of patients showing progression was twice that of
regression and at 90 days this percentage had doubled with virtually no
lesions exhibiting regression.

Figure 5 illustrates the incidence of restenosis according to a number of
commonly used criteria, and to the criterion for a change of greater than
0.72 mm. There is a wide variation in the incidence according to the criteria
used, although the incidence of restenosis imcreases progressively up to at
least 90 days, irrespective of the criteria chosen.

50+
be-
= NHLBI IV
] NHELB! 111
2 > 0.72mm
I 2 503
Lot
i
NHLBI |
NHLB! [}
30 60 90 days

Figure 5. Shown are the percentages of lesions that fulfil three of the restenosis critera:
NHLBI IV, defined by a loss of greater than 50% of the gain achieved at PTCA; 20.72 mm,
defined by a change of 20.72 mm between post-PTCA and follow-up; and thirdly, =50%
stenosis at follow-up. Using these three criteria the incidence of restenosis increases up 1o at
ieast 90 days.

Discussion
Method of assessmeni
Percutaneous transhuminal coronary angioplasty has developed into a well

accepted method of revascularizaton. Although the immediate benefits of
the procedure are well established and often striking, the longterm cutcome
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is less well defined; undoubtedly, the feature that most limits the usefulness
of this procedure is the incidence in restenosis of the dilated lesion n the
months following the procedure [14—17]. Various methods of assessing the
results of angioplasty have been addressed by Serruys and others |10, 18].
The absolute measurement of a coronary stenosis based on a series of single
frame angiograms remains the most direct method of assessing the degres of
coronary ariery obstruction. Accurate measurement of any change in the
coronary artery stenosis must be based on reproducible quantitative mea-
surements. The use of computer assisted automatic edge detection of the
lesion contours is alse important, particularly in the situation post-angio-
plasty when the contours of the dilated lesions tend to be Irregular and
are subject to a -greater inter- and intra-observer variability [5]. Using an
automatic edge detection measurement system in combination with a serict
protocol, both for the timing of repeat follow-up measurements and for the
angiographic projections studied, will allow a high degres of accuracy to be
obtained. The variability of the mean minimal lumen diameter for repeat
short (5 min.), medium (60 min.), and long term (90 days) observations was
found to be 0.34 mm, 0.22 mm and 0.36 mm, respectively. We have taken
the long term variability, the value for the least well controlled group, as the
basis of our critera for lesions that undergo a significant change. The
vanability represents one standard deviation of the differences between the
paired measurements from the first and second anglograms, and would
result in a 16% false positive rate, while the use of two standard deviations
as a criterion (0.72 mum) results in a false positive rate of 2.5%. It provides
an index of restenosis based on the absolute change in the lesion rather
than a change relative to the reference diameter; by using this value we are
able to obtain a better insight into the changes in coronary anatomy that
occur following PTCA.

Early remodeling of dilated lesion

The data of patients followed up at 30 days suggest that the early response
following PTCA is extremely variable with more patients exhibiting a regres-
sion of the stenosis than those exhibiting progression. This is well shown
in Fig. 4. The lack of uniformity in response following PTCA has been
docurnented in the past {16, 17], but no factor has been identified that can
predict with any reliability or consistency the lesions that will show either
PTOgression or regression.

Lesion regression rates of 30% have previously been described following
angioplasty, but in a small group of patients, using different criteria and
without specific reference to tme following angioplasty of the selected
subgroups. Spontaneous lesion regression may occur as part of the athero-
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sclerotic process [19—22] in undilated coronary artery lesions; however, we
cannot exclude further changes following our. last observation point at 90
days. It may be that the irregular nature of the lesion post-angioplasty does
not allow accurate baseline measurement, particularly if a dissection has
occurred, but our system using automatic detection of the vessel contours
will minimize the variability of this measurement. Distortion of the baseline
value will mean that any consequent measurement based on this will be
maccurate.

An alternative explanation for the early variable response is that of
platelet deposition or dissclution. Thrombus may be present at the site of the
stenosis prior to dilatation, or alternatively deposition may occur early after
dilatation as has been demonstrated in animal models [23]. Therefore,
behavior of platelets at the site of dilatadon following angioplasty may
account for the early variable response seen.

Lare progression

In the group of patients followed up at 60 days the variability in response is
again exhibited, but at 90 days there is a distinct change in the paitern.
There are fewer patents exhibiting a regression in the minimal jumen
diameter, with many more patients showing a deterioraton. This general
trend towards deterioration is responsible for the relatively large change
in the mean minimal lumen diameter and the highly statistical difference
between this group and the 2 groups followed up earlier at 30 and 60 days
(p < 0.0001).

This progression of the minima! lumen diameter reflects the well known
deterioration in percent diameter stenosis in studies where the mean follow-
up time post-angioplasty was greater than two months [14--17]. Animal
studies have shown that following angioplasty of normal arteries there is
initially significant platelet deposition, particularly if an intimal tear has
occurred, and subsequently proliferation of smooth muscle cells. In the pig
model [23] it has been shown that intimal proliferation occurs between 7 and
14 days and this same process has been identified in at least 7 postmortem
hearts that were examinated over a similar time period to that involved n
our study (17—150 days) [24—28]. These reports comment on this dif-
ference between the dilated segments and nondilated segments, but do not
differentiate between changes within stenotic segments and those without.
More recently, Wallar er al. [29] has reported fribroceilular proliferation in
the left main stem coronary artery which was not targeted for angioplasty,
but may have been traumatized by either the balloon dilatation or guiding
catheters. However, the former seemed the more likely as there was evidence
of the restenosis process along the entire segment occupied by the dilating
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balloon. The histological evidence suggests that the restenosis process found
in animals is the same as that respomsible for the deterioration in the
minimal lumen diameter and the reference diameter shown in our study.
Kaltenbach er al [13] in one of the few studies with a high percentage
follow-up rate showed, that almost all patients who develop restenosis do so
within the first three months. We are able to show that a restenosis process
takes place predominantly between two and three months, but at this time
we are unable to comment on the possibility of the process continuing
beyond this period. '

There is very little datz concerning the change in the reference diameter
following angioplasty, which i¢ perhaps surprising as animal studies would
suggest that coronary artery segments involved In the dilatation procedure
would also expect to be involved in the intimal proliferation process [23].
The fact that, in our study, the acceleration of deterioration in the reference
diameter occurs at the same time as that in the minimal humen diameter
suggests that the underlying process is the same. The change has an impor-
tant effect on the percentage diameter stenosis measurement and will tend to
underestimare the restenosis process. It further reinforces the importance of
using an accurate rmeasurement system in this type of study.

Conclusion

The use of an accurate computer-assisted system for the measurement of
coronary artery lesions has emabled a more accurate determination of the
changes that occur in coromary artery lesions following dilatation. Early
following the procedure there is a variable response with both improvement
and deterioration of the minimal lumen diameter, whereas by 90 days the
response is more uniform with a significant deterioration being evident. The
change in reference diameter follows a similar pattern to that of the mean
minimal” Jumen diameter, presumably because it is also involved in the
dilatation process, and will lead to an underestimaton of changes that occur
if percentage diameter stenosis is used as the sole measurement.
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CLINICAL STUDIES

Restenosis After Coronary Angioplasty: The Paradox of Increased

Lumen Diameter and Restenosis
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BENNO J. RENSING., MD. HARYANTO SURYAPRANATA, MD. PuD,

PIM pE FEYTER. MD. PuD, MARCEL van DEN BRAND. MD. GERT JAN LAARMAN. MD, PuD.
JOS ROELANDT, MD. PuD, FACC. WITH THE STATISTICAL ASSISTANCE OF GERRIT ANNE vanN ES

Rorterdam, The Netherlands

Restenosis after coromary angioplasty is the single complication
that most Yimits this revascularization procedure in clinical prac-
tice. The process is largely unpredictable and the lesion-refated
factors predisposing to restemosis are poorly understood. with
[ittle consensus in published reports. In this study using detafled
quantitative angiographic measurements 1o assess 490 lesions, the
stmple lesion characteristics associated with restemosis were de-
fined and the relation to the restenosis process documented.
Restenosis was defined as an absolute deterioration in the minimal
lumen diameter by =0.72 mam,. a criterion based on the 95%
confidence intervals for repeat angiographic measurerzents. This
was ¢hosen in an attempt to separate spurious changes due to a
poor angiographic result and the variability of angiographic
measurements from significant changes due to the restenosis
process.

The principal determinants of restenosis were found to be a
large improvement in the minimal hemen diameter at the time of
difation (1.13 mm for the restenosis group compared with
0.86 mm for the no restenosis group [p < 0.0001]) and an optimal

postangioplasty result (minimal lumen diameter 2.28 mm in the
restenosis group compared with 2.05 mm [p < 0.001] in the mo
restenosis group, corresponding to a 25% and 2 30% diameter
stemosis, respectively {p << 0.0001]).

These ohservations reported for the first time suggest that the
distinction needs to be made between a “clinical restenosis™ of
=Z30% diameter steposis and the “‘restenosis process™ as mea-
sured by the abselute changes occurring during and after angio-
plasty. They lend support to the hypothesis that the degree of
mechanical stretch produced by the dilating balloon on the vesset
waill may be important in stimulating the restenosis process, This
is in contradiction to deductions obtained if restenosis is based on
“*clinical restenosis,” which suggests that restenosis is associated
primarily with 2 poor angioplasty result. More important, it
indicates that there i5 potential for misinterpreting the results of
restenosis studies if the observations are based solely on conven-
tional restenosis criteria without kmowledge of the absolute
changes oceurring during and after the angloplasty procedure.

(F Am Coll Cardiol 1992;19:258-56)

Restenosis after angioplasty is conventionally determined by
the angiographic restenosis rate. Although this is known to
be an inaccurate reflection of “clinical restenosis™ (1-6). itis
the most objective and reproducible form of assessment and
consequently it remains the index by which the long-term
suceess of angioplasty {7-9) as well as other nomsurgical
revascularization procedures is judged.

This index, however, is significantly influenced not only
by the definition of restenosis employed. but also by 2 host
of other factors such as incomplete dilation. method of
angiographic analysis. low follow-up rates and biased patient
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study groups. The falure to adopt 2 standard method of
assessment has led to varying reports concerning the factors
that influence the restenosis process.

The current lack of information means that the optimal
angioplasty result necessary to achieve good long-term suc-
cess i not known. Overdilation is associated with an m-
creased incidence of acute dissection (10) and may stimulate
the restenosis process by the extent of deep arterial mjury.
which in turn is associated with increased platelet activation
(11). Alternatively. as suggested in the animal model (12).
the injury due to swetching itself, independent of platelet
accumulation. may be an important stimulant for restenesis.
Conversely. underdilation may leave a significant residual
stenosis, resuiting in increased turbulence {5.13). increased
platelet activation and subsequent restenosis by the same
common pathway. More recently, the important association
of residual stenosis. a positive stress test and their relation to
“restenosis” have been reporied (14).

In this study, simple lesion variables (minimal lumen
diameter. reference dizmeter and percent diameter stenosis)



Table 1. Clinical Characteristics of 424 Patients

No. of Jesions 490
Lesions/patient 1.16

Parjent age (mean) {yr) 57 = 9 (range 31 t0 79)
Malefemale ratio 34678

Time from angioplasty to follow-up (days}
Vessels with CAD (no. of patents)

94 * 43 (range 3 10 226)

1 288 (68%%)
2 97 (2345}
3 39 (9%2)
Previous CABG (no. of patients) 31 (75%)
Previous angioplasty (no. of patients} 176 (42%2)
Previous M1 (no. of patients) 4 (1058
Dilated vessel {no. of patients}
LaD 239 ($1%)
LCx 80 (17%)
RCa 97 (2098)
Bypass graft 10 (2%)
No. of patients with mare than ¢ne leston 65 (15%)
dilared

CABG = coronary artery bypass graft: LAD = left anterior descending
coronary artery: LCx = left ¢ircumfiex coronary anterv: Ml = myecardial
infaretion: RCA = right coronary artery.

were measured and the changes in each of these during and
after the procedure assessed. The influence of the simple
lesion morphology and changes occurring at angioplasty on
the restenosis process have been determined and the distine-
uon made between this process and “clinical restenosis’ as
assessed by more conventional restenosis criteria.

Methods

Study patients (Table I). Five hundred consecutive pa-
dents who underwent successful angioplasty and agreed to
have a follow-up angiogram were studied (7). Successful
coronary angioplasty was defined as 1} <50% diameter
stenosis on visual inspection of the postangioplasty coronary
angiogram performed in multiple views; and 2) no in-hospital
complications (pamely. recurrence of angina. coronary by-
pass grafting. repeal percutanecus transluminal coronary
angioplasty. acute myocardial infarction or death).

Patients with stable and unstable angina pectoris, as defined
previously (15). were included. Padents with acute myocardial
infarction receiving a thrombolytic agent who subsequenty
had immediate coronary angioplasty were excluded.

Patients were allocated at a predetermined time for fol-
low-up anglography at the time of angioplasty. Of the 500
patients whe met the inclusion criteria. 424 patients (with
490 lesions) had repeat angiograms suitzble for quantitative
analysis, with 2 mean time o follow-up angiography of 94 =
43 days. The reasons for failure to complete the study were
late death (2 patients). recatheterization contraindicated or
refused (52 patients) and angiograms unsuitable for quanti-
tative analysis (22 patients).

When clinically indicated (early recurrence of symp-
toms). patients were reinvestigated before the original preset
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time. Table 1 shows the baseline characteristics of the
patients included in the swdy. Data concerning patients
followed-up within 4 months of angioplasty have previously
been published (7).

Coronary angioplasty. This was performed with 2 steer-
able. movable guide wire system by means of the femoral
reute, At the beginning of the angioplasty procedure, all
patients received 10.000 IU of heparin and 500 mg of aspirin
intravenously. After dilation. 10 mg of nifedipine was given
orally every 2 h for the 1st 12 h and then 20 mg three times
a day together with 500 mg of aspirin orally once 2 day until
repeat angiography.

Quantitative coropary angiography. The quantitative
analysis of the stenotic coronary segments was carried out
with the computer-assisted Cardiovascular Angiography
Analysis System (CAAS). which has been described in detail
(16.17). Calibration of the diameter of the vessels in absolute
values {mm) was achieved by using the guiding/diagnostic
catheter as a scaling device (16).

A representative series of analyses. with the detected
contours and the diameter functions superimposed on the
original video image, are shown in Figure 1. To standardize
the measurements and minimize potential errors. the “inter-
polated™ reference diameter measurement was used when-
ever possible. This method has the advantage of eliminating
the arbitrary choice of a reference diameter that will vary
among individual observers and provides a smoothing effect
for the segments adjacent to the stenosis so thatl extreme
irregularities in the vesse] will not artificially bias the refer-
ence diameter measurement. It also reduces the effect of the
change in reference diameter at follow-up angiography that
occurs as part of the restenosis process (18). The principle
behind this technigque has previously been described (19-21),
as have the precision and overall accuracy of the svstem, the
methad of obtaining angiograms and precautions taken to
reduce error (7).

Restenosis criteria. The restenosis group was defined as
those patents with a deterioration in the minimal lumen
diameter from postangioplasty 1o follow-up of =0.72 mm. a
criterion based on the 95% confidence limits for determining a
sigpificant change using a quantitative angiographic system
(CAAS) (7.16). The relevance of using this ¢riterion and its
comparison with the conventional cutoff criterion of =30%
diameter stenosis at follow-up are addressed in the Discussion.

Data analysis. All angiographic and procedural variables
were emtered into a relational data base and statistical
analysis was performed with use of BMDP statistical soft-
ware (University of California. Berkelev, California. 1985).
The tertile with the highest incidence of restenosis was
identified for each variable, and the relative risk of restenosis
in this group was compared with that in the remainder of the
study group. An odds ratio for restenosis =2 with 95%
confidence limits =] was considered to have clinical rele-
vance in this study group.

The variables selected for analysis in this study were ali
continuous with gaussian distriburions. The determipation



of risk of restenosts for continuous variables is dependent on
the arbitrary subdivision of data comparing the subgroup
with the highest risk with the remainder of the swdy group.
The risk may be arificially influenced by selecting smal
subgroups that vary from the population by chance and do
net reflect the true nature of the population thev are drawn
from. To define the groups. the data were classified into
three groups according 10 convenient cutoff points. so that
each group contained one-third of the overall study patients
and the group with the highest restenosts rate was identified.
The two remaining groups were then combined to form the
group considered to be at “normal risk’" and the odds ratio
of restenosis determined by comparing the third of the
patients in the high risk group with this reference group (the
remaining two-thirds of the study patients). (The identifica-
tion of subgroups for postangioplasty percent diameter ste~
nosis is iltustrated in Fig, 2.) This method of subdivision has
the advantage of being consistent for all variables and thus
avoids any bias in selection of subgroups that might be
undertaken 1o emphasize a particular point. The 95% confi-

Figure 1. Single frame angiograms of a proximal left anterior descending
artery stenosis before dilation (tep left). after dilation (top right) and at
follow-up anglography {bottem). Quantitative coronary analysis was per-
formed using the Cardiovascular Angography Analysis System. The anerial
boundaries detected by the svsiem are shown on the angiogram. and the
diameter function curve derived from these contours is below. The example
is chosen to ijustrate a successfully dilated proximal left anterior artery
lesion that undergoes a severe restenosis at 4 months.

Figure 2. Frequency histograms grouped by percent diameter ste-
nosis after angioplasty showing how the group defined by the
=0.72-mm criterion is divided to determine a relevant odds ratio.
The tep line shows the number of lesions in each third of the group
with restenosis (NO WITH REST). The vertical arrows with the
values beneath show the points of subdivision. POST-PTCA = after
coronary angioplasty.
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Table 2. Angiographic Variables of Restenosis Subgrouped According to Two Criteria

=50% Diameter Stenosis* =0.72 mm¥
No No

Restenosis Restenosis p Value Restenosis Restenosis p Value
Minimal [umen diameter before angioplasty 118 1.21 N§ 1.15 118 NS
Minimal lumen diameter after angmoplasty 202 210 N& 228 108 <0.001
Minimal lamen diameter at follow-up 1.06 1.8% <0.0001 I.i6 2.01 <0.0001
%z diameter stenosis before angioplasty 62.6 5.7 <(.01 58.8 58.3 N§
% diameter stenosis after angioplasty ny 283 Q005 24:8 297 <D005
5 diameter stenosis at follow-up 5 2.1 <0.0001 543 207 <0.0001
Normal vessel diameter befors angioplasty 295 28 NS 2.36 285 N§
Normal vessel diameter after angioplasty 308 294 NS 3.06 293 NS
Normal vessel diameter at follow-up 282 281 NS 2.60 2.53 <0.001
Change in minimal lumen diameter at angioplasty {mm) 0.93 0.9 NS .13 0.36 <0.0001
Change in % diameter stenosis at angicplasty 30 2.4 NS 34 hu X1 <001
Change in minimel lumen diamerer at follow-up (mm) 0.67 0.1% <0.0001 L2 0.04 <0.0001
Chanpe In % diameter stenosis at follow-up 3.2 2077 <0.0001 17 .07 <0.0001

*Criterion of 2505 diameter stenosis at follow-up angiography. tDeteriortion in minimal lumen diameter by =0.72 mm after angioplasty to follow-up.

dence intervals then provide an index of the degree of
certainty for the result obtained.

Results

Pre- and postangioplasty coronary stendsis measurements.
For the total study group, the mean minimal lumen diameter
was 1.18 mm before angioplasty, 2.0¢ mm after angiopiasty
and 1.85 mm at follow-up. The comesponding mean refer-
ence diameters were 2.85, 2.96 and 2.83 mm. giving rise to a
percent diameter stenosis of 58.4% before angioplasty.
28.9% after angioplasty and 33.9% at follow-up.

The mear values for the angiographic varjables sub-

Table 3. Angiographic Variables Before Angioplasty

grouped according to the =0.72-mm criterion and the =509
diameter stenosis criterion are shown in Table 2. emphasiz-
ing the differences between the two criteria. The grouping of
the data for statistical analysis, showing the numbers in each
group and the odds ratio for restenosis, are shown in Tables
3 to 5. again companng the values obtained using the
=0.72-mm criterion with the =350% diameter stenosis crite-
rion.

Preangioplasty variables predictive of restenosis {Table 3).
None of the preangioplasty variables were found w be
associated with restenosis. A severe >65% diameter steno-
sis before angioplasty was the most relevant factor, with an
odds ratio of 1.63 and confidence intervals from 0.85 to 3.31.

Grouped by =0.72-mm Chanpe Criterion

Grouped by =505 Diameter Stenosis

Mimymai Lumen Diameter Before Angoplasty

=1 mm >1 mm Total =1 >i mm Towl
No restenosis 129 (85) 788 407 (83) No restenosis 123 (85) 295 (8T 423 (86)
Restenosis »19 61 (18 83 (1T} Restenosis 23(15) 44(13) 67113}
Total 151 339 490 Totd 151 339 490
Qdds ratio = 1.29 (0.76-2.19) Odds ratio = 1.21 (0.70-2.08)

% Diameter Stenosis Before Angioplasty
=65% >65% Total =65% >65% Toral
No restenosis 31285 94 (78) 407 (8% No restenosis 32889 95 (79) 423 186)
Restenosis 571168 26020 & (1T Restenosis 411 2521 67 (14
Total 70 120 80 Toral 37 120 490
QOdds ratio = 1.63 (0.85-3.13) Odds mtjo = .42 (0.82-2.54)
Nermal Diameter Before Angioplasty

=32 mm >3.2 mm Total =32 mm >3.2 mm Total
N restenosis 289 (84) 107 (82 396 (83) No restenests 301 &1 111 (85} 4124087
Restenosis 57(16) 23(18) 80{17) Restenosis 45 (13) 19 (15} 64 (13)
Total 346 130 476 Total M5 130 476

Odds ratio = 1.89 (0.64-1.86)

Gdds ratio = 1.15 {0.63-2.04)
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Tahle 4. Angiographic Variables After Angioplasty

Grouped by =0.72-mm Changs Criterion

Grouped by =505 Diameter Stenssis Criterion

Minima) Lumen Diameter After Angioplasty

=253 mm >23mm Tiotal <23 mm >23mm Total
No restenosis 34 (86) 103(72) 107 (83) No restenosis 285 (71} 77 (8%} 362 (74)
Restenosis 5204 41(28) (17 Reswenosis 119 (28} S{11) 126 (26)
Towl 346 144 490 Total 04 % 450
Odds ratio = 2,88 (1.77-4.68) Odds ratio = 0,28 (0.13-0.60)

¢ Diameter Stengsis After Angioplasty
=25% >0 Total =25% =255 Total
No restenosis 139015 268 (39) 407 (83) No restenosis 168 (81} 254 (80) 422 (86}
Restenosis 725 3 $3 (i Restenosis 17 (% 50200 &1 (14
Towal 186 na 450 Taral 185 34 0
Odds mtio = 2.60 (1.40—4.82) Odds ratio = .51 (0.28-0.95)
Normal Diameter After Angloplasty

=312 mm >3lmm Total =32 mm =32 mm Tomal
Na restenosis 295 (86) 112 (76) 407 (83) No resienosis 301 (85) 1283 473 (86)
Restenosis 47 (14 3624 82 (1) Restenosis 41 (1) 26 (18) 67 (14)
Total M2 143 390 Total 3 148 450

Cdds ratie = 2.04 {1.25-3.51)

Qdds razip = 1.38 (0.92-2.6%

Postangioplasty variables predictive of restenosis (Tzble 4).
The restenosis group bad a significantly better postangio-
plasty result as judged by minimal lumen diameter {2.28 mm)
and percent diameter stenosis (24.895) compared with the no
restenosis group (2.03 mm and 29.7%: p < 0.001 and p <
0.0001, respectively). A postangioplasty minimal lumen di-
ameter >2.3 mm was significantly associated with restenosis
(odds ratio = 2.88) as was a postangioplasty percent diam-
eter stenosis =256z (odds ratio = 2.60}. A vesse]l =3.2 mm in
diameter was less clearly predisposed ro restenosis accord-
ing to the =0.72-mm criterion with an odds ratio of 2.04.

Changes at angioplasty (Table 5). The factor most asso-
ciated with restenosis was a large change in the minimal
lumen diameter at angioplasty: 1.13 mm for the restenosis
group and 8.86 mm for the no restenosis group {p < 0.0001),
which corresponds to a change in percent diameter stenosis
of 33% and 28.6%. respectively. The risk associated with 2
large improvement in the stenosis in terms of descend-
ing order of magnitude were: minimal lumen diameter
=1.14 mm, minimal lumen diameter adjusted for vessel size
=().35 mm and percent diameter stenosis =33%. giving odds
ratios of 3.30. 2.98 and 2.20, respectively. There was also a
trend for a large change in reference diameter >0.36 mm 1o
be associated with an increased risk of restenosis (=0.72-mm
criterion) with an odds ratio of 1.33.

Discussion
Criteria for postangioplasty restenosis, Soon after the

introduction of coronary angioplasty as a revascularization
procedure. it became clear that resienesis after the proce-

dure was a significant limitation {22.23) and with the im-
provement in acute results over the vears, this imitation has
assumed increasing significance. Despite intensive invest-
gation, there is as vet no known intervention that is able to
reduce the incidence of restenosis. The reported risk factors
associated with restenosis are unsatsfactorily documented.
with little agreement among the various studies. These
differences are prmarily due to the failure of investigators 10
adopt a suitable standardized methodology with a uniformly
accepted definition of restenosis that is relevant to the
restenesis process. It has frequently been pointed out that
different restenosis criteria give rise to similar restenosis
rates (5.24). Although this is true, these similar restenosis
rates do not define the same groups of patients (with some-
times as little as 50% overlap) and therefore nisk factors may
well be very different for different restencsis eriteria (7).
Figure 3 illnstrates the distmibution of the two restenosis
groups in relation to the total number of lesions studied. Of
the 104 lesions fulfilling at least one of the two criteria 1%
of the total group of 490 lesions) <50% fulfilled both criteria,
and 24% and 33%. respectively, fulfilled the =50% diameter
stenosis and the =0.72-mm criteria.

Risk factors for restenosis. Thers are as yet no prospec-
tive studies using quanttative coronary angiography that
report on the risk factors for restenosis in large numbers of
patients. However, a small number of factors relating to the
restenosis process have been identified and confirmed in
more than one study. These include dilatien of 2 proximel
left anterior descending coronary artery stenosis (3.23). a
tozlly occluded vessel before anpioplasty (26) and the
presence of collateral vessels supplying the distal part of the
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Table 5. Angiographic Variables: Change at Angioplasty

Grouped by 20.72-mm Changs Criterion

Grouped by =50% Diameter Stenosis Critetion

Change in Minimal Lumen Dismeter at Angiopiasty

=114 > Total =114 >114 Towl
No restenosis 314 (88) 93 (69) 7 {83} No restenosis 308 (83) 115 (86) A3 (86)
Restenosts 42012 41 {31) B3 (17) Restenosis 48 (15) 19 (19 B 57 (14)
Total 366 134 430 Total 356 134 45¢
Odds ratio = 3.30 (2.02-5.37) QOdds ratio = 1.06 (0.60-1.88}

Adjusted Change in Minimal Lumen Diameter a2 Angioplasty

=0.35 >0.35 Total 20.35 >0.35 Total
No restenosis 260 (89 147 (74) 407 (83) No restenosis 115 (8% 243 (86) 356 (86)
Restenosis 3110 52(26) 83 (17 Restenosis 2304 41014 &7 (14}
Total 291 99 490 Totat 178 284 0
Odds ratio = 2.98 (1.82-4.84) Qdds rario = 0.40 (0.22-0.76}

Change in Diameter Stenesis a1 Angioplasty

=35% »35 Total =35% >35% . Towl
No restenosis 250 (75) U775 407 (83) Na restenosis 288 (75) 135 (81 423 (86}
Restenosis a4 (25) 39 (25) 83017 Restenosis 46 (25) 2113 67 {14)
Total 234 136 450 Total 334 156 450
Odds ratio = 2.20 (1.36-3.56) Odds ratio = 0.98 (0.67-1.70)

Differences in Reference Diameter at Angioplasty

=0,36 >0.36 Toml =0.36 >0.36 Tout
No restenosis 320 (85) 58 395 (83) No restenosis kref o] 84 (84} 411 (86)
Resleposis 56015 2424 80017 Restenosis 49 (13) 15 (153 64 (14}
Total 37 98 475 Total 376 99 475

0Odds ratio = 1.83 (1.07-3.14}

Odds ratio = 1.15 (0.64-2.23)

dilated coronary artery (27.28). The most frequently ident-
fied risk factor for restenosis has been incomplete dilation or
a variable directly related 10 a poor angioplasty result, such
as a residual pressure gradient (5.9). In our study. a reste-
nosis criterjon that is dependent solely on the changes
occurring after angioplasty was chosen to avoid having the
resuits influenced by factors other than the restenosis pro-
cess. The distinction between the resienosis process and a
suboptimal result has been made by comparing the

Figure 3. Of the 450 lesions analyzed. 386 were free of restenosis
and 104 lesions (21%) had restenosis by either of the two criteria for
restenosis. The column (right) lustrates how each criteron is
associated with a substantial propertion of lesions that are exclusive
to that ¢rterion. with <505% of the lesions (43%) fulfilling both
critenia, A similar Jack of correlation exists with other convention-
ally used restenosis criteria- DS = diameter stenosis.

388 ‘

Total Ponulation

Restanosls

50

=0.72-mm criterion with that of =50% diameter stenosis.
The analysis has been limited to the simple pre- and postan-
gioplasty morphology (minimal lumen diameter., reference
diameter and percent diameter stenosis) and the changes
occurring during the procedure. Analysis of data in this form
represents a significant change from the convention and
gives rise 1o conclusions that are at odds with some of those
previously published.

Predifation variables. Of the predilation variables analyzed.
ooly the severity of the initial lesion has previously been
reported (9) to be associated with restenosis although many
studies have failed to find this association. Other predilaton
variables not analyzed in this study. such as eccentricity. bend
point location and proximal left anterior descending artery
stenosis, presence of collateral vessels and a totally occluded
artery, have also been implicated (5.24.29).

The initial stenosis severity (Fig. 4) was not found to be
associated with an increased risk as assessed with either of
the two criteria: odds ratios = 1.29 and 1.21 when using the
=0,72-mm criterion and the =309 diameter stenosis crite-
rion. respectively. Likewise, if the severty of the initial
stenosis 1s expressed as a percent of the normal diameter. a
severe initial stenosis >65% was not significantly associated
with an increased nisk and this observation is in broad
agreement with most published reports.
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Figure 4. Odds ratios and 95% cenfidence intervals for restenosis in
the third of the study group at highest risk are shown for the
=0,72-mm ¢riterion (bold lines) and for comparison the correspond-
ing group according to the =305 diameter stenosis (fne Tines). The
cutoff point defining the relevant group at highest risk is indicated.
CHANGE MIN LUMINAL DIAM (adjusted) = change in minimal
lumen diameter divided by normal diameter of vessel: DIAM =
diameter: MIN = minimal: other abbreviations as in Figure 2.

Postdilation varfables. A poor postangioplasty result (or
incomplete dilation) and factors associated with incomplete
dilation such as a residual pressure gradient are most fre-
quently reported to be associated with restenosis. The data
from this study show that the associated risk is highly
dependent on the restenosis criterion employed: essentially
a good result (<25% diameter stenosis) is associated with
restenosis if the =0.72-mm ¢riterion is used and. conversely.
a suboptimal result (>35% diameter stenosis) is a risk factor
if =50% diameter stenosis is used (Fig. 4).

It is. perhaps. not surprising that incomplete dilation
should be idenufied as a risk factor if the criterion for
restenosis is 2 =50% diameter stenosis. However, the gues-
tion remains as to whether 2 more severe residual stenosis
actually induces the restenosis process or whether it reflects
the use of a restenosis criterion that preselects lesions with
less than optimal results. The answer to this question is
cracial because some theories addressing the cause of reste-
nosis incorporate this concept but, more important. if this
question is not critically addressed. studies that are designed
to determine the effect of therapeutic interventions on reste-
nosis may be falsely interpreted.

Our study sugpests that the latter of these two possibili-
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Figure 5, Frequency histogram of 490 lesions after successful an-
ploplasty (POST-PTCA) grouped according to the postangioplasty
percent diameter stenosis (D$). The distribution for the total study
group is ““normal’ about a mean value of 29%. The lesions fulfilling
each of the two criteria are 2lso shown and the discrepancy between
their distributions is clearly demonstrated: The group defined by the
20.72-mm criterion is distributed around a mean vatue of 25% and
the group defined by the =50% diameter stenosis critedon 1s
distributed around a mean value of 32%.

ties 15 the more likely and the frequency histogram (Fig. 5}
lustrates why the discrepancy occurs, showing the distri-
bution of the two restenosis groups. The lesions with reste-
nosis (=509 diameter stenosis criterion) tend o He near the
50% threshold immediately after the procedure. It seems
thatif a ““cut-off™” criterion is used to define restenosis, it will
preselect those lesions that e close to the cut-off valae and
this appears to be the most relevant factor for the =50%
diameter stenosis criterion. The reasen for this is twofold.
First, it should be remembered that the varjability of the
measurement using a quantitative measuring system is in the
region of 6.3% (95% confidence Lmits = 13%) (16). which
suggests that if 2 =50% criterion is used. a significant
number of lesions will be defined as restenosis due to
methodologic limitations of the measurement sysiem. when
i reality no change has taken place between angioplasty and
follow-up. The potental for this type of ermror will be
magnified many times if visual estimates for stenosis sevesity
are used. Lesions with 2 better postangioplasty result will
fall outside this error of measurement and therefore will not
be falsely defined as restenosis due to methodologic limita-
tions. Second, after angioplasty, most lesions deteriorate to
some extent (30), with the patients showing a normal distri-
bution around a mean deterioration of ~3.22 mm; thus. if a
deterioration in the lumen diameter is an integral part of the
healing process. any “‘cui-off " criterion that lies in the
direction of population shift can be expected to choose
preferentially those lesions near to the “‘cut-off” point.
Conversely, the lesions that meet the =0,72-mm criterion
tend o be distributed at the opposiie end of the histogram
and as a group have 2 much better result than those selected
by the =309 diameter stenosis ¢riterion. The mean postan-
gioplasty percent diameter stenosis in this study was 25% for



those lesions fulfilling the =0.72-mm ¢riterion and 32% for
the =50% diameter stenosis criterion.

Variabfes of change at angioplasty. The factors found to
be associated with an increased risk according to the
=0.72-mm criterion in ascending order were change in
reference diameter. change in diameter stenosis, change in
minimal [umen diameter and change in minrimal Inmer: diam-
eter adjusted for vessel size by dividing by the normal
diameter of the vessel (Fig. 4). It Is clear that the more the
lesion 1s improved at the time of the angioplasty procedure.
the greater the subsequent deterioration in the months after
the procedure. As one might expect. lesions that are im-
proved less than the norm tended 10 have a greater residoal
stenosis after angioplasty. These lesions. although likely to
meet the 230% diameter stenosis criterion because they lie
close to it-after angioplasty. undergo less.deterioration than
lesions that have a better result. The distincton should
therefore be made between the posiangioplasty result and
the change in lumen diameter at angioplasty, Although the
postangioplasty result is highly relevant to the longterm
outcome. it is the change occurring at angioplasty that is the
strongest predictor of subsequent deterioration between
angioplasty and follow-up. This observation, which previ-
ously has not been generally recognized. is not entirely
without rationale (10-14).

Substantial improvements in lumen diameter during an-
gioplasty (from a severe stenosis to an optimal result) imply
dispersion of large amounts of plague into the vessel wall or
alternatively a deeper dissection mto the arterial wall w
achieve the same effect. In either case. the degree of
improvement is likely to correlate with the degree of trauma
10 the vessel wall. If the restenosis process is influenced by
the degree of twauma. then the greater and deeper the
rauma. the more the restenosis process will be stimulated.
These results suggest that those lesions that are likely to
experience the largest deterioration after dilation are those
severe initial lesions that have the optimal postangioplasty
result. The frequency histogram (Fig. 6) of change in mini-
mal lumen diameter for the total study group and for those
with restenosis according to the two criteria illustrates the
discrepancy and relevance of the two criteria.

Implications for clinical practice. There seems 1o be a
consensus among clinicians that the better the result at
angioplasty. the less chance there is of restenosis. This
premise is not supported by hard experimental evidence.
although clearly if the lesion is not effectively dilated. the
long-term result cannot be expected to be good. The data
from this study suggest that there may well be 2 compromise
result somewhere betweea a 209 and 30% postangioplasty
diameter stenosis that has a good chance of a satisfactory
long-term result and may avoid the increased rsk of acute
dissection and occlusion (9) incurred by using an oversized
balloon t0 achieve an optimal result,

Perhaps more important. the postangioplasty result has
implications for clinical restenosis studies. particularly when
assessing the affect of pharmacologic interventions. If the
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Figure 6. Frequency histogram similar to that in Figure § grouped
according to change in minimal lumen diameter at angioplasty
(PTCA). Again, the distribution is “*normal.” but with a skew o the
right. According to the =0.72-mm criterion, the lesions in the third
of the group with the largest improvement in the minimal lumen
diameter at angioplasty {n = 44} have the highest risk of res‘tenos:s
D§ = diameter stenosis.

criterion of a =50% diameter stenosis is used as the sole
definition of restenosis. the preselection of poor postangio-
plasty results by this criterion may be of such mfluence that
any effect produced by pharmacologic intervention may not
be realized by statistical hypothesis testing. More subty, as
the lesions that fulfill the =50% diameter stenosis criterion
undergo less change between angioplasty and follow-up, it
will become statistically difficult to show the effect of a truly
beneficial agent because of inadequate staristical power—a
verdict of “no benefit™ being returned when in fact a benefit
exists. It is interesting to note that almost universally the
conclusions from these studies have been that no agent has
a beneficial effect on restenosis.

The use of restenosis criteria alone for assessing the
long-term results of coronary angioplasty has the potential
for producing misleading results. A distinction should be
made between the postangioplasty result and the restenosis
process as measured by the change in minimal lumen diam-
eter or minima] lumen area after the procedure,
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Angioplasty for stable versus unstable angina pectoris: Are unstable patients

more likely to get restenosis?

A quantitative angiographic study in 339 consecutive patients

Hans E. Luijten, X.J. Beatt, P.J. de Feyter, M. van den Brand, J.H.C. Reiber & P.W. Serruys

Key words: recurrent stenosis, quantitative coronary angiography

Summary

Current evidence with regard to the possible association between clinical expression of coronary disease
prior to the time of angioplasty, and the subsequent risk of restenosis following successful dilatation, remains

inconclusive.

To prospectively compare the incidence of restenosis in stable versus unstable angina pectoris patients,
follow-up angiography was performed in 85 percent of patients from a consecutive series with a successful
PTCA., irrespective of presence or absence of recurrent ischemic symptoms. Furthermore, changes in lesion
severity were assessed quantitatively by an automated edge-detection technique rather than visual analysis.
Employing such a study-design and follow-up protocol, it was found that the incidence of restenosis in
patients with stable coronary artery disease was similar to that of patients with unstable rest angina,

irrespective of the type of angiographic definition used.

Introduction

Increasing operator experience and technical in-
novations have made percutaneous transluminal
coronary angioplasty (PTCA) a safe and successful
treatment modality for patients with symptoms of
either stable or unstable angina pectomis [1-7].
However, the long-term outcome of PTCA is stilt
significantly curtailed by the so far wnpredictable
progression to recurrent stenosisin 12 to 48 percent
of patients {4, 5, 3-15].

Although the exact pathophysiclogical mecha-
nisms involved in recurrent stenosis remain un-
solved, its development is most likely the result of
the lirtle understood, but apparent, interplay of
growth factors and chemoattractants from each of
the four cell types involved in atherosclerosis;

namely, endothelium, platelets, smooth muscle
cells, and macrophages [16].

Furthermore, current evidence with regard to
the possible association between clinical expres-
sion of coronary disease prior to the time of angio-
plasty, and the subsequent risk of restenosis follow-
ing successful dilatation, remains inconclusive.
Whereas some previous reports have indicated that
angioplasty for unstable angina is associated with
an increased risk of lesion recurrence as compared
with stable angina [10, 17], this has not been cor-
roborated by others [4. 3. 7, 9, 12, 18, 19].

In view of these discrepant results, and given the
distinctly different coronary morphbology observed
by angioscopy in patients with stable exercise-in-
duced angina versus those with unstable rest angina
[20. 21]. elucidation of the question whether the

H.E. Luijten, MD, is the recipient of 2 Research Fellowship from the Duich Heart Foundation (po. 85-118).
K.I. Beatt, MDD, MRCP, is the recipient of a Research Fellowship from the British and Dutch Heart Foundations.
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incidence of restenosis differs in these two ischemic
coronary syndromes merits further attention.

Since the incidence of restentosis appears 1o be
influenced by the rate of follow-up angiography,
and by the method of assessment of the coronary
angiograms. a protocol was implemented in this
study that involved repeat quantitative coronary
angiography. irrespective of the presence or ab-
sence of recurrent ischemic symptoms.

Study population

During the period from January 1984 to September
1985, PTCA was attempted in 282 patieats with
stable angina and in 177 patients with unstable
angina. Stable angina pectoris was defined as chest
discomfort related to effort or emotion; these pa-
tients underwent elective coronary angioplasty.
Unstable angina pectoris was defined as prolonged
¢hest pain at rest with documented reversible §T-
segment o1 T-wave changes, without subsequent
myocardial necrosis as evidenced by a rise in cre-
atine phosphokinase to at least twice the normal
level or by pathological Q-wave development
(Q>0.045). The ischemia-related coronary lesion
was dilazed in unstable angina patients in whom
multivessel disease was present. The offending le-
sion was identified on the basis of recorded electro-
cardiographic changes and coronary abatomy.
Electrocardiographic changes in leads V1 to V3
were associated with lesions of the left anterior
descending artery, changesinI. aVL., and V6. with
the marginal branch of the circumflex artery or the
diagonal branch of the left anterior descending ar-
tery, and changes in inferior leads with either the
right coronary artery or the circumflex artery.
Two-hundred forty-two comsecutive patients
with stable angina pectoris, which represents a
85.8% primary success rate, and 135 patients with
unstable angina pectoris, which represents a 87.6%
primary success rate (p = N8). underwent success-
ful coronary angioplasty. defined by: 1) climical
relief of ischemic symptoms; 2) less than 50 percent
diameter stenosis on visual inspection of the post-
angioplasty coropary angiogram performed in mul-
tiple views; 3) no in-hospital complications, such as
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recurrence of angina. coronary bypass grafting. re-
peat PTCA, acute myocardial infarction, or death.

After obtaining informed consent all patients
with a successtul PTCA were requested to undergo
follow-up angiography. Of the 242 patients with
stable angina and the 155 patients with unstable
angina who underwent a successful dilatation. 206
stable patients (85.1% follow-up) and 133 unstable
patients (85.8% follow-up) had repeat angiogra-
phy suitable for quantitative analysis. Coronary
angiograms that were technically inadequate be-
cause of suboptimal visualization of the dilated
segment, most commonly due to vesse] overlap,
and/or incomplete opacification were not included
in the analysis. The reasons for failure to complete
the stady for the stable and unstable groups com-
bined are detailed in Fig. 1. Recatheterization was
considered contra-indicated in the event of dis-
abling concomitant disease (e.g. renal failure, lung
cancer), severe peripheral vascular diseases. or
more than four prior angiographic investigations.

The clinical characteristics of the study popula-
tion with subdivision into patients with a history of
stable and unstable angina pectoris prior to the
time of PTCA., are detailed in Table 1. The extent
of coronary artery disease was defined as the num-
ber of vessels with a = 50% diameter narrowing,
and prior myocardial infarction was diagnosed ac-
cording to the Minnesota code [22].

Methods
Angioplasty procedure and medication

Coronary angioplasty was performed with a steex-
able, movable guide-wire system via the femoral
route, At the beginning of the procedure 2ll pa-
tients received 10.000 LU. of heparin i.v.. 250 mg
of acetylsalicylic acid i.v., and a continuous in-
fuston of low molecular weight dextran (Rheoma-
crodex®) was started. To prevent coronary spasm,
intracoronary nifedipine or isosorbide dinitrate
was given. ECG and blood pressure were contin-
nousty monitored. Initial balloon inflation pressure
was 2.0 atmospheres, with subsequent inflations
ranging up to 12.0 atmospheres. Inflation was



PATIENTS WITH SUCCESSFUL PTCA
(< 50 % DSTEN POST-PTCA)

Total

387

) I 2 late t

X
13 recath. contra-indicated

25 recath. refused

18 angiogram not suitable for analysis

339 | PATIENTS WITH LATE F/U  {QCA IN 85 %)

384 = of lesions

Fig. 1, Flow chart of the total number of patients who met the
inclusion criteria. and the reasons for failure to complete the
study. DSTEN = diameter stenosis; F/U = follow-up; QCA =
quantitative cosonary angiography; Recath, = recatheteriza-
Hon.

maintained according to ECG changes, degree of
blood pressure drop or induced pain. Balloon dila-
tations were repeated until the severity of the ob-
struction was at least below 50% luminal diameter
narrowing, as judged from repeat coronary angio-
grams obtained in multiple views immediately after
the dilatation. Following the procedure all patients
were monitored for at least 24 hours, by means of
electrocardiography, and serial cardiac enzyme
levels when necessary. Following coronary angio-
plasty 10mg of nifedipine was given orally every
two hours for the first twelve hours, and thereafter
three to six times a day together with 500 mg of
acetylsalicylic acid orally once a day for a period of
six months. Beta blockers were withdrawn unless
hypertension was present.
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Quantitative coronary angiography

The quantitative analysis of the stenotic coronary
segments was carried out with the computer-assist-
ed Cardiovascular Angiography Analysis System
(CAAS). which has been deseribed in detail else-
where [23, 24]. To analyze a coronary arrerial seg-
ment in a selected frame of a 35 mm cinefilm, an
optically magnified portion of the image encom-
passing that segment is converted into video format
by means of a cine-video converter. The region of
interest is defined and the contours of the vessel are
detected automatically on the basis of the weighted
sum of first and second derivative functions applied

Table 1. Clinical characteristics of the 206 stabie and the 133
unstable angina pectoris patients with successful PTCA entered
into the smady.

Characteristics Stable AP Unstable AP
oo (%) no (%)
No. of patients 206 133
No. of lesions 239 155
Mean no. of lesions dilated
per patient 116 1.17
Age (means.d.) 56+9 589
(range) (31-75) (3:-75)
Male sex 171 (83) 104 (73)
Time from PYCA 8138 79£37
1o FU (days) (11-194) {(4-226)
Extent of CAD
1 149 (68) 89 (67)
2 44 (21) 36 (23)
3 22 (11) 14 (11)
Previous coronary bypass
grafting 22 (11 8{6)
Previous coronary angioplasty 24 (22) 11 (8)
Previous myocardial infarction  $2 (40) 56 (42)
Vessel dilated
LAD 138 (58) 97 (63)
Lcx 43 (18) 26 (1)
RCA 48 (20) 28 (18)
Bypass 7(3) 302y
LMCA 3 1(1)

Bypass = aortocoronary bypass graft; CAD = coronary artery
disease; FU = follow-up angiography; LAD = left anterior
descending coronary arteryy LCX = left circumflex coronary
artery; LMCA = left maiv coronary antery; RCA = right coro-
nary artery; 5.4, = standard deviation.

* p= 0.047 for difference with stable angina patients.



to the digitized brightness information. Calibration
of the diameter data of the vessels in absolute val-
ues {mm) is achieved by using the contrast catheter
as a scaling device [25]. To this end, the contours of
a user-cefined portion of the optimally magnified
catheter {magnification factor 2V2) are detected
automatically and corrected for pincushion distor-
tion caused by the image imtensifiers. From the
vessel contours the ‘interpolated’ reference dia-
meter Dr and the minimal lumen diameter Do —
both in absolute mm — are then determined at the
site of the shortest distance between the two con-
tours. The ‘interpolated” percentage diameter ste-
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Fiz. 2. Series of single frame angicgrams, with superimposition
of the qutomatically derected contours. of the same left anterior
descending artery lesion pre-dilatation (A), pest-dilatation (B)
and at follow-up (C). The interpolated percentage diameter
stenosis {D-sten) and percentage area stenosis (A-sten) values
are shown at the top left of each frame. The post-PTCA znalysis
shows a satisfactory result. The follow-up analysis shows thata
significant restenosis has taken place.

nosis 1s then calculated according to the well known
formula:

interpolated % — D stenosis= {1 — %%) *100%.

A representative analysis pre- and post-PTCA and
at follow-up, with the detected contours and the
diameter function curves superimposed on the
original video images, i$ shown in Fig. 2.

In order 1o standardize the quantitation tech-
nique and to minimize potential errors, ‘interpolat-
ed’ reference diameter and percentage diameter
stenosis measurements were used. This method has
the advantage of eliminating the arbitrary choice of
areference diameter, which will vary between indi-
vidua] observers. The principle behind this tech-
nique Is the computer estimation of the original
diameter values of the segment within the ebstruct-
ed region (reference diameter function), assuming
that no coronary disease is present. The interpolat-
ed reference diameter is then taken as the value of



the reference diameter function at the site of maxi-
mal narrowing [26~28].

The automatic contour detection technique ap-
plied in this study has previously been validated
using plexiglass phantoms filled with contrast me-
dium [28]). The overall accuracy (average differ-
ence) and the precision (pooled standard deviation
of the differences) of minimal lumen diameter
measurements are minus 30 and plus 90 microns,
respectively.

In order to standardize the method of acquisition
and analysis of the pre- and post-dilatation and the
follow-up angiograms, the following five measures
were undertaken [24]. Firstly, the X-ray system
was repositioned to correspond as much as possible
to the projections and settings used during the pre-
vious angiographies. For this purpose, the angunlar
settings of the X-ray gantry and the various height
levels were readjusted according to the values pre-
viously documented with an on-line registration
system.

Secondly, all cineframes to be analyzed were
selected at end-djastole, to minimize any possible
blurring effect as a result of vessel motion during
systole.

Thirdly, the user-determined beginning and end-
points of the major coronary segments between
side branches were identified according to the defi-
nitions of the American Heart Association {29].

Fourthly, multiple matched views, orthogonal if
possible, were analyzed for each dilated lesion and
then the results were averaged.

Finally, Polaroid pictures were taken of the vid-
¢o image with the detected contours superim-
posed, to ensure that the analyses were performed
on the same coronary segment in the serial angio-
grams.

Definitions of restenosis

In order to allow comparison of our results with
those of other published studies and to evaluate the
various ¢rTiteria, three previously proposed angio-
graphic definitions of restenosis (Fig. 3) were ap-
plied: 1) aloss of at least 50% of the gain in luminal
diameter achieved at PTCA (NHLBIIV) [9];2) an

Fa
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Fig. 5. Angiographic restenosis critetia employed (as explained
in Methods section). DST = diameter stenosis (%): pre = pre-
PTCA; post = post-PTCA; FU = follow-up: MLD = minimal
lumen diameter (ram).

increase of the diameter stenosis from less than 30
percent post-PTCA to greater than or equal to 30%
at follow-up, and finally; 3) 2 decrease in minimal
lumen diameter of greater than or equal t0 0.72 mm
with respect to the post-PTCA. situation. This last
definition is based upon twice the variability (one
standard deviation of the differences of duplicate
measurements of the same lesion} of minimal hu-



men diameter measurements in mm (2> 0.36
mm), when coronary angiography was repeated
over 2 time interval of 90 days [23].

Statistical analysis

To test for differences between the stable and un-
stable angina patients with respect to their baseline
clinical characteristics (listed in Table 1), the ua-
paired t-test was performed for the continuous var-
iables, and the chi-square test for discrete varia-
bles. Univariate analysis of variance was also per-
formed on the quantitative angiographic data ob-
tained {Tables 2 and 3) (BMDP statistical software,
University of California press, Berkeley, Califor-
nia, 1985).

Results are presented as mean * one standard
deviation. unless stated otherwise. All statistical
tests were two-talled. A probability (p) value be-
low 0.05 was regarded as indicating statistical sig-
nificance.

Results

The clinical characteristics of the 339 padents (206
with stable angina, and 133 with unstable angina)
with a successful PTCA who completed angio-
graphic follow-up are detailed in Table 1.
Comparison between the stable and unstable pa-
tient groups revealed a slightly higher overall mean
age for unstable patients (569 versus 589,
p=10.047). Apart from this difference the stable

Table 2. Comparative results of quantitative coronary angiography, expressed as mean  one standard deviation, for the 206 stable and
133 unstable anginz pectoris patients. Variance analysis between the Iwo groups was performed, for which the p-values are given.

Variable

Time Stable AP Unstable AP p-value
{1 =239 Jesions) {n=155 ksions)
reference pre-PTCA 2.804£0.64 2.85+0.65 0.49
diameter post-FTCA 293+054 292056 0.96
{mm) follow-up 2.81+£0.56 23524058 0.91
minimal lumen pre-PTCA 1.17+0.41 1.14%0.39 0.52
diameter post-FTCA 209+0.42 205044 0.32
(mm) follow-up 186061 1.89+0.59 0.66
diameter pre-FTCA 58.3+13.4 593123 0.44
s1eRosis post-PTCA 28.0+11.3 28.9+11.3 0.44
(%) follow-up 334181 524%174 0.58

AP = angina pectoris.

Tabie 3. Absolute change in stenosis geometry as a result of PTCA (pre to post). and from post-PTCA to time of follow-up angiography
(post to fu), comparing the stable and unstable angina patients. Differences are not statistically significant.

Variable Time Stable AP Unstable AP
Reference pre to post +0.13 +048
diameter mm posttofa .12 -0.11
Minimz! lumen pre 1o post +0.92 +091
diameter mm postto fu -0.23 -0.16
Diameter pre 1o post —-30.3 -30.5
stenosis Yo post to fu - 54 + 3.5

AP = angina pectons.
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and unstable patients were comparable with re-
gards to mean number of lesions dilated per pa-
tient, time to follow-up angiography (81 £ 38 days
versus 79 * 37 days, respectively), extent of coro-
nary artery disease, prior coronary bypass grafting,
prior coronary angioplasty, prior myocardial in-
farction and vessel dilated (Table 1},

The results of quantitative coronary angiography
in the 206 patients (239 lesions) with stable angina
and the 133 patients (155 lesions) with unstable
angina who completed angiographic follow-up are
detailed in Table 2. When collating the quantitative
data for all the stable and unstable patients com-
bined, the reference diameter and the severity of
the dilated stenoses pre- and post-PTCA, and at
follow-up, were not significantly different.

The changes in reference diameter, minimal ju-
men diameter, and the percentage diameter steno-
sis as a result of PTCA, and from post-PTCA to
follow-up, are listed in Table 3. Following PTCA
there was, as expected, a significant improvement
in minimal lumen diameter and diameter stenosis
for both groups of patients (p < 0.0001). Contrast-
ing the changes iz stenosis geometry in the stable
and unstable patients occurring between post-
PTCA and time of conircl angiography, reveals
that both showed a comparable deterioration in
lesion severity, as reflected by amn increase in per-
centage diameter stenosis, and a decrease 1n mini-
mal lumen diameter; similarly, a comparable de-
crease in reference diameter was observed (Fig. 4).

Table 4 delineates the incidence of restenosis in
stable versus unstable angina patients according to
three previously proposed angiographic criteria.

STABLE UNSTABLE
ANGINA ANGINA
0
mm
=-0.10
-0.16
-0.20
=-0.23
~0.30

AREFERENCE A MINMAL LUMEN
EZR DLAMETER o= BIAMETER

Fzg. 4. Changes in reference diameter and minimal lumen dia-
meter (xum} occurring between post-PTCA and time of follow-
up angiography. Differences are not statistically significant.

Also Bisted in Table 4 are the percentages of pa-
tients experiencing recurrent ischemc symptoms at
the time of repeat angiography (Fig. 5). The so-
called 0.72mm restenosis criterion identfies le-
sions with a decrease in minimal Jurpen diameter of
atleast 0.72 mm, corresponding to a change greater
than or equal to two times the long-term variability
of this type of measurement.

Looking at the patient restenosis rates (Table 4
and Fig. 4) several observations can be made. First
of all, the percent restenosis varies considerably
depending upon the angiographic definition cho-
sen. Secondly, the incidence of restenosis in stable
and unstable angina patents proved to be similar,
irrespective of which restenosis definition is em-
ployed (Table 4).

Table 4. Patient restenosis rates {percent} in stable versus unstable angina patients according 1o three different angiographic definitions
of restenosis. The percentage of patients with recurrent angina at the time of repeat angiography is shown in the bottom row.

Differences are not statistically significant.

Restenosis definition Stable AP Unstable AP
(n=206) (n=133)
n Yo n %
NHLBI IV 55 26.7 33 248
=50% DS 3 15.0 16 12.0
Z0,72mm 37 18.0 24 18.1
Recurrent angina 46 2.3 33 24.8

AP = apgina pectoris; DS = diameter stenosis.
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Discussion

Baseline clinical characteristics and quantirative
angiographic data pre- and post-PTCA

Existent differences in pathophysiology of effort
angina and angina at rest, as evidenced by recent
angioscopic findings that each of these clinical cor-
omary syndromes appears to have its own specific
underlying endothbelial pathology [20-21], leads to
the hypothesis that the early and ‘late’ vessel wall
response to dilatation injury may be dissimilar in
mechanism and/or magnitude.

To gain insight into the early and late changes in
vessel caliber and hence determine the true in-
cidence of restenosis, 85% of patients with a suc-
cessful PTCA underwent repeat quantitative coro-
nary angiography, irrespective of presence or ab-
sence of recurrent ischemic symptoms. In addition,
in order to standardize the method of acquisition
and analysis of the serial angiograms, several mea-
sures were undertaken to decrease the variability
of repeated arterial measurements [24].

Employing such a study-design and follow-up
protocoi it was found that successful PTCA. - de-
fined as a less than 50% luminal narrowing in com-
bination with clinical relief of ischemic symptoms—
was associated with an increase in both the refer-
ence and minimal lomen diameter (Table 2). This
suggests that the changes in reference diameter and
minimal humen diameter s a result of PTCA., both
contributed to the luminal enlargement. The
changes in lesion dimensions from post-PTCA to
follow-up were also comparable for both groups of
patients (Table 3 and Fig. 4). However, whereas
the reference diameter at follow-up had decreased
to that found pre-PTCA (Table 2), the minimal
lumen diameter at follow-up was smaller than im-
mediately post-PTCA., but still much improved rel-
ative to the mean values before angioplasty. In
summary, the patients with stable angina were
comparable to those with upstable angina with re-
gard to the extent, location and quantitatively de-
termined severity of coronary artery disease (Ta-
bles 1 and 2} before and after PTCA and at follow-
up. Therefore. as suggested previously [30], this
finding supports the notion that factors other than
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apatomic severity are important in the precipita-
tion of these syndromes [30-32].

In fact, from histologic studies [33-35]. postmor-
1em coronary angiography [36], recent recognition
of specific angiographic morphology (37, 38], and
angioscopy in living man [20, 21], it has become
evident that endothelial ulceration and thrombosis
are Important processes in unstable angina. Thus,
unstable angina is related to endothelial ulceration,
platelet aggregation and thrombus formation with
o1 without spasm leading to partial occlusion or
interrupted total occlusion [20, 21, 33, 35, 37-39].
In contradistinction, angioscopy of coronary le-
sions of patients with stable coronary artery disease
has shown a noninterrupted smooth atheroma sur-
face, without hemorrhage or ulceration [20, 21].

Incidence of restenosis

The major finding of this study is that although
there was a wide variation in the incidence of reste-
nosts according to the angiographic cterion ap-
pHed (Table 4), the cumulative incidence of reste-
nosis in patients with stable coronary artery disease
was similar to that of patients with unstable rest
angina, irespective of the type of definition (Fig.
5). Likewise, the percentage of patients with recur-
Tent angina at the time of reinvestigation, was also
similar.

Although these data are consistent with those
from some previous studies 4, 3,7, 9, 12, 18, 19].
they are not in agreement with two other reports
which have indicated an increased risk of restenosis
in patients suffering from unstable anginz prior to
the time of coronary angioplasty {10, 17]. How-
ever, comparison between the few published re-
ports on angioplasty for stable and unstable angina
must be done with caution for a number of reasons.
Differences between studies in indication and tim-
ing of repeat angiography, follow-up rate, method
of assessment of coronary angiograms, and most
importantly, the bias introduced by studying 2 se-
lected population, all potentially distort the data
regarding incidence and time to restenosis.

Moreover, visual interpretation of serial coro-
nary angiograms are marked by high intra- and



<50%
>50%

EZ3 STABLE AP UNSTABLE AP

Fig. 5. Restenosis rates (%) post-PTCA in patients with stable
versus unstable angina pectoris prior to the dme of angioplasty.
aceording to three previously proposed angiographic criteria.
Also listed are the percentages of patients with recurrent is-
chemic syreptoms at the time of recatheterization. Observed
differences are not statistically significant. A) Loss of at least 5¢
percent of the gain in luminal diameter achieved art the dme of
PTCA {NHLBI IV); B) An increase of the diameter stenosis
from less than 50 percent post-PTCA to greater than or equal to
50 percent at follow-up: C) A decrease i minimal lumen dia-
meter of greater than or equal to (.72 mm. corresponding to a
change = twice the variability of minimal lumen diameter mea-
surements in mm.

AP = angina pectoris.

interobserver variabilities, and a poor reproduc-
ibility {40]. Hence, visual comparison of arterio-
grams from different patients, or at different times
in the same patient, are of limited value for assess-
ing severity or changes in severity of coronary ar-
tery stenoses.

Finally, the preferential reinvestigation of symp-
tomatic patients in some studies on the one hand
can be expected to result in an artificial increase of
the angiographic restenosis rate, and on the other
hand to a decrease of this rate by not identifying the
30% of asymptomatic patients with angiographic
recurrence [41].

Data distortion caused by a variable combina-
tion of these methodological factors may increase
the likelthood of type I (having statistically signif-
icant results when there is no relationship between
varniables studied) and Type II (to miss finding sta-
tistical significance for a trend that does exist in the
data) errors [42]. and can result in discrepancies
amongst studies in patient, lesion and procedure

75

related factors considered to be associated with an
increased risk of restenosis.

To date two studies have noted a significantly
higher restenosis rate following successful PTCA in
patients with prior unstable angina [10, 17]. Dan-
goisse et al. [17] reported the follow-up of 103
consecutive patients recatheterized within six
months. They observed a 50 percent restenosis rate
(>30% increase in diameter stenosis) in patients
with unstable angina, relative to a rate of 25% in
those without: a significant difference at p< 0.025.
However, details regarding patient population,
study design. follow-up strategy, definitions used
and method of assessment of the angiograms are
lacking in this abstract. In another report [10]. con-
cerning the multivariate analysis of clinical and
angiographic data of 787 patients from an initial
cohort of 1758 patiems (45%) with single-vessel
disease in whom PTCA had been successful, reste-
110sis was observed in 26% of those with stable and
34% of those with unstable coronary disease (p=
0.0534). These results were obtained at a mean
time to follow-up angiography of 7+ 35 months,
pertaining to a time frame ranging from less than
two months to 42 months. However, if we just look
at the patients recatheterized within four months
for the sake of comparison, the observed restenosis
rate was 53% and the prevalence of recurrent is-
chemic symptoms was 84% [10]. In contrast, in this
study only 22.3% of all the stable and 24.8% of the
unstable patients reported ischemic symprtoms at
the time of angiography, and the overall incidence
of recurrent stenosis was less than half of that re-
ported by Leimgruber et al. [10]). Thus, it appears
that this major difference in observed restenosis
rate within the first four months might be directly
related 1o the substantial dissimilarity in the pro-
portion of patients with recurrent angina. Further-
more, the patient population of our study, in which
32% had multivessel disease, may not be directly
comparable to one consisting solely of patients with
single-vessel coronary artery disease [10], as sug-
gested by the apparently poorer prognosis of those
with multivesse] disease at long-term follow-up af-
ter coronary angioplasty [43].
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Quantitative Angiographic Assessment of Elastic
Recoil After Percutaneous Transiuminal
Coronary Angioplasty

Benno J. Rensing. MD, Walter R.M. Hermans. MD, Kevin J. Beatt, MD, Gert Jan Laarman, MD,
Harry Suryapranata, MD, Marcel van den Brand, MD, Pim J. de Feyter, MD,
and Patrick W. Serruys. MD, PhD

Little is known about the elastic behavior of the
coronary vessel wall directly affer percutaneous
transiuminal coronary angioplasty (PTCA). Minimal
lumminzl cross-sectional areas of 152 successtully
dilated lesions were studied in 136 patients during
bhalloon inflation and directly after withdrawal of
the balloon. To circumvent geemetric assumptions
about the shape of the stenosis after PTCA, 2
videodensitometric analysis technique was used for
the assessment of vascular cross-sectional areas.
Elastic receil was defined as the difference between
baRoon cross-sectional area of the largest balloon
used at the highest pressure and minimal fuminal
cross-sectionai area after PTCA. Mean bailoon
cross-sectional area was 5.2 + 1.6 mm= with a
mean minimal cress-sectional area of 2.8 + 1.4
mm? immediately after inflation. Oversizing of the
baffeon (halloon artery ratio >1) led to more recoil
(.8 £ 0.3 vs 0.6 £ 0.3 mm, p <0.001), suggestive
of an elastic phenomenon. A difference in recoil of
the 3 main coronary branches was observed: left
anterior descending artery 2.7 + 1.3 mm?, circum-
flex artery 2.3 £ 1.2 mm? and right coronary ar-
tery 1.2 + 1.5 mm? (p <0.025). The difference was
still statistically significant if adjusted for reference
area. Thus, nearly 50% of the theorefically achiev-
able cross-sectional area (i.e., balloon cross-sec-
tional area) is lost shortly affer balloon deflation.
(Am ! Cardiol 1990;65:1039-1044)
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(PTCAY) is increasingly being used as an alterna-

tive 10 coronary artery bypass grafung in patients
with acute and chronically obstructed vessels. '~ Despite
many publications on the mechanism of this treatment
modality. little is known about the elastic behavior of
the vessel wall during and immediately after angio-
plasty. Castaneda-Zuniga et 21* proposed an arterial pa-
ralysis model in which overstretching of the vessel wall
beyvond its limits of elasticity was associated with histo-
pathologic features of smooth muscle cell fysis. Accord-
ing to Sanborn et 21* part of the zngioplasty mecha-
nism consists of stretching the vessel wall resulting in a
fusiform dilatation or localized aneurysm formation. It
is, however. a common clinical observation that in some
lesions even the application of an oversized balloon leads
10 a poor angiographic result without a visible intimal
tear or dissection. This phenomenon may be attributed
to clastic recoil of the vessel wall after balicon angio-
plasty. Densitometrically assessed cross-sectional areas
are independent of geometric assumptions on the shape
of the stenosis and should theoretically be more reliable
than geometrically derived cross-sectignal areas, espe-
cially after the disruptive action of balloon angioplasty
which is known to cause asymmetric enlargement of the
lumen.® This study was undertaken to determine the
contribution of elastic recoil to the immediate result of
zn angioplasty procedure, with the use of densitometnic
and contour detection analysis techniques.

Percutancous transluminal coronary angioplasty

METHODS

Contour detection: The quantitative analysis of the
stenotic coronary segments was performed with the
computer-assisted Cardiovascular Angiography Amnaly-
sis Svstem (CAAS). which has been described in detail
elsewhere.®" To analyze a coronary arterial segment 2
33-mm cine frame was selected. Electronically. 2 region
of interest (512 X 512 pixels) encompassing the arterial
segment 1 be analyzed was digitized with & high-fidel-
ty videocamera., Comtours of the arterial segments were
detected automatically on the basis of the weighted sum
of first and second derivative functions applied 1o the
digitized brightness profile. From these contours the
vessel diameter functions are determined by computing
the shortest distance between the left and right contour
positions (the upper curve in Figure 1}. Conversion of
the diameter measurements of the vessels to absolute
values was achieved by using the contrast catheter as a
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scaling device. To this end the contours of a user-de-
fined portion of the optimaily magnified catheter (opui-
mal magnification factor 24/2) are detected automati-
cally and corrected for pincushion distortion caused by
the image intensifiers. In arteries with a focal obstruc-
tive lesion and z clearly normal proximal or distal arte-
rial segment, the choice of the reference region is
straightforward and simple. However, in cases where
the proximal or distal part of the arterial segment shows
combinations of sterotic and cctatic areas, the choice
may become difficult. To circumvent these problems,
we implemented 2 method that is independent on a user
defined reference region. This technique is denoted
“interpolated reference diameter measurement.™ The
principle of this technique is the computer estimation of
the original vessel diameter at the site of obstruction
(Figure 1). The white areas in the figure are measures
for the “atherosclerotic plaque™ and are defined by the
actual luminal contours and the reconstructed reference
contours. The length of the obstruction site i deter-
mined from the diameter function on the basis of curva-
ture analysis and expressed in millimeters. Using the
reconstructed borders of the vessel wall, the computer
can caleulate a symmetry cocfficient for the stenosis: a
symmetrical lesion having a value of 1 and a severe ec-
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centric lesion having a value of 0. Symmetry is defined
as the coefficient of the left hand distance between the
reconstructed and actual vessel contours and the right
hand distance between reconstructed and actual con-
tours at the site of obstruction. In this equation the larg-
est distance between actual and reconstructed contours
becomes the denominator. The curvature value at the
ohstruction site, 48 a measure for coronary bending, is
computed as the average value of all the individual cur-
vature values along the centerline of the coronary seg-
ment, 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.

Densitometric procedure: Constitution of the rela-
ton between path length of the x-rays through the ar-
tery and the brightness value requires a detailed analy-
sis of the complete x-ray/cine/video chain, including
the film development process.” For the first part of the
chain from the x-ray source 0 the output of the image
intensifier, Lambert Beer’s law is assumed to be valid
for the x-ray absorption and certain models for the x-
ray source and the image intensificr are applied. Sensi-
tometric transfer functions were assessed from 21 cali-
brated density frames, which are processed photograph-
ically simultancously with the coronary cine film. Fhese
21 density frames are then exposed homogenously with
a specially developed sensitometer having the same col-
or temperature as the output screen of the image inten-
sifier.

The contours of a selected arterial segment are de-
tected as previously described. On each scanline perpen-

FIGURE 1. Single frame angiograms of a proximal, circumflex
artery (CX-PROX). Contours and densilometric analysis of the
severity of the obstruction (Obstr.). The white areas are a
measure for the “atherosclerotic™ plaque and are defined by
the difference between the actual luminal contours and the
“mﬁerpolaled"' reference contours. Superimposed on the

image are the di tunction curves {upper curve}
and the densitometric area function curve {fower curve) to-
gether with the “interpolated reference’™ curves. A, predilata-
tion (before percutaneous translummai ooronary ang:oplasty
[PRE-PTCA]) imal bumi ctional area is 3.5
mm*: &, 3.5 awn balloen, ﬁl.med at highest inflation pressure;
€, after dilatation (POST-PTCA}, minimal kuminal cross-sec-
tional area is 5.0 mm?,




dicular 10 the centerline a profile of brightness values is
measured. This profile is transformed into an absorption
profile by means of the computed transfer functions,
The background ceontribution is estimated by an inter-
polative method and subtractuon of this background
yields the net cross-sectional absorption profile. Integra-
tion of this function results in a measure for the cross-
sectional area at the particular scanline. By repeanng
this procedure for each scanline. the cross-sectional area
function is obtained. The severity of the obstruction can
thus be expressed in mm?, by comparing the minimal
area value at the obstruction with the reference value
obtained after an interpolative approach. which is simi-
lar to that described earlier for diameter measurements.

Validation of this densitometric analysis technique
was done by analyzing cine films of perspex models
filled with a contrast agent and filmed at 4 kV levels.
Accuracy was found 10 be 2.8% and precision 1.8%.17
The densitometrically determined area stencsis, as
found by other investigators, correlates well with per-
cemage reduction of cross-sectional area measured his-
tologically in postmortem hearts.!!12

Assessment of elastic recoil: One hundred fifty-one
successfully dilated segments of 136 patients were ana-
Ivzed. A successful PTCA was defined as a visually as-
sessed diameter stenosis after PTCA of <50%. Single
identical views before and after PTCA. and during
complete expansion of the largest balloon at highest in-
flation pressure were chosen for densitometric analysis.
Both polyvinyl chloride and polyethylene balloons were
used for dilatation depending on the cheice of the opera-
tor. Inflation pressure and duration of inflation were left
to the discretion of the operator. Mean balloon cross-
sectionz] areas were calculated from diameter values,
assuming a crcular cross section at maxirnal inflation
pressure. The same x-ray setting in terms of kilovoliage
and milliamperes was used during the 3 cine recordings.
To have the segment to be analyzed as perpendicular to
the incoming x~rays as possible. a view was chosen with
the coronary artery appearing least foreshortened. The
same amount of nitrates. ¢ither nitroglycerin. 0.1 10 0.3
mg. or isosorbide dimtrate. 1 10 3 mg, was given intra-
coronarily before the pre- and postangioplasty cine re-
cordings. This was done to dilate the vessel maximally
and thus to control the varying influence of vasomotor
tone on luminal dimensions. Elastic recoil was then cal-
culated as the difference between the minimal luminal
cross-sectional area after PTCA and the mean balloon
cross-sectional area {mm-~). A representative analysis,
with the detested contours, the diameter function curve
and the densitometric area function curve superimposed
on the original video image. Is shown in Figure 1 for a
circumflex lesion.

RESULTS

At quantitative analysis 140 (92%) of the dilatations
were successful using a <50% diameter stenosis after
PTCA as the success criterion. If in addition a >20%
improvement in diameter stenosis was required for a
successful ditatation, 110 {72%) lesions were successful-
ly dilated using quantitative measurements. The densi-
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TABLE I Recoil in 131 Coronary Artenial Narrowings

Before PTCA After PTCA E Value
Reference area{mm~)  60x25 6225 NS
MLCA(mm*) 1108 28£14 0 <0001
Balloon-CSA {mm™) 22416
Recoil (rmm=) 24414 p <0.00]

€54 = cross-sectional arex MLCA = mwwat lurmingl cross-secuondl ared: NS =
giierence ot SigpMcont PTCA = percutaneous Transiuminsl Gorenary angoplasty:
Racoll = balloon CHA = MLCA ator PTCA,

TABLE Hl Effect of Balloon Oversizing on the Amount of
Elastic Recoi '

Ealloon-Artary Rate =1 >l p Value
No. of lestons 87 64
Reference-diameter (mrm) 3005 23x04 p<0.001
Balloon-thameter (mm) 25404 26204 NS
Recoi {rmm) 06+0.30 08x03 p<0ood

Balloon-artary ratig = Salean dameter freterence diameter; NS = difference not
significant.

TABLE I Clinical Characteristics and Recoeil in 136 Patients

Yes No pValue
Men (recoil) 112(0.45%031) 24{042023) NS
Smoking 106(0.46+029) 30(0.50%0.23) NS
(recoil)
Hypertension 51(04020.28) 75(046+029) NS
{recoll)
Diabetes type 1 1 135
(recoil)
Unstable angina 23(033£0.27) 113(0451028) NS
(recoit}

Rectrl Correted 107 referente 37¢3
NS = difterence not sgnmcant.

tometric analysis of the 151 segments is listed in Table
1. Mean age of the 136 patients was 56.8 £ § vears.
There was no significant change in “interpolated™ refer-
ence area after PTCA: Before PTCA 6.0 £ 2.5 mm”,
after PTCA 6.2 & 2.5 mm-” (difference not significant).
The minimal luminal cross-sectional area increased
from 1.1 £ 0.9 t0 2.8 £ 1.4 mm? (p <0.001). The mean
balloon cross-sectional area was 5.2 £ 1.6 mm>. Elastic
recoll was 2.4 £ 1.4 mm-. Thus, nearly 50% of the theo-
retically achievable cross section (i.e., balloon cross-sec-
tional area) was Jost immediately after the last balloon
deflation. A subset of 16 patients (18 lesions) were angi-
ographically reexamined 24 hours after PTCA as pant
of a study looking at changes in coronary flow reserve m
the first 24 hours after balloon dilatation. Minimal lu-
minal cross-sectional area directly after PTCA in this
group was 2.0 & 0.8 mm” and 1.9 + 0.3 at 24 hours
(difference not significant).

Balioon oversizing and elastic recoil: For e¢ach ste-
noti¢ lesion the balloon-artery ratio was calculated. A
ratio >1 indicates oversizing of the balloon. The mean
balloon-artery ratio in this study was 0.95 £ 0.18. This
indicates a conservative balloon handling, considered to
give optimal dilatation of the stenctic lesion with mini-
mal residual stenosis and the smallest incidence of coro-




TABLE IV Angiographic and Procedural Charactenstics and Recoll of 151 Lesions

Yes No B Vaiug Mean
Lesion length >5.2 mm and <7 mm (recoil) 30(0.45£0.25) 101 (0432033} NS S4+2amm
Caleified lesion (recoll} 22(0.43+0.29) 128 (045%045) NS
Symmetry <0.37 (recon) 51048+ 0.33) 100 (021 =0.30) p=007 0503
Pizque area <4.5 mm? (recoil) 50(Q.52+£0.33) 101 {04l =027 p<0.0% 55+£39mm*
Zurvature <12.5 units (recoil) 51(053+£0.343) 1000432031 p<0.01 1774104
Max in¥. pres, <2 atm (recoll 490456 +0.248) 1020368 x0.35) NS Q64 25amm
Inflation duration <220 seconds (recail) 50 (0.47 £0.30) 101 (044 2029 NS 3059 £ 170 seconds

Resoil carrected for reterenze 3red. See toxt for descriglion of CUtol! points.

Max. mtl. pres. = Masxmal inflation presouce of the dalloon; NS = ofterence 10t Hgihcam.

TABLE V Recoil in the Three Main Coronary Arteries

LAD LC Right
{(n=77) {(n=34) {n=40) ANOVA
. Balloon C3A (mm=) 3217 554135 245=x14 NS
MLCA 2fter FTCA{mMY 25413 31=x12 30417 NS
RecoH (mm*) 27%£13 23=x12 12+%15 p<0.025
Recel sreference ares 0503 0402 03203 p<00E
ANDVA = analysis of variange: C5A = crosssectionsl arey LAD = laft anterior
cestending ortery. LT = le crcumflex arery: MLCA = fmidrnal luminal Cross-
secuenal dred NS = gierence not significant.

nary dissection.!>1® Lesions with a ratio >1 (oversizing)
were compared with lesions with a ratio 1. The com-
parative data are listed in Table II. No difference was
found in balloon diameter between the groups. As ex-
pected, reference diameter was higher in the group with
a ratio =1. Elastic recoil was more pronouncad in the
second group (0.84 £ 0.29 vs 0.64 £ 030 mm. p
<0.001). Thus, oversizing of the balloon leads to more
elastic recoil. These results agree with elastic phenome-
na: more stretch leads to more recoi! (within limits of
elasticity).

Chnical characteristics and recoil: Clinical charac-
teristics and risk factors of the 136 patients are listed in

Table II1. No differences in elastic recoil were observed
for gender, the presence or absence of risk factors and
the presence or absence of unstable angina,

Quantitative angiographic lesion characteristics
and recor)s Quantiative datz on lesion morphology be-
fore angioplasty are listed in Table IV. To avoid arbi-
trary subdivision of data. cutoff criteria for lesion
length., symmetry., plaque area and curvature value were
derived by dividing the data in 3 groups so that each
group contained about one-third of the popuiation. The
group with the highest amount of recoil was then com-
pared with the 2 other groups. Lesions with a small
plaque area and lesions with a shallow curvature
showed sigrificantly mere recoil (Table 1V).

Procedural related variables and recoil: Table [V
lists the total inflation duration and maximal balloon
inflation pressure in relation to elastic recoil. No differ-
ences in elastic recoil were observed.

Recoil in the three main coronary arteries: The
amount of recoil was calculated in the left anterior de-
scending artery {n = 77), the circumflex artery (n =
34) and in the right corenary artery (n = 40). Data are
listed in Table V. The amount of recoil was significantly
larger in the left anterior descending artery compared
with the circumflex and right coronary arteries, 2.7, 2.3

FIGURE 2. in this scatterplot the differ-
ence in interpelated reference area before
and after percutaneous transkuminal coro-
nary angioplasty is plotted against the
amount of recoil for each segment. The
rnean &Efference in reference area was 0.2
|| & 1.3 mm? (vertical fines in graph). The
. ‘ vatues are randomly distributed around

the mean vaiue of 0.2 mm?, suggesting
that was effect L; dirminated
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and 1.9 mm-, respectively (p <0.025). When normal-
ized for reference area the difference was sull stanst-
cally significant.

DISCUSSION

Vasoconstriction at the dilatation site is 2 commen
cause of early luminal narrowing. As has been shown
elegantly by Fischell ¢ al'* this can be rapidly reversed
by an intracoronary injection of nitrates. Because we
gave intracoronary nitrates before the pre- and post-
PTCA cine runs, it seems unlikely thar the amount of
recoil cbserved was caused by vasomotion. In Figure 2
the difference between the reference area before and af-
ter PTCA is plotted 2gainst the amount of recoil for
each site. The values are randomly distributed around
the mean value of 0.2 mm-, suggesting the absence of
vasoconstriction at the post-PTCA film.

Platelet deposition. and the formatien of 2 ronocclu-
sive mural thrombus despite full heparinization, is not
an uncommon finding in postmertem hearts obtained
from patients who die in the first hours after angio-
plasty.'® This has also been confirmed by angiescopy 15
to 30 minutes after PTCA.!7 However. our post-PTCA
angiograms were recorded within minutes of the last di-
latation. Although we cannot rule out the possibility
that mural thrembus formation is partly responsible for
the observed phenomenon, we believe it cannot explain
the 50% decrease in luminal area found. Subintimal
hemorrhage is zlso a cause of severe early luminal nar-
rowing or acute closure, a process which is usually im-
possible 10 reverse and nearly always results in 2 failed
PTCA. In this study only successfully dilated lesions
were analyzed.

The mean balloon cross-sectional area was derived
over the total length of the balloon and compared with
the minimal luminal cross-sectionzl area measured im-
mediately after PTCA. In this study. recoil of the part
of the dilated segment adjacent to this area was not spe-
cifically studied. We assumed a uniform expansion of
the balloon at maximal inflation pressure. Theoretically,
recoll should be assessed using the minimal luminal bal-
loon cross-secticnal area.

The 18 lesions restudied 24 hours after PTCA
showed no difference in minimal luminal cross-sectional
area with respect to the cross-sectional area directly af-
ter PTCA. This suggests that elastic recoil is an instan-
taneous phenomenon. This finding does not agree with
the findings of Nobuvoshi et al.’® whe found a signifi-
cant deterioration of minimal luminal diameter 1 day
after PTCA. However, the small size of this subgroup
may not be representative of the total population. A
trend toward more receil was ¢bserved in asvmmetric
lesions. In these lesions the balioon will preferrably
strerch the nondiseased part of the vessel circumference
with & subsequent larger elastic recoil.'® The fact that a
small plague area and a low curvature value are attend-
ed with a significant higher amount of elastic recoil may
be due 10 the fact that dissections have been found most
often in areas comtaiming thick athergsclerotic plaques
and lesions with a high bending.™=! Gross disruption of
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the vessel wall may prevent the recoil phenomenon. Pro-
cedural varables had no influence on the amount of re-
coil. Longer inflations and higher inflation pressures are
often used after an inftially poor angioplasty result.
Only 2 randomized trial can indicate to what extend
procedural factors influence procedural outcome.

Jain et al** found, using an in vivo rechnique for ob-
taining bailoon pressure-volume loops, a pattern consis-
tent with stretching of the arterial wall in 36% of le-
sions. A pressure-volume loop consistent with stretching
of the vesse] was a far more common event than a
cracking pattern (17%). Stretwching within limits of elas-
ticity implies its counterpart elastic recoil. More stretch-
ing should lead to more recoil. In our series, oversizing
of the balloon (l.e.. 2 balloon-artery ratio >1) was asso-
ciated with more recoil, indicative of the elastic phe-
nomenon. Dobrin described pressure radius curves of
potassium cyanide-poisoned carotid arteries of mongrel
dogs. At low pressures, the vessel exhibited large
changes in radius with each step in pressure, whereas at
high pressure it showed very slight changes in radius.
The curve described an elastic hysteresis loop, with the
ascending and descending limb close to each other at all
pressures, suggesting no active rnuscle contraction in-
volvement in the retraction process.”

The differences in elastic recoil observed in the 3
coronary arteries cannot be easily be expiained. Differ-
ences in histologic structure or differences in plaque
composition in the coronary arteries might be an expla-
nation. To our knowledge these differences have not
been Teported.
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Restenosis After Coronary Angioplasty: New Standards for

Clinical Studies

KEVIN I. BEATT. MB. BS.** PATRICK W. SERRUYS. MD. PeD. FACC.*
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With the high initial success rates for corenary angioplasty
that are reported regularly, it has become increasingly
difficult to demonstrate methods or techniques that are able
to provide more beneficial early results than can be
achieved by conventional angioplasty. On the other hand.
the incidence of late restenosts has remained much the same
over the 10 yvears that angioplasty has been part of clinical
practice, and there is still mo proved intervention that
modifies the restenosis process. Therefore. the problem of
restenesis has assumed increasing relevance in determining
the clinical value of coronary angioplasty and, accordingly.
studies that address the problem of restencsic need to
become more exacting.

Although numerous articles have addressed the problem
of restenosis in the clinical setting, many defining certain
factors associated with restenosis and possible interventions
to reduce the incidence of restenosis, there is surprisingty
little consensus. Most of the discrepancies can be attribated
to three factors: 1) the selection of patients. 2} the method
of analysis, and 3) the definition of restenosis employed.
This review shows how these three factors influence the
outcome and conclusions of restenosis studies.

{J Am Coll Cardiol 1990;15:491-8)

Studies aimed ar reducing the incidence of restenosis after
coronary angioplasty have become an important field of
investigation in interveational cardiology. In general. the
early resuits of medical treatments and interventions are
relatively simple to assess. but the loag-term studies fre-
quently prove more difficult to evaluate and. historically.
often have been unreliable. Early or preliminary results
often have been misleading and frequently contradict those
of well controlied definitive studies. It appears that innova-
tors and exponents of new treatments may allow their
enthusiasm to compromise their objectivity. Therefore. it is
Important that any new technique or pharmacologic treat-
ment is assessed objectively using 2 methodology with
knowr reproducibility and i which the technical limitations
are known and understood.
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Orver the past 2 to 3 vears, there has been a rapid increase
n new devices and techniques designed to augment or
replace conventional balloon angioplasty. With the progres-
sive improvement in the immediate success rate and com-
plication rate of the conventional procedure. it has become
more difficult 10 demonstrate the additional efficacy of new
devices and interventions. Any imnprovement in the immedi-
ate results may be, as it was with coronary artery bypass
surgery in the past. misteading and, therefore, the attention
of investigators has rightly turned from the immediate resuits
to the long-term outcome. Restenosis after coronary angio-
plasty. arecognized late complication tn 25% 1o 35% of cases
since the introduction of the procedure in 1977 (1), remains
its main limitation.

Despite the established importance of this topic. there has
been no consensus on how these studies should be per-
formed. with widely differing methodologic approaches giv-
ing diverse and conflicting results. Although the long-term
clinical outcome will remain important in any assessment,
the most objective means of assessing restenosis following
angioplasty is by carefully controlled coronary angiography
at the ime of the procedure and at a defined follow-up time.
In the past the visual esumation of the angiographic films has
been used. but a consensus is now beginning 10 emerge that
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Table 1. Studies Addressing the Incidence of Coronary Restenosis

Patients
[aterval (mo)
First Author ko PiCa1w0 %
and Ref Year Total Fellow-Up Follow-Up Restenosis Criterion Resienosis
Meyer (22 1963 0 90 & AS >85% 20
Thorten 5) 1984 38 Eu 6-9 NHLEI 4 3
Helmes (7) 1984 665 & 62 NHBLIZ H
Kaltenbach (14) 1985 35 58 36 DS <20% of pre-PTCA 1
"Levine (13) 1985 100 9 ) NHLEI 4 L%
Corcos (8) 1985 a2 100 8.2 >70% DS at foliow-up 185
Leimgruber (6) 1986 1758 57 7 NHLEI 4 30
Bertrand (23) 1986 29 Net reported 7 NHLBI4 32
Vandormael (3) 1967 129 62 7 =30% reduction and 3
=50% DS
Studies addressing the Uming @nd mcidence of restenosis
Serruyvs (%) 1988 400 33 1 =0.72 mm 0.9
2 =0.72 mm 2.4
3 =0.72 mm 26
4 =072 mm AR
Nobuvoshi (2} 1988 185 §i 24 h NHLEI 5 1.6
226 100 1 NHLEI 4 12.7
219 9% 3 NHLEI 4 43.0
149 5] [ NHLBEI 4 49.4

AS = % area stenosis: DS = %% diameter stenosis (mmy; NHLBI 4 = ¢riterion: 4 of the National Heart, Lung. and Rlood Institute (Ioss of 250% of gain}:

Ref = reference.

recognizes the limitations of this approach. The use of a
quantitative angiographic measuring system for assessing
both the immediate and the long-term resuits of therapeutic
interventions such as angoplasty appears mandatory.

Methodologic Considerations

Currently there are many studies on coronary restencsis
reported that are distinguished by their lack of consistency in
their methodologic approach. their definition of restenosis
and the reported factors influencing restenosis (Table 1)
These studies are demanding in terms of tme and financial
resources and are zlsc demanding on the patient because, at
least for the time being. there is a need for repeat angiogra-
phy even if the patient is asymptomatic. This is because of
the reported incidence of silent restenosis. which may be as
high as 33% if a sensitive enough mdex is used (2). Particu-
larly with studies that look at the impact of a new interven-
tion on restenosis. it 1s important that their design is capable
of showing the effect of the intervention, if indeed one exists.
Many of the studies published so far have failed 1o be
sufficiently exacting 1o form a basis for their conclusions. In
order to Improve the sitwation. there are in principle three
areas that need to be addressed:

1. Study population. If the results are intended to apply to
the angioplasty population. then the study popuiation must
reflect this. This means a high angographic follow-up rate
with individuzl patient’s tme for restudy being predeter-

90

mined at the time of angioplasty, and not influenced by the
recurrence of symptoms or the anatomy of the lesion after
angioplasty. This will avoid a selection bias of symptomatic
paiients or palients with borderline postangioplasty results.

[t can be estmated that if 2 30% reduction in the
T£SIEN0sEs Tate is 1o be realized at the 0.05 significance Jevel,
then in a double-blind randomized study 400 patients will be
neaded in each of the placebe and active treatment groups.
For 2 50% reduction in restenosis rate. 150 patients wiil be
needed in each group.

2. A well validated system of analysis with known accu-
racy and variabiliry should be employed. The use of a visual
percent diameter stenosis measurement with its inherent
varjability precludes meaningful results. and edge tracing by
hand or other 1echniques that can produce values not phys-
iologically possible are also unacceptable.

3. The measured variables must be chosen so as 1o reflect
rthe restenosis process and distinguish between the results of
angioplasty and this process. The conventional assessment
of percent diameter stenosis is not sufficiently discriminating
10 do this. because. when there is 2 concomitant decrease in
the reference or normal diameter of the vessel. a smaller
lumen may have a larger measured percent diameter stenosis.

Angiegraphic Definitions of Restenosis
Limitations of criteria to define restenosis. The definition
of restenosis of choice has been the subject of much debate.
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Figure 1. Shown in terms of cross-sectional area are Two possible
outcomes of an initially severe lesion after coronary angioplasty
(PTCA). On the left, the lesion before angioplasty with a 70%
diameter stenosis (area stenosis = 91%). Middle, a2 good resslt,
represented by the upper profile leads to a 15% diameter stenosis
larea stenosis = 285%). At follow-up (right}, there has been z £25%
change in the area of stenosis represented by the shaded arex in the
top circle. Although there is a considerable increase in the plaque
cross-sectional area, the follow-up diameter stenosis is only 43%
andl. therefore, using the criterion of >50% diameter stenosis at
follow-up, this is desigrated as not being 2 restenosis. In contrast,
the lesion represented on the bottom. which is successfully dilated,
but to aiesser degree (43% diameter stenosis after angioplasty). will
be designated as restenosis If there is even a small deterioration in
the plague area (change in diameter stenosis of 105%) resulting in a
foliow-up diameter stenosis of 35% (percent diameter stenosis/
percent area §tenosis).

and there 15 currently no satisfactory definition thart takes
nto account both the functional and the angiographic out-
come of the patient after angioplasty. The confusion and
controversy that surround the subject of restenosis are
essentially due to four factors:

1) Many angiographic definiions try fo combine the
angiographic outcome with a clinical outcome. The known
discrepancy between these two variables means that this
objective will not be realized. particularly in multivessel
disease (3).

2) A single ““stenosis™ measurement should not be con-
fused with a measurement of “‘restenosis,”” which should
represent the change in stenosis severity.

3) Criteria that are defined by a cut-off value at follow-up
or that are biased by the improvement in lesion diameter
obtained at angoplasty will preselect those lesions with a
less satisfactory result postangioplasty. The definition of a
=50% diameter stenosis at follow-up is used to illustrate this
point in Figure 1.

4) Definitions based on percent diameter stenosis mea-
surements may fail to identify lesions undergoing significant

detenioration. These cniteriz are chosen to reflect the change
in minimal luminal diameter in relation to the so-called
normal diameter of the vessel in the immediate vicinity of the
obstruction. It also assuemes that this normal diameter {or the
reference diameter) of the vessel. proximal or distal 1o the
obstruction. does not change either as a result of angioplasty
or during the immediate follow-up period when restenosis of
the dilated lesion is a well recognized phenomenon, Quanti-
tative angiographic studies have shown this premise to be
false, This seriously questions the use of percent diameter

stenosis as the only index of restenosis (2.4).

Figure 2 illustrates how the choice of reference diameter
may influence the assessment of restenosis in what s 2
relatively simple segment t¢ analyze. The choice of refer-
ence diameter. whether interpolated, proximal or distal, has
little effect on the percent diameter stenosis in the examples
before (Fig. 2A} or after (Fig. 2B) angioplasty because the
reference diameter is similar in all cases. In contradistne-
uon. the choice of reference diameter is highly relevant
to the determination of the percent diameter stemosis at
follow-up (Fig. 2C). largely because of the discrepancy
between the reference diameter proximal to the steposis
and the one distal to it. The “moving baseline” created
by the fact that the reference diameter may decrsase
means that lesions that should be regarded as restenosis may
not be,

Criteria of restenosis in current use, What is the rationale
for the restenosis criteria in curreat use? Most are entirely
arbitrarv. some are based on doubtful logic and some.
although of some relevance for visual estimation of percent
diameter stenosis, are unrealistic when applied to the more
accurate values obtained from quantitative angiography.

The definitions of restenosis used in major restenosis
studies are:

[. Loss of at least 50% of the initial gam achieved at

amngioplasty (5).
2. A return to within 10% of the preangioplasty stenosis
diameter (6}.
. An immediate postangioplasty stenosis diameter of
<50% that increases 10 =350% at follow-up (6.7).

4. Asfer 3. but for a stenosis diameter =70% at follow-up
(8).

3. Deterioration of 0.72 mm in minimal luminal diameter
or greater from immediately postangioplasty to follow-
up (9).

6. Deterioraton of 0.5 mm in minimal luminal diameter

or greater from immediately postangioplasty to follow-
up (2)-

Examining the commonly used definition of 250% steno-
sis diamerer ar follow-up. This is based historically on the
physiologic concept of coronary flow reserve and is taken
because 1t represents the approximate value in animals with
normal coronary arteries at which a blunting of the hyper-
emic response occurs (10). Although this value may be of

(2]
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Figure 2. Single frame angiograms of a proximal
left anterior descending artery stenosis. A. predi-
lation {PRE-PTCA). B. postdilation {(POST-PTCA)
and € at follow-up. Quantitative coronary analvsis
was performed Using a coronary anglography andl-
ysis system. The arterial boundaries detected by
the sysiem are shown on the angiogram and below
the diameter function curve derived from these
contours. The example illustrates the importance
of the choice of reference diameter. the fact that
the dilated but nonstepotic coronary artery may be
involved in the restenosis process. and the value of
the interpolated reference dizmeter for calculating
the appropriate dizmeter stenesis. A. Before angio-
plasty. the fesion is relatively easy to analyze, The
segments proximal and distal to the stenosis are of
simtlar caliber und the lesion is relutively discrete.
50 that its length can easily be defined on the
diameter function curve. B. After ungioplasty.
there 1s a satisfactory result, the diameter stenosis
decreasing from 3952 10 36% turca stenosis from
83% 1o 59%). C. At follow-up. the result s very
dependent on the method ol analysis. The artery
proximal to the stenesis has already been involved
in the restenosis process: if this Is chosen as a
reference diameter (left), & 425 diameter steaosis
is obtained tno “restenosis™). The distal portion Is
of a larger caliber than the proximal portion: if it is
chosen as a reference diameter (middle), the result
is 2 62% diameter stenosis {restengsisT”) H the
interpolated technigue is used (right). the reference
diumeler is similar to the postangioplasty value.
and 2 38% diameter stenosis is obtained that accu-
rately reflects what is huppening between the post-
angioplasty result and the follow-up. Even with
this high quality angiogram of a well visualized
segment with a discrete stenosis, there are prob-
lems in obtaining accurate and realistic resuls.

USER DEFINED PROXIMAL

some relevance in determining a significant stenos

USER DEFINED

USER DEFINED INTERPOLATED

USER DEFINED DISTAL INTERPOLATED

human atherosclerotic vessels, it tells us nothing about the
way the lesion has behaved since the angioplasty procedure.
It is clear from Figure [ that no criterion defining the
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restenosis as such can include the second example and not
the first. Similar arguments concerning @ bias in selection
can be applied 10 the other commonly used definition of a
loss >30% of the guin.



New restenosis criteria based on quantitative angiography.
As a result of quantitative angiographic studies. a new
concept for defining restenosis criteria based on the change
in minimal fuminal diameter has been imuwoduced (9). The
change in this value from postangioplasty to follow-up can
be expected 1o give a good quantitative measurement of the
degree of restenosis. The restenosis criterion or the cutof
point dividing the restenosis group from the nonrestenosis
group 15 then derived by determining the variability of
measurement (I SD of the difference in means) of the same
lesion taken from separate catheter sessioms. Twice the
varability (93% confldence intervals) defines with reason-
able certainty those lesions that have uadergone significant
deterioration from those that have not. Reiber et al. (1)
found this value 10 be 0.72 mm on the basis of angiograms
1aken 90 days apart. whereas Nobuyoshi et al. (2). using 2
different measurement svsiem. have taken 0.5 mm on the
basis of angiograms taken 7 1o 10 davs apart. It is important
10 realize that the variability will be considerably grearer for
angiograms taken from repeat catheterizalion sessions. as
aopposed to repeat angiograms from the same session (11).
something that has not been appreciated by all investigators
using this methodelogy (12).

Criteria based on the absolule change in minimal luminal
diamerer are nevertheless limired because they make no
attempt to relate the extent of the restenosis process 10 the
size of the vessel. What may be 2 significant increase in
plaque area in a 1.3 mm diameter vessel mav be of no
hemodynamic consequence in a larger vessel of 3.5 mm.
Swdies need 10 be undertaken o assess the varjability of
measurement in different diameter vessels. and a “sliding
scale” criterion created that adjusts for vesse] size.

Incidence of Restenosis

Role of defined criteria of restenosis. In the same wayv as
the method of analyzing an angiographic frame will influence
the measurement of percent diameter stenosis. so it wiil
influence the restenosis rate. Eowever. the factor that most
influences the rate is the definition of restenosis used. Figure
3 shows the number of lesions fulfiling three criteria of
restenosis: although 43 of the lesions included by at least one
criterion are included by all three, 32% of those included in
one criterion (""a loss of greater than half the gain™) are not
included in either of the other two. Despite this discrepancy.
the incidence of restenosis is not too dissimilar. ranging from
219 o 34% (Fig. 4). What should be clear is that a similar
incidence of restenosis with different criteria may be defining
different populations. This point has particular relevance
when determining the sk factors for restenosis: if restenosis
cannot be reliably determined. then it 1s unlikely that the
associated risk factors will be identified. The most sensitive
index of restenosis in common use is that of a loss of =30%
of the gain. with reported incidence rates ranging from 16%

NHLBis m
(N=127)
, , . ™

* Q.72 mm
(N=80}

Figure 3. The number of lesions fulfilling three restenosis cnitena,
taken from a group of 490 lesions measured at follow-up within §
months. The total number of lesions thar fuifill cach criterion are
shown under the criteda. and those lesions fulfilling thar eriterion
and none other are enclesed by only one circle. Lesions included by
any two criteria are enclosed by two circles. and lesions that fulfll
all three enteria (n = 43) are enclosed by 2l] three circles. It canbe
seen that lesions that are designated as restenosis are highly
dependent on the criteria for restenosis emploved. NHLBI4 =
criterion < of the National Heart. Lung. and Blood Institute: loss of
>30% of the gain at angioplasty. =50% DS = =30% diameter
stenosis at follow-up. =0.72 mm = 20,72 mm ¢hange from postan-
gioplasty 1o follow-up.

w 525 (2.5.6.9.13). On the other hand. =30% diameter
stenosis at follow-up will tend 1o give a lower incidence of
restenosis because lesions that deteriorate significantly. but
remain within the { w 49% range. are not designated as
restenesis. Of the two studies with larger numbers that
document the change in minimal luminal diameter. only one
uses this value to derive a restenosis value of 26% at 4
months (9).

Figure 4, Incidence of restenosis (REST) according to three criteriz
in the first 150 days after angioplasty derived from the petent group
with 490 successfully dilated lesions shown in Figure 3. Abbrevia-
tons in Fioure 3.

REST RATE (%)
35 A wwslz .
3o -~ ==

yd =072 MM
25
20 e —
15 e

»7 >50%
2M 3M aM 5M

FOLLOW«UP {MONTHS}
—&-NHBL| 4 --®-- = 50% —®— = 0.72 MM
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Role of quantitative angiography. The use of quenttative
angiography has given valuable insight into the problem of
defining an incidence of restenosis. It has been demonstrated
that the restenosis process takes place. to some extent. in
most of the lesions dilated and. furthermore. it takes placs
not only in the stenotic portion. but alsc in the dilated but
nonstenotic segments (4). This observation in itself demands
the use of a measurement svstern that will define the change
in the minimal lurminal diameter independent of the change in
the “reference diameter.”

Timing of Restenosis

It has been clear for some time that restenosis most often
takes place within the first 6 months after dilation (7.14).
Further progression after this time is unusual. with lesicn
improvement or deterioration occurming in a small number of
instances. 2 patiein more characteristic of coronary artery
disease in general (15-17). Recently iwo reported studies
{2.9) performing follow-up angiography at different prese-
lected follow-up intervals gave remarkably similar resuits
and showed more precisely how the lesion behaves after
angioplasty. Early after angioplasty. within 3¢ min. ““recoil™
may take place. which in principle should be regarded as a
separate problem from that of the restenosis (Fig. 5). This
decrease in the luminal diameter may be exaggerated by a
vasoconsuictive component if vasodilators are not adminis-
trated after the angioplasty procedure. The recoil. together
with remodeiing and possibly thrombus formation, results in
“restenosis” in 11% 1o 16% of the lesions in the first 24 h
{using the National Heart. Lung. and Blood Institute defins-
tion 4 of restenosis) (2). It then appears that healing and
remodeling may lead 1o improvemen! in an apprecizable
number of Jesions. so that at 30 days the restenosis rate lies
between 6% and 13%. Between 1 and 3 months. most lesions
that will develop restenosis do so, with the restenosis rate
reaching 25% to 37% (Fig. 6). A small number may show
further progression between 4 and 6 months. It seems likely
that the restenosis process begins early and is progressive
over the first 3 to 4 months.

The limitations of even the most accurate measurement
svstems mean that these early changes are not detected
early. and it is not until substantal progression Takes place at
3 months that the process is fully recognized. This early
change has been shown n animals. with evidence of smooth
muscle proliferation as earlv as 7 to 14 days after dilatation
{18). This same process has been identified in at least 7
postmorters hearts (19-21) that were examined over a period
of 17 to 130 dzays after angioplasty.

Videodensitometric Analysis

Although videodensitometric analysis has been advo-
cated as the method of choice for studies addressing the
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Frpore 5. Serial changes in the absolute diameter of normal (open

cireles) and stenotic (closed circles) segments after coronary angio-

plasty (PTCA) for three follow-up groups. Group 1 = 3 month

angiographic follow-up. Group II = § month angiographic follow-up.

Group HI = | year angiographic {oliow-up, The ¢hange in both the -
normal (O} and stenotic (@) segments with time are illusirated. Most

of the deterioration in the stenotic segments occurs between [ and 3

months, whereas there is a less pronounced steady deterioration in

the nonstenotic segments up o 6 months. (Reprinted with permis-

sion from Nobuvoshi et al. [2]).

problem of restenosis, it has not proved practical in large
studies. The technique is promising, but the number of
lesions that ¢an be analyzed effectively by this technique is
limited. and the use of the videodensiometric technique
would mean that 2 significant number of patients undergoing
routine angioplasty (>>105) would be excluded from resteno-
sis sudies. Future developments may mean that this
method. which is potentially easier to perform and requires
only one angiographic projection to obtain a three-dimen-
sional representation. will become the method of choice for
restenosis studies.
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Risk Factors for Restenosis

Identifying the risk factors. There are no studies using
quantitative coronary angiography that report on the risk
factors in large numbers of patients. There are some factors
relating to the restenosis process that have been idemtified
and confirmed in more than one study. These include z
proximal ieft anterior descending coronary artery stenosis. a
totally occluded vessel before angioplasty. the presence of
collateral vessels supplying the distal part of the dilated
coronary artery and associated insulin-dependent diabetes.
Factors that relate to the success of the angioplasty. such as
a residual stenosis >30% or 40%. with current knowledge
should not be considered as risk factors for “'restenosis.”™
For most of the other described risk factors, there are as
many studies that do aot as studies that do identify a
particular factor. No procedure-related factor. thar would
allow the operator 1o modify the way angioplasty is per-
formed has vet been identified. and no pharmacologic inter-
vention has been able to show a reduced rate of restenosis.
Quantitative angiography offers the possibility of objective
measurement of lesion morphology. such as length of lesion
and eccentricity. and when this more objective informazion
becomes available. then perbaps it will be possible to iden-
ufyv lesion-related factors associated with restenosis.

Role of quantitative angiography in evalnating new proce-
dures and interveantions. To date, quantitative coronary
angiographv has been used in 2 limited number of studies
addressing the problem of restenosis. It has already provided
valuable insight into the restenosis problem and has idenu-
fled some of the sources of confusion surrounding this topic.
It seems likely that, with better measurement svstems.
particularly those thar become on-line in the catheierization
laboratory, it will be easier t¢ perform these studies. and
with more reliable data in smaller numbers of patients. the
effect of various interventions 1o prevent restenosis will be
assessed more accurately and more efficiently. Currently

ere is 4 wide variety of revascularization devices. proce-
dures and pharmacologic interventions under investigation.
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Figure 6. Individual minimal luminal diameter (mm) after coronary
angioplasty (PTCA) compared with the control angiographic study
for three different groups at 30. 60 and 90 davs. The two solid lines
on cither side of the identity line comrespond to the long-term
vanability (0.36 mm) of repeat measurement for this variabie (5).
This variability is 1 standapd deviation of the difference in mezns of
duplicate angiographic measurements. Therefore, 2 standard devia-
nons (2 % 036 = 0.72 mm} define the 95% confidence limits for
lesion progression or regression. The lesions showing progression or
regression is represented by closed circles. and the numbers are
shown i the brackets in the left upper and rght lower comers.

and of crucial importance in their evaluation will be the
restenosis rate associated with each of these sirategies. Ii s
alreadv clear that a meaningful comparisen among the
various strategies and evaluation of their relative merits is
not possible because of a lack of standardization of method-
ology and lack of objectivity. In the future. we shouid
dernand that quaatitative analysis be employed in important
studies addressing the long-term ouvtcome of new coropary
mterventions. so that the present confusion is not perpeta-
ated.
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Editorial

Stenting of coronary arteries. Are we the sorcerer’s apprentice?
14 Y

P.W. SerrUYS, K. I. BEATT AND W, J. VAN DER GIESSEN
Thoraxcenier, Erasmus University, Rotrerdam, The Netherlands

Introduction

The original work of Andreas Gruentzig in 197701
provided the stimulus for the rapid technologicai
growth of interventional cardiology. More recently
there has been an explosion in the number of new
devices designed to ablate coronary artery narrows
ings. recanalize occluded vessels, and prevent re-
steposis, so much so that it is currently difficult to
evaluate the relative merits of each and to define
their place in clinical practice. In many of these
areas the cardiologist has been acting solely as tech-
nician, limiting his concern to the tecknical and pro-
cedural aspects, and sometimes overlooking the
complex biological and physiological mechanisms
of atherosclerosis in general, and more particularly
of the restenosis process.

In achieving the perceived benefit of the thera-
peutic intervention with these devices the vessel wall
is subjected to thermal and mechznical insults
which may have hidden long-term consequences as
novel as the restenosis process was when this new
pathological mechanism was first deseribed™, and
which has now been iatrogenically induced in tens
of thousands of patients.

One of the most recent developments has been the
use of the intravascular stent”, although the crig-
inal concept of intravascular stenting preceded the
introduction of coronary artery interventional car-
diology by many years. In 1569, Dotter developed 2
coilspring endovascular prosthesis in an attempt 1o
improve the long-term patency of peripheral
atherosclerotic vessels submitted to recanalization
and difataticn. Even at that time he envisaged that
prompt fibroblastic development and a rapid for-
mation of a new. firmly anchored autogenous lining
surface’ would be a critical factor in the long-term
patency of the device.

Submitied for publication on 13 Junc 1939 and accepted 21 June 1439,
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Since the original description of Dotter’s tubular
coil spring', there have been many variants of
the original concept deployed experimentally,
including: thermal shaped memeory alloy stenis®®),
self-expanding steel spirais®?, self-expandable
stainless steel mesh stents!>', balloon expand-
ablestainless steel mesh stents"'?, balloon expand-
able interdigitating coils™*", synthetic polymeric
stents and biodegradable stents®, These various
devices differ greatly in their fundamental geometry
{mesh, single wire}, composition (metal, plastic)
and mechanical behaviour {active or passive expar-
sion). Besides these fundamentat differences, there
are a variety of subtle dissimilarities which may be
mmportant in themselves, such as thickness of fila-
ments, alloy composition, electrostatic behaviour,
biocompatible or therapeutic coatings™!. The
prolonged presence of these materials residing in
the arterial wall may generate late unknown and
unexpected consequences.

‘What is the rationale for stenting an atherosclerotic
vessel during or after dilatation?

In the first place, the stent may optimize the dila-
tation process, by containing the irregular surface
of the atherosclerotic plaque created by the disrup-
tive action of the balloon. Two potential adverse
effects. distal embolization of macroscopic debris
originating from the plaque and a protruding ob-
structive flap may be contained by the stent acting

-as z scaffolding device. The balicon expandable

stent in particular may be advantageous when the
operator electively uses the device to dilate the
lesion and implant the stent in a single manoeuvre.
The self-expanding stent on the other hand, by
exerting a continuous radial force, has the effect of
increasing the diameter of the lumen until a balance
is reached berween the expanding force of the stent
and the circumferential complance of the vessel*24.
The physiopathological comsequence of this is



unknown, but recently this interaction has been
documented to continue for at least 24 h and poss-
ibly jonger, resulting in continued improvement in
the vesse] lumen over and above that obtained at
implantation™!. The recoil phenomenon which is
poorly documented and probably underestimated
as a cause of ‘restenosis’ will be equally prevented
by both types of stent™®. In addition. both tvpes
of stent have a smoothing effect which reduces the
turbulent and laminar resistances and may be
beneficial in preventing restenosisi™!'%. Much has
been made of the ability of the stent to prevent re-
stenosis. with various theoretical proposals as to
how this can be achieved and why one particular
design might be more effective than another™?, An
attractive concept which favours the nigid stent 1s
that the limitation of vessel wall stress seems to
be protective against atherogenesis®, -The self-
expanding stent, by stretching the wall. might have
the effect of accelerating the restenosis process.
“However, whether the accelerated process is mostly
related to pulsatile stress rather than stress per se
remains to be demonstrated. Although there may
be some experimental work in animals to support
these claims, there is as yet no evidence to support
them in the ¢linical situation and they must there-
fore be regarded as speculative. There may be ulti-
mately little difference between compliant and
uncompliant devices (considering the amount of
radial forces at the site of the wires exerted on the
vessel wall), The iniual intuitive and simplistic
concept, not supported by experimental evidence,
that the stent may act as a barrier preventing the
migration of ¢cellular structures {monocytes, maero-
phages, smooth muscle cells) into the intirsa during
the healing process, has not been realized and the
other potential mechanisms of prevention of re-
stenosis, by stenting the internal wall of the vessel,
have not yet been fully elucidated or unequivocally
demonstrated. An alternative mechanism is that
chronic compression by the stent of vasa vasorum
underlying an atheresclerotic plaque may result in
ischaemia of this microscopic vascular network and
thereby limit the subsequent progression of the
atherosclerotic plaque,

The mechanism of restenosis prevention put
forward by Palmaz er o/ is open 1o criticism on
the basis that it is an interpretation wo dynamic for
what is in essence a series of post mortem “snap
shots” which are difficulr to reconstruct in tme
(Fig. 1). This evidence. recently reiterated by
Schaiz, is extremelv appealing and attractive, but
remains an unsubstantiated interpretation™. The

struzs of the mesh prevent the proirusion of sizeable
atherosclerotic plaques inside the lumen of the
vessel and act as a “macroscopic sieve’, containing
and pushing the atherosclerotic plaque away from
the neo-intimal lining into the adventina. In
additien. a sclerotic thinning of the media is
apparenily induced. converting the muscular and
dynamic medial layers of the vessel into a pracu-
cally nom-vasoactive and non-compliant “pipe’.
Whether this is true and applicable to the human
ciinical situation remains to be demenstrated.

There 1s a consensus among investigators in the
field that stent implantation improves the immedi-
ate post-dilatation result. producing a smooth
straight appearance of the dilated segment. This
visual impression has been confirmed by quantitat-
ive analysis using both edge detection and video
densitometric techniques®™, Favourable results
have also been reported in the “bail-out” situation,
when the stent has been implanted following dila-
tation where presence of intimal dissection had
led to a poor and even critical haemodynamic
regult['_il)jl]_ N

The thrombogenic nature of the stent remains 2
concern. although there may be important differ-
ences between different devices™ >3, This concern
is reflected in the anticoagulant regimens used in
patents in whom the Medinvent stent was
implanted (Table 1). This complex and aggressive
protocol reflects the inseeurizy of the clinmcian and
the knowledge that none of the anticoagulant
agents on their own will reliably prevent thrombus
formation. It is a paradex that similar devices,
although with different metallic compositons. have
been used for just the opposite effect—1o create
thrombotic occlusion in experimental animals®™L

At the tenth congress of the European Society of
Cardiology, Richard Schatz reported the immedi-
ate results in 15 patients who had received a Palmaz
stent. According t¢ an FDA-approved protocol.
the stents were impianted in vessels (mostly right
coronary arteries) supplied by a collateral circu-
lation. At that time he was convinced that all
patients could be treated with hepann and dextran
during the procedure and aspirin and dipyridamole
alone after discharge. There were no instances of
abrupt closure and no patient required warfarin.
These initial results stggested that this balloon
expandable stent was relatively non-thrembogenic,
which eliminated the need for both routing adminis-
tration of ytic agents during the procedure and war-
farin thereafter. Unfortunately. the angiographic
follow-up at 6 months of these first 15 patients
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Figure I Microphotography of cross seetion of an athero-
sclerotic rabbit zorza (a) 1 week and (b) 6 months after stent-
ing. Note the thin layer of thrombus (T) covering the stent
steats (*) and the thick media (M) at 1 week. By 6 months,
thrombus is replaced with acellular pround subsiance and
endothelium. A, large plaque is evident (arrows) buz does not
encroach the lumen (from Schatz™, reprinted with, the per-
mission of Circidation).

2
Figure 2

Histologic cross-section of a porcine left descending anterior coropary artery 1

disclosed four tota] occlusions and one restenosis.
Since then. patients have been given coumnadin.

Concern has also been expressed as to whether
the composition of the stent is able to trigger an
allergic response. particularly in individuals who
may be hypersensitive 1o the individual mezals
that make up the device. Although there have been
reports of transient mflammatory infiltrates in the
adventita following stent implantation. it is reas-
suring that there are no reports of foreign body cells
in the immediate vicinity of the implanted device in
the experimental animal modell™%3), Human data
10 support this assumption are still lacking, how-
EVer.

Stent-induced restenosis

DO WE KNOW WHAT HAPPENS AT PTCA AND
UNDERSTAND THE PROCESS OF RESTENQSIS?

Data from normal and atheroselerotic arteries of
experimental animals and human autopsied hearts
have shown that following balloon dilatation the
arterial intima or atherosclerotic plaque may split
down to the internal elastc membrane™-¥, Fre-
quently also damage of the arterial media with
overdistension and splitting occurs. Next to or par-
tially as a resuit of locally turbulent blood flow, a
complex interaction between the exposed suben-
dothelial surface and blood elements occurs. This
results in platelet deposition locally in the region

month after stent placement (magnificaton x 120). The voids marked (*) originally contained
the stent wires. In the necintima strand s of slongated cells (arrows) are present n abundance.
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Table I Intracoronary stent: Multicenter European Trial Drug Regimen

Day before implant procedure
Day of impz'-anr procedure

Before PTCA

At implemigiion

{ Post-implantarion)

Post-bmplantation (day)

Continuing anticoagulation

Long-term

— Salicylic acid 2 x 500 mg

— Dipyridamol: 4x 75 mg

= Sulphinpyrazone 4 x 200 mg

— Ca-antagonist: nifedipine 3 x 20 mg day™*
— Salicylic acid I » 100 mg

~— Dipyridamole 4x75mg (Patients
3% 150 mg)

— Sulphinpyrazone 4 x 200 mg

— Diltiazemn 5 mg

— Hepariz 10 000 1U.

— Dextran 500 mg. (4 h)~’

— 100000 1.U, Urckinase in 230ml NaCl given intra-
coronary (i.c.) up 16 the end of the procedure. Start drip ab
guide-wire Insertiol given overl 3060 min aad another 250 ml
(100 000 1.U.) for each extra hour.

~Heparin $000 L.U. LV,

At start of transfer. patient to receive keparin at the rate of
24000 LU {24 b)~' 1o control P.T.T. at minimum 70 5. (This
corresponds to about 400 LU. kg'. (245)-'". For large
patients, the maximum rateis 30 000 UL {24 h)~".

IfP.T.T. =200 5 (5 x control value) the infusion is slowed. If
P.T.T. <70 infusion flow is increased. No less than 24 000
LU heparin per 24 h is to be given.

Srart the oral anticoagulation with acenocoumarol to be
started from the first day (i.e, six tablets of 1 mg each the first
day, then four the day after and two the third day and then
aceording to *QUICK".

— Oral anticoagulation: acenocoumarol: Quick to be main-
wined in the range of: 17%-25% (T.P. Thromborel S.
Behring).

N.B. Heparin will be stopped when the therapeutic level of
oral apticoagulants is reached,

— Salicylic acid 1 x 100 mgday~'

— Dipyridamole 4x75mg day™’
3% 150 mgday-")

— Sulphinpyrazone 4 x 200 mg day~!
— Ca-antagonist: nifedipine 3 x 20 mg day~'

This anticoagulation regimen is stopped after the §-month
coronary angiography control. Aspirin (100mg 1xday)
should be given ad eternam.

above 90ke:

(Patients  >90kg:

of the internal elastic membrane, which may be
massive in the case of medial teaninyg, and the release
of a variety of mitogens which rsay contribute to
neointimal cell invasion and proliferation™, The
best recognized of these factors is platelet derived
growth factor (PDGF) which is released predomi-
nantly by platelets. endothelial cells as well as
intimal smooth muscle cellsiY. Recently the dimeric
structure of this protein has been identified”, the
three isoforms of PDGF may stimulate effects
unique to each isoform through imteraction with
different dlasses of PDGF receptor™. There isnow
evidence that intimal mesenchymal cells or modi-
fied smooth muscle cells (but not medial smooth
muscle cells) may themselves release PDGF. This
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may initiate the vicious circle responsible for the
sustained proliferative process as it ocours in re-
stenosis. However, neither the conditions under
which this takes place nor the triggers respousible
for this event are understood. In animal exper-
mments, for example. two types of experimental
arterial injury have been described: the first induced
by passive rauma such as a catheter in situ or
balloon denudation of the endothelial lining, and
the second induced by a more disruptive stimulus,
causing not only endothelial denudatiorn, but also
tearing of the media, which is the typical sequel of
balloon dilatation®*#+! Both are associated with
the deposition of platelets orf the vessel wall, with
subsequent migration of smooth muscle cells from



Figure 3 Transmission electron microscopy of the elon-
gated cell-type of Fig. 2 (Magmification x 15 000). Abundant
rough endoplasmic reticulum (RER) is present within these
cells. Along the cell membrane bundles of myofilaments
{arrows) are also prominent.

the media and their proliferation to form 2 neo-
intirna, and both can be prevented or inhibited by
reducing the circulating platelets to very low levels.
The first type. associated with repeated tranma,
and presumably repeated thrombus formation,
regresses following removal of the traumatizing
stimulus. The secord, more disruptive, type how-
ever results frequently in a lesion that is progressive
in terms of smooth muscle celi proliferation and
lipid accumulation. The reason that one type of
lesion regresses while the other progresses is not
clear. A possible explanation may come from
studies on failure of synthetic arterial grafts. Once
endothelial covering of synthetic grafts has pro-
gressed, smooth muscle cell proliferation appearsto
slow down. except in the region of znastomosis™.
Thus 2 continued release of growth factors may
occur even-after complete endothelial covering
either in areas of turbulent flow. which results in
continuous endothelial damage and repair, or at
sites where the barrier between neointima and
media is minimal. Evidence for continued mediator
release by endothelial cells under specific conditions
has very recently been published®™l]. The presence of
a non-degradable stent in the arterial wall may
form such a trigger for continued mediator release.
Immediately after stent implantation its Juminal
surface becomes covered with 2 combined platelet-

fibrin deposition!', Within 1 week of implantation
into previously dilated normal porcine arteries
(Fig. 2). there is complete endothelial covering of
the stenting device®™ varying between 60 and
125 pm, which acts 1o isolate the thrombogenic
stimulus from the vessel lumen, Within this layer
are abundant myofibrillar cells and macrophages:
the harbingers of the restenosis process. These cells
can be seen 1o originate in the immediate vicinity of
the individual stent filament adjacent to the internal

‘elastic lamina, forming “geysers” of elongated cells

fanning out to fill the neointimal tissue in an evenly
distributed fashion. In some animals this process
resultsin complete obstruction of the stented coron-
ary artery as early as 1 month after implantation.
Electron microscopic examination (Fig. 3) of these
fusiform elongated cells reveal oval nuclei with
marginated chromatin, and abundant rough endo-
plasmatic reticulum. Bundles of contractile proteins
can be demonstrated (smali arrows) in a subplasmas
lernmal sitnaton. These myofibroblasts orsynthetic
type smooth muscle cells are identical to those
observed in the neointima after 1 week. It is there-
fore attractive to speculate that the same modified
smooth muscle cells that migrate through the
internal elastic membrane (JEM) and which are
implicated in the restenosis process after PTCA, 47
can be operative in an accelerated fashion once a
stenting device damages this natura! barrier (JEM).
Thus, the latter becomes more permeable to the
migrating cells or providing a direct stirnulus for cell
migration, It has recently been suggested that re-
stenosis following primary balloon angioplasty isan
uwnfavourable lesion for interventions such as ather-
ectomy and stenting™*. From preliminary data
presented by Simnpson et al. at the 38th session of the
American College of Cardiology, it appears that
restenosis rate following atherectomy as 2 primary
intervention is 23-5%. while the restenosis rates are
36-8%. 42-1% and 53-8% when atherectomy was
performed as the secondary weatment following a
first, second and third recurrence of stenosistl. A
similar opinion has been expressed by the group of
Sigwart et al*® Their preliminary datz suggest that
elective stenting for restenosis early after previous
angioplasty carries an increased risk (41%) of re-
stenosis within the stent. It could be that the active
fibroceliular proliferation associated with the early
phase of restenosis after balloon angioplasty is
further stimulated by stent Implantaticn.

In this respect, one of the questions posed by
Spencer King IfI i his editodal is judicious
and pertinent: is the treatment worse than the
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Figure 4 (1) Diagram demonstrating the change in the minimal juminal diameter following stent
implantatton. The individual minimal lumen diameter (MLD) immediately following stent implantation
(horzontai axis) are compared with that at angiographicfollow-up {vertical axis). The two lines to either
side of the identity line represent the long-tarm variability for repeat measurement. All points (n = 22) that
fall below the lower line are therefore considered to have undergone  significant deterioration (intimal
hyperplasia > 0-72 mmm) and in addition the closed blocks alse fulfil the criterion of =50% diameter
stenosis. The open blocks represent early total ocelusions (n=13). (b) Similar diagram demonstrating the
change in terms of percentage diameter stenosis. The circles falling both outside the limits of the long-
term variability of quantitative angiographic measurement and have > 50% diameter stenosis, represent

rue ‘restenosis’ unequivocal within the stent.

disease?™ Perhaps a more appropriate question is
whether we have to apply these more costly inter-
ventions, as the inital procedure. in order to
achieve a reduction of the restenosis rate? Such is
the dilemma we have to face. Certain authors have
already drawn the conclusion that atherectory, for
example is 2 favourable primary approach for the
treatment of selected unfavourable lesionst™.,

The intracoronary stent like many other novel
forms of treatment seems to be following the well-
worn path of initially elated euphoria where ¢nthu-
stasm holds sway over scientific evidence foliowed
by critical scepticism with little optimism for the
future. A period of criticial scientific evaluation is
now needed, in which the lessons learned from the
past are implemented. The inttial experience has
revealed three factors associated with compli-
cations: small vessels <3 mm, low blood flow with
poor run off, and evidence of hypercoagulability or
local thrombus formation. This has led most inves-
dgators to restrict the use of this stent to saphenous
bypass grafts with large diameters and to the native
circulation as *bail-out” device. In Europe, accord-

ing to the data from the Working group on endo-
luminal prostheses*. Medinvent sients have been
implanted in 187 patients between March 1986 and
June 1989 in both native coronary arteries and by-
pass grafts. Although stent implantation is capable
of producing a superior haemodynamic result!'™™,
the preliminary data suggest that the restenosis rate
is berween 15% and 30% according 1o the applied
crteria (diameter stenosis=50%., =0-72mm re-
duction in the minimal luminal diameter™*
[Fig. 4(a).(b)). The Palmaz stent, currently used in
three centres in Europe has been implanted in situ-
ations which are considered at low rsk of acute
problems, but at high sk of reocclusion (total
acclusions, myocardium protected by collarerals).
The intracoromary stent represents z ‘double-
edged sword™ although the scaffelding properties
of the device are attractive and of proven benefit it
may provide an iatrogenic stimulus for erratic and
uncontrolled cell proliferation. This potential has
not been fully appreciated by the interventional
cardiologist who may have opened a mpew
=Parucipating Centres and Collaborators: See appendix.
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Pandora’s box of complex biological interactions,
but who may well be rescued by the cellular biol-
ogist in the future, The device is a logical vehicle for
the topical release of agents that will ideally enhance
endothelialization but suppress the keloid-type
reaction of the raumatized vessel wall, Solution of
this probiem 1s not helped by the lack of joint effort
on the part of the pharmaceutical industry and the
industry producing the mechanical device. Thisisa
source of frustration to lnvestigatorsin the field. but

hopefully will be overcome in the future, The initial -

hopes that stent implantation may prevent or dim-
inish restenosis have not been fulfilled. In addition,
carly thrombotic occlusion in the pative coronary
circulation has led many temporarily to abandon
this as an indication except for emergency “bail-out”
indications.

Are we sorcerer’s apprentice?

A case report will illustrate our concern better
than a long series of arguments. A male patient
from Los Angeles, who had two major risk factors
for CAD: diabetes and hypercholesterolaemia, sus-
tained in 1577 an inferier myocardial infarction.
Post infarction angina was treated by two saphe-
nous vein grafts on an obtuse marginal and on a
diagonal branch. Following recurrent angina he
was reoperated upon and both iaternal mammary
arteries were used 10 bypassthe LAD and the RCA.
Between 1984 and 1987 the vein graft on the left
marginzl artery was dilated on four cccasions. In
April 1987, his cardiologist referred the patent to
Ulrich Sigwart in Lausanne for a stent implantadon
in both saphenous vein grafts. Seven months later,
in November 1987, repeated dilatation was necess-
ary within both stents. Five months later the padent
again had restenosis; this time, a kot balloon angio-
plasty was considered but rejected by Richard
Spears in Detroit (would the absorbed laser energy
convert the stent into 2 “hot roster’), and the first
atherectomy inside the stent was performed by John
Simpson in Palo Alto. In July 1988, the patient
underwent a second atherectomy, which did not
prevent restenosis. Disappointed by these results
lasing with excimer laser (wavelengrh 308 nm) was
successfully attempted in Los Angeles by Jim
Forrester and his group™. Unfortunately for the
patient. the stenotic lesion seemed to be more stub-
bormn than the treating physicians and recurred once
more. Tired of these multiple ard varied inter-
ventions, the patient has decided for the time being
to stay away from the scrcerer’s apprentice and this
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longand thorny path has certainly brought down to
eazth theinterventional cardiologist who has to face
the unavoidable reality: in addition 1o 2 mechanical
device a pharmacological approach will be necess-
ary to achieve victory over restenosis.
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ANGIOGRAPHIC FOLLOW-UP AFTER PLACEMENT OF A SELF-EXPANDING CORONARY-
ARTERY STENT

PaTrick W. Szrruvs, M.D., Braprey H. Strawss, M.D., Kevrs J. Bearr, M.B., B.S,,
MicreL E. BerTRAND, M.D., Jacoues Puer, M.D., Axrroxy F. Rickarps, M.B., B.S,,
BerxmarD MzrEr, M D, Jeax-Jacgues Gov, M.D., Przrre Voor, M.D., Lrras KappensErcer, M.,
anp UrricH Siewart, MDD,

Abstract Background. The placement of stents in cor-
onary arteries aftér coronary angioplasty has been nvesti-
gated as a way of treating abrupt coronary-artery ceciu-
sion related t0 the angioplasty and of reducing the late
intimal hyperplasia responsible for gradual restenosis of
the dilated lesion,

Methods. From March 1986 to January 1988, we im-
plamed 117 self-expanding, stainless-steet endovascular
sterts (Walistent) in the native coronary areries (94
stents) or saphenous-vein bypass grafts (23 stents) of
105 patients. Angiograms were obtained immediately be-
fore and after placement of the stent and at follow-up
at least cne month later {unless symptoms required angl-
ography sooner). The mortality after one year was
7.6 percent (B patients). Follow-up anglograms (after a
mean [=SD] of 5.7=4.4 months) were obtained in 95 pa-
tients with 105 stents and were analyzed guantitatively
by & computer-assisted system of cardigvascular angic-
graphic analysis. The 10 patients without follow-up angio-
grams included 4 who died.

Resufts. Complete occlusion cccurred In 27 stents in

WO major limitadons of coronary angloplasty

are acute occlusion and late restenosis. The con-
cept of implanting an endoluminal stent in the coro-
nary arteries after balloon dilation to circumvent these
problems was first suggested in 1964.' This procedure
was successfully performed in patiencs in 1986.% In
May 1988, the five European centers testing this de-
vice agreed to ser up a core laboratory for quantia-
tive angiographic analysis to assess the results ob-
jecuvely. The early follow-up results reported by
the core laboratery showed that immediately after
stent implantation, there was an addidonal increase in
the minimal luminal diameter of the vessel and 2 de-
crease in the percentage of stenosis of the diamerer.®
However, after three months slight but diffuse narrow-
ing was observed in the artery containing the stent*
In the present study. we have focused on the results

From the Catheterization Labomtory, Emsmus University. Romerdam. the
Netherlands (P.W.5.. B.H.5., K.J.B.): the Division of Cardlology, Deparmen:
of Medicine, Centre Hospitlier Universitalre Vaudols. Lausanne, Switzerland
(J.-1.G.. P.V.. [.K.): the Department of Clinical and Experimental Cardiology.
Centre Hosputalier Regional Universitaire, Rangueil. Toulouse. France (JLP.): the
Department of Ciinicai Measurement. National Heart Institute, London {A.F.R..
U.S.); the Cardiology Cemter, University Hospital. Geneva {B.M.): and the De-
partment of Cardiology. Hopizal Cardiologique, Lille, Franec (MLE.B.). Address
reprint requests to Dr. Serruys at the Cathetarization Laboracery. Exasmus Usi-
versity. P.O. Box 1738, 3000 DR Romerdam. the Netherlands.
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Dr. Bean is the recipient of a Rescarch Fellowship from the Britsh and Nether-
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25 patients (24 percant); 21 ccclusions were documented
within the first 14 days after implantation. Qverall, Immedi-
ately atter placement of the stent there was a significant
increase in the minimal luminal diameter and a significant
decrease in the percemage of the diameter with stenosis
(changing from a mean [£S0] of 1.88x0.43 10 2.48=0.51
mm and from 37=12 to 21=10 percent, respectively;
P<0.0001). Later, however, there was a significant de-
crease in the minimat luminal diameter and a significant
increase in the stenosis of the segment with the stent
(1.68=1.78 mm and 4834 percent at follow-up). Signifi-
cant restenosis, as indicated by a reduction of 3.72 mm in
the minimai luminal diameter or by an increase in the per-
centage of stenosis to =50 percent, occurred in 32 per-
cent and 14 percent of patent stents, respectively.

Conclusions. Early occlusion remains an impertant
limitation of this corsnary-artery stent. Even when the
early effects are beneficial, there are frequently late
occlusions or restencsis. The place of this form of treat-
ment for coronary artery disease remains 1o be deter-
mined. (N Engl J Med 1991; 324:13-7.)

of long-term angiographic follow-up of the inital
117 stent implantations.

7 MEeTHODS
Stugy Patients

One hundred five patents gave informed consent and were en-
rolled at participating study centers between March 1986 and Janu-
arv 1988. The study protocol was approved by the ¢thics commit-
tees of the individual hospitals. The dinical characteristcs of the
padents are shown in Table 1. Nimety-five patients received one
stenz. and 10 received more than one (Table 1). Seven of the 10
patients who received multiple stents required two overlapping
(“telescoping™) stents to cover long lestons adequately, and the oth-
er 3 requiced stents In multiple vessels or in different locations in the
same vessel. The sites of stent placement are shown in Table 1.
Seventy-one stents were implanted after redilation of 2 restenesis,
14 were placed as an emergency procedure during an angioplasty
complicated by acute occlusion, 5 were placed after angioplasty for
chronic occlusion. and 27 were placed as an adjunct procedure to
primary perutancous transluminal coronary angioplasty (PTCA).
Some of the patients whe reccived stents for bypass grafting or
abrupt closure have been included in previous reports.™®

In this tial. the endovascular prosthesis Wallstent {Medinvent,
Lausanne, Switzerland) was used. The method of implanttion and
a deseription of this stent have been previously reported.” This stent
is a selfeexpanding, swinless-steel, woven-mesh prosthesis thar can
be positioned in the coronary artery with an §-French or S-French
guiding catheter. according to the standard over-the-wire tech-
nique. The deviee is constructed of 16 wire Alaments, exch 0.08 mm
wide. It is constrained in an clongated configuraton on a delivery
catheter 1.57 mm in dizmeter: the distal end of the prosthesis is
covered by a removable plastic sleeve. As the sleeve is withdrawn.
the constrained device returns to its original. larger diameter and
becomes anchored agminst the vessel wall. The diameter of the
prosthesis ranges {rom 2.5 10 6 rmmm when the stenz is unconstrained.
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Table 1. Clinical Characteristics of the Study

Patiarts.

No. of paticats 105
Age (yrh” 51=%
Sex (M/E) 91714
No. of stents 117
Site of stent implantaton {no. of stents)

Left anterior descending artery 62

Circumflex artery ]

Right coronary artery 26

Dypass praft 23
Indicanon for implantation (no. of stents)

Restencsiz 71

PTCA with acute occlusion 14

PTCA 15 adjunct procedure 27

Chronic ecclusion 5
Time 10 angiographic follow-up {mo)}*

All padents
Patients with patent stents
No. of stents per patent (no. of patients)

One 95
Twe 8
Three z
*Mgans =50,

We selected a diameter 0.30 mm larger than the reference diameter
of the stenosed vessel.

Anticoagulaton regimens evolved throughout the study period,
and different protocols were used at the various centers. In the first
23 of the 32 padents treated in Toulouse, heparin was administered
subeutancously three times 2 day to maintain the activated cepha-
lin-kaolin time {an index of coagulation status) at twice the control
value, startng three to five davs before the procedure and contdnu-
ing for six weeks afterward, During the procedure, the 7th through
the 32nd patients re¢eived 2e additional 10,000 uaits of heparin
intravenously and 20,000 to 50.000 units of streprokinase by intra-
coronary infusion. Aspirin (100 mg) 2nd dipvridamole (300 mg}
wiere given daily by mouth, starting 24 hours before the precedure.
The 24th through the 52nd patents treared in Toulouse received
vitamin K antagonist (warfarin or acenocoumarol) by mouth, start-
ed on the day of the procedurs and condnued for three to six
months. The subcutaneous heparin injections were stopped after a
therapeutic level of oral anticoagulun: was rezched {International
Normalized Ratio, 2.3}, In the other centwers, aspirin (1 g orally)
was started one day before the procedure. Heparin (10,000 te 15.000
units) and urokinase (100,000 units by intracoronary infusion) were
adpinistered during the procedure. Heparin was given intravenous-
by, and then the vitamin K antgenist by mouth for three to six
months a5 deseribed above, Aspirin (imtially | g daily and later 100
g daily}, dipyridamole (300 1o 450 mg daily). and in sone patiencs
sulfinpyrazone (400 mg daily) were also administered. The first four
patients treated in Rotterdam did not recelve aspinn.

Quantitative Coronary Arteriography

All cineangiograms were analyzed at the core laboratory in Rot-
terdam by means of a computer-assisted cardiovascular-angiogra-
phy analysis system, discussed in derail elsewhers ** The important
steps will be briefly described. Selected 2reas of the cine frame
cncompassing the desired arterial segment were oprically magni-
fied, displayed in a video format, and then digitally converted. Ves-
sel contour was determined antomarcally on the basis of che
weighted sum of the first and second derivagve functions applied to
the digitized information on brightess. A computer-derived esti-
madon of the original dimensions of the artery at the site of the
obstruction was used 1o determine interpolated reference values for
arterizl diameter and area. The absolute diameter of the scgment
with stenasis as well as the reference diameter was measured by the
computer, which used the diamerer of the guiding catheter a5 a
calibration factor, after correcting for pincushion distortion. The
interpelated percentage of stenosis of the narrowed segment was
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then derived by assuming a cireular mode} and comparing the ob-
served value for steneosis with the reference value. The minimal
luminal dizmeter of cach segment immediately proximal and distal
(o the stent was also measured. The anglographic analysis was per-
formed beforz and after angioplasty, immediately after stent im-
plantation, and at long-term follow-up evaluation in all patients,
with the use of the average of multiple matched views with orthog-
onal projections whenever possible.

Restenosis

Two different sets of criteria were applied to determine the rate of
Testenosis. We have found a reducton of 0.72 mm or mere in the
minimal luminal diameter w0 be a reliable indicator of angiographic
progression of vessel narrowing. ™ This value takes into account the
limitations of ¢coronary angiographic measurements and represents
twice the long-term variability of repeatr measurements of a coro-
nary-sriery obstruction with the cardiovascular-angiography analy-
sis systemn. The other criterion for restenosis was an increase in the
pereentage of stenosis from less than 30 percent after stent implan-
tation to 50 percent or mare at follow-up evaluation. This ¢riterion
was selected since common clinica] practice bas condnued to ex-
press lesion severiny as g percentage of stenosis.

Statistical Analysls

Values obtained by quandrative angographic analysis are ex-
pressed as means =SD. The means for each angiographic variable
before PTCA. after PTCA, immediately after placement of the
stent, and at follow-up were compared by analysis of variange. If
significant differences were found, two-tailed t-tests were applied 1o
paired data. A statisdeal probability of less than .05 was consid-
ered 1o indicate significance.

The results of angiographic and clinieal follow-up were expressed
in a life-table formar according to the Kaplan~Meder method.W
Stent occlusions, cardiac deaths {which were assumed to be due o
occlusion, for statistcal purposes), and restencsis as defined by the
WO Criteria were considered angiographic end points. The following
events were considered clinical end points: death. myecardial in-
{arction, bypass surgery, and nonsurgical revascularizaton {PTCA
or atherectomy). The life table was constructed aceording to the
iitial clinical event.

Resvrrs

The overall mortality after one year was 7.6 percent
(cight deaths) (Table 2). The mean {#8D) period of
angiographic follow-up was 5.7+£4.4 months i all pa-
dents and 7.2=3.6 months in patents whose stents
were parent at follow-up. Anglographic follow-up
(Fig. 1) was performed in 95 patients (90 percent)
with 105 stents (90 percenr); 78 stents were parent,
and 27 were occluded {Table 3). Angiographic follow-
up could not be obtained in 10 patients for the follow-
ing reasons: 4 patients died, 4 refused follow-up angi-
ography, and 2 had follow-up angiograms that were
technically inadequare for analysis (but did not show
total occlusion). Twenty angiograms were obtained
during the first month after stent implantation; all
were obtzined because climical svmptoms had oe-
curred, and all showed occlusions. Anglograms ob-
tained after the first month were part of the routine
follow-up evaluation; all showed patent stents except
in five patients with stent occlusions. Overall, the
minizmal Juminal diameter increased from 1.210.56
mm to 1.8820.43 mm after PTCA and then further, 1o
2.48+0.51 mm, immediarely after stent implantation
(P<<0.0001} because of the intrinsic dilator function of



the device (Table 4). Ar follow-up the diameter was
found t0 have decreased ro 1.68%1.20 mm. The per-
centage of stenosis changed similarly, with an inital
décrease from 61214 o 37=12 percent after angio-
plasty and an addidonal decrsase to 21=10 percent
immediately after stent placement (P<<0.0001}. How-
ever, at follow-up the percentage of stenosis had in-
creased ve 48=34 (P<0.0001). When only patent
stents were included in the analysis of late follow-up,
the minimal luminal diameter and the percentage of
stenosis were 2.26=0.78 mm and 3017 percent, re-
spectively. A small, nonsignificant increase occurred
in the reference diameter after stent placement (from
3.15=0.54 to 3.22£0.79 mum). During the study, no
significant change was seen in the minimal luminal
diameter of the proximal or distal segments adjacent
to the stent.

Theincidence of restenosis (Fig. 2) depended on the
definition of stenosis {Fig. 3). When 2 change of
20.72 mm in minimal [urninal diameter was used asa
¢riterion. restenosis was observed within the patent
stent in 17 padents (19 stents), in the proximal seg-
ment adjacent to the stentin 5 patients, in the segment
immediatelv distal to the stent in 2 patients, and in
both proximal and distal regions in 1 padent. There-
fore, the total rate of restenosis was 32 percent among
stents and 33 percent among padents. Atfollow-up the
percentage of stenosis had increased to =50 percent
within 10 stents {13 percent) in 9 patents {13 percent}
and In the segment proximal 1o the stentin 1 stentin
| patient, for a total rate of 14 percent. After one year
of clinical follow-up, two of the patients with resteno-

Table 2. Deaths after Stent Implantation.

PATIENT TIME aFTER

Mo, IMPLANTATION Catise oF DeaTh

1 <24 hr Stent occlusion after vessel closure
dering PTCA

2 48 hr  Sudden death

3 2days  Stent ceclusion after 24 hr. followed by
emergensy bypass procedurs

4 $davs  Stent occlusion during implanttion.
mvoeardisl infhretion, shock

5 11 davs  Sudden death

6 llamo Sudden death

7 2z mo  Surgezy for new lesion of left madn ar-
tery, after bypass procedure

& 6mo  Chronic congestive heart failure

sis underwent repeat balloon angioplasty, one patient
(two stents) underwent atherectomy, performed with-
in the narrowed stent, and six patients underwent cor-
onary bypass surgery. Death or myocardial mfarction
did not occux in any of these nine patients.

Discussion

The data from the six European centers at which
the coronary-artery stent described above was used
show a stent-occlusion rate of 24 percent. The antco-

1.00
T 080
U>J 0.80 F Death and Ocelusion
= 070F SO
S pgof Death S
= Occlusion, T H
T 0501  and Restercsis fommme
5 040p —=50% gg:}:é\on
T o3y Sepeesand and Restenosis
S 020 Diameter Pt
& o010} Crange onosis

0.00 e . . . .

Q¢ 40 80 120 160 200 240 280 320 360 400

A Days after impiantation

8 12 16 20 24 28 32 36 40
Months after implantation

@ Proportion without Event

Figure 1. Angiographic and Clinlcal Follow-up in 95 Patients Who
Recaived 105 Stents,
Occlusion of the stent, cardiac death, and restencsis as deter-
mined by either or both of the criteria used (=50 pertent stenosis
of the vessel and a change of =72 mm in the minimal luminai
diameter) were considered angicgraphic end peints {Panal A).
Death, myacardial infarctlon, bypass surgery, and PTCA or ather-
ectomy were considerad ¢linical end points (Panel B).

agulation regimens and metheds for selecting patients
differed among the centers, which may explain some
of the variability in the occlusion rates between
centers. The highest occlusion rate (39 percent} was
observed at the Toulouse center, where the initial
patients were treated with leng-term subcutancous
heparin after placement of the stent, instead of a vira-
min K antagomst. The clinical factors that contribut-
ed 1o the occlusions could be idendified in 11 patents
— i.e., disorders of the coronary arterv that are asso-
ciated with thrombosis (unstable angina, recent myo-
cardial infarction, and chronic occlusion) In 3 pa-
tients, technical problems in stent placement in
3 patients, interruption of anticoagulation because of

Table 3. Findings at Anglographic Follow-up.

No. oF STENTS  NO. 0F PATIENTS
FinDing N =17 o =105
number (percens)

Patent stent T8 ET 0 EN
Occluded stemt 2725 25 (24)
No follow-up angiography

Dreath 5(5 4

Refusal 443) 44

Inadequate study 22 2
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Table 4. Findings at Quantitative Angiography.

BeroRe ATTER AFTER STENT
VaARLABLE PTCA PrCA IMPLANTATION AT FOLLOW-UP
PATENT ALL
ITENTE SYENTI
Minimal luminy diameter (mm) 1.21=0.56 1.88=0.43 2.48=0.51 2262078 1.68%1.20
Seenesis (%) 6l=1s IT=12 21=10 0=17 ELEXE
P<0.0001 P=<20.0001 P<0.0001
P<20.002
*Values (means =5D) were coraparcd by rnalysls of vatiance. If were found. two-talled t-tens were applied fo palrs of data. A probability of 0.0% was.

<onsidernd 10 indicaee srgseeal ugnificance.

B

Figure 2. Restenosis Six Months after implantation of 2 Stentina
Bypass Graft.

In the follow-up angiogram (Panel A), the outline of the stent
appears slighly radiopague and hyperplasia has resulted in a
compiex narrowing within the vessel segment contalning
the stent.

In the gross specimen (Panel B) of the surglcally retrieved bypass
graft containing the segment shown In Panel A, the longitudinal
cross sectlon of the vesse! shows the stent filaments (arrow) pro-
truding from the wall. The striking similarity betwaen the angic-
graphic contours of the vesse! and its actual appearance
is evident.
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bleeding problems in 2 patents, and hemodynamic
comprormise before placement of the stent in | patient
with cardiogenic shock. In wview of the early expe-
rience with stent occlusion, the investigators agreed
to avoid placing stents in patients with acute coro-
nary artery disorders and chronic ccelusions or in pa-
tents with poor distal runoff (vessels with collat-
eral flow, small vessels less than 3 mm in diameter,
or vessels supplying akinetic or severely hypokinetc
myocardium). In additon, four patents with six
stents died before undergoing angiographic follow
up. Some of these deaths were sudden, suggesting
possible stent oeclusion. It was difficult to determine
whether late occlusion (after 14 days) was super-
imposed on marked restencsis. Therefore, the rates
of occlusion and restenosis may have been underest-
mated.

The patents in this study underwent two serial
interventions, balloon dilatien and then stent implan-
tation. Quantdtative coronary angiography showed
that the injtal effect of angioplasty in these patents
was similar to that observed in previous angiograph-
ic studies®!! and moreover, the result immediately
after placement of the stent was markedly improved.
However, the minimal luminal diameter in the entre
study group at follow-up (including padents known
to have occlusions) was 1.68 mm, which is compa-
rable but not superior to values previously document-
ed in late follow-up studies of coropary balloon
angioplasty (1.65 to 1.82 mm).%" The rate of re-
stenosis in parent stents, when based on a change
of 20.72 mm in the minimal luminal diameter, was
23 percent among segments within the stemt and
8 percent among segments adjacent to the stent, for a
toral rate of 31 percent. When the alternatve erite-
rion, =50 percent stencsis of the luminal diamerer,
was used, the rate of restenosis was 13 percent
among segments within the stent and I percentamong
segments adjacent to the stent. Two previous stud-
ies that used similar quanttatve methods for late
follow-up evaluaton zfter corenary balloon angio-
plasty have been published. In one study,® the reste-
nosis rate for angiograms obtained at four months
was 25.5 percent when the criterion of a change of
0.72 mm was used, and 13.2 percent when the crite-
rion of 50 percent stenosis was used. In the other



& I
Lo «50% Stenosis (n = 67)

O >50% Stencsis (n = 11)

Minimal Diameter at Follow-up (mm)

Q .
[\ 1 2 3 4 5 5

Minimal Diameter after Implantation (mm)

Figure 3. Change in the Minimal Luminai Diameter of 78 Patent
Stents between Stent Implantation and Anglographic Follow-up.
The diameter of each segment immediately after implantation Is
pletted against the diameter at follow-up. The lines on each side
of the identity tine {dlagonal} represent the limits of long-term
variabilty of repeat measurements (a change of =0.72 mm
[arrows]). The symbols below the right-hand line represent
stents with involvement by severe hyperplasia.

study.'? when the criterion of 30 percent stenosis was
used. the restenosis rate was 37 percent for angio-
grams obtained four 1o seven months after angio-
plasty.

Studies in animals have confirmed thar fibroinumal
hyperplasia may develop in arterial segments contain-
ng stents. Within one week after stents (Wallstent)
were implanted in normal porcine arteries, the pros-
theses became completely covered by endothelium
and the vessel lumen had diffuse narrowing, varying
in thickness from 60 to 125 pm.'** By six months,
the thickness of the neointdma increased from 30
w 400 pm,'” comresponding to a decrease of 0.1 to
0.8 mm 1n the vessel diameter.

Early thrombotic ceclusion remains a serious clini-
cal problern with this prosthesis despite antcoagula-
tion. It remains to be determined whether increased
experience of operators. changes in the antcoagula-
tion regimen, or selection of patents will circumvent
this imiration. New biologic coatings that may make
the stent less thrombogenic are currently under inves-
tgaton. Angilographically detectable narrowing,
probably due to fibroinumal hyperplasia, occurs w a
marked degree in patients whose stents are patent at
late follow-up. Although six months is assumed 10 be
the time frame for the development of restencsis after
angioplasty, this may not be true of stent implanta-
don. The clinical indications for the use of an endo-

vascular prosthesis remain unclear. Controlled clini-
cal trials are imperative to determine whether such
devices can decrease the rate of restenosis among pa-
tients who have undergone PTCA and whether they
can be of any benefit in particular clinical sitnations or
subgroups of patients.

We are indebted 1o Dr. Jan Tyssen, Dr, Roger Thalmann, Marie-
Angele Morel, and Eline Montauban van Swijndregt for assistance.
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Chapter 10

Stenting of venous bypass grafts: A new treatment modality for
patients who are poor candidates for re intervention.
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Stenting of venous bypass grafis: A new
treatment modality for patients who are poor

candidates for reintervention
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Patients first seen with medically refractory anginal
symptoms after saphenous vein bypass surgery pose
a difficult problem for cardiologists and cardiovascu-
lar surgeons. These patients are generally older, with
more extengive, diffuse disease involving the native
coronary arteries and venous bypass grafts. Repeat
coronary artery bypass graft surgery (CABG) for re-
current ischeria is technically more difficult, is asso-
ciated with a higher mortality and morbidity, and has
inferior long-term clinical results when compared
with a first bypass operation.’® Conventional balloon
angioplasty offers an alternative mode of revascular-
ization in selected patients. The immediate results of
this procedure have been shown to be favorable in
patients with discrete lesions in venous bypass grafts
but considerably less satisfactory in diffusely dis-
eased, ulcerated. or thrombosed venous grafts.$
Furthermore, it appears that the rate of restenosis is
high, varying from 40% to 70% depending on the site
of the lesions in the graft and the overall extent of
disease in the conduit,™13
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Stent implantation has been proposed. as an alter-
native or adjunct to percutaneous transluminal cor-
oparv angioplasty (PTCA) for diseased venous by-
pass grafts. Results of early studies with small num-
bers of patients have shown that stents can be placed
safely and successfully in bypass grafts with an
encouraging low rate of restenosis 1421 Therefore we
initiated this cbservational study to assess the acute
and late results of stent implantatior in stenosed
coronary artery bypass grafts in svmptomatic pa-
tients with diffuse, extensive native coronary artery
and bypass graft disease who are poor candidates for
conventional ballcon angioplasty or reoperation.

METHODOLOGY

Study population {Tables I and II). Between Janu-
ary 1988 and March 1990, 2 total of 136 stents were
implanted in 69 patients (12 women and 57 men) in
the four participating hospitals in The Netherlands
and Belgium. The study protocol was approved by
the ethics committees of the individual hospitals and
informed consent was obtained from all patients. A
senior investigator {P. W_5.) was present for ali stent
implantations.

The decision to implant a stent was reached after
discussion between cardiologists and surgeons (Table
ITI). Forty-two patients were considered inoperable
because of either a high risk/benefit ratio related to
repeat surgery (n = 28), unfavorable coronary vessel
anatomy such as diffusely diseased distal vessels
(n = 4}, poor left ventricular function (ejection frac-
tion <35%) (n = 6}, or concurrent noncardiac risk
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Table |. Study population

No. of patients 69

No. of bypasses 74

No. of lesions 85

No. of stents 136

Ejection fraction (%) 53.9 (26-71)

Risk factors
Hypercholesterolemia >7 mmol/L 26
Hypertension 15
Semokers 46
Diabetes mellitus 14

Table li. Specific lesion characteristics

No. of bypasses 74

Age of bypass graft {mo) 83 (1-166}
Mean diameter of graft (mm) 3.3 (1.6-7.0)
Mean minimal lumen diameser (xam) 14 (0-2.9)
Length of stenosis ()} 18.5 (2-50)

factors (n = 4). Conventional coronary angioplasty
was considered high risk in 39 patients because of the
age of the grafts, the length of the stenosis, and/or
unfavorable angiographic features (tandem lesions,
eccentric lesions, lesions containing ulcers, aneu-
rysms, calcifications, or dissections) (Figs. 1 to 4).

The mean age of the patients was 63 years (tange
44 to 78), and the mean age of the implanted bypass
grafts was 83 months (range 1 to 166). Forty-eight
patients had at least one previous myocardial infarc-
tion. and eight had undergone more than one previ-
ous bypass procedure. Single-, double-, and triple-
vessel disease was present in 3%, 23%, and 74% of
the patients, respectively. Eleven patients were in
New York Heart Association (NYHA) class IT, 27
sgere in class ITT, and 29 were in class IV: in two pa-
tients the stents were implanted during evolving my-
ocardial infarction. All patients had documented
ECG evidence of ischemia,

The stent implantation data are presented in Ta-
ble IV. A single stent was implanied in 30 patients,
two stents in 24 patients, three stents in seven
patients, four stents in five patients, five stents in one
patient, and & stents in two patients. The stent was
placed in single grafts in 25 patients and in sequen-
tial grafts in 44. In five patients the stent was
implanted into totally occluded vessels (during an
‘evolving myocardial infarction in two and in chronic
occlusions in three.

Implanted device. In the first 26 patients we used
the Medinvent Wallstent (Medinvent, Lausanne,
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Table iil. Reasons for preferring stent mmplantation (cate-
gories are not mutually exclusive)

Patients not suitable or bigh risk for repeat CABG 42
Reasons
High risk/benefit profile
Urnfavorable coromary vessel znatomy
Poor left ventricular function, (ejection fraction <35% )
Concurrent nencardiae risk facters -
Patients considered high xisk for conventional PTCA
Reasons

[~

Boaond

Long lesions (15 mm) 32
Tandem lesions 23
Lesiens containing uleers 25
Disgections 17
Clot 18
Diffusely diseased bypeass graft 34
Eccentric lesions 52

Table IV. Stent implantation data

No. of stents 136
Mean diameter of stent (rom) 4.3 (3.5-6.0)
Position
Ostial 7
Shaft 127
Distal anastomoesis 4
Procedure type
Single stent-single lesion 30
Multiple stent-single lesion 90
Multiple stent-multiple lesion 16

Switzerland), and later we used the polymer-coated
Medinvent Biogold stent. The stent consists of a
stainless steel alloy with a self-expanding mesh
design.’® The unconstrained length varied between
15 and 27 pom, and its diameter in the fully expanded
state was between 3.5 and 6.0 mm and was selected
to be 0.50 mum larger than the reference diameter of
the vessel.

After stent imnplantation the patients were moni-
tored in the coronary care unit. The rigorous antico-
agulation regimen has been described previously.2
Al] patients received aspirin the day before the pro-
cedure and intravenous heparin (10,000 IU) at the
beginning of the procedure. Before stent implanta-
tion 10,000 IU heparin and 500 mg dextran every 4
hours were given intravenously. Immediately after
stent implantation 100,000 to 250,000 IU urokinase
was infused into the toronary bypass graft via the
guiding catheter. Intravenous heparin administra-
tion was continued at a minimur: dosage of 24,000
TU/24 hours; the dosage was adjusted according to
the activated partial thromboplastin time (80 to 120



Fig. 1. Jump graft to left anterior descending artery (ar-
roiwz), then to first diagonal branch, and then to marginal
branch. A, Two lesions in jump graft between diagonal and
marginal bramches (arrowheads). B, Immediate result af-
ter stenting. Distal end of stent may have extended Into
native coronary artery.

seconds), Oral acenocoumarol was started on the day
of implantation. The heparin infusion was continued
until the prothrombin time measured by throm-
botest (Nveomed, Oslo, Norway)} was lowered to 5%
to 10% for 2 subsequent days and discontinued
slowly thereafter. After stent implantation the pa-
tients were also given aspirin (300 mg/day), dipy-
ridamole (300 to 450 mg/day), and nifedipine (30 to
60 mg/day), which in addition to the oral anticoagu-
lant were maintained for 3 to 6 raonths after the pro-

Fig. 2. Top panel, Two tandem lesions with aneurysm of
bypass graft locared proximal to fivst lesion. Second panel,
Balloon angioplasty catheter in position across lesion. Bal-
loon diiatation resulted in dissection. Third panel. After
implantation of distal stent, intraluminal flap ferrew) is
still evident in proximal lesion. Lower panel, After im-
plantation of second stent in proximal lesion.

cedure, The patients were followed at our outpatient
clinic at 1 and 3 months and underwent repeat cor-
onary angiography 6 months after the initial proce-
dure or earlier if symptoms recurred.

Quantitative coronary angiography. The quantita-
tive analysis of the stenotic coronary segments was
carried out with the computer-assisted Cardiovascu-
lar Angiography Analysis System (CAAS), which has
been described in detail 228 The angiographic anal-
ysis was done before and after angioplasty, immedi-
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Fig. 3. A, Bypass graft to right 'corona:y artery (7-inch rmage intensifier). Long sepment bypass vessel is

gl

severely diseased with involvement of estiurn and severa] complex features including uleeration in prox-
imal aspect of graft (arrow) and intraluminal defect in midgraft (errowhead). B, After placement of three
stents (0-inch image intensifier). C, Six-month follow-up angiogram showing late excellent result.

ately after stent Implantation, and at follow-up in all
patients with the average of mxultiple matched views
with orthogonal projections wherever possible.

Restenosis. Two different sets of criteria were ap-
plied to determine the rate of restenosis. We have
found 2 change in minimzl laminal diameter of 0.72
mm or more to be a reliable indicator of angiographic
progression of vessel narrowing. % This value takes
into account the limitations of coronary angiographic
measurements and represents two times the long-
term varigbility for repeat measurements of a coro-
nary obstruction by means of the CAAS. Tke other
criterion for restenosis was an ineresse in the diam-
eter of the stenosis (D) fror less than 50% after
stent implantation to more than or equal to 50% at
follow-up. This ¢riterion was selected according to
common clinical practice.?®

QESERVATIONS

Stent implantation procedure, All patients under-
went successful stent implantation (DS <30% im-
mediately after placement of the stemt). In two
patients the initia] stent was not optimally positioned
and did not cover the entire lesion, so that an addi-
tional procedure was required to implant amother
stent to achieve an optimal result. Although no im-
mediate major complications oceurred during the
procedure, two patients required intracoronary
thrombolytic therapy because of distal embolization
without subsequent elevation of the creatine kinase

level. Three other patients had increases in the cre-
atine kinase level (<200 IUJ).

in-hospital complications. Acate thrombotic events
in the stent occurred in seven patients (10% )- One of
these occlusions was related to cessation of anticoag-
ulation trestment. This patient (considered inopera-
ble) had a severe retroperitoneal hematoma 7 days
after stent implantation, which necessitated discon-
tinuation of the anticoagulation therapy. Thirty davs
after implantation the patient had an acute myocar-
dial infarction, leading to cardiogenic shock and
death. One patient, who had the stent implanted
during an evolving myocardial infarction, had an
acute thrombotic closure of the stented vessel 1 day
after stent implantation. The resulting myocardial
infarction was treated conservatively.

Two other patients, who had unstable angina pec-
toris and angiographic defects consistent with
thrombi, had acute thrombotic occlusions and myo-
cardial infarctions 7 and 12 days after stent implan-
tation, respectively. One of these patients, who was
treated conservatively, died suddenly 6 months after
implantation, having remained stable with mild an-
gina pectoris. The other patient underwent CABG
after emergent reopening of the vessel during repeat
PTCA. The last thrombotic occlusion occurred 1 day
after implantation in one of the patients with stent
implantation after recanalization of a chronically oc-
cluded graft. This patient was referred for repeat
CABG.
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Fig. 4. A, Complex lesion with ulceration (arrow) in jump bypass graft before stenting. B, Immediate re-
sult after stenting. C, Six-month follow-up angiogram showing restenosis within stent. Qutline of stent is

fainsly visible.

Two patients had unstable angina pectoris 3and 10
days after stent implantation, which wasrelated to an
angiographicaliy visible but nonocelusive thrombus.
In one patient this thrombus was related to cessation
of anticoagulation & days after the procedure as a re-
sult of Mallory-Weiss svndrome with persistent gas-
trointestinal bleeding.?® Because of symptomatic re-
eurrent ischemia, the patient was sent for surgery.
The second patient, who had been treated for unsta-
ble angina pectoris, had resting angins pectoris 1 day
after implantation of two stents. Angiography re-
vealed a partially occlusive thrombus between the
two stents and another stent was placed between the
two previous stents. The following day resting angina
pectoris recurred and the patient was treated surgi-
cally.

Bleeding complications occurred in 23 patients
(33% ). Two patients bad fatal intracranial bleeding,
one patient had a retroperitoneal hematoma, and two
patients had gastric bleeding. An additional 18 pa-
tients had hematomas at puncture sites requiring
blood transfusions. and seven of these patients re-
guired surgical repair of a false sneurysm. Bleeding
complications were associated with a c¢onsiderably
longer hospital stay-—18 days in comparison to 7 days
when the postimplantation course was uneventful.

Discharge status. Stent implantation resulted in
complete relief of angina pectoris (NYHA class I) in
45 patients (64 % ). Ten patients (14 %) still had mild
svmptoms (NYHA class II) after stent inplantation
(YA class IT), and five patients (7%} remained in
NYHA class ITL. Four of these patients were consid-
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ered inoperable and the fifth was referred for reoper-
ation.

Long-term follow-up

Angiography. In 53 (90% ) of the 59 patients with
sucecessful stenting and no major in-hospital compli-
cations, follow-up angiography was performed at
4.9 + 34 months. Of the remaining six patients
without angiographic follow-up, five refused to un-
dergo control angiography. and in another patient
the implantation film was technically inadequate for
analysis, although no significant restenosis was seen
at follow-up.

In the overall group the mean minimal Jurninal di-
ameter increased significantly from 1.4 = 0.82 10
2.7 £ 0.7 mm {p < 0.001) and the diameter stenosis
deereased significantly from 58 £ 15% 1024 = 9%.
However, at late follow-up {including occlusions}
there was a significant reduction in the mesn minimal
luminal diameter to 1.9 = 1.1 mm (p < 0.001) and a
significant increase in the diameter of the stenosis to
43 £ 30% (p <0.001).

The incidence of restenosis depended on the def-
inition. According to the criterion of a change in
minimal lumingl diameter of 0.72 mm, detectable
angiographic narrowing cecurred within the stent in
25 patients (47% ). An increase in the diameter of the
stenosis to 50% at follow-up was seen in 21 patients
{40%) and immediately adjacent to the stent in four
patients (7% ). Stent occlusion was found in three of
these patients.

Clinical follow-up. In the group of patients with
angiographic restenosis (diameter stenosts >50%
criterion) (n = 25), 19 patients had a recurrence of
angina pectoris necessitating reintervention (repeat
PTCA, n=10; atherectomy, n = 2; repeat CABG,
n = 7). Three of the patients who underwent surgery
died during the postoperative period.

In the group withour restenosis (o = 28), 15 pa-
tients had a recurrence of significant angina pectoris
within 1 to 24 months after stent implantation. Ten
patients underwent further intervention. In six a
second stent was implanted in either the same or an-
other bypass graft. Three patients underwent PTCA
of one or more native vessels and one patient had re-
peat bypass surgery. The five remaining patients
were treated medjcally. One patient without signifi-
cant restenmosis at the 8-month angiography died
suddenly 500 davs after stent implantation.

COMMENTS

The management of recurrent ischemia in patients
who have had previous bypass surgery presents a se-

rious and growing problem. Symptoms of myocardial
ischemia recur or progress in approximately 5% of
patients per year,> 26 ¥ and after 5 years up to 25%
of vein grafts are occluded and 25% may show
stenoses greater than 70% .*® Reoperation is techni-
cally more complicated to perform and is generally
associated with a higher mortality and morbidicy
than a primary operatior and achieves symptomatic
relief in only 60% to T0% of patients as compared
with the 80% to 90% success rate after primary op-
erations, The perioperative myocardial infarction
rate varies among surgical groups between 2.0% and
11.5%. The mortality rate after repeat bypass sux-
gery ranges from 1.2% to 12.5%.%° Conventional
balloon angioplasty has reported angiographic sue-
cess rates of 75% to 100% for bypass grafts, ™13 with
complications rates simiiar to angioplasty in native
vessels. However, restencsis appears to occur more
frequently with rates as high as 46% reported for
proximal sites. %7

The majority of our patients were congidered high
risk for surgery or repeat PTCA. Inasmuch as all of
these patients had severe symptoms in spite of max-
imal medical therapy, it was decided to try to attempt
stenting of the angina-related bypass graft, although
in some cases it was clear that full relief could not be
expected because of diffuse native vessel disease that
prohibited additional intervention. Most of the pro-
cedures were done without surgical standby. Since
the introduction of stenting of stenosed saphenous
bvpass grafts in our institution in 1988, a total of 69
patients have been treated suceessfully with this new
intervention compared with only 84 patients who
underwent conventional angioplasty for stenosed sa-
phenous bypass grafts during the period 1980 to 1988,
This new treatment modality has significantly ex-
panded our therapeutic options in this particular pa-
tient group.

Qur results show that stenting bypass grafts is
technically feasible with excellent immediate results.
Two advantages of the Wallstent for use in bypass
grafts arve (1) the length of the stent ¢can be selected
up to 25 mm for iong lesions and (2) the self-expand-
ing property appears 10 be an effective splint to tack
back friable, protuberant atheromatous material and
minimize embeolization into the native coronary cir-
culation. In 30 patients the stent was implanted di-
rectly without prior balloon dilazation for lesions that
appeared high risk for embolization. No increase in
creatine kinase levels was documented in this group
of procedures.

Several important lessons emerge from this study.
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First, the majority of stent occlusions oceurred in
patients with acute ischemic syndromes (myocardial
infaretion or unstable angina pectoris with angio-
graphic evidence of thrombi). The combination of
thrombi during evolving myocardial infarction and
unstable anginag and the implantation of intracoro-
nary stents seems to be highly thrombogenic leading
to furtherthrombus formation and acute occlusion of
the stent. Therefore we now carefully select our pa-
tients and when the diagnostic angiogram suggests
the presence of intravascular clots, the patients are
treated with intravenous heparin (25,000 IUU/24 hr)
for 1 week before stent implantation. Although
improved patient selection should decrease the oc-
currence of acute stent closure, it will remain an un-
predictable event as evidenced by stent occlusion in
one patient who was optimally anticoagulated and
without the previously described risk factors. Fur-
thermore, the timing of stent occlusion is also unpre-
dictable (between 2 and 12 days), which coraplicates
discharge planning decisions. Second, a meticulous
anticoagulation schedule raust be followed with fre-
quent monitoring to minimize bleeding complica-
tions. As our experience evolved, bleeding and occlu-
sion problems were encountered much less frequently
and as a result, sulphinpyrazone was withdrawn be-
cause of a lack of evidence of its efficacy in the pre-
vention of acute closure. Special care must also he
given to insertion and removal of the femoral arterial
sheath. since this accounted for the majority of
bleeding complications. In particular, removal of the
sheath >12 hours after implantation was associated
with increased vascular complications. During the
last 15 stent implantation procedures, no throm-
bolytic agents were administered leading to a con-
siderable decrease in bleeding problems in the groin.
Furthermaore, oral coumadin was started the dav be-
fore stent implantation leading to a quicker optimal-
ization of the oral anticoagulation therapy, which
made a shorter hospital stay possible.

The stent-related restenosis rate (£7%) seems to
be comparable to that in historical studies of con-
ventional angioplasty in venous ¢oronary bypass
grafts.t 530 However, these comparisons may not be
valid since our population consisted of patients who
were less than suitable candidates for conventional
angioplasty. Earlier reports from Lausanne sug-
gested a much lower restenosis rate (9%) in lesions
implanted with the Medinvent stent in bypass
grafts.1™ 32 However, these differences may be the re-
sult of either differences in selection criteria. meth-
ods of angiographic assessment (quantitative vs vi-
sual estimation), or both.

Frequent reintervention In our study group was
required because of restenosis or progression of dis-
ease In other lesions, a problem similar to that
encountered with conventional angioplasty in bypass
grafts. Three recent reports have been published on
the late clinical follow-up of patients with conven-
tional angioplasty in bypass grafts. The Thorax-
center reported that only 41 % of patients were alive
and event free (myocardial infarction, repeat CABG,
repeat PTCA) at a median follow-up period of 2.1
vears.* A review of the overall Dutch experience also
showed limited late beneficial results with 2-year and
five-year event-free survival rates of 52% and 26%.
respectively, in 454 bypass patients.® Webh et al ®
have described a 71% freedom from death, infarc-
tion, and surgery at 3 years in bypass patients who
underwent PTCA at their institution but did not in-
clude the 279% incidence of second angioplasty pro-
cedures also required in their patient group. Itis clear
that stenting and angioplasty are only short-term so-
lutions and do not affect the underlying problems of
progressive graft atherosclerosis and iatrogenically
induced restenosis.

Conclusions. Patients with severe coronary artery
disease and previous bvpass surgery who have.re-
fractory symmptoms as a result of progression of dis-
ease in the bypass graft comprise a difficult challenge
to the physician. In patients who are poor surgical
risks and unsuitsble candidates for balloon angio-
plasty becanse of unfavorable anatomy, coronary
stenting with the Wallstent can be performed suc-
cessfully and offers an alternative therapy. However,
stent implantation remains complicated by acute
thrombotic occlusion and bleeding complications as-
sociated with the intense anticoagulation. The early
benefits of stenting may be mitigated by the progres-
sion of disease in bvpass grafts and latrogenic in-
duced restenosis. Stenting should be considered a
palliative procedure in medically refractory patients
with coronary bypass graft disease.

SUMMARY

During a 2-year period, 136 self-expanding Wall-
stents were implanted in saphenous vein bypass
grafts in 69 patients with end-stage coronary artery
disease. All patients had severe symptoms and the
majority were poor candidates for either repeat sur-
gery or conventional bypass coronary angioplasty
because of unfavorable native anatomy, impaired left
veptricular function, or a high-risk bypass lesion
anatomy for coronarv angioplasty. All procedures
were technically successful without major complica-
tions and a need for emergency byvpass surgery.
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However, during the hospital stay acute thrombotic
complications cccurred in seven patients (10%) re-
sulting in one death and acute myocardial infarction
in five patients and necessitating emergency repeat
PTCA in two patients and repeat CABG in four.
Twenty-three patients had sezious hemorrhagic com-
plications directly related to the rigorous anticoagu-
lation schedule. Two patients died of fatal cerebral
bleeding. During follow-up, another five patients
died accounting for a total mortality rate of 12%. At
late angiographic follow-up (4.9 = 3.4 months,
n = 53), 25 patients (47%) had a restenosis {=50%
DS) within ox irnmediately adjacent to the stent, ne-
cessitating reintervention in 19 patients (PTCA,
n = 12; repeat CABG, n = 7). In the group without
stent-related restenosis (m = 28), 15 patients had
progression of disease in either the native or bypass
vessels leading to recurrence of major anginal svmp-
toms within I to 24 months. Ten of these patients re-
quired further intervention (stent, m =& PTCA,
n = 3; repeat CABG, & = 1). Stenting in saphenous
coronary hypass grafts can be performed safely with
excellent immediate angiographic and clinical re-
sults. Early ccclusion, late restenosis, and bleeding
complications associated with the aggressive antico-
agulant treatment remain significant limitations.
Reintervention as a result of restenosis or progression
of disease in other lesions is common. Stenting of
diseased bypass grafts in symptomatic patients with
end-stage coronary artery disease (who are at high
risk for conventional angioplasty or surgical reinter-
vention) may be useful as palliative therapy.
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Chapter 11

Comparative guantitative angicgraphic anralysis of directional
corenary atherectomy and ballcon coronary angioplasty. American
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Comparative Quantitative Angiographic Analysis
of Directional Coronary Atherectomy and
Balloon Coronary Angioplasty
Victor A. W. M. Umnans, MD, Kevin J. Beatt, MD. Benno J. W, M. Rensing, MD,

Walter R. M. Hermans, MD, Pim J. de Feyter, MD, PhD, and Patrick W. Serruys, MD, PhD,
with the technical assistance of Eline Montauban van Swijndregt

An attempt to assess the “ubifity” of directional
atherectomy was made using 2 new quantilative
angrographic index. This index can be subdivided
Erlo an initial gain component and a restencsis
cemponent. The initial gain indeXx is the ratio be-
tween the gain in diameter during intervention
and the theoretically achievable gain (i.e., refer-
ence dizmeter). The restenosis index is the ratie
hetween the decrease 2t follow-up and the infial
gain during the procedure. The net result at
fong-term follow-up is characterized by the wiili-
ty index, which is the ratic between the final
gain in dameter at follow-up and what theoreti-
eally could have been achioved, For this purpose,
30 coronary artery lesions were selected from 2
consecutive series of successiully dilated primary
angioplasty lesions and were matched with the
initial 30 successfully treated primnary atherec-
tormy lesions. Matching by location of stenosis
and reference diameter resulled in 2 comparablie
groups with identical preprocedural stemosis
characteristics. Atherectomy resulted in an in-
crease in minimal heninal dizmeter 2 times larg-
er than angioplasty (1.53 vs 0.77 mm; p
<0.8001L). However, at follow-up there was a
significant decrease in minimal kuminal diameter
and a significant increase in percent diasmeter
stenosis i the groups with atherectomy and an-
gioplasty (1.69 = 0.58 vs 1.57 &+ 0.58 mm,

p = not stendficant [M5], and 37 £ 18 ws 47 =
18%, p = NS, respectively). The decrease its min-
imal fuminal gair was more pronoumtced ity the
group with atherectomy than in that with angio-
plecly (2.92 + C.69 vs 0.35 = 0.51 mm;

p = 0.0005). Consequently, directional atherec-

From the Catheterization Laboratery, Thoraxeenter, University Fospi-
tal Difkzigt, Frasmms University Remerdare, the Netbertands, This
study was supported in part by Grant 85.231 from the Netberlands
Heart Foundation, The Hague. M: it recsived May 8, 1991;
Tevised manuscript received and accepred July 25, 1651,

Addrets for reprints: Patrick W. Scrrays, MD, PhD, Catheteriza-
tion Laboratery, Thoraxeenter, Erasmus University Rotterdam, P.O.
Box 1738, 3000 DR Rotterdam. the Netherlands,

tomy resulted in 2 significantly higher intial gam
ratio than did balloon angioplasty (0.84 vs .41,
p <0.000C1). At follow-up, restenosts and ity
ratios were comparabie in both groups (0.56 vs
0.62, p = NS, and 0.29 vs 0.23, p = NS, respec-
tively). In matched groups, directional atherec-
tomy is a very effective device with a subsian-
tially better initial result than that with balloon
angioplasty. However, it appears te be 2 potent
stimulator of the reslienosis process, because at
follow-up this initial faverable result is lost, and
the minimal krninal dismeter is comparzble te
that after balloon angicplasty. Thus, the finz!
utility of @Grectional coronary atherectomy is not
sigmificantly different from that of conventional
balioon angioplasty.

(Am } Cardiol 1991;68:1556—1563)

estenosis after conventional balloon angioplasty
remains the major limdtation of this procs-
dure.}* Despite extensive efforts 1o elucidate

this phenomenon, our knowledge remains incomplete.
In recent years studies have suggested that intimal hy-
perplasia is the major mechagism responsible for reste-
nosis? and that lesion characteristics and regional flow
dynamics influence this proliferative process.'¢ Because
improved operator experience and angioplasty tech-
_nigques have not cansed a reduction in restencsis rates,
interventional cardiologists have desipned new devices
aimed at debulking mstead of dilating atherosclerotic
plaque. Directional atherectomy is a new technique
with the potential advantage of creating stnooth hurni-
nal surface. However, early experence with atherec-
tomy indicates that restencsis rates are comparzbie
with those after conventional balloon angioplasty, al-
though a randomized study has not been initiated 11-13
Recently it bas been demonstrated that the immediate
results of atherectomy are superior to those achieved by
balloon angioplasty'®; whether this injtial advanrage
can be maintained during follow-up and may ultimate-
Iy result In 2 reduction of the restenosis rate neads o be
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assessed. Therefors, the present study was performed to
determine whether this initial favorable result obtained
with atherectomy affects the incidence of restenosis.

METHODS

Patient: group: From September 1989 through Jan-
uary 1951, 66 patients underwent 74 atherectomy pro-
cedures. For the purpose of this study, the initial 30
copsecutive patients (23 men and 7 women, mean age
=+ standard deviation 60.2 £ 10.1) who underwent an
angiographically successful procedure (postprocedural
diamerer stenosis <50%. with tissue rerdeval) of a pr-
mary lesion In a native coronary artery were selected.
At the time of atherectomy, 16 patieats were in New
York Heart Association functional class IV, 7 mn III
and 7 in II. Coronary angiography showed 1-vessel dis-
ease in 25 patents, 2-vessel disease in 4 and 3-vessel
disease 1n 1. The site of obstruction was located in the
left anterior descending corcnary artery in 18 patients,
the right coronary artery in 7 and the drcumflex ar-
tery in 5.

Atherectomy procedure: After administration of lo-
cal anesthesia, an 11Fr sheath was inserted in the fem-
oral artery. All patients received 250 mg of acetylsal-
cylic acid and 10,00C U of heparin intravenously. latra-
corenary injection of isasorbide dinjtrate was performed
to optimally vasodilate the vessel After initial angio-
grams in multiple views were chtained. 2 special 11Fr
guiding catheter was placed into the ostium of the coro-
nary artery. Under fluoroscopy. the guidewire was ad-
vanced in the distal part of the artery. Then, the ather-
ectomy device was directed over the guidewire and po-
sitioned across the stenosis. The support batloon was
then inflated up to 0.5 atm. the cutter was retracted
and balloon inflation pressure was increased to 2 10 3
atm. The driving motor was activated, and the rotating
cutter was slowly advanced 1o cut and collect the pro-

truding atherosclerotic kesion in the collecting chamber
Jocated at the tip of the catheter. After every pass, the -
balloon was deflated and either removed or reposi-
toned. On average, 6.7 & 2.9 passes in multiple direc- -
tions were performed acToss 2 stenosis. Atherectomy
was considered successful when the residual stenosis
was <50% after tissue retrieval. After atherectomy, the
arterial and venous sheaths were usually left in place ~
for 6 hours. Patients were monitored for 24 hours. and
electrocardiograms and cardiac enzyme levels were 0b-
1zined twice daily. Nifedipine was administered every 2
hours for 24 hours after the procedurs. and the patients
were adminjstered asprin for 1 year. |

Follow-up evaluation: After successful atherectomy
or angioplasty (i.e., <30% postprocedural diameter ste-
1osis on viswal inspection), patents were examined at
the outpadient clinic. The follew-up coronary angio-
gram was obtained within 2 weeks after an exercise
test. Angiography was performed earlier if symptoms
occurred within 6 months.

Quantitative coronary angiography: Quantitative
analysis of the coronary segments was performed with
the computer-based Coronary Anglography Analysis
Systemn (CAAS), previousty described in detail 451516
In essence, boundaries of a selected coronary artery
segment. were detected automatically from optcally
magnified and video-digitized regions of interest (512
X 512 pixels) of a <ineframe. The absolute diameter of
the stenosis In mulfimeters was determined using the
guiding catheter as a scaling device Fach individual
catheter was measnred with 2 micrometer and used 2s
a scaling device. Correction for pincushion distortion
was performed. The computer-estmation of the orig-
nal dimension of the artery at the site of the obstruction
was used to define the interpolated reference diameter.
The percentage diameter and area stenosis, as well 2s
the cToss-sectional area (mm?), were then calculated,

INTERPOLATED REFERENCE DIAMETER (RD)

\.—’d \ CETERAMINED BY

MLD CURVATLIRE ANALYSIS

et
EXTENT O Ga3TAUCTION
DNAMETER FUNCTION

mamammmmwmmmmwa&m&mw recprocal of radius (R).

MLD = minimal haninal -
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The length of the lesion (mim) was determined from the
ciameter function on the basis of curvature analysis
(Figure 1). Symmetry was defined as the coefficient of
the left-hand distance between the reconstructed inter-
polated reference diarneter and actual vessel contours,
and the right-hand distance between the reconstructed
and actual contours at the site of the obstruction. Sym-
metry index ranged from O (totally ecocentric stenosis)
to 1 (symmetric). The degree of coronary bend was
assessed by the curvature value at the obstruction site.
This parameter was computed as the average value of
all individual curvature values along the centerline of
the coronary segment, with curvature defined as the
first derivative of the tangent &s it moves along the cen-
terline, which for a eircle is equal 1o the reciprocal of
the radius. The area between the actual and recon-
structed contours at the obstruction site was defmed as
the area plaque {expressed in mm=). To standardize the
method of analysis of the intervenzional and follow-up
angiograms, the following measures wege taken!é: First,
the x-ray system was exactly positioned, as was noted
at the time of the ntervention. Second. all study frames
to be analyzed were selected at end-diastole to mini-
mize foreshortening. Third, the investigator-determined
beginning and end point of a segment of 2 major coro-
nary artery were xentified accerding to the defintfions
of the Americar Heart Association.l” Finally, Polaroid
photographs were taken of the video image with the
detected contours superimposed to ensure that the anal-
vsis was performed on the same coronary segments in
consecutive angiograms. Patjents with balloon angio-
plasty were enrolled in ongoing restenosis trials, and
therefore, according to the protocol, systematically re-
ceived intracoronary mitroglycerin before and after an-
gioplasty, and during follow-up catheterization, where-

INITIAL GAIN
RATIO B/A

RESTENOSIS
RATIO &/B

UTILITY
RATIO D/A

{mm)

2.

1.8

FIGURE 2. Graphic Bustrabon of principle of initin! gsin, re-

in pnel WPty dnach Initiz] gAM idex is represented
by the ratio B/A, restenosis index by €/B, and uliity index bry
D/A. A = maximal aciievable increase b mingmat hrvenal -
ameter (MLD); B = gmn in MLD during procedure; G = redue-
tion chmring foBow-up; D = kng-term reseft; RD = refercmce &=
ametor,

a5 patients with atherectomy were less frequently ad-
modnistered intracoronary mitroglycerin at recatheteri-
Zzation.

Restenosis: Two different criteriz were used to de-
fine the restenods rate. We have found a change in
minimal lumen diameter Z0.72 mm to be 2 reliable
indicator of angjegraphic progresston of vessel narrow-
ing.*1%1¢ This value takes into account the lirmitations
of coronary angiographic measuremnents and represents
the long-term variability for repeat measurements of &
coronary stenosis using CAAS. The second criterion for
restenosis chosen was an indrease in the diameter steno-
sis from <50% after intervention to =30% at follow-
up. This criterion was selected because clinical practice
continnes 1o assess lesion severity by percent stenosis.

Asgesswnent of initisl gain, restenosic and utifty ra-
tio: To compare the relative efficacy of vanous inter-
ventional techniques, iz is critical to relate the procedur-
4l outcorne and changes during follow-up to the maxi-
mal achievable result Therefore we propose the use of
the aforementioned ratios in the evaluation of intracor-
onary interventions, Briefly, quantitative angiographic
changes after intracorcnary intervention may be divid-
ed in 3 stages (Figure 2). The first or “operational
stage. is characterized by the interaction of the opera-
tional device with the lesion. In becoming operational,
the diameter of the device may expand (directiopal ath-
erectomy, balloon, stent) or maiptan its onginal di-
mensions {laser, wranshwrnal exmaction catheter, rota-
tenal ablation). During this stage, the maximal effect
of the device is achieved and determmines to what extent
the minimal Iwmiral diameter may be increased. The
intial gain index represenmts the ratio between the
achieved luminal and maximal achievable luminal im-
provements (reference diameter minus minimal Jumen
diameter (MLD) before intervention), and is described
by the following equation: initial gain index: change in
MLD 2t intervention/reference diameter — MLD be-
fore intervention. The initial gain index ranges from 0
(no effect) to 1 (no residual stenosis). The second stage
or “restenosis stage™ begins during follow-up when bio-
logical processes determine the extent of intimal hyper-
plasia ultimately jeading to 2 loss of huminal gain,

The restenosis index represents the ratio of decrease
in Juminal diameter mprovement during follow-up and
the achieved changes induced by intracoronary inter-
vention, and is described by the following equation: re-
stenasis index: MLD after intervention — MLD follow-
up,/change in MLD at interventon. The restenosis in-
dex ranges from 0 (initial benefit mtact) to 1 (inizial
bepefit complezely lost)- i

The utility index represents the ratio of the net gain
in lumen moprovement at follow-up and the maximal
achievable luminal improverent, and is described by
the following equation: utility mdex: change in MLD at
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intervention — change in MLD a1 follow-up/reference
diarneter — MLD before interventgion. The utility index
ranges from 0 (no utility) 1o 1 (perfect result).

Miatching process: The coronary artery wee was
subdivided m 13 segments according to Amernican
Heart Association guidelines,® and the lesions were in-
dividually matched according to stenosis location and
reference diameter. The principles of matching are
threefold: the angiographic dimensions of matched le-
sions are assumed 10 be “identical,” the observed differ-
ence between the 2 “identical™ lesions must be within
the range of CAAS reproducibility of 0.1 mm (1 stan-
dard deviation). and finally, the reference’ diameters of
the martched vessels are selected within a range of +
0.3 mm {3 standard deviations; 99% confidence limits).
To assess the immediate result of atherectomy and bal-
loon angioplasty, 30 coronary artery lesions were select-
ed by an independent technician (EMvS) from a con-
secutive seties of successfully dilated balloon angio-
plasty lesions while complying with the selection ¢riteria
of matching, At the time of selection. the mvestigators
were unaware of the 6-month angjographic gutcome of
these lesions. Matching was considered adequate if the
mean difference of the reference diameter between
the groups equaled O with standard deviaton <0.3
mm." Currently, the Thoraxcenter angiographic data-
base contains quantitatively assessed stenosis data for
2,300 patients treated with either angioplasty (m =
1847), intracoronary stenting (n = 406). or directional
or rotational atherectomy {n = 120).

Statistical smalysiss All values are expressed as
mean * 1 standard deviation. Comparisons of the se-
verity of minimal luminal diameter, area plaque. dia-
meter stenosis, curvature valie symmetry index and
length between the groups were performed using anal-
ysis of varance and the unpaired Student’s r test
Differences were considered statisticaily sigmficant at
p <0.05.

RESULTS

Preprocedural  steposis  characteristics of  the
matched patients are listed in Table I. Matchiog for
stenosis Jocation and reference diameter resulted in
groups of patent with comparable severity of lesions.
Matching was considered adequate because the refer-
ence diameter was equal in both groups (3.03 £ 0.57 vs
3.07 & 0.55 mm: p=not significant), whereas the
mean difference for this parameter between the groups
was 0.0 mm (standard deviation 0.2 mm). Preproce-
dural minimal luminal diameter n the groups with ath-
erectomy and angioplaszy were 1.08 & 0.37 and 1.15 =
0.36 mm, respectivelv. The other stenosis parameters
(diameter stenosis, area plaque, symmetry index and
length) did not differ significanty, with the sole excep-
tion of curvature value, which was lower in the group
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TABLE § Matched Preprocedural Stenosls Characteristics of 30
Patlents with Successfui Coronary Atherectomy Compared with

Sueeesstul Balloon Angiopiasty
Befors Betore
Atherectomy Angloplasty
Reference dlameter (mm) 3032057 3.07 =0.55
Minlmmal luminat diameter 1.08=037 1Li5=036
(mem}
Digmeter stebasis (%) 84 =10 638
Area plaqué (mm) a5 %64 84 =36
Curvature value 158=70 222 =131
Symmetry index 06 =02 05=03
|_ Length §8=27 65=2.6
t_ *p <0.02.

TABLE W Quantitative Comparison of the Immediate and
Long-Term Resuits of Atherectomy and Balloan Angioplasty
[ (n=30)

Urpalred
Atherectomy Angiopiasty tTest
Reference diameter
{mm]
Pre 303057 307=055 NS
Post 324032 3.0%=056 NS
Foliow-~up 2,81 =057 304 = 065 NS
Mnlmal iuminat
tlameter (mm)
Pre l08=037 1.15=036 NS
Peast 2,51 =033 1.92 =031 0.0000
Follow-up 169 =058 157=058 NS

Difference in minimal
{umiral ¢lameter (Mm)

Posttopre 163=047 077=030 Q0000

Postwoftliow-up 092 =0.69 035=051 Q0005
Dlameter sienosis (%)

Pre 64=10 63=8 NS

Post 19=9 37 =10 0.0000

Foligw-up 7 =18 47 =18 0.ca
Ditterence in diameter

stenasts (%)
Pre—post A5 =12 26=12 0.0008
Felinw-up—post 18=17 10=17 NS

NS = notslgnificant; Pest = 2fter intervent:on; Pre = before ntenention.

with atherectomy than in that with angioplasty (15.9 +
70 vs 222 & 13.1: p <0.02).

The immediate efficacy of atherectomy and angio-
plasty as assessed by quantitative angiograpby is shown
in Table II and Figure 3. As expected, both atherec-
tomy and balloon angioplasty significantly improved
minimal Juminal dfameter {1.08 £ 0.37 10 2.61 & 0.33
mm {p <0.0001} and 1.15 & 0.36 10 1.92 £+ 0.3] mm
[p <0.001], respectvely), but the increase m minimal
luminal diameter was superior in the group with ather-
ectomy than in that with angioplasty (1.53 vs 0.77 mum;
p <0.0001). Accordingly, the initial gain ratio of ather-
ectomy was also superior when compared with that of
angioplasty (0.84 £ 0.36 vs 0.41 £ 0.13; p <0.00001).
Thus, percent diameter stenosis was reduced from 64 =
10to 19 & 9% (p <0.0001) in the group with atherec-



TABLE Bf1 Quantitative Assessment of Initlal Gain. Restenosis
and Utllity Ratios After Atherectomy and Baligon Angioplasty

{n = 30}
Unpaired
Arherectory Angioplasty tTest
Initlal galn ratic 0.84 =036 Q.41 =018 Q.0000
Restenos:s ratlo 0,56 = 0.55 062110 NS
Utility ratic 029=0.33 0.23 =028 NG

NG = Aot sigrificons

tomy, and from 63 + 8 10 37 £+ 10% (p <0.001) m the
that with angioplasty-

At follow-up, all patients with atherectomy and an-
gioplasty included in this study underwent 6-month
control catheterization. Angiographic follow-up in the
groups with atherectony and angioplasty were 95 and

92%. respectively. Angiographic analysis at follow-up
(Table II and Figure 4) showed 2 decrease in minimat
luminal diameter in both groups (2.61 & 0.33 10 169
=+ 0.58 mm with atherectomy. 1.92 £ 0.31 to 1.57 &
0.58 mm with angioplasty). Thus, the Joss in minimal
luminal diameter was more pronounced in the group
with atherectomy than in that with angioplasty (0.92 2
069 vs 0.35 £ 051 mm; p <0.0003). Accordingly.
percent diameter stenosis increased from 19 & 9 to 37
+ 18% in the group with atherectomy, and from 37 =
1010 47 + 18% In that with angioplasty. The concomi-
tant restencsis and utility ratios are listed m Table II1,
Percent restenosis {detectable hyperplasia by quantita-
tive coropary analysis) according to the 0.72 mm de-
crease in minimal luminal diameter (2 times the stan-
dard deviation of the long-term variability of the mini-

% N=30 LESION.
100 ( E S}
g0r
80r Post
7or HGURE&QM:WM@-
S0F resuits of Erectional atherect
Mmmwm)m
50 hed lerions, Direct
wmmwmmmndh-
40r minal Gameter (MLD) from 1.08 to 2,62
e, wherezs anpioplasty induced an in-
30r cresse from 1,35 to 1.92 mem, Post=
20+ — DCA after itervention; Pre = before interven-
Rooer.
=« PTCA
101
0 . L L
0 25 3 3.5 4
MLD (mm}
% (N=30 LESIONS)
100; = o~ '
g0+ |
80!-
7or
80~ FIGURE 4. Cumsstive trequency of long-
IL term results of directional stherectoumy
50! and angoplasty i this matched popala-
tion. At G-month follow=mp (Ftigp), mwtial
40 favorable result of atherectomy ks fost
30 compared with that of haSoon angioplasty.
Other abbeeviations &5 in Fizure 3.
20 ~— DCA
10 / - PTCA
o ; . . L ; L
0 0.5 1 15 2 2.5 3 35 4
MLD (mm)
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mal luminal diarneter measurerments using CAAS ¢ti-
terion} was 60% in the group with atherectomy versus
36% in that with angoplasty. When restenosis is de-
fined by an increase in diameter stenosis >50% at fol-
low-up, the restenosis percentages are 20 vs 16% (ath-
erectomy vs angloplasty).

DISCUSSION

Coronary angioplasty i now an accepted form of
treatment for patients with coronary artery disease. In
the past, exponential growth in angioplasty has partly
been the result of an Increase paticats returming with
restenosis. Despite extensive efforts to improve catheter
equipment we are stil upable o effectively reduce
the rate of restenosis. Becanse no fundamental design
changes in balloon or balloon-derived catheter tech-
naques are ernerging, debulking techniques, such as di-
rectional atherectomy, have been introduced 1o Improve
the angioplastic process and t¢ presumably reduce the
rate of restenosis. The potential advantages of debulk-
ing atheromatous tssue over remodeling plague with
balloon angioplasty include: minimizing smooth muscle
cell injury by wall stress; eliminating smooth muscie
cells and thereby reducing their proliferative potential;
improving regional blood flow and rheology by mduc-
ing fewer fissures or dissections; reducing radial stretch
forees, as applied with 2 dilating balloon: and creating
larger increases in minimal luminal diameter. Indeed.
recent studies have reported a larger increment I lum:-
nal improverment after atherectomy than after conven-
tonal balloon angioplasty, !4 whereas other investigators
observed a low Incidence of postprocedural dissec-
THons, 113214

Study design: Whether atherectomy is sipetior 1o
balloon angioplasty can ooy be asszssed by 2 random-
ized study. This type of study would take several years,
during which continuing refinements and improvements
of catheter systems would 1ake place. rendering the
comparison unreliable and apen to criticism. Therefore,
we proposed a matching technique based on stenosis
location and reference diameter to compare the resnits
of various imtracoronary imterventional techniques. At
present, this technique may be the best surrogate for a
randomized trjal when one tries to compare the short-
and long-tezm resuits of atherectomy with those of con-
venticoal angjoplasty. Using our matching program we
selected comparable stenotic lesions with respect to
baseline characteristics (minimal luminal diameter, di-
ameter stenosis, length, area plaque and symmetry in-
dex) as assessed by quantitative angiography. This
study group reflects the baseline stenosis characteristics
in patients treated with atherectomy*? or bafloon angio-
plasqr_-‘.?.l
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immediate resuits: This study confirms previous re-
ports of improved luminal gain after atherectomy com-
pared with that after conventional angioplasty.1* Ather-
ectomy resulted in a twofold increase in minimal lumi-
nal diameter (1.09 2 0.37 to 2.61 £ 0.33 mm)
compared with that with angioplasty {1.15 % 0.36 to
1.92 & 0.31 mm). Accordingly, percent diameter ste-
nosis decreased more dramarically after atherectorny
than after apgioplasty. This improvement in luminal
gain with atherectomy may be due to 3 mechanisms.
First, introduction of the bulky device itself causes a
lumer enlargernent due to the “Doner™ effect. Second.
the subsequent inflation of the support ballocn may
lead 1o further enlargement by stretching of the vessel
wall Finally. excision of the plaque determines the final
result.

Restenosis: Recurrence of a stenosis after intracoro-
nary imtervention may be assessed by clinical symp-
toros, stress testing or coronary angiography. Because
symptomns and functional achievement at exercise 1est-
ing have Jow predictive values in regard 10 restenosis,
diagnosis of restenosis should be based on reproducible
quantitative angiographic measurements USIng 2 Com-
puter-assisted techmique with either autormated edge de-
tection or videodensitometry. Furthermore, the defini-
tion of restenosis is a matter of ongoing debare. It has
been shown by our investigative group.*22 as well as by
others,? that the determination of the severity of steno-
sis using percent diameter stenosis does not reflect
changes after angioplasty, because the adjacent part of
the dilated vessel may zlso be inveolved in the restencsis
process, or the reference diameter mav be simulta-
neously reduced. Therefore, we selected minimal le-
minal diarmeter as a parameter for the morphologic
changes after athersctomy or angioplasty. Minimal lu-
mipal dizmeter at follow-up was 1.69 mm for the group
with atherectomy compared with 1.57 mm for that
with balloon angioplasty (p = not significant). These
findings are similar 1o previously docurnented late fol-
low-up studies of coronary balloon angioplasty (1.69 to
1.82 mm)* and stenting (1.68 mm ). Using the Z30%
diameter stenosis criterion, the rates of restenosis affer
atherectomy and angioplasty were 20 and 16%, respec-
tively. Previous studies on restenosis after primary coro-
nary atherectomy reported an incidence of restencsis of
20%* 112 using the =50% criterion. Thus, during fol-
low-up, the injtial greater gain in luminal diameter af-
ter atherectomy compared with that after balloon angi-
oplasty 15 rorally lost At follow-up. the reduction in
rxinimal luminal diameter was 0.92 mum after atherec-
tomy compared with 0.35 muo after angioplasty (p =
0.0005). Although minimal luminal diameter changed
more dramatically in the group with atherectomy than



in that with angioplasty, both had equal restenosis
{0.56 vs 0.62; p = not significant} and utdity (0.29 vs
0.23; p = not significant) ratios, indicating that the rel-
ative changes are equal for both mterventional tech-
niques.

Ammal and atherectomy studies!i~1320 have dem-
onstrated that fibrointirnal hyperplasia may develop in
coronary arteries previously eated by bzlloon angio-
plasty or atherectomy. Pathologic findings have raised a
theory that deeper vascular injury is associated with a
greater intimal proliferation. Injury bevond the subinti-
mal level has been shown to be associated with more
extensive intimal proliferation ™ These data are sup-
ported by Webster et al*® who found a greater smooth
muscle proliferation after high-inflation pressure with
the same balloon size when compared with that after
low pressure. Furthermore, an mital follow-up stady
after atherectomy indicates that this process may be
accelerated when deep vessel wall components such as
media and adventitiz are removed.’? Additionally, ath-
erectomy may lead to profound distupture of the vessel
wall architecture. Finally, the introduction of the
bullder atherectomy device may potentially lead w0 a
greater amount of vessel wall stretehing compared with
that with the smailer balloon catheter system. All these
influencss may account for the greater cellular prolifer-
atien of the lesion treated by atherectorny.

Study Gmitstions: There are several limitations to
this study. First, it is an uncontrolled, observational
study limited to 2 subset of patients with successful cor-
onary atherectomy or balloon angioplasty. This consec-
utive series of patients were studied by investigators
unaware of the late angiographic resuits. Although
matching for angographic variables is a promising
techmique to assess the efficacy of ntracoropary inter-
ventions, patient- and procedure-related variables are
not incladed in the analysis. Second, lesion complexity
was not incorporated in the analysis. This is usually de-
fined qualitatively™; however, an objective and quanti-
tative description of stenosis morphology has recently
been introduced.” Further fmprovement in quantitative
analysis may assess lesion morphology in 2 continuous
scale fashion rather than assipming lesions to discrete
categories. This type of analysis should be incorporated
in furure trials studying the efficacy of various interven-
tional techniques. Third, this study is based on early
experiences with atherectomy. Careful patient selection,
future design changes and improved operator experi-
ence may further inprove the immediate and long-term
results. Thus, controlled clinical trials ate needed in the
future to determine the immediate angiographic resnlts
and long-term efficacy of these interventions, as well as
the benefit. If any, to particular subgroups of patients.

These studies should also address the presumed tme
frame for restenosis after any partcular intervention.
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Chapter 12

Restenosis Index: a new concept for the evaluation of the
restenosis process
(in preparation)
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Comparative index for assessing the resuits of inferventional devices
in coronary angioplasty.

KJ Beatt, PW Serruys,

Charing Cross and Westminster Hospital, London

and Thoraxcenter, Rotterdam.

Intreduction

The limitations of balloon coronary angioplasty and the clinical, scientific and commercial pressures to
provide more effective means of non-surgical revascularisation have led to the deveiopment and
evaluation of an increasing number of new devices (1-11). In the past 3-4 years these devices have
been introduced into clinical practice in the hope that they will be shown to improve the outcome of
conventiona! balloon angioplasty, by achieving a better immediate result, reducing the acute
complication rate, and perhaps most importantly by reducing the impact of restenosis on the long term
outcome of patients undergoing the procedure. They have been designed to incorporate one of two
principles pertinent to the long term success: debulcking to produce a sufficiently good result to more
than compensate for the normal restenosis process, or alternatively by dilating the the stenosis in
such a way that that the stimulus for restenosis wili be minimised (12).

It has not always been possible to define clearly the utility of these devices and to place them
accurately in the spectrum of angioplasty armamentarium. In the past our attempts at accurate
evaluation were hampered by a lack of understanding of our measurement systems for assessing
“restenosis”. The realisation that the restenosis process has a Gaussian population distribution, has
exposed many of our past efforts as being inaccurate and even misleading and has explained why
some the early expectations have not been realised (13-14).

The most effective way to assess these devices would be to conduct well controlled clinical trials
desighed to compare each individual device, not only with balloon angioplasty but also to each new
device as it becomes available. This is clearly not practical in the early evaluation stage and
experience has shown that these trials take many years 1o organise and perform, by which time the
device and related techniques have been further refined so that the results produced may no longer
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be regarded as revenant. In the absence of such accurate data a new index is proposed which will
aliow the comparison of the devices by the use of quantitative angiographic measurements. This index
addresses the problem of the relaticnship between what is achieved at angioplasty and the restencsis

process.

Rationale for indices

Resent studies have shown that the "restenosis process" is influenced by the angioplasty procedure
and in particular there Is increasing evidence that the magnitude of improvement in the minimal
luminal diameter at the time of angicplasty is the factor that most influences the degree of restenosis.
This so called "paradox of restenosis" means that by focusing on the ability to improve the immediate
result the more important fong term outcome may be compromised by a more aggressive restenosis
response (15). This has particularly important implications in the assessment of new devices which
have been promoted on their ability to improve the immediate results of the procedure; whether this
benefit is maintained in the long term remains in some doubt, with the suggestion a more aggressive
restenosis responsive with some of the devices (16-17).

It is unclear whether some of the new devices used clinically exert any potential additional benefit
over balloon angioplasty, and clearly if we are 1o adopt more expensive and complicated techniques
then it is important to have direct comparative information. In the absence of controlled clinical trials
this comparative information is unlikely 1o become available in the near future. It is therefore useful to
have some method of making comparisons and in particular to relate the outcome to the “gold
standard of conventional balloen angioplasty.”
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Diating Restonosis Utility

Index Index Index
3.2 7 6.32 0.68
3.2mm vessel 0.73 027
S
1 o
0.68 .83 0.45
0.66 027
0.45 04 027

Fig 1

Shown are a number of possible outcomes of a vesse! with a §9 % diameter stenosis (minimal luminal diameter = 1mm,

vessel size = 3.2 mm) The outcomes from the initial dilatation are:

no residual stenosis, dilating index = 1
16% diameter stenosis, dilating indices = 0.628

31% diameter stenosis, dilating index = 0.45
A selection of possible outcomes at follow-Up ranging from 16% to £9%. The relevant restenosis indices and utility

indices are shown. It can be seen that whatever the initial result a final residual stenosis of 50% gives a utility index of

0.27, whereas a return 1o a 9% stenosis gives a utility of 0.
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Curmrent Restencsis Criteria

In the past clinicians have tended to assess and document the acute results of angioplasty
inaccurately with what can now be regarded as rather crude methodology. The most widely accepted
definition of success has been a > 50% diameter stenosis with many reports offering no .'rnore
discriminating documentation than this (degree of improvement, final post-PTCA stenosis). The long
term result has in general been more carefully documented, but in general the concept of "restenosis”
being an all or nothing process has favoured a "cut-off" point (> 50% diameter stenosis) so that often
the distribution of change within the population is not documented, Detalled analysis ,using
guantitative angicgraphy, has shown that any potential benefit of some of the new devices is likely to
be achieved at the tirme of the procedure and may be at the expense of stimulating the restenosis
process (12).

It therefore seems logical to split the dilating effect and the restencsis process, so that the mechanism
by which the device exetts its beneficial effect is fully realised. This can not be done withowt taking
into account the fact that the severity of the initial stenosis and the acute gain influgnce the long term
outcomne and therefore the utility of the device.

Dilating index:

This index is based on the assumption that if all the plaque Is removed then the result is optimal. it is
important to have some assessment of the how effective a particular device is at improving the luminal
diameter of the artery. This is described by the following equation:

Change MLD at PTCA
(Vessel size - MLD pre PTCA)

Dilating index =

Index range: 0 (no effect} -> 1 (perfect).
Restenosis index:

This is designed to reflect the “restenocsis process” and essentially assess the loss of the initial géin at
long term follow-up. It is the ratio of the change in minimal luminat diameter from immediately post
angioplasty to follow-up and the change in diameter at angioplasty. It is expressed by the following
equation:

(MLD post PTCA - Change MLD at Follow -up)
Change MLD at PTCA.

Restenosis index =
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Index range: 0 (perfect) ->>1 (poot)

Utility IndeX:

The overall utility index is designed to give an assessment of the residual stenosis at follow-up in
relation to the original stenosis prior to the procedure. [t addresses the question of, "How effective is
the device at improving the lumen of the vessel and maintaining this improvement at long term foliow-
up.” it Is expressed by the following equation:

(Change MLD at PTCA - Change MLD at follow-up}
(vessel size - ML.D pre PTCA)

Utility lindex=

Index range: 0 (no wtility) -> 1 (perfect)

[MLD = minimal luminal diameter, PTCA = coronary angioplasty.]

e
Balloon angicplasty (L] it expanding ztont
e —————— B e R S ————

Dilating Reztonosis

Indicen
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Shown are the changes in the minimal luminal diameters during and post angioplasty for the popuiations

shown in Figure 2. The filled circles represent the mean reference di forther

pective pop

CONCLUSION

The uses of the three indices seem to reflect the changes occurring in the vessel lumen.

In the absence of more direct comparisons the proposed indices provide a means of comparing the
short and long term benefits of new interventional techniques that are being introduced to improve on
the resuits of conventional balioon angloplasty

Comparisons in this way should help to reduce the misinformation that seems to accompany the

introduction of the new devices, and will allow the resources to be directed towards those areas which,
at an early stage are shown 10 be the ones with the most promise.
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Summary

Percutangous transluminal coronary angioplasty has made an important impact on the
tréatment of coronary artery disease. |t has become an alternative to coronary bypass
grafting as a revascularisation procedure for coronary artery disease, and for the past
decade, each year there has beeh a greater degree of acceptance within the cardiological
community as to the indications for the procedure and the benefits of it.

Our understanding of the acute complications has also improved, but progress in the field of
resienosis, which can be regarded as the principal limitation of the procedure, has been
disappointing. A reduction in the restenosis rate by as little as 25% would have enormous
implications for the treatment of coronary artery disease. It would lead to an expansion in
indications resulting in angioplasty becoming the main revascularisation procedure, while
greater reductions in the restenosis rate woukd have important implications in the area of
secondary prevention resulting in an even greater demand for the procedure. -

The thesis deals entirely with the assessment of coronary anatomy by quantitative
angiography, and while developing the technique for the assessment of restenosis it also
points out the limitations of the technique. By not paying suificient attention to fundamentals
of clinical measurement, such as variability, precision and predictability, we have followed the
same path that many other systems for assessing disease severity have trodden before us.
The lessons learned in dealing with this relatively new clinical problem sheuld be applied to
other areas of clinical medicine.

The fundamentals of the restenosis process are not addressed. Rather the methods of
assessing restenosis developed and some selutions to the uncertainties that have
surrounded the topic in confusion have been put forward. The limitation in using a categorical
approach for the assessment of restenosis is understood and developed is an alternate
methodology for the assessment of the process. This methodology can be applied equally
well to the new era of angioplasty as it has been to conventional balloon angioplasty. One of
the major problems recognised at the beginning of these studies was the failure of the
cardiclogical community to adopt a standardised methodology for the comparison of acute
angioplasty results and the restenosis process. In this respect some progress has been
made, and ajthough there has been much controversy over the past five years, there is now
broad agreement on both sides of the Atlantic that the arguments developed in this thesis are
relevant to any assessment of the post-angioplasty patient, and are mandatory for any study
critically addressing the problem of restenosis.
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Current arguments regarding the best methods for assessing and comparing the newer
generation of interventional devices are unresolved. It is expected that the Dilating, restenosis
and Utility Indices with time will become as aceepted as the other concepts derived from the
these studies. These together with a more standard approach for reporting the early results
so that potential problems have to be addressed rather than hidden will benefit our patients
and the development of the field.
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