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Nature is built on large principles. Nature does not built distinct
principles for a tree, a bush, a flower, a man. All are built on a common,
large basic principle - therefore it does not really matter what is the topic
thal we study, if we are inteligent enough to understand the basic principle,
the structure of life,

Albert Szent Gyo6rgyi (1893-1986)
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General Overview

Investigation of the characteristics of the atheromatous plagque has gained new
interest since the advent of pharmacological and mechanical intervention in the
coronary arteries. Most of the information available on plaque substrate and its
modification by such interventions was based in pathological or angiographic
studies. However, major bias occurs when these sources of knowledge are used.
Post-mortem studies are performed only in those patients with the extreme of the
clinical manifestations of a syndrome and a fatal outcome, or in cases where death
occurred as a consequence of failed intervention. On the other hand, angiography
constitutes a “shadowgram” or luminogram which provides limited insights on the
nature of coronary obstruction, and no information as ro the characteristics of the
arterial wall and .

Cartheter based intracoronary imaging techniques provide a major opportunity to
solve the above discussed limitations. Intracoronary ultrasound and angioscopic
imaging provide complementary information as to the scructure and composition
of the arterial wall and the modifications in the luminal surface of the coronary
arteries. :

The research collected in this thesis was performed at the time when application
of these rechnologies on living humans was in its early stages. We have divided che
thesis into three parts. In the first part of this thesis, some of the potentials and
limitations of quantitative angiography are discussed and compared with
intracoronary ultrasound. Chapter one, focuses on the potential of quantitative
angiography as used in clinical practice, for the idencification of a significant
coronary lesion. For that purpose, dobutamine stress test was used as a gold
standard to detect significant myocardial ischemia. In chapter 2, the value of
quanritative angiography for the quantification of the plaque burden and
identification of the reference (disease-free) segment was compared wich
intracoronary ultrasound. Chapter 3, focuses the advantages of intracoronary
ultrasound for the assessment of vascular dimensions.

In the second part of this thesis, intracoronary ultrasound and angioscopy were
compared with angiography in the study of plaque morphology at different stages
of coronary heart disease. In chapter 4, the combined use of intracoronary
ultrasound and angioscopy was used to provide insights in the pathogenesis of
stable and unstable angina. In chapter 5, angioscopy was used for the study of
patients presenting refractory unstable angina, and the histological analysis of the
atherectomized specimen was used to validate the angioscopic analysis. In chapter
6, angioscopy was used to investigate in-vivo characteristics of the stenotic lesions
in stable and unstable coronary syndromes, with pardicular attention co the
prevalence and extent of coronary thrombosis,

In the third part of this thesis, the value of intracoronary imaging techniques in
the study of the action mechanisms of current coronary interventions is discussed.



In chapter 7, the use of intracoronary ultrasound in the assessment of plaque
morphology and on the action mechanisms of catherer-based coronary
revascularization is briefly reviewed along with our own experience. In chapter 8,
the potentials of angioscopy in the setting of percutaneous coronary interventions
is reviewed with focus on possible strategies based on angioscopic observations. In
chapter 9, ultrasound was used to evaluate the impact of plaque morphology on
the mechanisms of lumen enlargement following balloon angioplasty. In addition,
the value of the angiographic unrecognized lesions with a disease-free wall on the
results of balloon angioplasty were underlined. In chapter 10, the combined used
of quantitative angiography, ultrasound and angioscopy were used to derive
several injury scores following balloon dilation and directional atherectomy. These
scores were used in an attempt to quantify vascular trauma following these
interventions and to give further insights into the restenotic process following
coronary angioplasty. Chapter 11, reviews the mechanisms of action of direcrional
atherectomy using data derived from these new imaging modalitics with particular
emphasis to lumen configuration.
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Quantitative Coronary Angiography
in the Estimation of the Functional
Significance of a Coronary Stenosis:
Correlations with Dobutamine-
Atropine Stress Test
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Abstract

Objectives

The purpose of this stndy was to determine the predictive value of quantitative coronary angiography
in the assessment of the functional significance of coronary stenasis as judged from the development of
left ventricutar wall motion abnormalities during dobutamine-atrapine stress echocardography,

Background

Coronary angiography is the reference method for assessment of the accuracy of noninvasive diagnostic
imaging techniques to detect the presence of significant coronary stenosis. However, wse of arbitrary
cutoff criteria for the interpretation of angiographic data may considerably influence the true
dingnostic accitracy of the technique investigated.

Methods

Thirty four patients without previous myocardial infarciion and with single veisel coronary stenosis
were studied with both quantitative angfography and dobutamine-atropine stress echocardiography,
Two different techniques of quantitative angiographic analysis - edge detection and videodensitometry
- were used for meastrement of minimal lumen diameter, percent diameter stenosis and percent area
stenosis. Tiwo-dimensional echocardiographic images were collected during incremental doses of
intravenous dobutastine and later analyzed using a 16-segment left ventricular model. Angiographic
cutoff criteriq were derived from receiver-operating curves to define the functional significance of
coronary stenosis on the basis of dobutamine-atropine stvess echocardiopgraphy.

Results

The angiographic cutoff values with the best predictive value for the development of left ventricular
wall motion abnormalities during dobutamine-atropine stress echocardiography were minimal bimen
digmeter of 1.07 mim, pereent diameter stenosis of 529, and percent area stenosis of 75%. Minimal
Tumen diameter was found to have the best predictive value for a positive dobutamine stress test (odds
ratio 51, sensitivity 94%, specificity 75%).

Conclusions

Autorated quantitative angiographic measurements of winimal lumen diameter is a practical and
useful index for determining both the anatomic and functional significance of coronary stenosis, and a
valwe of 1.07 mnt is the best predictor for a positive dobutamine stress test,



Introduction

Establishing the functional significance of coronary stenosis detected by contrast
angiography is a clinical challenge, especially in the case of intermediate stenotic
lesions. The traditional criteria for determining the presence of functionally
significant disease, a 50% reduction in lumen diameter by visual estimation,
suffers from considerable interobserver and intraobserver variability ', making
this criterion unreliable in the estimation of the functional impact of lumen
obstructions 2. It is in the range of mild to moderate stenoses (30% to 60%
diameter stenosis) that the discrepancy between visual estimates and objective
measurements of lumen dimensions is most marked **, Computerized
quantitative coronary angiography reduces the latter source of error and provides
objective measurements of lumen dimensions, but the physiologic significance of
a given coronary stenosis remains unclear. Because of the use of arbitrary cutoff
criteria in previous studies addressing this problem, and in which coronary
angiographic estimates of severity were compared with other imaging, objective
index are lacking.

Recently, dobutamine stress echocardiography has been introduced as a safe and
reproducible technique for the diagnosis of coronary artery discase “'%, Several
studies have indicated good correlation between the development of wall motion
abnormalities during stress echocardiography and the severity of coronary stenosis
%, However, these studies have limitations because either visual interpretation of
the angiogram was performed “*** or arbitrary cutoff poines ¥ for quantitative
angiographic data were used.

The goal of this study was to investigate which quantitative angiographic variables
of stenosis severity best correlate with the development of ischemia-induced wall
motion abnormalities during dobutamine-atropine stress echocardiography.
Angiographic cutoff ctiteria were derived from receiver-operating curves to obtain
objective criteria for assessment of functional significance of stenosis severity.

Methods

Study patients

The study patients included 34 consecurive patients referred from the
catheterization laboratory, with a single vessel coronary stenosis judged to have
=230% diameter stenosis by visual assessment. The coronary angiogram was
performed within 2 weeks before the performance of dobutamine-atropine stress
echocardiography. The stenosis was located in the left anterior descending
coronary artery in 26 padents, left circumflex coronary artery in 3 patients and
right coronary artery in 5 patients. Mean age was 61.3 £12.6 years {range 32 wo
79). There were 21 (62%) men and 13 (38%) svomen. Patients with unstable
angina, previous myocardial infarction and left bundle branch block were
excluded. Patients receiving antianginal medication, consisting of beta-adrenergic
blocking agents (24 patients), either alone or in combination with nitrates or



calcium-channel blocking agents, or both, that was not discontinued before the
study.

Dobutamine-atropine stress test

The protocol used at the Thoraxcenter in the performance of dobutamine-
atropine stress echocardiography has been described in detail elsewhere ', Briefly,
two dimensional precordial echocardiography was performed at rest and during
incremental doses of dobutamine. After a baseline 12-lead electrocardiogram
(ECG), dobutamine was infused through an antecubital vein starting at a dose of
10 pg/kg body weight per min for 3 min and increasing by 10 pg/fkg per min
every 3 min to a maximum of 40 [ig/kg per min (stage 4). This was continued for
6 min in the absence of an ischemic response. In patients not achieving 85% of
maximal predicted heart rate, atropine (0.25 mg) was given intravenously at the
end of stage 4 and repeated to a maximum of | mg with the continuation of
dobutamine for a further 5 min if necessary to achieve the previously mentioned
target heart rate. The infusion of dobutamine was stopped if the patient
developed marked new wall motion abnormalities, ST segment depression >0.2
mV 80 ms after the ] point, ST segment elevation, typical angina, significant
arthythmias, a decrease in systolic blood pressure >40 mm Hg from rest fevel or
any complication considered to be related to the stress test.

Standard apical and parasternal views were recorded in a closed cine loop quad-
screen format on super-VHS videotape, facilitating the comparison of rest and
stress images. During the analysis of the images, the left ventricle was divided into
16 segments V, and each segment was scored using a four poine scale: 1 = normal
wall motion and thickening; 2 = hypokinesia; 3 = akinesia (absence of systolic wall
motion and thickening); 4 = dyskinesia (systolic outward wall motion with
thinning).

Images were reviewed by two experienced investigators who were unaware of the
clinical and angiographic data. Agreement between the two observers was required
for the classification of wall motion abnormalities. In cases of disagreement the
opinion of a third investigator was considered. An ischemic response was defined
as a stress-induced new wall motion abnormality or a worsening of wall motion
abnormality at rest.

The location of wall motion abnormalities was correlated with coronary arterial
distribution by the same methodology as previously described by Segar et al. ©
after a modification of the scheme of Bourdillon et al. 7. The apical lateral and
apical inferior segments were considered to be areas of overlap. The apical lateral
segment was considered to be part of the left anterior descending coronary artery
territories in association with additional septal or anterior wall motion
abnormalities. The same segment was considered to be part of the left circumflex
coronary artery distribution in association with posterior or posterolateral wall
motion abnormalities. The apical inferior segment was related to the right
coronary artery system if there were additional inferior wall motion abnormalities
and to the left anterior descending coronary artery region in the presence of
anterior or anteroseptal wall motion abnormalities.

— 7



Quantitative coronary angiography

All 35 mm films were analyzed using the Cardiovascular Angiography Analysis
System II (CAAS II, Pie Medical). The automated edge detection and
videodensitometric techniques of this system have been validated and described in
detail elsewhere "?2, All measurements were performed from end-diastolic frames
with optimal vessel opacification.

Fdge detection. A region of interest of 512 X 512 pixels was selected and digitized
using a high fidelity charge-coupled device video camera. The lumen edges were
detected on the basis of the weighted sum of the first and second derivative
function of the brightness profile of each scan line perpendicular to the vessel
centerline. The vessel diameter function was determined by computing the
shortest distance between the right and left contours. Calibration of these
measurements to absolute values was achieved by using the catheter tip as a scaling
device. A computer-derived estimation of the original arterial dimension at the
site of obstruction was used to calculate the interpolated reference diameter. This
technique is based on a computer-derived estimation of the original values over
the analyzed region. The calculation is based on a first degree polynomial
computed through the diameter values of the proximal and distal portions of the
arterial segment followed by a translation to the 80th percentile level.
Videodensitometry. Densitometry is based on the approximate linear regression that
exists between the optical density of a contrast enhanced lumen and its absolute
dimensions. To follow this approach, the brigheness of each scan line
perpendicular to the vessel centerline was transformed into an absorption profile
using a simple logarithmic transfer function to correct for the Lambert-Beer law.
The background contribution was estimated by computing the linear regression
line through the background pixels located left and right of the detected fumen
contours. By subtracting this background portion from the absorption profile of
the vessel, a net cross-sectional absorption profile was calculated. A cross-sectional
area function of the analyzed segment was obtained by repeating this process with
all scan lines. An interpolated reference area was calculated from the reference
diameter assuming a circular cross section. The cross-sectional area at the
narrowest point was identified and expressed in mm2,

Data analysis

All continuous variables are expressed as mean value £ SD. The two-tailed
Student t test was used for analysis of continuous data. The chi-square test and
Fisher exact test were used to compare differences between proportions, The
independent correlation of the angiographic variables to the percent of the
maximal age-predicted heart rate was determined by logistic regression analysis.
Angiographic variables were entered as categoric variables by use of their respective
cutoff values. These values were achieved by determining for each variable the
point of the maximal sum of sensitivity and specificity, when the sensitivity is
equal to or greater than the specificity. Furthermore, receiver-operator
characteristics curve analysis as an objective method for determining the value of
the various angiographic variables in the prediction of an abnormal dobutamine



stress test was applied, This technique is independent of definitions of cutoff
values. The sensitivity (true positive) is plotted against 1-Specificity (true negative)
during the whole range of measurements of a specific variable. Odds ratio and
95% confidence intervals were calculated for comparison of the relative predictive
power of the best cutoff value for each angiographically determined variable. A p
value < 0.05 was considered statistically significant. The statistical package used
was SAS, release 6.04 (SAS Institute).

Results

Results of dobutamine-atropine stress test

Dobutamine-atropine stress echocardiography was positive in 18 patients. There
were no significant differences in age, gender or affected coronary artery between
patients with a positive (group 1) or negative (group 2) test. Beta-blockers were
part of the antianginal therapy in 24 patients (70%). Of these, 10 patients (4%)
developed a positive dobutamine stress test compared with 14 (58%) with a
negative test (p = NS).

"Table T summarizes the results of the dobutamine-atropine stress test. The percent

Table 1. Results of dobutamine stress test in study groups 1 and 2.

Group 1 Group 2
e e fn=18) (=16}
% Maximal heart rate 82+ 14 69 +17 %
Stress angina 6 (18%) 5{15%)
Ischemic ST segment deviation S (15%) 3 (9%)
Atropine 8 {53%) 7 {47%)

* p < 0.05. Data presented are mean value 3 SD or number (%) of patients.

of the maximal age-predicted heart rate achieved was noted to be significantdy
higher (82 % 14) in group | than in group 2 {69 £ 17) (p < 0.05) and in patents
without beta-blocker therapy (87 £ 9 vs. 72 £ 17, p < 0.05). Atropine was added
in 15 patients (12 were receiving beta-blocker therapy). However, because the
presence and severity of the discase is the main determinant of a positive test, the
achievement of the target heart rate was not found by logistic regression analysis
to be an independent predictor of a positive stress test. In Figure 1, the evolution
of the heart rate during the test is shown. Although the maximal heart rate when
atropine was added was higher, it did not change the sensitivity of the test. It was
also evident that patients taking beta-blockers frequently need atropine at the end
of the test to achieve the target heart rate. During the test, angina occurred in 11
patients (32%), with equal distribution in the two groups (6 patients in group 1,
S patients in group 2, p = NS). An ischemic ECG response during stress testing

T T



occurred in eight patients (24%), and again there were no significant differences
between the two groups (five patients in group 1, three patients in group 2, p =
ns).

Results of quantitative angiography
For the entire group, quantitative coronary angiography revealed a mean percent

rest 10 20 30 40 atropine

Dobutamine
{pg / Kg / min}

Figure 1,

Evolution of heart rate (HR) during doburamine infision and atropine administration. Clearly seen fs
the steep increase in heavt rate with the addition of atrapine, althongh the difference in masimal heart
rate bettveen patients who did and did not receive atropine was nor statistically significant,

diameter stenosis of 56 + 20% (range 11% to 100% [four patients with total
occlusion]), a mean percent area stenosis of 74 + 20% (range 24% to 100%),
mean minimal fumen diameter of 1.01 £ 0.59 mm (range 0 to 2.84 mm) and
mean reference diameter of 2.41 £0.52 mm (range 1.64 to0 4.07 mm).

Figure 2 shows the relation between the sensitivity and specificity of the
dobutamine-atropine stress test and their receiver-operator characteristics curves
for each of the angiographic index, as a function of stenosis severity. For clinical
purposes, a cut point is often selected to permit computation of sensitivity and
specificity, variables that are widely used and understood in the published reports
%, There are two commonly used schemes for selecting cut points in this setting,
The first involves the choice of a convenient but arbitrary point, such as 50%
diameter stenosis. The second uses the intersect of the sensitivity and specificity
curves as the cut point #, In the present study an alternative approach was used on
the basis of receiver-operator characteristics curves. We selected the point at which
the sum of the sensitivity and specificity, when the sensitivity is cqual to or greater
than the specificity, reaches a maximum. Because this point takes into account the
shape of the two curves near the point of interception (Fig. 2} it was hoped that
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this technique would provide better diagnostic accuracy. As an example. in Figure
2 if we select the interception of the sensitivity and specificity curves, the sum will
be 159 points (sensitivity 78 + specificity 81}, Using our approach, the sum of the
sensitivity and specificity will be 169 (sensitivity 94 + specificity 75).

All the quantitative angiographic variables revealed a high sensitivity (range 82%
to 94 %) for the identification of ischemia-induced wall motion abnormalities.
Although all the angiographic variables had the same specificity (75%)}, minimal
lumen diameter had the highest sensitivity (94%). Because patients with normal
coronary arteries were not included in the study, the specificity value is probably
underestimated.

Table 2 summarizes the relation of different cutoff points to the outcome of the
stress test. Minimal lumen diameter has a predictive value that is considerably
larger (odds ratio 51), than the commonly used varibles of relative obstruction
(odds ratio of 15 and 23 for percent diameter and percent area stenosis,

respectively),

Discussion

Dobutamine stress echocardiography

The use of dobutamine stress echocardiography in the assessment of myocardial
ischemia offers advantages over the traditional nuclear techniques, including lower
cost, less time, no radiation exposure and greater availability, that justify its
growing application in clinical practice “""213, Because wall motion abnormalities
are an carly and specific indicator of myocardial ischemia, dobutamine stress
echocardiography is potentially supetior to stress scintigraphy, particularly in
patients with mild to moderate stenoses, where transient perfusion defects result
from a maldistribution of coronary flow, and do not necessarily reflect “true”
myocardial ischemia. In addition, single-photon emission computed tomographic
(SPECT) myocardial scintigraphy is associated with a lower specificity compared
with dobutamine stress echocardiography in patients with a single vessel coronary
stenosis 72,

In the study patients the incidence of chest pain and ischemic ECG response
during dobutamine echocardiography was low (32% and 24%, respectively)
without refation to the outcome of the echiocardiographic stress test. This is not
surprising, because in previous studies the sensitivity and specificity of stress-
induced ECG changes in single-vessel disease were also relatively low #2, The
finding of a significant higher heart rate in patients who developed wall motion
abnormalities during dobutamine stress echocardiography underlines the
importance of chronotropism as an additional mechanism to increase inotropism
to induce ischemia, This is in agreement with previous experimental and clinical

datq 163132
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Table 2. Quantitative angiographic results according to cutoff values.

Angiographic

cutoffvalues Sensit,  Specif. P (+) (P()  Oddsratio
MLD < 1.07 mm 94 (84-100) 75(54-96) 81 92 S (4-1929)
A Ste>75% 88 (73-100) 75(54-96) 79 86 23 (2-242)
D Ste = 52% 83 (66-100) 75(54-96) 79 80  15(2-123)

Number in parenthesis are 95% confidence intervals. A Sten, = area stenosis; D
Sten. = diameter stenosis; MLD = minimal lumen diameter; P (+) = positive
predictive value; P (-) = negative predictive value; Sensit. = sensitivity; Specif. =

specificity.

Previous studies

In previous studies, quantitative angiographic measurements of stenosis severity
correlated well with the outcome of stress echocardiography ', In a group of 25
patients with single-vessel disease, Ryan et al. ¥, using the criterion of > 50%
visually determined percent diameter stenosis, found a sensitivity of 76% for
exercise echocardiography. Sheikh et al. ** studied 34 patients with single-vessel
obstruction and reported that all patients with > 75% diameter stenosis by visual
assessment developed wall motion abnormalities during exercise
echocardiography. However, only 50% of the same patients had an abnormal test
if the angiographic cutoff criterion was lowered to 50% diameter stenosis, In a
subgroup of 30 patients with normal left ventricular function at rest and single or
multivessel disease, Segar et al. ¥ described high sensitiviey (90%) of the
dobutamine stress test to detect significant coronary disease using a diameter
stenosis of > 50% by quantitative angiography. Several investigators *™11¢ ysing
the same approach reported a wide variation in the sensitivity values for the
detection of significant lumen reduction. All these studies, however, relied on
arbitrary cutoff points for the determination of significant stenosis, and few
evaluated *** absolute variables of lumen obstruction. The high sensitivity and
specificity noted for minimal lumen diameter in our study (94% and 75%
respectively), although using a different approach, are in accordance with Segar et
al. %, who reported a high sensitivity of the dobutamine stress test in the
identification of coronary stenoses using a cutoff criterion of 1.0 mm for minimal
lumen diameter; however in their study an attempt to determine the best cutoff

point was not reported.

Relative versus absolute measurements of coronary stenosis

It is known that in the setting of diffuse coronary artery discase, relative vartables
of lumen narrowing may underestimate the functional impact of stenosis severity
35, In this study, only patients with a single discrete stenosis were included
therefore it is of greater significance that minimal lumen diameter was found to be



the best predictor of an abnormal stress test. However, even in the presence of
focal disease, angiographically normal segments used in the determination of the
relative measures of lumen obstruction are frequently involved in the
atherosclerotic process, as reported in several intracoronary echocardiographic
studies *¥7, Therefore, absolute dimensions may be a becter indicator of the
physiologic importance of coronary stenoses in medium to large arteries. Our
finding that a minimal lumen diameter of < 1.07 mm is the best variable for the
prediction of ischemia-induced wall motion abnormalities supports this

Raceiver Oparator Curve

1.07 mm
1 EEERE . o ool

™ \.,._‘x I (>33 .07 mm
o4

o8
+7 =
L =

= el
o g
24 © e
23 “
22 620
o1
1 oea =
* Fie) 053 n a6 o 842 vEd o83 160

£
Minlmal tumen Diameler (n;m)
1-Specificily

Recelver Oparator Gurve

52 %
e

N ’_._\-\_.

an

LK f S

08 >

b =
@

a c
o
[ %]

" =] i L2l [7] L] 1A
Diameler Stenosls (%)
t-Spacilicity
75 % Recelver Opearater Curva

5
g m
(24
BT >
o 5
as Z
I g
21 @
az
(3}

FUER T TR

2 k] L1
Area Stenasls {%)

1-Spaclficity

Figure 2.
Relation between the sensitivity und specificity of the dobutarine-atrapisne stress test and the receiver-

aperator cirves for each of the angiographic indexes as a function of the stenosis severity. Lefi,

witriation in sensitivity (solfd cireles) and specificity (open civeles) are presented as o finetion of cutoff
poinss for the different grantitative angiographic variables. Right, corresponding receiver-operator
cirves for the augiographic variables.

hypothesis. In this regard, data derived from the MERCATOR study * revealed
that patients with 2 minimal lumen diameter < I.1 mm at the follow-up had a
higher occurrence of subsequent clinical events. Although it has been reported
that the sensitivity of a visually determined diameter stenosis > 50% and < 70% is
low for the occurrence of new wall motion abnormalities during stress



echocardiography ', the finding in our study of a curoff point of 52% for the
diameter stenosis is in agreement with previous experimental work showing a
decline in coronaty flow reserve at this level # and confirms that for this range of
obstructions, visual assessment overestimates quantitative measurements %,

Edge detection versus videodensitometry in angiographic analysis

Serruys et al. * and Wijns et al. * reported that a videodensitometrically
determined area of obstruction > 80% constituted a physiologically significant
obstruction as assessed by exercise-redistribution thallium scintigraphy, and these
data agree with our criterion of a 75% reduction in cross-sectional area for the
prediction of ischemia-induced wall motion abnormalities. Videodensitometric
determination of percent area obstruction is theoretically independent of the
geometric shape of the lumen obstruction, having the potential to overcome
limitations related to edge detection techniques when using a single projection. In
our study an average of two projections was used to determine the different
angiographic variables, and because situations where the occurrence of a complex
lumen shape were not included in the analysis (e.g., postangioplasty, unstable
angina); therefore was no clear advantage of the densicometrically determined
percent area stenosis over percent diameter stenosis.

Conclusions

Quantitative angiography provides an objective assessment of the functional
significance of coronary stenoses as determined by dobutamine seress
echocardiography. Although relative measurements of lumen obstruction are
predictive of an abnormal stress echocardiogram, minimal fumen diameter
appears to be the optimal variable in the determination of the physiologic
significance of coronary stenoses in medium to large arteries
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Abstract

Background

Automated stenosis analysis is a common feature of conumercially nvailuble quantitative angiography
systems (QCA), allowing automatic detection of the proximal and distal boundaries of the stenosis,
interpolation of the expected dimensions of the coronary vessel at the point of obstruction, and
anglographically-derived estimation of atheromatous plaque size. However, the ultimate meaning of
this type of analysis as to the degree of underlying atheroscleratic disease (AD) remains unclear,

Aim of the study
We investigated the relationship between stenosis analysis performed with the CAAS system and the
underlying degree of atherosclerotic disease as judged from intracoronary ultrsound (ICUS) imaging.

Methods

In 40 coronary stenoses QA was used for automated identification of the sites of maximal fuminal
obstruction and start of the stenosis using curvature analysis of the dicmeter function, Plague size was
medasured using ICUS at both locations, with an additional ICUS measurement immediately
proximal to the start of the stenosis. Crescent-like distribution of plague, indicaring an AD-free are of
the arterial wall, was recorded.

Results

At the site of the obstruction total vessel area mensttred with ICUS was 16.65:4.04 mnt', while an
equivalent measurerent obtained from interpoluted reference dimensions was 7.48+3.30 mnr,
(p=0.0001). Plague area derived from angivgraphic duta was significantly lower than that calenlated
from intravaseudar ulirasound data, (6.323.21 and 13.29£4.22 mnt’, respectively, mean difference
6.92+4.43 mnr, p=0.0001). At the site identified as the start of the sienosis by automated analysis,
ICUS laminal cross-sectional areq was 9.38£3.17 mn, and total vessel area was 18.7745.19 mnt,
(SO 11% total vessel area stenosis). The avterial wall presented a disense-free segment in 28 (70%) of
proximal locations, but only in 5 (129) sites corresponding to the start of the stewosis and no at the
obstriction (p=0.0001). At the site of obstruction all vessels showed a coniplete absence of a disease
[free segment, and the atheroma presented a cuff-like or alt-nround distribution with a variable degree
of eccentricity.

Conclusions

1/ AD was consisently present at the start of the stenasis used a5 a reference site by automated stenosis
analysis. 2/ The mean degree of AD involvement at the start of the sienosis was 50% total area
stenosis. 31 A significant change front crescent to allavound distribution of AD was found at the start
of the stenosis. These findings suggest that the start of the stenosis identified by automated stenosis
analysis represents the point where compensatary vessel enlargement fails to preserve luminal
dimensions, and provide insights on the mechanisms involved in this phenomenon.
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Introduction

During its relatively short history, the role of coronary angiography as a standard
in the assessment of coronary artery disease has been challenged by two types of
limitations. First, visual assessment of stenosis severity from the cineangiogram is
associated with a high intra- and interobserver variability."* Second, major
discrepancies between the appearance of the opacified vascular lumen and the
actual degree of underlying atherosclerosis have been reported.®” These can be due
to the presence of extensive diffuse disease which affects the whale length of the
opacified coronary tree, without a remnant “healthy” reference segment. More
importantly, underestimation of the extent of atherosclerotic disease may occur
due to the fact that during the development of both diffuse and focal
atherosclerotic lesions coronary arteries undergo compensatory enlargement.'™"!

The advent of quantitative angiography has reduced significandy the firse
limitation, Several quantitative angiography systems, including the Cardiovascular
Angiography Analysis System (CAAS) which was developed at our Institution, are
capable of performing automated stenosis detection in a given coronary
segment.'” Using information obtained from computerised analysis of the entire
segment, automated analysis detects not only the proximal and distal boundaries
of the stenosis, but also an interpolation of the expected dimensions of the
coronary vessel at the point of obstruction {a so-called interpolated reference).
‘The angiographic estimation of the amount of atheromatous plaque derived from
this data is also a common feature of commercially available quantitarive
angiography packages, which are likely to become more widely used since they are
now built-in features of many modern digital angiographic systems. In spite of
this, it remains unknown whether the dara calculated from auromated srenosis
analysis can provide reliable information on the degree or presence of underlying
atherosclerotic disease. The use of automatic stenosis detection techniques may
reduce the variability associated with the arbitrary selection of a reference
segment, being useful in longitudinal angiographic studies. However, its basic
premise, that is, that computerised analysis of a large coronary segment
encompassing the stenosis can identify the actual boundaries of the stenosis, has
never been tested.

Intracoronary ultrasound can provide information on the characteristics of the
arterial wall.""'* This characteristic justifies its growing application in the study of
atherosclerotic coronary artery disease,”* and its proposal as an alternative gold
standard to coronary angiography.” However, comparisons between intracoronary
ultrasound and quantitative angiography have been confined only to its ability to
measure luminal dimensions, and never used to investigate the significance of
other findings obtained during automated stenosis analysis.™

The objective of this study was twofold. First, we wanted to investigate with
intracoronary ultrasound the characteristics of the areerial wall at the site



identified by automated stenosis analysis as the proximal boundary of the stenosis,
since previous studies with quantitative angiography have assumed the absence of
atherosclerotic disease at this location for the calculation of interpolated reference
dimensions.” Secondly, we were interested in assessing whether, at the site of
maximal [uminal obstruction, the amount of atheroma derived from automated
stenosis analysis reflects the degree of atherosclerotic involvement as judged by
intracoronary ultrasound.

Methods

Patient population

The scudy population consisted of forty patients (31 male and 9 female) with de
novo coronary stenosis undergoing cardiac catheterisation immediately prior to
percutaneous revascularisation. Mean age was 61:£10 years, All investigations were
approved by the Institutional Review Board of the Thoraxcenter, and patients
were studied after giving informed consent.

Quantitative angiography

In chis study both on line and off-line quantitative coronary angiography was
performed. On line measurements were performed immediacely prior to
intravascular ultrasound examination using a Philips DCI angiography system in
conjunction with a commercially available quantitative angiography package
(ACA, Philips, Eindhoven, The Necherlands). The results of the analysis,
including the location of the beginning and end of dhe stenosis, as well as the
point of maximal luminal obstruction identified by the computerized analysis,
were permanently displayed in a video monitor, serving as a guide for the operator
during the ultrasound study. Coronary cineangiograms were also obtained and
fater analysed off-line in a 3rd generation edge detection quantitative angiography
system (CAAS 2, Pie Data, Maastriche, the Netherlands),*# which uses a similar
algorithm as the ACA for the purpose of stenosis identification and reference
diameter interpolation.” A description of the consecutive steps followed during
the analysis of the cineangiogram is given below:

V Image acquisition: End-diastolic angiographic frames showing the stenosed
vessel were selected. Using a CCD camera, a region of interest of 512x512 pixels
encompassing a wide vascular segment proximal to the stenosis was selected in the
cineframe and digitized for subsequent analysis (Fig. 1A).

2/ Hdentification of luminal edges: Following the identification of the vessel
centerline by the computer algorithm, a number of scanlines perpendicular to it
were obtained. Luminal edges were detected on the basis of a weighted sum of the
firsc and second derivative funcrion of the brightness profile of each of these
scanlines (Fig. 1B).
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Figure 1

Quantitative angiographic analysis us performed in the present study. After a vegion of interess
in the corenary angiogram showing a wide vascular segment enrcompassing the stenosis was
digitised (A), luminal edges were identified using a contonr detection algorithni (B). After
calibration using the coronary actebter as a scaling device was peiformed plotting, the
consectitive vessel diameters were plotted 1o create a so-caled vessel diameter function (C).
Application of specific algorithms to this function made possible the identificarion of the poitn
with minimal luminal digmeter (olid bar) as well as the proximal and distal boundaries of
the stenosis (dotted bars). Based in the diameter finction, the expected dimensions of the vessel
at the site of the obstvuction (interpolated reference diameter) were calculated. (See text Sor

details)
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31 Dianeter finction: Vessel diameters were determined by computing the shortest
distance between the left and right edge positions. These measurements were
converted to absolute values using the coronary guiding catheter as a scaling
device. By plotting all consecutive diameter values obtained at approximately 0.2
mm intervals over the analysed vessel length, a so-called diameter function was

created (Fig. 1C).

4f Identification of the start of the stenasis. Application of specific algorithms to the
diameter function made possible the identification of vessel location where critical
change in the diameter values occurred. In any coronary segment subject of
analysis it is possible to observe dips in the diameter function resulting from
changes in luminal diameter or tmage notse. To discriminate between these
artifactual changes and the actual change in luminal diameter associated with the
start of a stenosis, the diameter function is analysed in the CAAS 11 system using a
curvature detection algorithm which identifies maxima in curvature using variable
degrees of smoothing. The algorithm is nearly identical to that described by
Rosenfeld and Johnston.” The proximal and distal boundaries of the obstruction
are defined by the positions featuring the first local maximum in curvature in
proximal and distal directions respectively with respect to the minimal diameter
position, The extent of the stenosis is indicated in the diameter function by two
dotted [ines as is represented as a shaded area superimposed on the artery (Fig.

1C)

51 Identification of the site of obstruction. From the diameter function, the site of
obstruction is identified as that corresponding to the lowest diameter value in the
segment encompassed between the stare and end of the stenosis.

O/ Iuterpolated reference diameter. The third parameter derived from the analysis of
the diameter curve is the interpolated reference diameter. After the creation of 2
first degree polynomial computed through the diameter values of the proximal
and distal portions of the arterial segment, a translation to the 80th percentile
level was performed. Combining this information with the location of the
obstruction, the expected diameter of the vessel at the site of minimal luminal
diameter was calculated. In this way, a correction for the expected changes in
vessel diameter between the start and end of the stenosis, such as those resulting
from the origin of side branches. is introduced.

71 Angiographically-derived plague area. Based in the above discussed premises,
plaque area was defined as the difference between the interpolated and luminal
dimensions at the obstruction site (Fig. 2A). This is a variation of the calculation
of plaque area performed in the CAAS and other commercially available
systems'*? in the longitudinal axis (Fig. 1 B), and was chosen to facilitate its
comparison with cross-sectional areas measured during intravascular ultrasound (Fig.
2B).
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Method wsed for the caleulation of atheroscleroie plugue avea using quantitarive angiography and
intravascular wlirasound. Assuming q civcular cross seetion, plague ared was calcnlated from quantitative
angiggraphy as the difference between the aveas derived front thre interpolated reference (Int. Ref. D) and
minimal luminal (MLD) diameters. Plaque avea was defined with intravascilar ultrasound imaging as
the difference betteen the areas comprised within the medial and funiinal boundaries, obrained directly
Jrom planimetric measurements.

Intravascular ultrasound

Intravascular ultrasound was performed using a 30 MHz intravascular altrasound
system (Cardiovascular Imaging Systems, Inc., California). Collection of data was
restricted to the pre angioplasty stage. The observer was free to adjust gain,
magnification and other settings of the ultrasound system to obtain optimal
visualization of the plaque and luminal borders. Particular attention was paid to
ensure that the collection of echocardiographic data matched the sites identified
by QCA as the beginning of the lesion and the obstruction site. In order to do
this, on-line quantitative analysis was performed and displayed in one of the
monitors to be used as a reference during the procedure. Once the stenosis was
crossed with the guidewire, the operator was free to perform any contrast
injection, maneuver with the guiding catheter that were required in order to
advance safely the uftrasound catheter until a location distal to or wedged in the
stenosis. This location was documented by contrast injection. A slow pull back of
the ultrasound catheter was then performed, documenting its location with new
contrast injections at the points identified by quantitative angiography as the
obstruction site, beginning of the lesion and its adjacent proximal site. During the
whole procedure, simultaneous recording of fluroscopy and echocardiographic
images was performed using a digital videomixer. This facilitated later the
correlation between ultrasound images and the location of the echo probe in the
opacified vessel. Furthermore, the location of the echo probe was documented in



Figure 3

Intravascular wltrasound findings at the site proximal to the stenosis (A), at the stavt of the stenosis as
defined by automated stenosis analysic (B} and at the site of maximal luminal obstruction (C), defined
atso by antomared stenosis analysis. Note the marked change in distribution of atheroma aronnd the
fumen (centre of the cross-haiv) at the three levels.

pre-designed printed forms during the procedure, using the time counter of the
echo machine (which was recorded along the images) as a temporal landmark.
After the procedure, off-line area measurements in the locations of interest were
performed using digital planimetry which is a build-in feature of the described
ultrasound system. Total vessel area was defined as that comprised within the
echolucent medial layer, while luminal area as that comprised within the luminal
edges. Plaque area was defines as the difference between total vessel and luminal
areas. All measurements were performed independently in two separate sessions by
two observers with expertise in intravascular ulerasound.

Exclusion critervia

Vessels with anatomical features chat interfere with computerized stenosis analysis,
including ostiaf lesions whete a proximal segment of the vessel was not present,
and total or functional occlusions with incomplete opacification of the coronary
segment distal to the stenosis,were excluded from the study.

Statistical analysis
Mean * standard deviation were calculated for all contintuous variables. Least
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squares linear regression analysis was performed and correlation coefficients
caleulated. Continuous variables were compared using two-tailed paired and
unpaired Student’s t test as required. Bonferroni cotrection was applied when
comparison between more than 2 groups were done. A p value less than 0.05 was
consideted statistically significant.

Results

Findings at the site of obstruction,

In the 40 patients studied, quantitative angiography revealed a minimal luminal
cross-sectional area of 1,241, 12 mm?* At the site of obstruction, intravascular
ultrasound yielded a luminal area of 2.8011.64 mm?. Wedging of the catheter was
observed in 24 cases (60%), In the 16 cases where the ultrasound catheter was not
wedged a good correlation between angiographic and intravascular ultrasound
luminal measurements was observed ( 1=0.78, p=0.0002).

At the site of the obstruction intravascular ultrasound revealed a total vessel area
of 16.6534.04 mm?{83110% total vessel area stenosis). This was significantly
larger than that calculated from the interpolated reference dimensions obtained
with quantitative angiography (7.4813.30 mm?, p=0.0001). Thus, quantitative
angiography underestimated the dimensions of the original vessel as assessed with
intravascular ultrasound. As a result of this differences, plaque area derived from
angiographic data was significantly lower than that calculated from intravascular
ultrasound data, (6.3243.21 and 13.29:44.22 mm? respectively, mean difference
6.9244.43 mm?, p=0.0001). Regression analysis yielded a correlation coefficient
between both estimates of plaque size of 0.23 (R-squared =0.05, p=NS).

Findings at the start of the stenosis and in the proximal vessel.

At the site identified as the start of che stenosis by automated analysis,
intravascular ultrasound cross-sectional area was 9.3843.17 mm?, and total vessel
area was 18.77£5.19 mm? {(50%£11% total vessel area stenosis). Significant
differences were found in the distribution of the atheromatous plaque around the
fumen in the proximal vessel, start of the stenosis and site of the obstruction.
Thus, the arterial wall presented a disease-free segment in 28 (70%) of proximal
focations, but only in 5 (12%) sites corresponding to the start of the stenosis and
no at the obstruction {p=0.0001)(Fig. 2). At the site of obstruction all vessels
showed a complete absence of a disease free segment, and the atheroma presented
a cuff-like or all-around distribution with a variable degree of eccentricity

Discussion

From a historical point of view, the reason for the development of computerized
analysis of the stenosis was to reduce the variability associated with arbitrary
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Figure 4

Schematic represenration of the findings in the present stuely. Proximal to the stenosts (A), as defined by
atitomdted stenosis analysis (solid arrows in the diameter function), atherama caused a mean vessel sienosis
of 40%. At the site identified as the proximal boundary of the stenasis mean vessel (B) stenosis was 50%,
progressing to 83% at the site af maximal obstruction (C). The discrepancy with plague size calculated
[fronr the interpolated reference dinmeter (dotted line) may be velated either 1o the incorrect assomption
that at the start of the stenosis no disease was present, or to outward expansion of the plague due to
compensatory enldrgement.

selection for the user of a reference segment, since atherosclerotic involvement
could be demonstrated at that location.™? Coronary angiography represents a
“luminogram” or “shadowgram” of the vessel, and its visual interpretation conveys
litele or no information as to the extent of atherosclerotic diseasc in the arterial
wall. Studies comparing angiographic and pathological data have demonstrated
that visual interpretation of the angiogram underscores the degree of underlying
disease both at the site of the obstruction and in segments which are apparently
free of disease.® Thus, although the advent of early quantitative angiographic
systems had facilitated a more accurate assessment of luminal obstruction,
choosing a reference coronary segment for clinical purposes such as the calculation
of relative measurements of stenotic severity remained associated with high
variability and inaccuracy.
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Change in the distribution pattern of atheroma in the analysed vessel. Proximal ta the start of the stenosis
(as defined by auromared analysis) most vessels presented a characteristic crescent-like distribution of
atheroma, with an apparently disease-free ave of the vessel wall. A significance change from this pattern to
a cuff-like or all-around distribution of atheroma at the sites defined as the stare of the stenosis and
maximal ebstruction was noted. The dissupearence of the diseuse-free arc in the vascular wall may
constitute the landmark for the failure of compensarory mechanisms af vessel enlargement that preserve tha
vascular fumen during the early stages of athevoselerosis progression,

In an attempt to find a solution to these problems, several auromated methods of
analysis of the luminal dimensions have been developed'*"* with the aims of
providing objective identification of the boundaries and length of the stenosis and
identifying a segment apparently free of atherosclerotic discase to be used as a
reference during the calculation of relative measurements, and for the application
of interpolated reference techniques. As we have described above, the approach
followed by the CAAS system consists in applying specific algorithms to a so-
called diameter function, obtained by plotting all consccutive [uminal diameters
in the vascular segment encompassing the stenosis. However, the relationship
between computerized analysis of the Juminal dimensions in a segment that
encompasses a stenosis and the underlying degree of atherosclerosis has not been
previously studied.



The possibility of inferring information on the degree of underlying
atherosclerotic disease from such computerized analysis of luminal
dimensions would be supported by the concept that atherosclerosis is
a focal™ and not diffuse™ process. In this regard, Baroldi et al.**
found in a pathological study of 565 atherosclerotic coronary vessels
that the length of coronary lesions was less than 5 mm in 13%,
berwveen 5 and 20 mm in 38%, and more than 20 mm in 49% of
cases . Thus, a substantial number of coronary lesions have a length
covered by conventional computerized angiographic analysis of a
vascular segment.

Our observations with intravascular ultrasound indicate that
atherosclerotic involvement at the site identified by QCA as the start
of the lesion is common. Therefore, the site identified by the
curvature detection algorithm in the diameter function dees not
correspond, as first thought, to a coronary location free of
atherosclerotic disease. Interestingly, we found thac at this level toual
vessel area stenosis is quite similar to that found by Glagov et al." to
be related with the failure of compensatory mechanisms of vessel
enlargement, which is observed during the early phases of
atherosclerosis progression." The observations reported by other
authors in coronary segments with minimal or no luminal narrowing
as assessed by angiography support our findings. In such segments
total vessel area was occupied by atheroma in 35423% and 45415%
in the work of Tobis” and Hodgson"™ respectively. Although these
observations were performed with a different aim, and therefore the
collection of data was not matched with computer analysis of the
stenosis, it is fair to conclude that protrusion of atheroma into the
lumen probably does not occur below a atheroscleratic involvement
causing 50% reduction in total vessel area, which is located at the
start of the angiographic stenosis. Based on these observations, we can
formulate the first conclusion of our study by saying thar the
proximal boundary of the stenosis identified during automated
stenosis analysis with the CAAS system does not correspond to a
location free of atherosclerotic disease but, presumably, where the
compensatory mechanisms of vessel enlargement fail in preserving
luminal dimensions.

Some qualitative observations with intracoronary ultrasound in
performed in the present study may provide new insights on the
mechanisms underlying compensatory vessel enlargement. We found
that at the level of the proximal boundary of the stenosis there was a
significant change in the distribution of the atheroma around the
coronary lumen when compared with more proximal locations. This
consisted of a change from a crescent-like pattern of atheroma, which



was the dominant pattern in a proximal location , to a cuff-like pattern at the start
of the stenosis. At the point of maximal luminal obstruction, anly this fatter
pattern of atheroma distribution was observed, an observation that fits with the
findings of Hangartner et al.** in a pathological study. The loss of an arc of
disease-free wall, characteristic of the crescent-like distribution of atheroma, may, as
first proposed by Glagov,™ be critical in the loss of compensatory vessel enlargement, a
phenomenon that, as the present study suggests, can be observed at the start of the
stenosis as defined from computerized analysis of the angiogram. Previous work has
demonstrated that in the presence of a normal arterial wall, vessel enlargement occurs in
circumstances of increased shear rate, a phenomenon that appears to be endothelium-
mediated.?* During the progression of coronary artery disease, reactive expansion to the
increased shear stress may constitute the basts of compensatory vessel enlargement, but
it would be expected that would disappear when a complete loss of normal reactive wall
occurs® The abolishment of such compensatory response might be due to complete
encroachment of the lumen by atheroma, leading to a rapid decrease in luminal
dimensions caused by inward growth of the atheromatous plaque. This phenomenon
might explain the disproportionately larger degree of progression in the reference
dinmeter found in a major study on athetosclerosis regression,” since a relativcly small
progression in the disease process propitiated by disturbances in flow caused by the
neighbor narrowing™ may have led to the critical loss of a remnant arc of reactive vessel
wall. These findings complement previous intravascular ultrasound ' and pathological
observations” on the presence of multiple crescents of atheroma in “angiographically
normal” coronary segments, representing foci of atheroma progression that have not
caused luminal obliteration due to ongoing compensatory enlargement.

Finally, we also observed that interpolated techniques are of no use in obtaining a
tefiable estimate of the underlying plaque area. The basic premise of this principle could
be stated by saying that at the point of minimal luminal narrowing the interpolated
reference area should be representative of that comprised within the internal elastic
lamina. However, we found that the interpolated reference area calculated by
quantitative angiography was significantly smaller than total vessel area observed with
intravascular ultrasound. This may be pardy due to the initial failure of the curvature
detection algorithm to identify a segment where no disease was present on which the
interpolation could be based. A second source of error could be due to compensatory
vessel enlargement may have occurred.

We believe that the observations performed during this study introduce a change in the
concepts that are routinely used in quantitative coronary angiography with regard to
automated stenosis analysis.

Stuedy limitations

Since wedging of the ultrasound catheter was required in a number of cases in order to
visttalize vessel wall at the site of maximal obstruction, distortion of the vessel ac that site
may have occurred. However, since atheroma is not compressible, we believe that this
would not influence substantially the measurement of plaque size nor the distribution of
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Introduction

Quantitative angiography has been used to validate the accuracy of the
measurement obtained with the eatly intravascular ultrasound catheters'??, In
more recent reports®? it was suggested that intravascular ultrasound can be
superior to quantitative angiography in the assessment of complex lesions
(eccentric stenosis, asymmetric lesions, vascular dissections). In this article,
advantages and limitations of the two techniques in the assessment of vascular
dimensions are discussed based on the results reported in the literature and of our
experience in 94 patients with coronary artery disease.

Previous studies comparing intravascular ultrasound and
angiography for the assessment of vascular dimensions

The results of 11 clinical studies in which quantitative angiography and
intravascular ultrasound were compared are summarized in Table 1. Differences in
equipment and methods of analysis limit the comparison and interpretation of
data. Linear regression analysis is most commonly used as a statistical test in chese
studies. However, a regression coefficient close t0 1 is not sufficient to conclude
that the two techniques provide similar quantitative measurements', The mean
difference of the paired measurements and indexes of dispersion along the fine of
identity are more meaningful parameters but are not always reported. With the
exception of the study by Tobis et al.® the results indicate that there is a good
correfation between intravascular ultrasound and angiographic measurements in
normal or moderatey diseased segments, In general, larger cross-sectional areas
were measured with intravascular ultrasound than with angiography®*1: A
major limitation for a precise comparison is that the measurement of the same
arterial cross-section is difficult, particularly when a major change of vascular
cross-sectional area occurs in a very short segment. An angiogram of sufficient
quality to be quanditatively analyzed can not be obtained during the echographic
measirements since the catheter positioned in the stenosis causes a severe arterial
occlusion, limiting the distal opacification. In eccentric lesions or lesions treated
with balloon angioplasty a poor correlation and a large scatter of the paired
meastirements was found immediately after balloon dilatation. After angioplasty,
Tobis et al.® observed that the cross-sectional areas measured with intracoronary
ultrasound were up to 50% larger than the corresponding angiographic cross-
sectional areas calculated assuming a circular model.



Tahle 1. Quantitative angiography vs. intravascular ultrasound: Clinical
comparative Studies.

Investigacors  Ps. Vessd " SEE MDif. 9% Dif,
bavi&;an el all 21 Femoroiliac arteries 0.97 1.83 — —
Sheikh et al.? 15 Pemoral arteries 095 091 — —
Theetal ® 8 Femoroiliac arteries  0.96 047 —- —
Bartorelli ce al, * 8 Femoral arterics 0.96 — 0.3 mm 4%
Tobis et al. * 27  Normal segments 0.26 — 2Z.lmm  30%
Stenosis post-PTCA  0.18 — 1.7mm 51%
Nissen eral.? 8 Normal coranaries 092 0.21 -0.05 mm 1%
43 CAD patients 086 043 006 mm 2%
Werner et al. # 14 Normal segments 086 — — —

Stenosis pose-PTCA 048 — e -—
St.Goaretal.” 20 Normal coronaries 0,86 0.07 004dmm 12%
Transpanted patients
Jain et al. © 6 SVG prefpost-PTCA 096  — - —
Hodgsonetal, ™ 34 Reference segment 077 — — —
Stenosis post-PTCA 0.63 — — —
Haase et al. 20 Seenosis post-P'TCA 053 — 23mm —-

CAD, coronary artery disease; Difl, difference; M.Difl,,mean differences; Pts., patients;
PTCA, percutancous transluminal coronary angioplasty; SEE, standard error of the
estimate; SVG, saphenous vein bypass graft.

Percent diameter and cross sectional area stenosis: which
technique provides the correct measurements?

The use of different reference measurements for the calculation of relative vascular
dimensions with quantitative angiography and intravascular ultrasound may
explain the large discordance between the results obtained with the two
techniques (Figure 1). Reference diameter and cross-sectional area are measured in
an angiographically normal segment of the vessel with quantitative angiography.
In muscular arteries intravascular ultrasound allows a direct measurement of the
area inside the internal elastic lamina, the so called original lumen area which
equals to the sum of lumen and plaque area. This area is used as a reference in
intravascular ultrasound. Intimal thickening is often present in angiographically
normal reference segments (Figure 2). Furthermore, a compensatory enlargement
of the vessel is almost invariably present at the stenotic site, as confirmed also in
recent studies with intracoronary ultrasound™. These reasons explain why the
angiographic reference lumen cross-sectional area is smaller than the ultrasonic



Quantitative Angiography
% Diameter Stenosis 33%
% CSA Stenosis 55%

3 mm 2 mm

3 mm 2 mm 4 mm

Intravascular Ulerasound
% Diameter Stenosis 50%
% CSA Stenosis 75%

Figure 1.

Calculation of percent diameter and cross sectional avea stenosis based en intravascidar wltvasound and
angiographic quantitative measurements. The reference lunren digmeter is meastered with guantitative
angiography in the normal ssements of the vessel while intravascular nitvasoitnd directly measures the
thickness of the atherosclerotic plague ar the stenasis site. In the presence of compensutory enlargement of
the stenoric site or, as in this example, of a diffuse cacentric intimal thickening involving alco the
angiagraphic reference segment, the intravascular vlrasoind reference diaweter traced within the black
band representing the muscular media, is larger than the angiographic reference diameter. As a result the
angiographic moderate percent stenosis is considered more severe "Sgnificant" wccording to the normally
nsed criteria (2 50% diameter stenosis and 2 75% cross-sectional avea stenosis) with intravascular

altvasound.

reference area' so that less severe percent diameter and cross-sectional area
stenosis will be calculated with quantitative angiography than with intravascular
ultrasound (Figure 3). In Figure 1, in the presence of a 1/2 mm thick intimal
lesion in the reference segment, a major difference is observed in percent diameter
and cross-sectional area stenosis between quantitative angiography and
intravascular ultrasound.

Percent diameter and cross-sectional area stenosis are physiologically importane
parameters and are major determinants of the pressure drop across a stenosis'.
However, the results obtained from animal models of acute external constriction
of normal vessels'” cannot be simply applied to the percenr lumen reduction
meastured with quantitative angiography. Harrison et al™ showed that the stenosis-
related impairment of post-occlusion reactive hyperemia can not be predicted
based on the coronary angtographic assessment of percent diameter and cross-
sectional area stenosis. Awareness of these drawbacks has already contributed to
focus the interest in the measurement of absolute rather than relative lumen



Figure 2,

Digital angiogram of a right corendry artery with the rfevence diameter positioned ar
the site examined with intracorondary ultrasound, Note that in this angiographically
normal veference segment intracoronary ultrasound shows the presence of a concentric
plague inducing a 449% diameter stenosss. Calibration 0.5 mm.

stenosis in quantitative angiography". Intravascular ultrasound can directly
measure plaque area and avoid the use of a reference measurement in a potentially
diseased segment of the vessel, However, such reference area does not necessarily
reflect the physiologically ideal vascular dimension because of the already
mentioned compensatory enlargement. In particular the presence of a crescentic
plaque with an outward remodelling of the vessel is likely not to influence the

Table 2. Advantages and limitations of intravascular ultrasound for_‘
quantitative assessment of vascular dimensions.

Advantages of Intravascular Limitations of Intravascular
oo Ulwasound o Ulwasound
1} No calibration rcquif&l ' 1) Introduction of the catheteris
2) Instantaneous and continuous necessary
measurements available 2) Potential erros due to catheter

3) No contrast medium required malaligment

4) Independent of lumen eccentricity 3) Artifacts from non-uniform or
complex lumen geometry rotation® near-field artifacts **
(dissections) low sampling rate **

5) Simultaneous morphometric 4y Automatic edge detection difficult
analysis of wall components 5) Reproducibility of the

measurements not )’f’,[ tﬂSted

* single element mechanically rotating systems; ** muliielement synthetic
aperture array systems.




3CO-ROUBIN STENT

Figure 3.

Top, cineangiogram after antomatic contony detection showing i severe proximal stenosts of the leff
anterior descending coronary ariery (left panel) and a regular fumen (ca 10% residual diameter stenosis)
after impluntation of & Gianturco-Roubin stent (right panel). Bottom. Ultrasonic cross-sectional avea in
the most severe stenotic segment before angioplasty (lefi panel) , after a prediletion with a 3.0-mm
angioplasty balloan (mid-panel), and afier implatation of a 3.0 mm Giantirco-Roubin stent (vight
panel). The lower panels show the stime ultrasonic cross-sections after on-line manual tracings of the
fumen and plague contours, Note that a similar plague area is present before dilation and afier balloon
dilation and stent implantation (12.2 mm2 and 11.1-11.9 mm2, respectively) despite the large increase
in fumen area (fram 2.1 mom2 before treatmens to 4.6 mm2 and 6.6 mm2 affer balloon dilation and
stent implantation, respeceively) The increase in lume area afier baflloon angioplusty is the comsequence of
multiple irreaular fractures of the plaque while a vegular luminal cross-sectional avea is present afier stent
implantation, Calibration 0.5mm.



dimension of the vascular lumen. The presence of a reduction of the “ideal”
dimension of lumen cross-sectional area is more difficule to be judged in the
presence of a diffuse circular ring of intimal thickening (Figure 2)*". Therefore the
assessment of the physiologic significance of a vascular stenosis requires different
approaches such as the measurement of trans-stenotic velocity increase or of the
pressure drop at maximal hyperemia across the stenosis, the calculation of
coronary flow reserve based on angiographic or Doppler measurements.

Advantages of intravascular ultrasound

Advantages and disadvantages of intravascular ultrsound vs angiography are
summarized in Table 2.

No calibration is vequived

For angiography the measurement of a radiopaque structure of known dimension
is required for calibration. When the tip of the catheter is used as a scaling device,
possible sources of error are off-plane position of the catheter and the examined
vessel, tapering of the catheter at the distal end and discordance between true
catheter diameter and diameter reported by the manufacturer™®. Furthermore,
calibration must be repeated for every angiographic view. A potentially more
precise but even more cumbersome approach is the geometric correction for beam
divergence, based on the measurement of the distances between x-ray source,
imaged object and image amplifier (isocenter technique)®.

The measurement of a distance with ultrasound is based on the wavelength of the
ulerasound beam and the velocity of sound in the medium. When the instrument
is calibrated for the ultrasound speed in blood (1,560 m/s) a negligible
overestimation occurs when saline is injected to replace the more echogenic blood
and delincate the intimal contour.

Iustantaneous measuvenments are available

Recently introduced digital angiographic equipment allows the performance of
on-line measurements of vascular dimensions. As a consequence, quantitative
angiography can be used for guidance and immediate evaluation of interventional
procedures. The time required for the analysis, however, is still considerable when
compared to the really instantaneous meastrement available with ulirasound.

No contrast medium requived: a continnons monitoring is possible
Angiography requires the injection of contrast material to delineate the vascular
lumen. As a consequence, angiography can not be used for a continuous
monitoring of vascular dimension. Other disadvantages of the use of contrast
medium are the modification of the intraluminal pressure during che forceful
contrast injection and the vasoactive properties of these agents.

Intravascular ultrasound allows a continuous real-time measurement of vascular
dimensions, a great potential advantage for monitoring interventions and



Figure 4.

Top, anglagraphic and intracoronary ultrasonic examination € months affer stenting (Gianturco-Roubin)
of the mid segment of the right corenary artery. The ultrasonic cross-sections on the vight (B) shotw the
segment where the stent was implanted (note the highly echogenic wire, elose to the arcerial lumen , in the
lower left corner). A. de novo lesion was present in the proxinal segment (A), with the presence of a large
concentric plague with low echoreflectivity and withont calcification. Note that the plague area in A
(10.1 mm2) is similar to the plaque area in B (9.9 mm2) despite the large difference in luminal cross-
sectional area and percent crosssectional area stenosis (7696 in position A vi. 5796, position B). Bottonm,
in the same artery after balloon dilation of the proximal segmeent, # large echa-free area bebhind the stens
wires ane communicating with the arterial himen (vight panel) indicates malapposition af the stent ta the
arterial wall in a segment with anewrysmatic dilation (arraw in the cineangiogran of the right panel).

assessment of the effects of vasoactive agents on vascular dimensions and
dynamics®,

Morphometric analysis of the vessel wall

Angiography provides only a shadowgram of the vascular lumen, so that the
presence of vascular lesions is derived indirecty from irregularities of the luminal
contour. The only information on the composition of atherosclerotic plaques
concerns the presence of fluoroscopically visible vessel wall calcification, Pathology



Figure 5.
Proximal segment of the leff circumfles artery examined immediately afier dirvectional corenary
atherectanty. The positian of the cut is clearly visible afier three-dimensional reconstruction of the
intravascular imdages in the longutudinal format (arrowhead in the left lower corner) than in the image
on the right, showing the arterial segment as two open bemicylinders (arrow). The position of the cut s
not evident if only a single tiwa-dimensional cross-section is considered (arrow in the area of plague
remaval).

studies and, more recently, the application of intraoperative and intravascular
high-frequency ultrasound have shown that coronary arteries undergo a
progressive enlargement in relation with increases in plaque area, so that a
reduction of lumen area is delayed until the atherosclerotic lesion occupies more
than 40% of the area circumscribed by the internal elastic lamina'*#2* (Figure 4).
These findings explain why angiographically normal arterial segments may show
an extensive atherosclerotic involvement at autopsy and upon direct surgical
inspection . Several reports have confirmed that intravascular ultrasound can
detect atherosclerotic changes in angiographically normal segments® (Figure 2).
Furthermore, intravascular ultrasound displays the components of the
atherosclerotic plaque with a different intensity proportional to their backscatter
power®®, allowing their qualitative differentiation. In vitro studies have shown
that intravascular ultrasound has a high sensitiviey and specificity in the detection
of intimal fesions and in the differentiation between f{ibrous, calcific and lipid-
containing plaques®. Plaque thickness can be measured, especially if the presence
of an echographically hypoechoic medial layer facilitates the delineation of plaque
contours and if no shadowing or attenuation from plaque components is present”.
The possibility to provide information on plaque morphology and dimension at
the same time makes intravascular ultrasound an ideal technique for the

— 56—



assessment of the mechanism of the different coronary interventions and the
modalities of progression/regression of the atherosclerotic plaque. Wall stretching
and wall dissection have been reported as the main operative mechanism of
bafloon angioplasty in both coronary® and peripheral arteries™. A significant

Eccentricity Index
Intravascular Ulrrasound

Quantitative Angiography

Figure 6.

Egeentricity index calciduted with guantitative angiography and intravascrdar wltrasound, Intravascrlar
ultrasonnd allorws the direct ascessment of the wall thickuess so that the cccentricity index: is based upon the
ratio between plague thikness and the thickness of the vpposite wall. Quansitative anglography estimates
the eccentricity af a plague front the distance benween the center of the lumen and the luminal contonrs ar
the site af the stenasis. In this example, however, the presence of a différent thickness of the wall alio in the
angiographically normal segment indices an underestimation of the plague eccentricity.

plaque compression (absolute reduction of plaque area} has been more recently
reported®, In 18 coronary stenoses treated with balloon angioplasty and examined
with three-dimensional intracoronary ultrasound, Mintz et al.* observed that an
axial redistribution of the plaque away from the narrowest cross-sectional area,
without significant changes in the total plaque volume. An example of the
usefulness of three-dimensional reconstruction of intracoronary ultrasound in the
assessment of the results of coronary interventions is shown in Figure 5.

Standard methods used in quantitative angiography for the assessment of
regression of atherosclerosis are the measurement of mean luminal area and
severity of edge irregularities™ (roughness profile}. A long-term follow-up of large
cohorts of patients is necessary to show a statistically significant trend towards
regression or delayed progression of plaques in peripheral® and coronary®
atherosclerotic disease.

Intravascular ultrasound has the potential of detecting atherosclerotic wall disease
in the prestenotic phase and allows the measurement of both lumen and plaque




area®. Dietary and pharmacologic interventions may cause a more rapid and
complete regression of the vascular changes in the early “prestenotic” phase of
atherosclerosis rather than in the more advanced phases”. Animal studies have
shown that intravascular ultrasound can detect plague progression eatlier and
more accurately than quantitative angiography™+¥, The possibility to
differentiate lipid plaques, potentially amenable to regression after interventions,
from fibro-calcific plaques, less likely to respond to such an intervention® is of
particular interest.

Plague eccentricity

In most cases, with the use of multiple projections, an angiogram perpendicular to
the maximal thickness of the plaque can be obtained. In less than 50% of the
cases, however, appropriate orthogonal projections, amenable to quantitative
analysis, can be obtained to measure fumen area from its long- and short-axis
when an elliptical area is present®. Furthermore, angiography determines the
eccentricity of a stenosis comparing the proximal and distal segments of the vessel,
assumed as “normal” reference segments so that a misinterpretation is possible if
the eccentric plaque involves also the reference segments (Figure 6).

Intravascular ultrasound detects the eccentricity of the lesion from a direct
measurement of the maximal and minimal thickness of the plaque. The
eccentricity index caleulated with intravascular ultrasound is independent from
the characteristics of the contiguous segments®. The advantage of the direct
visualization of eccentric plaques is obvious in the guidance of percutaneous
recagnalization techniques that allow selective removal of atheromatous plaque,
avoiding a potentially dangerous treatment in areas of thin, normal wall®.

Complex lumen geometry (wall dissection)

Pathology studies have shown that splitting of the vessel wall is extremely frequent
after balloon angioplasty and is one of the major mechanisms of effective lumen
enlargement™®, Only large dissections are angiographically evident after balloon
angioplasty. Several reports®"312293051 haye confirmed that intravascular
ultrasound is more sensitive than angiography in the detection of plaque rupture.
The absence of echographically evident plaque rupture has been recently reported
to increase the risk of restenosis™. The quantitative measurement of residual
stenosis early after balloon angioplasty is a poor indicator of the functional result
of the procedure as assessed by coronary flow reserve™ and persistence of
scintigraphic and electrocardiographic signs of reversible myocardial ischemia.
Several reasons may explain these findings. In some cases, the comparison between
echographic and quantitative angiographic measurements suggests that an
overestimation of the lumen really available for blood passage may occur when a
geometric technique (edge-detection} is used (Figure 7). Densitometric
measurements have been suggested in order to overcome the limitations of edge-
detection in lesions of complex geometry (including stenosis post-angioplasty and
eccentric lesions)™. Densitometry, however, requires a homogeneous filling of the



lumen with contrast and a perfect orthogonality of the x-ray beam to the vessel
lumen, is highly dependent on the radiographic setting and modalities of film
processing and cannot directly provide absolute measurements™,

Limitations of intravascular ultrasound (Table 2)

Necessity of catheter insertion

Intravascular ultrasound requires the examination with the echo-catheter of the
entire vascular segments to be studied. Instrumentation of a coronary vessel is the
current practice for all the interventional techniques. However, especially in the
examination of the coronary arteries, the insertion of the echo-catheter increases
the complexity and duration of the procedure and carries out a potential risk of
complications. Recent improvements in catheter flextbility and miniaturization
allow the examination of the proximal and middle coronary arteries in most
patients. A possible limitation, however, concerns the examination of severe
coronary stenosis before interventions, one of the most interesting potential
applications of intravascular ulerasound. A quantitative angiographic study of
large cohorts of candidates to balloon angioplasty™ has shown that the measured
minimal laminal diameter before balloon dilatation (1.0240.37 myn) is simitar to
the diameter of the recently introduced second generation of catheters (from 3.5
to 4.3 French, equal to 1.15-1.4 mm),

The intravascular ultrasound examination is facilitated after successful therapeutic
interventions by the increased lumen diameter. However, recrossing large,
unstable dissection flaps carries a potential risk of acute occlusion. Furthermore, a
correct assessment of the real morphology of a complex spiral dissection and the
consequent impairment to blood passage is difficult because it would require a
three-dimensional reconstruction of the ultrasonic cross-sections™ @ and
because the communication between true and false [umen are modified by the
physical presence of the catheter, Proximal injection of saline or agitated contrast
can help in delineating vessel lumen and in detecting the presence of stagnant
blood flow. However, an effective injection through the proximal guiding catheter
is not always possible while the relatively large ultrasound catheters is still in place.
Drop-outs may occur in segments of dissected wall which are explored with an
unfavourable angle of incidence of the ultrasound beam®™. In our experience, such
complex artifacts are more frequent in peripheral than in coronary arteries,
because in these Iatter small vessels the physical presence of the ultrasound
catheter modifies the orientation of the dissected flap.

The combination of intravascular ultrasound imaging and balloon angioplasty or
alternative debulking techniques in the same catheter can facilirate the use of
intravascular ultrasound before and after interventions easier and more practical
and can allow continuous monitoring and guidance during the procedure. At
present, however, only prototypes of catheters for directional atherectomy
mounting ultrasound crystals are in the phase of preliminary clinical evaluation



Figure 7.

The upper right panel shotws a subocclusive stenosis of the mid seqment of the left antersor descending
artery with minimal anterograde flow. The lumen enlurgement and the normalization of the flow after
dilation with a 3.0 mm balloan is evident in the lower right panel, where the arraw indicates 1 Type B
dissection invelving also the post-sienotic segment. Note, in the panels of the lefi, the complex funiinal
eross-section after balloan dilation, Note that the eccentric plague bas been disssected at the site af its
insertion on the normal wall. The complex lumen morphology afier angioplasty cannat be correctly
measured with angiagraphy, even using mudtiple angiographic projections. Calibration 0.5 nint,

and in the already available echo-balloon catheters the transducer is mounted
proximal to the balloon®%. This configuration maintains a low profile of the
balloon and avoids the artifacts induced by the balloon membrane but precludes
the possibility of continuous assessment before, during and immediately after

balloon dilatation.

Catheter malalignment

A central position of the catheter in the vessel lumen is not frequent in
intravascular ultrasound. With a simple eccentricity of the catheter position, the
echographic cross-section is still perpendicular to the long-axis of the vessel so that
no change in the measured area is expected. When the catheter is not only
eccentric but also non-parallel to the long-axis of the vessel the vascular lumen is
distorted, with an angle-dependent overestimation of the vascular [umen. Tn a



tortuous artery the ultrasound catheter can assume an orientation non-parallel to
the long-axis of the vessel. Fortunately, the small size of the coronary arteries in
comparison the catheter diameter limits the practical relevance of this probleny’.

Non-uniform rotation, near field artifact, inadequate sampling rate

With mechanically rotating catheters, a 1:1 rotation of the ultrasound element (or
mirror) can be impossible if the catheter is inserted in very tortuous vessels,
resulting in a vatiable distortion of the ultrasound image. In the multiclement
systems these attifacts are not present., A limitation of these systems, however, is
that the near-field artifact is partially obscuring the structures close to the catheter.
Artifacts can also result from the systo-diastolic changes of vascular dimensions or
of the position of the catheter inside the vessel throughout the cardiac cycle if a
sufficiently high sampling rate is not obtained.

Application of antomatic measurements

Sophisticated techniques of edge-detection or videodensitometry have been
developed for quantitative angiography®. The difference in brightness between
the radiographic contrast filling the vascular lumen and the background facilitates
the application of the proposed algorithms for computer-assisted automatic
contour detection. In intravascular ultrasound, on the contrary, the refatively
similar echoreflectivity of blood and of the undetlying vessel wall is a potential
obstacle to fully automatic measurements of lumen area. Manual redrawing of
part of the lumen contours is frequently necessary, resulting in an increase
vatiability of the results of the analysis™. A fully automatic technique, based on
the measurement of the vessel wall displacement from a semiautomatic defined
template image, has been developed at our Institution and is currently used to
measute the systo-diastolic changes of vascular dimensions® .

Reproducibility of the measurements

Changes in vascular tone, variability of repeated measurements, modifications of
radiographic projections and setting, cardiac and respiratory movements influence
short- and long-term reproducibility of angiographic measurements, limiting the
reliability of angiography in assessing the development of changes in vascular
dimensions. Although intravascular ultrasound is less limited by these factors,
accurate serial measurements are possible only when the echo-catheter is
positioned exactly at the same site in the vessel, a trivial requirement which is
practically very diffcult to satisfy.

No assessment of blood flow

Various angiographic techniques have been described which use the contrast
medium as a marker of flow and calculate relative changes of blood flow based on
contrast appearance time and/or on changes in the density of the
myocardium®®?. This principle is not applicable with the current intravascular
ultrasound imaging catheters. An alternative ultrasound-based technique is the
measurement of the Doppler shift induced by the motion of the red blood cells to
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directly calculate blood flow velocity. Prototypes of combined imaging-Doppler
catheters have been described™” and Doppler guidewires which can integrate the
ultrasound imaging catheters are in current clinical use”™”* (Figure 8).

Conclusions

Intravascular ultrasound can accurately assess luminal dimensions and has
potential advantages on quantitative arteriography in the presence of eccentric
lesions and lumens of complex geometry. The application of this technique,
however, increases duration, risk, complexity and cost of a conventional diagnostic
or interventional procedure based on a purely angiographic quantitative
assessment. In clinical practice, therefore, it seems unlikely that quantitative
artertography can be replaced by intravascular ultrasound as a routine technique
of measurement of luminal dimensions.

Intravascular ultrasound has a potential role as a research tool for the assessment
of vessel dynamics and effects of pharmacologic interventions. The information
concerning characteristics and composition of the atherosclerotic plaque is not
available with angiography and makes intravascular ultrasound potentially more
suitable than angiography for the follow-up of interventions aimed at the
regression of atherosclerotic lesions, Improvements in catheter technology can
make quantitative intravascular ultrasound a valuable too! for the correct planning
and guidance of interventional procedures.

Acksnowledguients

The authors wish to thank the Medical and Technical Staff of the Cardiac
Catheterization Laboratory, University Hospital Dijkzigt, Rotterdam for their
contribution to the acquisition of the ultrasonic and angiographic images.



References

1. Nissen SE, Grines CL, Gurley JC, et al. Application of « new phased-arvay wltrasonnd imaging
catheter in the assessment of vascular dimensions. In vive comparison to cineangiography.
Cireulation; 1989: 81, 660-66.

2. Davidsan CJ, Sheikly KH, Harvison K, et al. Intreavasendar wltvasonograply versus digital subiraceion
angiography: a buman in vive comparison of vessel size and morplolagy. | Am Colf Cardiol; 1990:
16, 633-36.

3. Sheikh KH, Davidson Cf, Kisslo KB, et al. Comparison of intravascular wltrasound, external
wltrasound and digital angiography for evaluation of peripheral avtery dimensions and morphology.
Am [ Cardiol 1991; 67: 817-22.

4. The SKH, Gussenhoven EJ, Serruys PW, et al. Quantitative angicgraphy vs intravascilar ultrasound
Jor the assessment of vascilar dimnensions and systo-diastalic changes. J Interven Cardiol 1992; 16:
143-47.

5. Bartovelli AL, Neville RE, Keven G, e al. In vive and in vitro intravascnlar wlirasound twaging. Eur
Heart | 1992; {3: 102-108.

6. Tobis JM, Mallery ], Mabon D, et al. Intravascular nltrasound imaging of human coronary arteries in
vivo. Cirenlation 1991: 83, 913-26.

7. Nissen SE, Gurley JC, Grines CL, et al. Intvavascular ltrasound assessment af femen size and wall
morphology in normal subjects and patients with coronary artery disease. Circnlation 1991; 84:
1087-99,

8. Werner GS, Sold G, Buchioald A, et al. Intravascular nltvasound inaging of himan coronary arteries
after percutancons transfuminal angioplasty: morphofogic and quantitative assessmens, Am Heare J
1991; 122: 212-20.

9. StGoar FG, Pinte Ff, Alderman EL, et al. Intvavascidar ultrasound of angiographically novmal
coronary drteries: an in-vivo comparison with quantitative angiography. J Am Coll Cardiol 1991;
18: 952-58.

10. Jain SP, Roubin GS, Nanda NC, et al. Intravascular wltrasound imaging of suphenous vein graft
stenosis, Am [ Cardiol 1992; 69: 133-36.

11. Hodgson McfB, Reddy KG, Sunefu R, Nair RN, Lesnefihy EJ, Sheeban HM. Intracoronary
rltrasennd imaging: corvelution of plague morphology with angisgraphy, clinical syndrome and
pracedral vesults in patients undergoing coronary angioplasty. ] Am Coll Cardiol 1993; 21: 35-44.

12. Haase J, Ozaki Y, Di Maria C, Escaned J, de Feyter P, Roclundt JRTC, Serriys PW. Can
intravascular witrasound corvectly assess the lwminal dimensions of coronary artery lesions? A
comparison with quantitative angiography. Fur Heart [, submirted for publication.

13, Bland JM, Aleman DG. Statistical methods for assessing agreement bevween o methods of clinical
wmeasurement. Lancet 1987; Feb 8: 307-1t.



14, Hermiller JB, Tenaglin AN, Kissla KB, Stack RS, Davidson CJ. In vive validation of compensatory
enlargment af atheroiclerotic coronary arteries. A j Cardiol 1993; 71: 665-68.

15. Davidsan Cf, Tenaglia AN, Buller CE, et al. Coranary angiegraphy nnderestimares post-
interventional lesion stenosts and veference segment (abser). Circulation 1991; 84: IT-437.

16. Young DE, Tiai FY. Flow charvacteristics in madels af arterial stenosis. [ Biowmech 1973; 6: 395-406.

17. Gould KL. Pressure-flow eharacteristics of coretsary stenoses fn unsedated dogs at vest and during
coronary vasodilatation. Circ Res 1978; 43: 242-51.

18. Harrison DG, White CVW, Murcus ML, et al. The value of lesion cross-sectional area determined by
quantitative coronary angivgraphy in assessing the physiologic significance of proximal left anterior
descending stenoses, Clrenlarion 1984; 69: 1111-19.

19. Reiber JHC, Serruys PW. Quantitative coronary angiography. In Marcus ML, Schelbert I, Skorton
WA, er al (eds): Cardiac linaging. A companion to Braunwald’s Hearr Disease. Philadelphia, W.B,

Sannders, 1991: 213-280.

20. Nissen SE, Gurley JC, Booth DC, et al. Mechuanisms for fulie negutive coronary angiagraphy: insights
Jrem insravascidar wlivasonnd imaging (wbstr). ] Am Coll Cardiol 1992; 19: 1404

21, Reiber JHC, Kooijiman Cf, Serruys PW, et al. Assessment of dimensions and inage guality of
corenary contrast eatheters fram cineangiograms. Cath Cardiovasc Diag 1985; 11: 521-31.

22. Gould LK. Quantitative coronary arieriography. In Gould LK (ed): “Corenary artery stenesis”. New
York, Amsterdum, London: Efsevier, 1991: 93-107.

23. Wilson B, Di Marie ¢, Roclands J, et al. Changes in large avievies compliance measured with
intravascular ultrasound (abstr). J Am Coll Cardiol 1992; 19: 1404.

24. McPherion DD, Hiratzka LF, Sirna S, et al. Coronary artery remodeling studied by high frequency
epicardial echocardiography: an early compensatory mechunism in patients with obstructive coronary
atherosclerosis, f Am Coll Cardial 1991; 17: 79-86.

25. Nissen SE, Booth DC, Gurley JC, et al. Coronary remodelling in caronary artery disease:
intravaselar wltrasound evidence of vessel expansion (abstr). Civenlution 1991; 84: I-437.

26. Gussenhaven EJ, Essed CE, Raelands [, et al. Arterial wall characteristics determined by
intravascular wltrasound imaging: an in viero study. J Am Coll Cardiol 1989; 14: 947-52,

27. Nishimura RC, Edwards WD, Warnes CA, et al. Intravascular wltrasonnd imaging:in vitro
wilideation and pathologic correlation. | Am Coll Cardiol 1990; 16, 145-54.

28. Gussenhoven W], Frietman P, The SHK, Egmond ven FC, van Suplen F, Lancde CT, Urk van H,

Roclandr ], Bom N. Assessment of medial thinning in atherosclerosis with intravascilar ultrasonnd.
Am J Cardiol 1992; 68: 625-32.



29. Di Murie C, Serruys PW, Roelandt JRTC, er al. Detection and characterization of pasciular lesions
with intravascular ultrasound. ] Am Soc Echocardiogr 1992; 5: 135-46.

30. Tenaglia AN, Buller CE, Kisslo KB, Stack RS, Davidsan Cf. Mechanisms of balloon angioplasty and
directional coronary atherectomy as assessed by intracoronary wltrasound. f Am Coll Cardiol 1992;

20: 685-91.

31. The SHK, Gussenhoven Ef, Zhong Y, Li W, van Egmond F, Pieterman H, van Urk H, Gerritsen P,
Borst C, Wilson RA, Bom N. Effect of balloon angioplasty on femaral artery evaluared with
intravascular ultrassund imaging. Cirenlation 1992; 86: 483-93.

32. Losordo DV, Rosenfield K, Pieczel A, Buker K, Harding M, Liner M. How does angioplasty work?
Serial analysis af human iliac arteries using intravascular worasound, Circulation 1992; 86: 1845-

58.

33. Mintz G, Kovach JA, Park KS. Conservation of plague mass: a volumetric intravascular ultrasoind
analysis of patients before and afier percutaneons transtuminal coronary angioplasty (abstr). J Am
Coll Candiol 1993; 21: 4844.

34. de Feyter PJ, Serruys PW, Davies MJ, et al. Quantitative coronary angiography 1o measure
progression ane regression of coronary atherosclerosis: value, limitations and implications for clinical
triaks. Circulation 1991; 84: 412-23,

35. Blackenhorn DH, Azen SP, Crawford DW, et al. Effects of colestipal-niacin therapy on human
Semoral atherosclerosis. Cireularion 1990; 83: 438-47.

36. Greg Brawn B, Albers [, Fisher LD, et al. Regression af caronnry artery diseqse as a result of intensive
lipid-lowering therapy in men with high levels of apolipoprotein B. N Engl ] Med 1980; 323: 1289-

98.

37. Kane JP, Malloy M, Ports TH, et al. Regression of coronary atherasclevosis during treatment of
Janiilial hypercholesteralenia with combined drug regimens. JAMA 1990; 3007-12.

38. Pinta FJ, StGoar FG, Papp RI, et al. In vivo correlation of intimal proliferation by intracorenary
wltrasound with angiographic evidence of coronary artery progression (abstr). J Am Coll Cardiol
1991; 19: 300A.

39, Armstrong ML, Heistad DD, Marcus ML, et al. Structural and bemedynamic responses of peripheral
arteries of macague monkeys 1o atheragenic diet. Atherosclerasis 1985; 5: 336-46.

40. Lassetter JE, Krall RC, Moddrelle DS, et al. Diravascnlar ultrasound detects plague progression
earlier and mere accurately than quantitative angiography (abstr). J Am Coll Cardiol 1991; 17:
1564,

41, Lassetter JE, Krall RC, Moddrelle DS, Jenking RD. Morphologic changes of the arterial wall during
regression of experimental atherosclevosts. Circulation 1992; 86: I-518.

—— g5



42, Gupta M, Connoliy Af, Zhie BQ, Sievers RE, Sudbir K, Sun YP, Purmley WW, Firzgerald Pf, Yock
PG. Quantitative analysis of pragression and regression of atherosclerosts by intravascufar ulirasound-
walidation in a rabbit model. Circulation 1992; 86: I-518.

43. Bluckenborn D, Krausch DM, Reversal of atherosclerosis and sclevosis: ihe two components of
atherasclerosis. Circulation 1989: 79; 1-7.

4. Lesperance J, Hudon G, White GW, et al Comparison by gquantitative angiographic assesment of
corenary stenoses of one view showing the severest narrowing to two orthegonal views. Am f Cardiol

1989; 64: 462-65.

45. Honye [, Ashit [, Tobis [M, et al. Atherosclerotic plugue eccentrivity: a comparison of angingraphy
and intravascular wtrasonnd imagiug (abstr). Circudation 1991; 6G4: IL701.

6. Kamura Bf, Fitzgerald Pf, Sudbiv K, Amidon TM, Stranke BL, Yock PG. Guidance of directional
coromtry atherectomy by intracoronary wltrasound inaging. Am Heart | 1992; 124 1385-1369.

47 Pathin BN, Roberts WC. Effects of percutancous transduminal angioplasty on atheroscleraiiv plague
aud relwtion of plugue composition and arterinl size 1o outcome. Am J Cardiol 1988; 62: 41-50.

48. Waller BE. Coronary balloon artery dissections: “The Good, the Bad and the Ugly”, | Am Coll
Cardiol 1992; 20: 701-06.

49, Tenaglia AN, Buller CE, Kisdo K8, Phillips HR, Stack RS. Intracoronary wltvasound predictors of
adverse antcomes afler coromary artery interventions. | Am Coll Cardiol 1992; 20: 1385-90.

50. Fitzgerald PJ, Ports TA, Yock PG. Contribution of localized caleinm deposits to dissection after
angioplasty. An observational sendy using intravascudar wlerasowend. Circulution 1992; 86: 64-70.

51 Pothin BN, Keren G, Miutz GS, Dounek PC, Pichard AD, Sutler LE, Kent KA, Leon MB. Arterial
response to balloon coronary angioplusty: an intravascular alirasonnd stndy. | Am Coll Cardiol
1992; 20- 942-51.

52. Honye J, Mabon D}, Tabis M, et al. Morphological effects of coronary bulloon angioplasty in vivo
assessed by intravasenlar ultvasonnd imaging, Civcalation 1992; 85: 1012-1025.

53. Wikon RE, johuson MR, Marcus ML, et al. The effect of coronary angioplasty on coronary flow
reserve. Cirettlation 1988; 77- 873-85.

54. Serruys PW, Reiber JHC, Wijins W, et al. Assessment of percutancons transtuminal coronary
angioplasty by quantitative coranary arteriography: didmeter vs densitometric area measwrement. Am
J Curdiol 1984; 54 482-88.

35. Whiting JS, Plaff fM, Figler NL. Advantages and limitations of videodensitometry in quantitaiive

coronary angiography. I Reiber JHC, Serriys PW (eds): “Quantitative Coranary Aricriography’, p.
43-54, 199, Dordrecht, Kluver Academic Publishers.



56. Servuys PW, Rutsch W, Heyndrickx G, et al. Prevention of restenosis afier percutaneons transluminal
coronary angioplasty with thramboxane A2-receptor bockade: a randomized, double-blind, placeto-
cosrerolled std) {y. Circelation 1991; 84- 1568-80.

=

57. Rosenfield K, Losordo DV, Isuer [M, et al. Three-dimensional reconstruction of hnuen coranary
and peripheral arteries from imnges recorded during two-dimensional intravasculur wltrasound
examination. Circudation 1991; 84: 1938-56,

58. Di Mario C, Wengtrang L, Linker DT, PJ de Fepter, Bom N, Servueys P W, Three-dimensional

intvacorenary wltvasornd. Goule and practical probless. Int | Curdiac Imaging 1993; in press.

59. Rosenfield K, Kanfinan J, Pieczek A, Langevin RE, Ruzuvi 8, Tsner JM. Real-time three-dimensional
reconsiruction of intravascular ultrasound images of ilinc artevies. Am f Cardiol 1992; 70: 412-15.

60. Coy KM, Park JC, Fidhbein MC, Laas T, Divmond GA, Adler I, Manrer G, Siegel Rf. Tu vitre
validation of three-dimensional intravascular wltvasonnd for the evaluation of urterial injury after
batloon angioplasty. | Am Coll Cardiol 1992: 20: 692-700,

Gl Cavaye DM, White RA, Lerman RD, Ko[u'fm(‘b GFE, Tabbara MR, Cormier F, French V]
Usefuluess af intravascidar sltrasonnd jmaging for detecting experimentally indiced wortic dissection
in doge and for determining the effectiveness of endoluminal stenting. Am [ Cardiol 1992; 69: 705-
707 .

62. Di Marie C, de Kroon M, Roelandt JRTC, et al. Angle-dependency in intravascular ultrasennd
(wbstr). Cirenlation 1991; 64: 11-541.

G3. fsner JM, Rosenfield K, Losorde DV, et al. Combination ballsan-ultrasonnd imaging catheter for
prevataneons transtuminal angioplasty. Cirenfution 1991; 84, 739-54,

64. Hadgron [, Cacchione [, Reddy K, et al. Combined coromiry angioplasty batloon and sltrusornd
catheter: prefiminary fiundings (abstr). Eur Heart f 1991; 12, 381,

G5. Reiber fHC. An opuerview of coronary quantitation techuigues as of 1989, In Reiber [HC, Serruys
PW (eds): “Quantitative Coronary Arteriography’s p. 55-132, 1991, Dordrecht, Kluver Academic
Puclishers.

66. Wengnang L, Gussenboven W], Di Mario C, et al. Vulidation of guantitative analysis of
tutrapascular wltrasound inages. Int | Cardiac Inag 1991; 6: 247-54.

o,

67, Wengnng 1, Gussenhouen EJ. Bom N, et al. Frame-to-frame assessment of wrterial distensibility
nsing a computerized sepiastomatic program. Procedings of the “XII Congress on Compriters in
Cardiology™, 1991, Venive, in press.

GS. Vagel R, LeFree M, Bates E, et al. Application af digital techniques to selective coronary

arteriography: wse of wiyecardinl appearence time to measire corenary flow reserve. Am Heart |
1984; 107: 153-64.



69.

70.

71

72

73.

74.

75.

Zijlstra F, Reiber JHC, Serruys PW, et al. Which cineangiographically ussessed auatomic variable
correlutes best with fienctiomed measurenents of steirosis severity? A comiparison of quantitative analysis
of the coronry angiogram with meastired coronary flow: reserve and exercisefredistribution Thullium
201 sintigraphy. f Am Coll Cardiol 1988; 12; 686-91.

Pijls NHY, van Leenwen K, Utjen GJH, et al. The concept of maximal flow ratio for immediare
ewiluation of percutancons transtuminal coromary angioplasty. Circulation 1991; 83: 854-65.

Graynburn PA, Willerd JE, Douald RH, et al, Measurement of coronary flow wsing high-frequency
fntrianasclar wlirasound imaging and pufsed Doppler velocimetry (absir). { Am Coll Cardiol 1991;
6, 234A.

Linker Di, Torp H, Angelsen Af, et ul. Iustantiecons drterinl flow estimated with wi wlivasennd
imaging and Doppler catheter (ubstr). Circulution 1989; 80, {1-380.

Dogcette W, Corl PD, Payne HM, ei al. Vilidation of uw Doppler guide-wire for intravascidar
medsurement af coromry ariery flow m’/oa’fy. Circidation 1992; 85: 1899-91 1,

Kanfinan J, Rﬂj’(}{ﬁf’!{ K, Duer [, et ul Combined intravascular ultrasonnd and intrvascrlar
Doppler wire provide complementary unatomic and physiologic fmaging during percataneous
revascikarization (ubstr). J Am Coll Curdiol 1992; 19: 2934,

Sudhir K, Macgregor /5, Yock PG, et al. Simnltancous intravascular two-dimensional and Doppler

sltrasonnd. a new technique for in vive assessment of coronary flowr and vascular dynamics. | Am

Coll Curdiol 1992; 19: 1404.



Part I1

Intravascular Imaging in the Study
of Plaque Morphology






Chapter IV

Ischemia-related Lesion
Characteristics in Patients with
Stable and Unstable angina: A Study
with Intracoronary Angioscopy and
Ultrasound

Pim de Feyter, MD; PhD; Jose Baptista, MDj; Yukio Ozaki, MD, Javier
Escaned, MD; PhD, Carlo di Mario, MD, PhDj; Peter P'I' de Jaegere, MD,
PhD, Patrick W. Serruys, MD, PhD , Jos RT'C Roclandt, MD, PhD.

‘Thoraxcenter, Erasmus University, Rotterdam, The Netherlands.

Submitted for publication in the Circilation
Presented in part ar the joint XII" World Congress of Cardiology and XV
Congress of the European society of Cardiology Berlin, Germany 1994.






Abstract

Background

Predominantly post-mortem derived findings support the common belief that 1} lipid-rich coronary
plagues with a thin fibrous cap ave prone to rupture and 2) rupture and superimposed thrombosis are
the major mechanisms causing acute coronary syndromes. In vivo imaging with intracoronary
technigutes may disclose differences in the characterization of atherosclerotic plagues in patients with
stable and unstable angina and thus may provide clues to which plagues may rupture and whether
yupture and thrombasis are active.

Methods

We assessed the characteristics of the ischemia-related lesions with coronary angiography and
intracoronary angioscopy and determined their composition with intracoronary ultrasound in 44
patients with unstable and 23 with stable angina before angioplusty, The angiographic images weve
classified as non-complex (smooth borders) and complex (irregular borders, multiple lesions,
throntbus). Angioscopic images were classified as either stable (smooth surface), or thrombotic
(ulecerated surface with red thrombus). The wltrasound characteristics of the lesion were classified us
poorly echo-reflective (representing loose fibrous tissue, necrotic material or lipid), highly echo-reflective
with shadowing (representing caleific tissue), and highly echo-reflective without shadewing
(representing dense fibrous tissue). Plagque composition was defined as mixed when none of these
components occupied more than 75% of the vessel surfuce.

Results

There was a poor correlation between clinical sratus and angiographic findings. An angiographic
complex lesion (n=33) was concordant with nnstable angina in 55% (24/44); a non-complex: lesion
(n=34) 1was concordant with stable angina in 61% (14/23). There was a good correlation between
clinical status and angioscopic findings. An angioscopic thrombotic lesion (n=34) was concordant
with unstable angina in 68% (30/44); a stable lesion (1=33) was concordant with stable angina in
83% (19/23). The ultrasonnd obtained composition of the plague was abmost similar in unstable and
stable patients. Overall there was a poor corvelation between the lesion characteristics obtained by
angiography, angioscopy and ultrasound. Ultrasound conld neither discern plague rupture or
intracoronary thrombosis nor provide information about the thickness of the fibrous cap and presence

and size of the lipid pool.

Conclusions

Angiography discriminates poorly between lesions in stable and unstable angina. Angioscopy
demonstrates sgnificant differences between lesions in stable and unstable angina. Plague rupture and
thrombosis was present in 17% of stable and 68% unstable angina patients suggesting that this
process is a continuum from stable to unsiable angina, Possibly in the other one-third of the unstuble
patients ather mechanisms are operative. Currently available ultrasound technology do not
discriminate a stable from an unstable plague.



Introduction

The morphology of coronary atherosclerotic lesions is heterogeneous between and
within individuals . It is now common belief that acute ischemic syndromes
result from a disruption of a lipid rich atheromatous plaque, setting into action a
cascade of pathogenic mechanisms such as platelet activation, adhesion and
aggregation, increased vasoconstriction and thrombus formation 7, Plaques
prone to rupture are lipid-rich and have a thin fibrous capsule ™,

In vivo characterization of atherosclerotic lesions in patients with stable and
unstable angina is of importance, to better understand the pathogenetic
mechanisms operative in an individual patient, and may allow the identification
of plaques that have undergone ruprure.

Tivo recently developed intracoronary imaging tools have the potential to provide
these insights. Intracoronary ultrasound imaging provides information about size
and composition of the plaque *'* and intracoronary angioscopy accurately
detects the presence of plaque rupture and intracoronary thrombus ',

The putpose of this study was to determine the composition and characteristics of
the ischemia-related lesion with the sequential use of intracoronary angioscopy
and ultrasound imaging in patients with stable and unstable angina before
intracoronary intervention. These findings were correlated with coronary
angiographic characteristics.

Patients and methods

Between September 1992 and March 1993 a non-consecutive series of 753 patients
who were scheduled for coronary intervention were studied. In one patient the
procedure was discontinued because of severe ischemic chest pain after the
introduction of the angioscope into the ischemia-related artery. Immediate PTCA
was successful without adverse sequelac. In seven patients the angioscope was
introduced but the obtained images were of insufficient quality. Thus, the study
population comprised 44 patients with unstable angina and 23 patients with
stable angina.

The clinical and angiographic data of these patients are presented in Table 1.

The investigations were approved by the Institutional Review Board of the
Cardiology Department of the Dijkzigt Ziekenhuis. The patients were studied
after informed consent was obtained.

Procedures

Selective coronary angiography in multiple projections was petformed before and
after angioplasty. All patients received aspirin (250 mg) and intracoronary
nitroglycerin before the procedure. They received anticoagulation with heparin,
such that activated clotting time was over 300 s.

After passage of a 0.014 in. guide wire across the lesion intracoronary angioscopy
was always performed first, and there after intracoronary ultrasound imaging. In
all instances an attempt was made to cross the lesion with both devices to obtain



information about the entire lesion.
Coronary angioplasty or other interventional techniques were used according to

standard practise.

Table 1. Baseline patient and angiographic characteristics
Unstable angina  Stable angina
s ) S ) B
Male/female (N) 40/4 19/4
Age, mean {yrs)(range) 60 (49-71) 51 (39-69)
Previous MI (<14 days) (N} 17 0
Multivessel disease {N) 15 5
Premedication (IN):
Heparin/Aspirin 44/23 0/6
Systemic thrombolysis 7 (all post-MI} none
Nitroglycerin i.v./oral 39/0 0/21
Calcium channel antagonists 34 21
Beta-blockers 34 21
Time from onset instability (days) 14+ 14 ---
Ischemia-related lesion
LAD/RCA/CX/ISVG 191161613 15/3/4/1
Minimum luminal diameter (mm} ¥ 1,05 £0.42 .13 £0.57
Reference diameter (mm) * 321072 3.12+0.49
Complex lesion (N) 24 9
*mean £ 1 SD, determined with quantitative angiography
MI, myocardial infarction; L.v. intravenous; LAD, left anterior descending
artery; RCA, right coronary artery, CX, circumflex artery; SVG, saphenous
vein graft.

Selection of ischemia-velated lesion

In patients wic single vessel disease the most severe lesion within that vessel was
considered the ischemia-related lesion. In patients with multivessel disease and
unstable angina the selection was determined by the combination of
electrocardiographic localization indicated by transient ST-T segment changes
occurring during ischemia, at rest and the closest corresponding coronary vessel
containing the maost severe lesion.

Angiagraphy
A modified classification of angiographic morphology proposed by Ambrose et al.
2 wwas used to categorize each target lesion as non complex {concentric or eccentric

with smooth borders) and complex (eccentric with irregular borders or



overhanging edges; multiple irregularitics or intraluminal filling defects).
Quantitative coronaty angiography was performed with the CAAS-2 system (PIE
Dara, Maastricht, The Netherlands) using the non contrast-filled catheter as
calibration ',

Tinaging Devices

The percutancous coronary angioscopic device used is a monorail type
polyethylene catheter device, which has a size of 4.5 F and which is
accommodated by a 8 F guiding catheter (Baxter Edwards; Irvine California).
Ultrasound imaging was performed with a commercially available intracoronary
4.3 F, 30-MHz ultrasound catheter (Cardiovascular Imaging Systems Inc.,
Sunnyvale, Calif}.

To facilitate the review process a real-time fluoroscopy or cineangiography is
combined with real-time angioscopy and ultrasound imaging by using split screen
videotaping. This provided a better orientation of where the angioscopic and the
ultrasound images were derived from within the coronary tree.

Table 2: Angioscopic characteristics of ischemia-related lesions

Unstable angina ~ Stable angina  p value
(h=44) (=23
Thrombus (N) 30 (68%) 4 (17%) p < 0.001
Occlusive 2 0
Protruding 8 1
Mural 20 3
Surfce lesion (N)
Ulcerated 20 3 p<0.05
Rough 3! G
Smooth 13 14
Yellow plaque (N) 29 (66 9%) 16 (69%)
Thrombotic Leston (N) 30 (68%) 4(17%) p<0.01

Analysis of angioscopic and ultrasound images

Qualitative analysis of both angioscopic an ultrasound images was performed by
consensus of three observers with no access o clinical records or cinefilm during
assessment. 7 hrombi were defined as a red, intraluminal mass adherent to the
intima. Thrombi were categorized as non-mural (closely adherent to the vessel
wall), mobile-protruding into the lumen or totally occlusive. Yellow plagues were
defined as areas of homogeneous yellow colour clearly identifiable from the
normal wall. Wall surface was classified as w/eerated when major disruption of the
plaque was found. When ulceration was absent but wall irregularities were noted,
the surface was classified as irregular. Finally, when none of these alterations was




present and the wall presented the characteristic pattern noted in normal non-
stenotic segments the surface was classified as smooth.

Angioscopic images of lesions were classified as thrombotic lesion if they have an
irregular ulcerated raised surface with presence of thrombus or as stable lesion if
the raised surface was regular and smooth, without thrombus. The compositton of
the ischemia-related lesion was classified as pootly echo-reflective or highly echo-
reflective intimal thickening (Figure 1). The last was further sub-dived according
to the presence or absence of acoustic shadowing. An intimal thickening was
considered pootly echo-reflective if the echodensity was less than that seen for the
adventitia and highly echo-reflective if the echodensity was equal or greater than
that of the adventitia.

Table 3. Intracoronary ultrasound characteristics of ischemia-related
lesions
Unsable angina  Stable angina
o (n=4d) _  (0=23)

Echo-reflectivity of plaque
Homogeneous type * (N) 24 (55%) 15 (659%)

Poor 22 14

High without shadowing 1 0

High with shadowing 1 1
Mixed type (N)

Poor / High without shadowing 2 2

Poor / High with shadowing 18 6
Calcium present ** (N)

Focal (30-90°) 5 1

Moderate {90-180°) 14 5

Diffuse (>180°) 1 1
Eccentric plaque (index <0.5) 27 (61%) 13 (56%)
Extent plaque (mm2} 15245 1705
* Homogeneous if the plaques induces > 75% of one type of echo-reflectivity.
** Distribution of calcium was classified according to number of degrees of
vessel circumference.

The results of previous comparisons between histology and ultrasound have
shown that pootly echo-reflective intimal thickening correspond to loose fibrous
tissue, lipid and thrombus while highly echo-reflective intimal thickening without
shadowing represents dense fibrous tissue and highly echo-reflective incimal
thickening with acoustic shadowing indicate calcium deposition '*»%, The
concentricity versus the eccentricity of the plaque was determined by the ratio
between thinnest and thickest part of the intimal thickening. Eccentricity was
defined by a ratio less than 0.5
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Figure 1.

Examples of plaque composition with nltrasound. Top left, example of a soff plagque, Top right, a fibrous
(hard) plaque, Bottom lefi, a soft plugue. Note at nine o 'clock the precence of a lipid pool. Bottom right, a
catleific plagiee. Note the superficial location of the calcinm .

A lesion was considered honiggeneous if the plaque consisted of > 75% of one type
of echoreflectivity induced by the lesion determined from an integrated pull-back
image of the entire lesion. A lesion was considered predominandy caleific if
calcium occupied >180 degrees of the vessel circumference. A lesion was defined
mixed if the lesion contained both highly and poorly echo-reflective areas,
occupying > 25 % of the plaque surface or, if calcium deposits occupying more
than 30 degrees and less than 180 degrees of the vessel circumference were
present. The intergroup observer variability performed in a random sample of 30
patients for angioscopic image classification yielded Kappa values for presence of
thrombus 1.0, protruding or mural 0.78, sutface of lesion 0.80, yellow plaque
0.93 and thrombotic lesion 0.94. The Kappa-values for ultrasound classification
of echo-reflectivity of lesions ranged from 0.85 {calcium present) to 1.0
(homogeneous vs. mixed type).

Quantitative measurements were obtained from a cross-sectional image taken at
the narrowest patt of a lesion. Total vessel area was defined the area central to the
ultrasound-defined boundary between adventitia and media-intima thickening.
Lumen area was defined as the area central to lumen-indimal boundary. Plague
area was calculated as the difference between total vessel area and lumen area. The
mean difference of the measurements of 30 lesion fumen areas and 30 plaque
areas and interobserver variability obtained by two independent investigators was



0.02 +0.37 mm2 (R=0.97) and 0.03 £0.0.62 mm2 (R=0.99) respectively.

Statistical analysis

All measurements are represented as mean * standard deviation. The unpaired T-
test, the chi-square test with Yates correction, and the Fischer-exact test were used
when appropriate. A p value < 0.05 was considered statistically significant. The
interobserver variations were assessed with the use of unweighed kappa
coefficients (24).

Table 4. Correlation hetween angiographic, angioscopic and ultrasound
findings of lesions in patients with stable and unstable angina.
Unstable angina (n=44)  Stable angina (n=23)
Angiographic lesion Angiographic lesion
non-complex complex non-complex complex

0-20)  (26) (16 (09
Angioscopic lesion (N)
Thrombotic- 13 17 2 2
Stable ' 7 7 12 7
Ultrasound lesion
Poorly echo-reflective 7 15 10 5
Highly echo-reflective 1 0 0 0
Highly echo-reflective
with shadowing 1 0 1 0
Mixed composition 11 9 3 4
Results
Procedures

Passage of the imaging catheters through the ischemia-related lesion was
obstructive to blood flow and associated with chest pain and electrocardiographic
ST-T segment changes in almost all patients. These changes were quickly
reversible after withdraw of the catheter, except in two patients in whom abrupt
occlusion occurred at the site of the ischemia relaced lesion. This was effectively
treated with balloon angioplasty. The angioscope caused a small non-occlusive
dissection in one patient. Subsequent balloon angioplasty resulted in an occlusive
dissection which was effectively managed by stent implantation.

In four patients the culprit lesion was toe tight to allow crossing of the angioscope
and the observations were restricted to the proximal aspect of the stenosis. In the
two patients in whom the lesion could not be crossed with the ultrasound probe,




the plaque composition was taken from post angioplasty examination.

Lesion characteristics
The angiographic and intracoronary angioscopy findings and ultrasound
characteristics of the ischemia-related lesions are shown in Tables 1, 2, and 3. An

Figure 2.
Stable lesion (left) with smooth, white surface. Thrembotic lesion (right) with disrupted surface and red

thrombus,

angiographically complex lesion was present in 39% of the stable patients and in
55% of the unstable patients. An angioscopically thrombotic lesion (Figure 2) was
present more often in unstable angina, than in stable angina (68% vs. 17%, p <
0.01). The presence of a yellow plaque (containing lipids) was similar in both
groups. The presence of wall disruption or ulceration of complex lesions was not
detectable with ultrasound. The composition, the presence and distribution of
calcium, the eccentricity and extent of the plaque were almost similar in unstable
and stable angina patients.

Correlations between clinical, angiograplic, angioscopic and ultrasonic lesion
characteristics

In Tables 4 and 5 the correlation between the findings of angiography, angioscopy
and ultrasound of the ischemia-related lesions in patients with stable and unstable
angina are presented. It appears that the clinical syndrome and angiographic
findings were poorly correlated. An angiographic complex lesion (n=33) or non-
complex lesion (n=34} was concordant with unstable angina (n1=44) or stable
angina (n=23) in 55% (24/44) and 61% (14/23) respectively (Table 4). An
angloscopic thrombotic leston (n=34) or stable lesion (n=33) was concordant with
unstable or stable angina in 68% (30/44) and 83% (19/23) respectively (Table 4).
There was no significant correlation between the lesion characteristics obtained
with angiography, angioscopy and ultrasound (Table 4 and 5). An angiographic
complex lesion (n=33) or non-complex lesion {n=34) was concordant with an



angioscopic thrombotic lesion (n=34) or smooth lesion (n=33) in 58% (19/33)
and 56% (19/34) respectively (Table 4).

Ultrasonic defined lesion characteristics were almost equally represented between
angmglaplucaily complex and non-complex lesion (Table 4) and also between
angioscopic thrombotic and stable lesions (Table 5).

Discussion

Individual acherosclerotic lesions have a striking heterogeneity in both their
composition and appearance. Predominantly based on postmortem studies much
evidence has been accumulated showing that acute ischemic syndromes are
associated with plaque fissuring and superimposed thrombosis *'* Clinical
angioscopic studies have confirmed the presence of an intracoronary thrombus '*
. Recently, Davies et al. ', performed an elegant postmortem study of aortic
plaques from men who died suddenly. They emphasized the importance of the
volume of a central lipid pool in plaques that had undergone thrombosis. The size
of the extracellular lipid pool exceeded 40% of the cross sectional area of 91%
thrombosed plaques, whereas this occurred in only 3.2% of non-thrombosed
plaques. Ample evidence has emerged indicating that lipid-rich atheromatous
plaques which have a thin, fibrous capsule are prone to plaque fissuring 2,
Clearly, it would be of great importance if we were able to identify, in vivo,
plaques prone to fissuring. In-vitro pathological studies have shown that
intravascular ultrasound imaging has the potential to visualize the fibrous cap and
allows acoustic characterization of the composition of a coronary plaque,
including calcium, dense fibrous tissue, loose fibrous tissue, intimal hyperplasia
and extracellular lipid 2%,

Currently, the experience with intracoronary ultrasound to characterize the
composition of coronary lesions in patient studies is limited. Hodgson et al, "
performed a morphometric analysis of the ultrasound images obtained from
ischemia-related lesions in patients with unstable and stable angina. They found
that patients with unstable angina had more often poorly echo-reflective lesions
and less severe calcific lesions or intraluminal calcium deposits. We could not
confirm these findings and we found that the composition of stable and unstable
plaques was nearly identical. The discrepancy between the findings in both studies
may be explained by differences in image quality. The mechanical system used in
this study has a higher dynamic range and resolution. However, the ultrasonic
findings should be interpreted with caution because, although poorly echo-
reflective lesions are thought to represent lipid-containing lesions, ultrasound
imaging systems at present cannot distinguish beeween loose fibrous tissue, Jipid-
rich lesions and thrombus.

Our angioscopic findings are in agreement with previous angioscopic studies "

and demonstrate that thrombus and ulcerated plaques are present in two-thirds of
the cases, An interesting question arise to why we did not observe the presence of



Figure 3.
An example of a gaod concordance between the three imaging techniques in a patient with stable angina.

With angivscopy (left) we may observe a smootly , vound yellow lesion; with angicgraphy (center) a
cancentric lesion with regular bovders and with nltrasound {right) a soff plague,

thrombus in the other one-third of the unstable paticnts. Several reasons may
explain this. The intensive premedication with heparin and aspirin and the time
interval between last symptoms and examination may have induced dissolution of
thrombus and wall repair. The plaque disruption may have been small and
associated with only a small thrombus, difficult to be seen with angioscopy or
located in a segment not completely explored with angioscopy. The thrombus
may have been dislodged by the catheter, or may have been flushed away into the
distal part of the vessel. Another interesting possibility is that our angioscopic
observations were correct and that alternative mechanisms other than plaque
rupture and thrombosis, such as vasospasm or the recently suggested possibility of
smooth muscle cell proliferation with plaque expansion causing luminal
nartowing »*. Of note is also that rupture and thrombosis were observed in 17% of
the patients with stable angina. This observation has not been made by other
investigators in their patients with stable angina '**. These findings suggest that
rupture and thrombosis does not always lead to the clinical manifestation of an
acute coronary syndrome. Unfortunately, the resolution of ultrasound imaging is
insufficient to reliably visualize a rupture of the plaque; possibly because plaque
ruptures are much less smaller than larger dissections after coronary angioplasty
which are reliably detected with ultrasound.

We found that approximately two-third of the lesions in patients with stable and
unstable angina were yellow. The yellow colour of a plaque is caused by lipid that
contains carotene. It should be appreciated that a white plaque may also contain
lipid, because cholesterol is white and does not always contain carotene.



Limitations of this study

The study group consists of non-consecutive series of patients, which may have
introduced a bias. This study was performed in a subsct of patients having angina
at rest, or early post-infarction angina, selected for balloon angioplasty, and thus
prectudes generalization of these findings to all patients with unstable angina.
Unstable angina pectoris is a dynamic process with different pathophysiologic
mechanisms waxing and waning over time. Any study therefore represent a
snapshot and certain processes may have been missed. Only monitoring during a
longer period would resolve this problem.

Currently available imaging devices are yet still bulky and stiff. In few cases the
ischemia-related lesions could not be crossed, or could not be completely imaged
due to the curvature of the vessels so that entire interrogation of the lesions was
not possible and certain lesion characteristics may have been missed.

Even, after crossing the lesion, certain aspects may escape detection because
cutrent angioscopic design does not include a flexible, steerable tip so that the
entire surface area cannot always be inspected. Seructures lying behind calcific
lesions cannot be detected with ultrasound because the plaque prevents
penetration of the ultrasonic beam. Also, the wire and strut artefact which is
present with 4.3 F ultrasound catheter may introduce incomplete visualization of
the plaque.

Conclusions

Sequential imaging of the ischemia-related lesion with intracoronary angioscopy
and ultrasound is feasible, and safe in patients undergoing coronary intervention.
‘The obtained information is complementary to coronary angiography. Integration
of the three imaging modalities provides clinically valuable information about the
major mechanism responsible for myocardial ischemia and thus may improve
patient management. Both intracoronary imaging techniques do not allow
identification of a lipid-rich plaque with a thin fibrous cap known to be prone to
rupture.

Thirty megahertz ultrasonic imaging does not yield enough resolution to
accurately detect plaque composition. Improvement of the quality of
intracoronary ultrasound images is necessary to accurately provide the desirable
information on the size of the volume of the extra-cellutar lipid pool, the
thickness of the fibrous cap or the location and depth of a fissure of the cap *.
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Abstract

Background
Coronary angioscopy constitutes a potential tool in determining which is the predominant cause of
corondry obstruction in unstable patients refractory to medical iveatment.

Aim of the study

To investigate with intracoronary angicoscopy the characteristics of the culprit lesion of primary or
past-infarction unstable angina pectoris refractory to medical treatment, and to establish the
relationship between the obtained visual findings with coronary angiography and histopathological
characteristics of vetrieved atherectony specimens.

Methods

Angioscopy was performed in 41 patients at the time of percutaneons recanalisation. In all cases visual
Sfindings were classifted objectively, without making a transtation to histological terms. In 9 (22%)
examination of tissue sumples obtained during divectional atherectomy possible the correlation
between histopathological and angioscopic features, Quantitative angiography and classification of
angiographic morphology was performed in all cases and correlated with angioscopic findings.

Results

Red material was seen in 25 (60%) cases, more frequently in patient with post-infarction angina
(13117, 76%) than in primary unstable angina (12/ 24, 50%), and protruded significantly in the
lumen in 7 (419) patients with postinfarction and in 3 (12%) with primary unstable angina.
Atherectomy specimens revealed the presence of red thrombus. The protrusion of red material
correlated significantly with a lower minimal fuminal diameter (0.55£0.56 mm versus 1.1110.42
mm in stenoses with and without protruding red material, p=0.009) and greater percent diameter
stenosis (7919 % versus 641 15% in stenoses with and without protruding red material, p=0.04),
Conversely, the angiographic morphology correlated poorly with the presence of red material during
angioscopy (15/21, 71%, with and 10/20, 50%, withour complex angiographic morphology (p=NS).
KXanthomatous plagues presented more frequently in patients with postinfarciion (10/17, 58%) than
in unstable patients (5/24, 21%} (p = 0.02), frequently in association with red material (13/15,
879%, versus 2115, 13%, in stenosis with and witheut red material respectively, p=0.02), and were
associated with deposits of cholesterol erystal clefis in 2 atherectony specimens. Pink aveas were
identified in 12 (50%) and 2 (129) patients with unstable and post infarction angina respectively (p
= 0.03). White-gray protruding masses were observed more frequently in unstable (8/24, 33%) than
postinfarction patients (3/17, 19%), with 2 atherectomy specimens vevealing fibrin-rich and
organssing thrombus. Finally, an stenotic vessel wall with normal coloration was found in 4 (10%)
cuses, 3 of which showing an smooth surface and 1 evidence of wall disruption.

Conclusions
These observations provide information as to the canse of luminal obstraction in unstable patients
refractory to medical treatment that may be relevant for the formulation of therapentic strategies.
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Introduction

The understanding of the pathological substrate of acute coronary syndromes has
been based largely on post-mortem studies of coronary arteries."™" These studies
have suggested that sudden disruption of the atheromatous plaque is the common
inidating factor of myocardial infarction, primary unstable angina and sudden
death, through the onset of several pathogenic mechanisms such as plateler
activation, adhesion and aggregation, vasoconstriction and thrombus formation.’

In spite of the considerable knowledge accumulated on these pathophysiological
mechanisms, the management of primary unstable and post-infarction angina
pectoris still presents a major therapeutic problem.” Conventional diagnostic
tools provide no direct insight on which pathogenic mechanism is operative or
prevails in an individual patient presenting with unstable symproms. This may
partly explain the refractoriness to conventional treatment. Furthermore, it is
possible to speculate that some of the pitfalls in the pharmacological treatment of
unstable angina are due to incomplete understanding of a continuously evolving
pathological substrate.

Percutaneous angioscopy constitutes a unique tool in the study of the coronary
syndromes, by facilitating direct visualization of changes taking place in the
luminal environment of the culprit stenosis.”" Previous angioscopic studies?
have identified marked differences in the characteristics of the culprit lesion in
stable and unstable patients. However, these studies have been focused on changes
at the time of the initial clinical presentation, which may be substantially different
from those found in patients in whom medical treatment has proved ineffective.
Furthermore, a common bias of these studies has been the direct transtation of
visual findings to pathological terms by the investigating cardiologist.

In the present study we investigated the angioscopic substrate of patients
presenting with refractory unstable angina with or without a history of recent
myocardial infarction. Visual findings were objectively classified according to
chromatic and morphological characteristics, and conclusions on the
corresponding pathological substrate were drawn from histological study of
atherectomy specimens obtained in a representative sample of the study
population.

Patients and methods

During the period between September 1992 and May 1993 percutaneous
coronary angioscopy was performed in 41 patients presenting initially with
primary unstable angina (class [IB and IIIB in the classification proposed by
Braunwald") or postinfarction angina (class IIIC in the same classification).'* In
all cases the patients were receiving intravenous heparin and nitrates since the date



of admission. In 6 cases (15%) systemic thrombolysis had been performed, In
addition, all patients were receiving oral antianginal medication, consisting of beta
blockers, calcium antagonists or a combination of both. Catheterization was
performed with a view to coronary intervention due to persistent clinical evidence
of myocardial ischaemia. The investigations were approved by the Institutional
Review Board of the Cardiology Department of the Dijkzigt Ziekenhuis and the

Table 1. Baseline characteristics of 41 patients

n=41

Age (years) 59410

Male sex 33 (80%)

Time from onset of syndrome (days):

-Unstable angina 18116

-Post-infarction angina 15415

Tschemia-related vessel :

-RCA 17 (41%)

-LAD 15 (36%)

-LCX 9 {23%)

Reference diameter {mm) 3.1540.71

Minimal luminal diameter (mm) 0.98H1.51

% diameter stenosis (%) 6716

Complex angiographic morphology 21 {51%)

Multivessel disease 9 (23%)

Prior coronary intervention 3 PTCA, 2 DCA

Thrombolysis 6 (35 % of al
post MI)

RCA: right coronary artery; LAD: left anterior descending coronary
artery; LCX: left circumflex coronary artery; MI: myocardial infarction.

patients were studied only after giving informed consent.

Procedures

Selective coronary angiography in multiple projections was performed before and
after intervention, All patients received aspirin (250 mg) and i.c. nitroglycerin before
the procedure and were on optimal anticoagulation with heparin, with an activated
clotting time was over 300 seconds. During the procedure patients received
intravenous diazepam. After passage of a 0.014 in. guide wire across the culprit
lesion, coronary angioscopy was performed. In all cases an attempt was made to cross
the lesion with the angioscope to obtain information from both the proximal and
distal aspect of the lesion. Following angioscopy, balloon angioplasty (n=32) or
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directional coronary atherectomy (n=9) were performed according to standard
practice.

Selection of ischemia-velated lesion

Culprit lesion was selected as follows: in cases with single vessel disease the most
severe lesion within that vessel was selected; in cases with multivessel disease the
selection was determined using angiographic and electrocardiographic criteria,
including the location of transient ST-T segment changes in the
electrocardiographic leads occurring during ischaemia at rest.

Anglography

Luminal dimensions at the stenotic and reference segment were obtained with
quantitative coronary angiographic analysis, which was performed using the
CAAS Mark II system,"' which constitutes the latest generation of a previously
validated system.'” Qualitative information was also recorded according to a
modification of the angiographic classification of lesion morphology proposed by
Ambrose et al." Complex lesion morphology was recorded when eccentric lesions
with ragged or overhanging edges were present, or when intraluminal filling
defects were noted.

Angioscopic device

The angioscope used was a 4.5 Fr polyethylene monorail catheter (Baxter-
Edwards, Irvine, California). The catheter features a compliant occlusive cuff, a
flush port, guidewire compatibility and a movable optical bundle with a depth of
field > 1 mm and an excursion capability of 5 ¢m. In order to keep a uniform
color temperature in the light source, light intensity is modified by the use of a
diaphragm. Thus, artificial variations in the observed colors were minimized. To
facilitate the review process of the obtained images, real-time fluoroscopy or
cineangiography was recorded simultaneously with angioscopic images using a
digital videomixer. This provides a better estimation of the location of the
angioscope within the coronary tree.

Analysis of angioscopic images

All images were analysed off-line by three independent interventional cardiologists
familiar with coronary angioscopy. In addition, the films were reviewed by an
independent cardiovascular pathologist blinded to clinical, angiographic and
pathological data. At the site of the stenosis the arterial wall was classified as
disrupted (loss of continuity in the arterial wall), irregular (rough surface with wall
integrity preserved), or predominantly smooth surface. The presence of red
material was recorded, and classified as mural (lining the arterial wall but without
significant protrusion in the lumen) or occlusive (accounting for a significant
obliteration of the arterial lumen during angioscopy). White protruding masses
were recorded independently. The presence of pink areas in the arterial wall or on
the surface of a white protruding mass was also recorded. Yellow plaques were
defined as areas of homogeneous yellow color cleatly identifiable from a



Figure 1

Red waterial in a5 visualised by angioscapy in 2 patients with primary unstable angina and a calprit
stenasis locared in the mid right coranary artery. A: Coronary arteriogram showing an eccentric lesion
with an everhanging edge in its distal aspect (rrow). B: Angioscopy revecled that the latter was due 10
vessel wal disruption, with underlying mural red material. C: On-line guantitative angographic analysis
of a cancentric stenasis, D: A protruding rededish mass, clearly distingnishable from the vessel wall, became

evident during angioscopy.

neighboring area of normal white wall.

Histopathological studies of atherectomy speciinens

In the 9 cases undergoing directional coronary atherectomy the obtained
specimens were removed from the atherocatheter, flushed with saline, examined
macroscopically and then fixed in 10% formalin. Routine processing for light
microscopy and haematoxylin-azophloxin and Verhoeff-van Giesson staining was
performed. All specimens were reviewed by two independent observers who were
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blinded to clinical data. The recommendations layed out in the American Heart
Association Medical/Scientific Statement on the Definition of the Intima of
Human Arteries and of its Atherosclerosis-Prone Regions” were followed in
collecting information regarding intimal constituents. Fibrous tissue was classified
as dense when composed of acellular or poorly cellular connective tissue formed
predominantly by dense collagen, and classified as loose when the tissue fragments
showed a moderate cellularity and collagen bundles separated by accumulations of
extracellular matrix. Neointimal hyperplasia was defined as fibromuscular
connective tisste showing a random orientation of spindle shaped and stellate
cells embedded in abundant extracellular matrix. Calcifications and lipid deposics
such as cholesterol crystal clefts or foam cells were separately recorded
independently. No special staining was used to identified calcium. Thrombus and
/ or intraplaque hemorrhage were identified as amorphous material, in close
apposition with atheromatous material, frequently showing collections of
leucocytes between layers of fibrin. Large masses of fibrin that might correspond
to platelet-rich thrombus and were unlikely to be solely related to the atherectomy
procedure were recorded. The Verhoeff-van Giesson staining was used to
discriminate between fibrin and dense collagen. Organisation was judged when
infiltration by cellular elements, e.g. smooth muscle cells, fibroblasts, capillary
sprouts, was observed.

Statistical analysis

Mean values and standard deviations are presented for continuous variables.
Comparison of mean values was performed using two-tailed unpaired Student's t-
tests. Discrete variables were compared using chi-square tests, and Yates’
continuity correction applied when indicated. Statistical significance was accepted
at the 5% level.

Results

The baseline characteristics of the 41 patients included in the study are shown in
‘Table 1. In 35 (85%) cases the entire target stenosis was satisfactorily visualised by
angioscopy, while in the remaining 6 (15%) the stenosis was not crossed with the
angioscope and only the proximal aspect of the stenosis was visualised. The
introduction of the angioscope at the ischemia-related lesion was associated with
chest pain and electrocardiographic ST-T segment changes in 33 cases (80%).
These changes were quickly reversible after cufl’ deflation and withdrawal of the
catheter, with the exception of two paticnts (4%) in whom abrupt coronary
occlusion developed. This was effectively treated by balloon angioplasty, without
adverse sequelae. In a third patient a small non-occlusive dissection was noted
immediately after angioscopy. Subsequent balloon angioplasty resulted in
occlusive dissection, which was effectively managed by stent implantation. Finally,
in a fourth patient with post-infarction angina, an occlusive dissection in the right
coronary ostium, unrelated to angioscopy, was caused during the removal of the



atherectomy guiding catheter, following a technically successful procedute in a
mid right coronary artery stenosis. This was complicated by re-infarction (max.
CK 600 U/l) which was treated conservatively.

Angioscapic characteristics of the culprit lesion.

In all cases visualization of 22/3 of the circumference of the inner vascular wall
was achieved. Vessel wall disruption, suggesting ulceration, was identified in 27
(66%) patients. The stenosis presented an irregular surface in a further 8 (19%)
patients. In the remaining 6 {15%) patients the stenotic wall was smooth, without
disruption or marked irregularities.

Red material (Fig. 1) was seen in 25 (60%) of all cases, more frequently in
postinfarction (13/17, 76%) than in primary unstable angina (12/ 24, 50%),
although this difference did not reach statistical significance. The presence of red
material was not influenced by the time elapsed from the beginning of the
syndrome to angioscopy: 1517 days versus 18413 days in stenosis with and
without red material, respectively. Red material was occlusive in 7 (41%) patients
with postinfarction and in 3 (12%) with primary unstable angina (p=NS). The
protrusion of red material correfated significantly with a lower minimal luminal
diameter (0.5540.56 mm versus 1.1140.42 mm in stenoses with and without
protruding red material, p=0.009) and greater percent diameter stenosis (79419
% versus 64 £15% in stenoses with and without protruding red material, p=0.04)
measured with quantitative angiography. The prevalence of red material was
significantly related to the angioscopic characteristics of the vessel wall, being
present in 19 (70%) of the cases with disrupted, 5 (62%) of the lesions with
irregular , and 1 (17%) of the lesions with smooth vessel wall (p=0.05).
Conversely, there was no stacistical relacionship berween the existence of a
complex angiographic morphology and the presence of red material during
angioscopy, the latter observed in 15/21 (71%) lesions with and 10/20 (50%)
without complex angiographic morphology (p=NS).

Xanthomatous plaques presented typically as discrete raised plaques with a
marked homogeneous yellow color, suggesting the existence of a very thin fibrous
cap (Fig. 2A). They werc identified in 15 (37%) of all patients, and presented
more frequently in patients with postinfarction (10/17, 58%}) than in unstable
patients (5/24, 21%) (p = 0.02). Yellow plaques were found more frequently in
stenoses containing red material (13/15, 87%, versus 2/15, 13%, in stenosis with
and without red material respectively, p=0.02).

Pink arcas were identified in 12 (50%) and 2 (12%) patients with unstable and
post infarction angina respectively (p = 0.03). White-gray protruding masses (Fig,
1B} were observed more frequently in unstable (8/24, 33%) than postinfarction
patients (3/17, 19%), although the difference was not statistically significant. In 4
cases (10%) a white protruding mass was seen in a stenosis containing also red
material (3 unstable and 1 post-infarction patients). Finally, stenotic vessel wall
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Figure 2

Angioscopic characteristic of & xanthomatous
plague (A, with marked yellow caloration thar
contrasts with that of the normal white
appearance of the arterial wall, Analysic of
atherectomy specimens (B) obtained in this type
af fesions made possible the identification of
chalesterol rich plagues (arrow). In a fragment
retrieved fram the same lesian numerous
cholesteral cryseal clefs conld be found enbedded
in fresh thrombus (C).

with normal coloration was found in 4 (10%) cases, of which 3 showed smooth
surface and 1 showed evidence of wall disruption.

Prevalence of ved material after thrombolysis

In the postinfarction angina group, 6 patients had received systemic thrombolysis
947 days before angioscopy. No significant differences with regard to the presence
of red material were noted when this group was compared to the other 11 patients
with postinfarction angina who did not receive thrombolysis, showing a
prevalence of 4/6 (66%) in patients with and in 9/11 (82%) without prior
thrombolysis. Likewise, thrombolysis did not influence the degree of luminal
occlusion caused by red material, which was occlusive in 2/4 (33%) and 5/11
(45%) cases with and without previous thrombolysis respectively (p=NS). In one
additional patient intracoronary thrombolysis was performed after coronary
angioscopy demonstrated total luminal obstruction by red material. Using the



distal lumen of the angioscope, the thrombolytic agent ('TPA) was introduced to
the space existing between the occlusion and inflated proximal cuff, in an attempt
to increase the concentration of lytic agent in contact with the thrombus (Fig. 4A
). After 20 minutes, coronary angiography revealed incomplete coronary
recanalisation, while angioscopy showed a substantial change in the color of the
previously red material, which now presented several mobile structures of pinkish
color which had been covered by the red occlusive mass and which remained
unlysed during further observations (Fig. 4B). Subsequent balloon angioplasty
yielded an optimal result, with complete restoration of antegrade blood flow
through the stenosis.

Analysis of atherectomy specimens

Directional atherectomy was performed in 9 cases (22%), each yielding
pathological specimens. Macroscopic examination of the specimens allowed
identification of several features visualized during angioscopy. The cortelation
between histopathological and angioscopic findings in these 9 patients is
summarized in Table 1I. Histopathological analysis of the material retrieved in all
5 stenosis containing red material showed fresh red thrombus (Fig. 2}. In three of
these patients the presence of a xantomatous plagque had been reported by
angioscopy (Fig. 2A). The retrieved material demonstrated the presence of
numerous cholesterol crystal clefts with inflammatory cells, associated with fresh
red thrombus (Fig. 2C) in two cases, suggesting that extrusion and exposure of
lipid material to the bloodstream was the precipitant cause for coronary
thrombosis. Directional atherectomy was not performed in any of the cases where
pink areas had been visualized. Coronary samples were obtained from two lesions
with white-gray protruding masses. Microscopic examination revealed the
presence of a large fibrinous mass in one case, and organizing thrombus in the
other (Fig. 3B). Finally, atherectomy was performed in one case with a normal-
coloured stenotic wall, with the specimen showing the presence of dense fibrous
tissue and neointimal hyperplasia.

Discussion

The information accumulated during the last decade on the pathophysiological
mechanisms involved in the genesis of acute coronary syndromes® has enabled
the development of specific therapeutic strategies targeted against particular
pathophysiological processes.** Some of these approaches have been shown to
reduce significantly the mortality and morbidity associated with the syndrome.
However, the management of unstable patients is still far from being
straightforward. Although a thrombotic origin in primary unstable angina seems
well established,'*? the syndrome is frequently refractory to thrombolysis, platelet
antiaggregancs and systemic anticoagulation. ™ Likewise, the advent of the
thrombolytic era has not diminished the number of patients presenting with
unstable angina in the weeks following acute myocardial infarction.”

g



Table i1l. Correlation between angioscopic and histological findings in
patients treated with directional coronary atherectomy.

Pat. no.

Angioscopic findings

Red (protruding) material,

xanthomatous plaque

Red (mural} material,
xanthomatous plaque

Red (occlusive) material

Red (mural) material
Red (mural) marerial
Red (mural) material,
xanthomatous mass
White mass

White mass

Normal vessel wall

Histological findings

Dense fibrous tissue, fresh
thrombus, cholesterol crystals

Deense fibrous tissue, fresh red
thrombus, cholesterol crystals

Dense fibrous tissue, fresh red
thrombus, neointimal hyperplasia

Deunse fibrous tissue,
fresh thrombus, media + advent.

Dense + loose fibrous tissue,
fresh red thrombus

Dense fibrous tissue,
fresh thrombus.

Dense fibrous tissue,
fibrin rich thrombus.

Dense fibrous tissue,
organizing thrombus

Dense fibrous tissue,
neointimal hyperplasia

Part of this therapeutic problem may be related to the lack of knowledge on the
evolution of the pathological substrate from the initial stages of the acute coronary
syndrome. While post-mortem studies have contributed substantially to the
understanding of the undetlying pathology, it is obvious that this source of
knowledge is biased by case selection, presumably reflecting more acute and
extensive changes than those existing in the majority of patients.

Coronary angioscopy may setve as a uselul tool in Visualizing the ischemia-related
vessel in unstable patients, providing insight not only on the genesis but on
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further evolution of the changes takmg place in the environment of the
atheromatous plaque. Previous studies using angioscopy have suggested a high
frequency of coronary thrombosis in patients \Vlth unstable angina and myocardial
infarction.™" Grayish, non-occlusive, presumably platelet rich thrombus has been
described as a common substrate of patients presenting with unstable angina, while
red, occlusive thrombus was found mainly in patients with myocardial infarction,”
In the latter group, a higher prevalence of xanthomatous plaques was also found.”
Although these studies have contributed significantly to the in-vivo study of acute
coronary syndromes, they share the commeon limitation that translation of the
visual findings to pathological terms was performed automatically. This is
particularly relevant since pathological validation of angioscopic studies has never
been performed in-vivo, and in-vitro studies are scarce. These include the work of
Tomaru et al.* and Mizuno et al.,” reporting on the formation of thrombus and
subsequent action of thrombolysis in two different experimental models, and that
of Stegel et al.?* validating angioscopic and intravascular ultrasound observations
obtained in-vitro in peripheral human arteries. Although in these studies
pathological examination of the imaged vascular substrate was performed, it is
likely that the models used may be quite far from being representative of those
changes found in the culprit lesion of of patients with unstable angina.

Our work differs from all these previous studies in several aspects. First, an
objective approach to evaluation of the visual findings was followed to classify the
chromatic and morphological characteristics of the culprit stenosis as visualized
during angioscopy. To reduce the potential interobserver variability associated
with angioscopy we performed panel review of the images, a method which has
previously proved useful for this purpose in studies using coronary angiography.”
A translation to pathological findings was attempted only after concomitant
directional atherectomy was performed, yielding histological specimens that were
compared with visual findings. The independent contribution of a
cardiovascular pathologist was also sought in an attempt to get an expert opinion
on the changes seen during angioscopy. Second, the study population was a
representative sample of unstable patients with or without previous myocardial
infarction, with the common denominator of being refractory to medical
treatment and referred for percutaneous recanalisation. This implied a longer time
interval (16£15 days) between the onset of the syndrome and the time of
angioscopy. Finally, patients with prior thrombolysis were also included in the
study.

We found that the chromatic characteristics of the stenotic wall found in the
study population were similar to those reported by Mizuno et al.'? in the very
eatly stages of the syndrome. Red intraluminal material was a frequent finding in
unstable and postinfarction patients, and the study of atherectomy specimens
revealed that its histological substrate was in fact red thrombus. Thrombus was
frequently present in spite of relatively prolonged treatment with therapeutic

oses of intravenous heparin, in agreement with the work of Badimon et al
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Figure 3

A: Intracoronary anugioscopy in a patient with unstable angina pectoris showing a globular white mass
that protrudes in the lumen. B: Histological examination of a similar mass observed in a patent
undergoing atherectoniy revealed moderarely cellular fibrous tissue with evidence of thrombatic

organisation.

demonstrating that anticoagulation with heparin does not abolish thrombus
growth.” In the post-infarction group previous treatment with thrombelytic
agents did not appear to reduce the prevalence of red thrombus.

Likewise, we found that white protruding masses are relatively commeon in
unstable patients, and occur mainly in patients with primary unstable angina.
Insight to the pathological natute of this observation was obtained in two cases. A
fibrin-rich thrombus was found in an atherectomy specimen obtained from a
lesion with a white-grayish protruding mass. In the second specimen, the
undetlying substrate was identifted as fibrous tissue in association with organising
thrombus. In previous studies, we and others found that thrombus organisation is
common in atherectomy specimens obtained in patients with primary unstable
angina pectoris, even in the early stages of the clinical syndrome* Tt is likely that
modification of the color of thrombus which occurs during the process of
organisation,” with a shift from red to a pinkish, color, can make it
undistinguishable from platelet rich thrombus. We also observed a statistically
significant preponderance of pink areas in the vessel wall in patients with unstable
angina, although its pathological nature remains unclear since no atherectomy was
petformed in any of these cases. It is possible, however, to speculate that these may
correspond to mural thrombus being organised and integrated in the arterial wall,
or to the presence of haematic material in the subintima.

Several observations relevant to the vascular substrate underlying thrombus
formation were drawn from the angioscopic images, We found a significant
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Figure 4

A: Coronary angioscopy can be
used as an effective method for
thrombolytic drug delivery in
selecred patienss, By inflating the
proximal occluding cuff of the
angioscope, which is normally
used to interrupt antegrade blood
flaw and facilitate visnalisation,
thrombolytic agents can be
delivered at the site of occlusion,
reaching high local concentrations
that may factlitate thrombolysis,

B: This technique was succesiftelly
applied in a mid righ coronary
occlusion by red materiad,
sugeestive of fresh thrombiss.

During thrombolysis, angioscapy demonstrated marked remodelling of the occluding red material. A
wmobile, whitish core (arrows) which was underlying the original occluding wiass became evident and
remained unchanged during the rest af the examination.
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gradation in the presence of red material in stenoses with disrupted, irregular and
smooth vessel wall, It is likely that these stenosis characteristics imply a variable
thrombogenic potential of the stenotic wall. Exposure of deep components of the
plaque (type III vascular injury in the classification suggested by Ip et al.)*" may
cause thrombosis more frequently than in areas with merely absent or
dysfunctional endothelium (vascular injury type II in the same classification),
promoted by shear stress in segments presenting an irregular lumen.® Our study
supports a previous report on a higher prevalence of xanthomatous plaques in
patients who developed myocardial infarction. The presence of red material and
xantomatous plaques were strongly correlated. Concomitant study of atherectomy
specimens obtained from xanthomatous lesions revealed the presence of
cholesterol crystal clefts, sometimes in close association with inflammatory cells
and embedded in red thrombus, suggesting that, in accordance with previous
postmortem studies, extrusion and dispersion of plaque material secondary to
plaque rupture had preceded the episode of thrombosis'*** (Fig, 2).
Xanthomatous plaques appeared as discrete, raised plaques where a chin,
transparent fibrous cap is assumed since the underlying yellow lipid material can
be seen. These observations support current views on the genesis of myocardial
infarction, precipitated by rupture of lipid-rich plaques®* that promote thrombus

formation ®¥

Which is the main cause of persistent fuminal obstruction in unstable patients
refractory to medical treatment? As judged from angioscopy in the present study,
red material protruded significantly in the coronary lumen only in 24% of the
cases. Even if patients with a protruding white mass are added to this figure (9
patients, since 1 concomitantly presented a red mass), obstruction by an
intraluminal mass occurred in only 46% of all cases. Since the primary aim of
thrombolysis is to tackle coronary thrombus as the main cause of intraluminal
obstruction, this observation provides clear evidence as to why thrombolytic
treatment has previously not been helpful in the treatment of unstable patents.
Interestingly, in this study the only angiographic characteristic of lesions showing
a significant obliteration of the lumen by red matertal was the presence of
sighificantly greater stenosis severity by quantitative angiographic analysis, This
finding may provide an unexpected explanation of the findings reported by De
Zwaan et al.* in the sense that only unstable patients with total or subtotal
coronary occlusion demonstrated benefit from thrombolytic treatment. In the
light of the observations of the present study, such benefit would be derived from
selecting cases for treatment where occluding red thrombus plays a considerable
aetiological role. As in the present study, less severe stenoses probably present a
lower contribution of thrombus to luminal obstruction. These findings suggest
that angioscopy may be more useful than angiograhy in reliably and specifically
identifying the presence of intraluminal thrombus in order to perform a more
selective use of thrombolytic agents.

This applies also to patients with unstable postinfarction angina, as suggested by a
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pilot study from the John Hopkins Hospital.* In that work, intracoronary
streptokinase was given in postinfarction patients with a persistently occluded
vessel, Coronary reperfusion was achieved in 9/15 (60%) of patients, who had a
betrer clinical outcome than patients not receiving thrombolysis, or in whom
coronary reperfusion was not achieved. We could document the modification of
the angioscopic characteristics of occlusive red material in a postinfarction patient
following exposure to a highly concentrated dose of thrombolytic agent. An
underlying whitish, mobile core which remained unlysed (Fig. 4B} became
evident. This observation fits nicely with that of Uchida et al.™ in their in-vitro
angioscopic study on the effect of thrombolysis, where pale material was later
identified histologically as a fibrin-rich thrombotic core. It remains unknown
whether a similar effect of thrombolysis is to be expected in cases where an
intraluminal white protruding mass rich in fibrin predominates. Likewise, the
presence of some of the other characteristics of thrombus found in our study, such
as the presence of extruded cholesterol crystal clefts and cellular infiltration within
a formed thrombus, may interfere with the action of thrombolytic agents.™

It has been emphasized that in the acute coronary syndromes thrombosis is a
dynamic process?**# with waxing and waning of the cause of coronary occlusion
(either red or platelet-rich thrombus). The presence of protruding thrombus may
also stimulate thrombus progression due to a combination of rheological factors
and the high thrombogenic activity of the actual surface of the thrombus itself*
Likewise,the resulting increase in shear stress may lead to new episodes of
thrombosis if intermittent fissuring or exposure of its core to the bloodstream
occurs later during thrombus organisation, where thrombin remains protected
from circulating antithrombin.*

It is important to keep in mind that the information provided by angioscopy is
limited to the luminal aspect of the vessel, and that therefore changes in plaque
geometty as a consequence of the development of intraintimal hemorrhage or
haematoma formation can be missed, or underscored by visualization of a mural
thrombus at the site of a fissure in the fibrous cap (a “tip of the iceberg”
phenomenon) (Fig. 1 A and B). It would be expected that the presence of
hemorrhage or haematoma within the intima would constitute a major barrier to
the action of thrombolytic agents.” Alternatively, and since resolution and
organisation of a thrombotic episode seems ro be associated with enhanced
smooth muscle cell proliferation® and development of neointimal hyperplasia,***
changes in plaque geometry may also result from accelerated formation of fibrous
tissue which had been initially triggered from a clinically silent episode of
thrombosis.

The results of this study reinforce the concept that coronary angioscopy constitute
an useful research tool in the study of different coronary syndromes, and that such
application is enhanced through concomitant use of directional atherectomy. The
technique of angioscopy may additionally allow a more selective application of
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thrombolytic treatment in those patients with occluding thrombus. Likewise, it
may play a important role in the context of clinical trials aimed at reducing
coronary thrombosis, such as in the control of restenosis post intervention, or in
testing new pharmacological or mechanical thrombolytic approaches.

Our experience shows that the performance of angioscopy in unstable patients can
cause abrupt occlusion, which is probably due to the manipulation of the
guidewire and a intracoronary device in an already disrupted vascular segment. In
this respect, it must be noted that, in contrast with previous studies, we attempted
4 complete angioscopic examination of the proximal and distal aspects of the
stenosis. Despite the occasional local complications, our study shows that
angioscopy with the system described remains a safe technique in unstable
patients during percutancous intervention.

Limitations

Although the capability of angioscopy for providing chromatic information on the
vascular lumen constitutes one of its main advantages in the study of acute
coronary syndromes, this aspect remains also its main fimitation. No studies on
the intraobserver and interobserver variability of colorimetric observations are
available. However, in a normal population the ability to distinguish between
colors varies significantly from one individual to another. We attempted to reduce
such variability by panel review of the images, 2 method which has previously
been validated in coronary angiography.” Our population was biased by the fact
that the patients studied were suitable for percutaneous recanalisation. Thus,
information of patients presenting triple vessel disease may have been lost,

Our patients were somewhat selected, since they were refractory to medical
therapy and the findings may not be representative of the luminal environment
early after the onset of the syndrome. In addition alf our patients were suitable for
percutaneous recanalisation and clearly had already survived the carly acute phase
of the syndrome and thus may not be representative of patients who suffer a
precipitous clinical deterioration resulting in death, Nevertheless, we believe the
combination of angioscopic, quantitative angiographic and histological findings in
this study at least demonstrates the exciting possibility that comprehensive study
.of the elusive cause of unstable angina is cleatly feasible. Thus, it is clear that we
can anticipate further and rapid progress in this resistant and difficulc area.
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Abstract

Background

Angiography has limited valne in the identification of endoluminal changes such as plague fissuring
and corgnary thrombosis. By providing direct visualization and allowing detailed chromatic
discrimination between the constituents of the atheromatous plague, angioscapy may provide new
imsights on the chavacteristics and substrate of acute and stable coronary syndromes.

Objectives
The airm of our study was to investigate in-viva the luminal eharacteristics of stenatic lesions in sable
anging and acite corondary syndronies settings using coronary angoscopy.

Methods

Patient population consisted of 78 consecutive patients undergoing sccessful angioscopic inspection
prior to percutaneous coronary yevascularization. Tiwenty five patients presented stable angina (gronp
A), 36 patients unstable angina (group B), and 17 post-infarction angina (group C). Angioscopic
variables recorded included lumen shape (round or elliptical, slit-like or complex shape); vessel
intimal surface (smooth ! irvegular or ulcerated); and the presence of xanthomatous plagues or
thrombi (mural / protruding and ved / whitc). An estimation of the thrombatic burden present at each
lesion was obtained wusing an angioscapic thrombotic score which takes in consideration the type and
extent of thrombus and the number of subsegment involved.

Restilts

There was no correlation between angisgraphically and angioscopically defined complex lesion
(kappa=0.10). With angioscopy, a complex lumen shape was more frequent in unstable syndromes
(20%, 39% and 65 %, respectively groups A, B or C). Uleerated vessel surface was also more frequent
in unstable syndvomes as compared with siable angina (12%, 47% and 53%, respectively groups A,
Bor G, p<0.05 between groups A and B and A and C). Xanthomatous plagues were present in tuwo-
thivds of patients and equally distributed among the clinical syndromes, The prewafence of red
thrombi was significantly different in the 3 clinical syndromes (16%, 69%, 82 %, in groups A, B or
C respectively), The thrombotic burden was higher in plagues with yellow material present
(thrombotic score 3.08 X 2.07 points, no yellow plague vs. 5.87 £ 3.93 points, yellow plague,
p<0.05).

Conclusions

Corondry angioscopy appears as d mare sensitive technique for detection of intraluminal changes than
angiography. Coronary thrombus was detected in both siable and acute coronary syndromes, althongh
with a higher prevalence and greater extent in the lavter. Xanthomatous plagues were found in a
similay proportion in stable and acute syndromes, and were associated with more larger thrombus
when serving as the plague substrate for coronary thrombosis. These observations provide insights
obtained in-vivo on the role of thrombus in the natural history of corondry atherosclerosis, and
support the potential application of coronary angioscopy as a research tool in this area.
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Introduction

The progress made during the last 15 years in the study of coronary syndromes
has established significant differences in the pathophysiological substrate of those
with acute onset and chronic evolution . Plaque fissuring and subsequent
coronary thrombosis which results in acute flow reduction and ischemia ac rest
constitutes the accepted mechanism underlying the majority of the cases of acute
myocardial infarction and a significant proportion of those presenting with
unstable angina '?. Conversely to the sudden onset of myocardial ischemia in
acute coronary syndromes, stable angina results from hemodynamic modification
introduced by coronary stenoses progressing at a slower pace. It is a matter of
controversy wether subclinical episodes of coronary thrombosis play a role in the
progression of this latter type of stenosis, and in that case which are the
characteristics and the factors contributing on the development of such subclinical
thrombosis 4,

These considerations have been mainly based in pathological studies and in
information with diagnostic tools, particularly coronary angiography ¢
Angiography correlates of plague ulceration and thrombosis, such as the presence
of eccentric stenosis with narrow neck, overhanging edges or irregular borders, or
intraluminal defects, have been noted more frequently in acute coronary
syndromes than in stable angina §, However, the persistence of such angiographic
patterns during months and even yeats of follow-up, well beyond the expected
time of resolution of thrombus or vessel wall disruption 7, and the frequent lack of
modification under the effect of thrombolytic agents ® cast doubts as to the
sensitivity of angiography to detect coronary thrombus.

In this regard coronary angioscopy may constitute an optimal instrument for in-
vivo documentation of changes in the culprit stenosis of coronary syndromes >
since it is superior to angiography in the detection of coronary thrombosis and
vessel wall disruption ",

The aim of our study was to investigate with coronary angioscopy the
endoluminal characteristics of the ischemia-related lesion in acute {(unstable
angina and post-myocardial infarction angina) and chronic (stable angina)
coronary syndromes, with particular attention to the prevalence and extent of
coronary thrombosis.

Methods

Study patients

Out of 83 consecutive patients undergoing percutaneous catheter
revascularization with vessel anatomy suitable for angioscopic inspection, 5
patients were excluded because of inadequate images (n=2) or lesion not crossed
{n=3). The remaining 78 patients constitute the study population. Twventy five
patients (32%) presented stable angina (group A), 36 (46%) patients unstable
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angina (group B)(class IT B, ITI B, in the Braunwald classification) 7, and 17
(22%) post-infarction angina (group C) (class [II C of the same classification).
None of the patients was studied within the first 48 hours of myocardial
infarction. All patients with unstable angina or post-infarction angina were
receiving intravenous nitrates and heparin with or without aspirin. The
investigations were approved by the Institutional Board of the Cardiology
Department of the Dijkzigt Ziekenhuis and the padents were studied only after
giving informed consent. :

Selection of ischemia-velated lesion
Identification of the culprit lesion was based in angiographic data {(stenosis
morphology and severity) and its correlation with the location of ischemia in

ECG leads.

Procedure technique

During the procedures all patients received aspirin (250 mg) and were fully
anticoagulated with heparin, providing an activated clotting time in excess of 300
seconds. After the passage of a 0.014 inch guide wire across the target lesion,
coronary angioscopy was performed. During the procedure real-time fluoroscopy
or cineangiography along with angioscopic images were viewed on a high
resolution monitor (PANASONIC BT-M 1420 PY) using a digital videomixer
and simultaneously recorded on a S-VHS tape for off-line review by two
observers, This technique facilitates the comparison between angioscopic and
angiographic images, and provides information as the location of the angioscope
tip in the vessel during imaging.

Coronary angiograply

Prior to the performance of angiography, control of coronary vasomotion was
achieved by intracoronary injection of isosorbide dinitrate {1-3mg). Multiple
angiographic views of the target lesion were then acquired. Quantitative
angiographic analysis was performed in the obtained 35 mm films using the latest
version of the Cardiovascular Angiography Analysis System 11 (CAAS 11, Pie
Medical, The Netherlands) which has been described in detail elsewhere . The
angiographic morphology of the target lesions was also recorded after revision of
the films by two independent observers, according to a modification of the
classification proposed by Ambrose et al ©. Lesions were considered to have a
complex angiographic morphology when ar least in one angiographic projection
they presented either ragged or overhanging edges, an intraluminal filling defect
with convex borders of persisting staining.

Fiberoptic intracoronary angioscopy

Before and after coronary interventions an intracoronary angioscope {lmageCath,
Baxter Laboratories, Irvine, California) was introduced and the lesion crossed
along its length. The catheter is of the monorail type with a diameter of 4.5 Fr
(1.43 mm) and features a compliant cuff which can be inflated at low pressure
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proximal to the stenosis to a diameter of up to 5 mm, a flush port distal to this
catheter and a movable optical bundie with an extension range of 5 cm. The
imaging bundle is composed of 3.000 individual optical fibres of 2 pim diameter
and terminates at a grin lens constructed with a gradient index of refraction so
that all the images tend to appear on the focus regardless of the distance from the
lens. The central imaging bundle is surrounded by 12 light fibres of 120 um of
diameter, coupled o a light source located at the base of the catheter and with an
illuminating power of 100.000 lux, although only an effective illumination power
of 45 lux is delivered at the tip of the catheter. After positioning of the angioscope
over the wire in the segment to be examined, the balloon is inflated and a
continuous flushing with the Ringer’s lactate is performed at infusion rates
variable from 30 to 50 ml/min. Once the crystalloid solution has cleared the
image field from blood, the tip of the catheter is advanced to explore the lesion
under study.

Analysis of angioscopic images

Targer lesion was classified using the previously validated classification designed
by the European working group of angioscopy . Lumen shape was classified in:
round or elliptical, slit-like or complex shape (disruption of the plaque or the
presence of thrombus). Vessel intimal surface was classified as smooth / irvegular
(rough surface with wall integrity preserved) or wherated (loss of continuity of
arterial wall). Additionally, the presence of yellow plaques was recorded (areas of
homogencous yellow colour cleatly identifiable from a neighbouring area of
normal white wall). Red mural thrombus was defined as a red, predominantly
mural, non-mobile, superficial mass adhered to the vessel surface. Protruding
thrombus as a red, intraluminal protruding, mobile or non-mobile mass adhered
to the vessel surface. Occlusive thrombus when a red intraluminal mass occluded
completely the lumen. White thrombus was defined for red thrombus but with
white colour,

Interobserver variability of angioscopic data

In a random sample of 30 patients the interobserver variability of the angioscopic
images yielded a kappa value of 1.0 for the presence of chrombus, 0.78 for
protruding or mural thrombus, 0.80 for the surface of lesion, 0.93 for yellow
plaque and 0.94 for thrombotic lesion.

Augioscopic thrombus score

In order to establish a semi-quantitative evaluation of the extent of coronary
thrombosis present in each angioscopic inspection, an original score was used.
First, point values were assigned to the increasing degrees of luminal thrombosis as
follows:1 point for a single lining thrombus, 2 points for multiple lining
thrombus, 3 points for protruding thrombus and 4 points for occlusive thrombus.
the final score was obrained by adding the point values obtained in the proximal,
middle and distal subsegments of the stenosis, as identified by combined
angioscopy and angiography (Figure 1)
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Figure 1.

Squematic representation of the angioseapic thrombus score. By ndding the point values devived front the
morpholagy and extent of thrombus present ar cach stenosis subsegment a final semi-quantitative
estimation of the thrombotic buvden present at the ischemic-related fesion was obtained . In this example
a final score of G points was obtained {1 point for the proximal wrural thrombus, 3 poinss for the mid
protruding thrombus and 2 points for the distal mudtiple mural thrombi).

Statistical analysis

All continuous variables were expressed as mean + SD. The two-tailed Student’s ¢
test was used for analysis of continuous data. A chi-square test and Fisher’s exact
test were used to compare differences between proportions. ‘The Mann-Whitney
and the Kruskal-Wallis test were used to compare ordinal data (scores). Agreement
between 2 classifications was assessed using the Cohen Kappa value. A p value of
< 0.05 was considered statistically significant.

Results

Angioscopic inspection was associated with transitory chest pain and
electrocardiographic ST-T changes in almost all patients. These changes
disappeared with deflation of the compliant cuff of the system and testoration of
anterograde coronary blood flow. In two patients abrupt occlusion occurred
following angioscopic imaging and was effectively treated with balloon
angioplasty. Small dissections noted after the passage of the imaging catheter along
the stenosed segment, occurred in 5 patients. This was angiographically unnoticed
and did not influence the ourcome of the subsequent coronary intervention.

Table 1 shows the clinical and angiographic characteristics of the 78 patients
included in the study, grouped according to the syndrome. Complex angiographic
morphology was noted in less than half of the patients, with an similar prevalence
in the three groups (44%, 39% and 41 % respectively groups A, B and C). There
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Table 1. Patient and vessel characteristics demographics.

Demographics SAP UAP Post-MI p value
{n=25) {n=36) (nh=17)

Age (mean £ 8D) 5618 59+10 5949 ns
Sex
Male 20 (80%) 32 (89%) 14 (82%) s
Ischemia-retated lesion
1AD 6 .(24%) 9 (25%) 10 (59%) s
LCX 15 (56%) 18 (50%) 4 (23%) s
RCA 4 (16%) 7 (19%) 2 (12%) ns
SVG I (4%) 2 (6%) 1 (6%) ns
Multivessel disease 7 12 10
Premedication
Heparin/Aspirin 0/8 36/22 17711
Systemic thrombolysis  none none 7
Omset instability (days) --- 15411 1248
Complex lesion 11 (44%) 14 {(39%) 7 {41%) ns
MLD (mm) 1.14£0.55 1.08H0.43  1.04+0.41

Reference diameter 3.24065 3.12+58 3.1340.64

LAD = left anterior descending, LCX = left circunflex, RCA = right coronary
artery, SVG = saphenous vein graft.

was no correlation berween an angiographically-derived complex lesion and a
complex lesion by angioscopy (kappa=0.10). The paositive predicrive value for an
angiographic complex lesion to predicted an ulcerated plaque with or without
thrombus was 63% and the negative predictive value was 48%. The angioscopic
charactetistics of the culprit [esion is shown in Table 2. Figure 2 shows examples
of various vessel surfaces. Complex lumen shape was increasingly more prevalent
in patients with stable, unstable and post-myocardial angina (20%, 39% and 65
%, respectively groups A, B or C). Likewise, stenosis presented an uleerated vessel
surface more frequently in unstable syndromes than in stable angina (12%, 47%
and 53%, respectively groups A, B or C, p<0.05 between groups A and B and A
and C). Yellow plaques were present in the majority of patients, with a similar
prevalence in the three clinical groups.

Thrombus evaluation

Although red thrombi could be documented in patients belonging to the three
clinical syndromes, a significant difference in its prevalence in the three groups
was noted (16%, 69%, 82 %, respectively groups A, B or C, p<0.05 between
groups A and B and A and C}. "There was also a trend towards a larger thrombotic
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Table 2, Angioscopic lesion characteristics.
SAP(n=25) UAP (n=36) Posc-MI (n=17) p value

Camenshape

round 19 (76%) 20 (56%) 5 (29%) <(.05

slic-like 1 {(4%) 2 (6%) 1 (6%) ns

complex 5 (20%) 14 (39%) 11 (65%) <0.05
Vessel surface

ulcerated ¥ (12%) 17 * (47%) Q¥ (539%) *¥ <005
Red thrombus 4% (16%) 25* (G9%) 14 ¥{(82%) *¥<0.05

protuding/mural  1/3 (25%)  10/15 (40%)  7/7 (50%)
White thrombus 2 {8%) 14 (39%) G (35%) <(.05
Yellow plaque 18 (72%) 22 {61%) 12 (71%) ns

burden from patients with stable angina to post-myocardial infarction patients as
expressed by a higher percentage of protruding thrombus and thrombus score. A
similar incidence of xanthomatous plaques in the three groups was noted (Figure
3). In those lesions with evidence of thrombosis, the presence of a xanthomatous
plaque as substrate was associated with more thrombotic burden: mean
thrombotic score was 3.08 £ 2.07 points when the substrate was a lesion with
white coloration, versus 5.87 % 3.93 points in case of xanthomarous plaques
(p<0.05). White thrombus were present in all clinical syndromes ar places with
red thrombus, and with a higher incidence in unstable syndromes but with similar
proportions between them (8%, 39% and 35%, respectively groups A, B and C,
p<0.05 between groups A and B). Figure 4 shows different types of thrombi
occurring in acute ischemic syndromes

Discussion

The introduction of intracoronary imaging devices creates new possibiiities of
studymg changes in the coronary arteries in the living man. The superiority of
angioscopy over angiography in the detection of coronary thrombosis and intimal
disruption, reported previously ¢ and supported from the results of the present
work, suggests that angioscopy may become an alternative standard to
angiography for the identification of such changes in prospective studies. At a
difference with prior works with angioscopy in the field of acute coronary
syndromes *!!, we extended our observations to patients with stable angina to
cover a wider spectrum of the manifestations of coronary atherosclerosis.

As discussed above, a lack of correlation between angioscopic findings and
angiographic morphology was noted in the present study. Vessel wall disruption
may be masked by the very nature of coronary angiography, which represents a
“shadowgram” of vessel. We found that the presence of wall disruption during
angioscopy was associated with a larger thrombotic burden. The angioscopic
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Figure 2.

Excamples of different himen morphologies with angioscapy. Tap lefs, normal aapearance: Bottom lefi,
round shape wirh smaoth surfice typical of stable angina, Top middle, slis-like shape with a red thombus
at the entrance of the lesion: Bottom nriddle and right, complex shapes characteristic of unstable

syndromies,

thrombotic score increased from 3.2532.22 points in stable to 5.8634.66 points
in post-myocardial patients. This can be explained on the grounds of previous
research demonstrating that the development of coronary thrombosis is closely
associated with the degree of vessel wall disruption *. Moreover, additional
insights on the influence of plaque substrate in the degree of the associated
thrombosis were obtained. A strong association between the extent of the
thrombotic burden and the prevalence of xanthomatous plaques was noted in the
present study. Xanthomatous plagues visualized by angioscopy are likely to
represent cholesterol-rich lesions (with yellow coloration secondary to its contents
of carotenoids) Furthermore, its visualization by angioscopy suggest thar lipid
deposits separated from the arterial lumen by a ¢hin, transparent fibrous cap.

We believe that these observations are relevant to the growing evidence suggesting
that subintimal lipid deposits and necrotic core play a role not only on the
destabilization and fracture of the atheromatous plaque, but also in the
subsequent degree of thrombus formation. Plaques with lipidic core have more
macrophages and less smooth muscle cells in the fibrous cap # favouring plaque
fissuring under the effect of tensile stress %, which is unevenly distributed in
these lesions due to the different mechanical properties of lipid and fibrous tissue
M, If rupture of the fibrous cap ensues and exposure of the lipid core to the
bloodstream happens, an intense thrombotic response may follow, since the lipid-
rich necrotic core is far more thrombogenic than other plaque constituents, such
as collagen matrix *. Macrophages located in lipid-containing lesions express more
tissue factor than those in other locations *. In addition, the occurrence of an
intense thrombotic response causes significant protrusion of thrombus in the
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Figure 3.

Prevalence of xsanthomatous plaques in the three graups of patients (left panel). In the presence of an
yellow plagie, the amannt of thrombus formation as assessed by the thrombotic score was about the double
a5 compared 1o lesions withont identifiable yellow materinf (vight panel).

arterial lumen, introducing significant modifications in the haemorrheological
conditions of the stenosis. This combination of factors has recently been shown
to be a potent stimulus of thrombus growth, which may explin why thrombosis
in this context becomes rapidly occlusive 7 (Figure 5). We did not disclose
stgnificant variations in the prevalence of xanthomatous plaques in the three
clinical syndromes studied. Since myocardial infarction is the first manifestation
of atherosclerotic coronary artery disease in a significant number of cases, the
observations performed in stable patients may represent the baseline conditions
prior to the development of plaque fissuring and occlusive thrombosis.
Furthermore, the high prevalence of xanthomatous plagues in stable patients may
partially explain the potential of antilipidic therapy * in reducing future cardiac
events by reducing the potential of extensive thrombus formation in case of
plaque fissuring,

Our observations in stable and unstable coronary syndromes revealed that the
presence of intimal disruption and corenary thrombus is not exclusive of the
latter, and can also be documented in patients with stable angina (12% and 16%
of the patients with stable angina showed evidence of intimal disruption and
thrombus formation respectively). Conversely to acute ischemic syndromes, in
patients with stable angina coronary thrombus was less frequent, often lining or
mural, and rarely protruding in the lumen. this supports the concept that silent
thrombosis occurs during the evolution of atherosclerotic coronary artery disease,
following the documentations by Davies et al of plaque fissuring and non-
occlusive thrombosis in asymptomatic patients with coronary artery disease .
Even the development of acute coronary syndromes may be preceded by silent
episodes of thrombosis, as stggested by the presence of well organized thrombi in
the culprit lesion of patients with acute myocardial ischemia .

Coronary thrombosis may be an important factor for plaque progression. The
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Figure 4,
Left, occlusive ved thrembus occuring in the subacnie phase of myocardial infarction. Right, mixed
thrombus (red and white) ocenring near a yellow plague in a patient presenting with unstable angina.

increase in plaque size may be larger than that of the thrombaotic bulk, since even
small amounts of thrombus may trigger biological modifications in the plaque,
which may cause significant remodeling. Resolution and organization of a
thrombotic episode is associated with enhanced smooth muscle cell proliferation
and the development of necointimal hyperplasia ¥, a fact that may explain why
patients with unstable angina often present an important component of fibrous
neointimal hyperplasia 2. According to these views, plaque progression would not
follow a slowly progressive “step by step” course, but rather a ‘jumping” evolution
with brisk transitions in lumen diameter as a result of episodes of increased
biological activity.

White thrombi , which have been attributed to platelet rich masses, were present
in 39% of the patients with unstable angina and 35% of patients with post-
myocardial angina. Differences with the study of Mizuno et al. ', who noted a
higher prevalence of thrombus in unstable angina than in acute myocardial
infarction, may be partly due to the inclusion in the present work of patients in
the post-infarction period. In this patients coronary thrombus presented an
heterogeneous composition which may be different with that observed during the
acute phase of myocardial infarction. Alternatively, such heterogeneity may be
related with the refractoriness of the syndrome to conventional treatment which
eventually lead to the performance of percutancous revascularization.

Several limitations have to be kept in mind with the regard to the present study.
Angioscopic observations were only performed in patients with anatomy suitable
for angioscopic imaging and percutaneous coronary intervention, precluding
generalization of our findings to all coronary patients, For this reason, early stages
of coronary atherosclerosis may have been missed. Difficulties in the manipulation
of the angioscopic catheter precludes sometimes inspection of the complete vessel
circumference. Because thrombus formation is a dynamic process, restriction of
our observations to a single occasion may give a false impression o the temporal
changes occurring during the disease process. Differences in the total amount of
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A Mural B Protruding Fresher
thrombus thrombus thrombus

Lipidic core Superficiel lipid pool

Figure 5.

Influence af plague substrate on the extent of the thrambotic response. A, exposre of substretes with
waderatte thrombagenicity (omadls), such as collugen, as « vesult of plagne fissuring, triggers the
developiment of mural thrombosis, which causes slight moedification in the hemorrheolagy of the stenosis. B,
on the contrary, rupture of plagues with sperfivial lipid deposits and thin caps, which is bighly
thrembogenic (large +), promote the development of protruding threinbus. The concomitant modification
of hemorrheolagical conditions by proiruding thrembotic mutss constitsctes an intense stimulus for fierther
throubotic dew[opmmt, leaddiing to complete occlusion or dawmnsiveann progression.

lipid deposits between the study groups cannot be excluded, since angioscopy
only allows visualization of the endoluminal surface of the vessel and provides no
information on the structure of deeper vascular layers. Even the prevalence of
xanthomatous areas representing superficial lipid deposits may be underestimared
by angioscopy when covered by extensive thrombosis.

Conclusions

Coronary angioscopy appears as a more sensitive technique for detection of
intraluminal changes than angiography. Coronary thrombus was detected in both
stable and acute coronary syndromes, although with a higher pleva[u\ce and
greater extent in the latrer. Xanthomatous plaques were found in a similar
proportion in stable and acute syndromes, and were associated with more larger
thrombus when serving as the plaque substracte for coronary thrombosis. These
observations provide insights obtained in-vivo on the role of thrombus in the
natural history of coronary atherosclerosis, and suppott the potential application
of coronary angioscopy as a research tool in this area.
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Introduction

Until recently, contrast angiography remained the gold standard in the evaluation
of atherosclerotic heart disease. Because angiography represents a shadowgram of
the lumen, it does not provide information concerning the disease process
occurring in the arterial wall. Therefore, information obtained with this technique
is virtually restricted to assessment of stenosis severity. Investigations indicate that
stenosis assessment can not accurately predict future cardiac events. Whereas
severe stenoses frequently progress to total occlusions without causing myocardial
necrosis, coronary lesions with mild or unnoticed angiographic irregularities are
often associated with future cardiac events such as myocardial infarction or
unstable angina . Plaque rupture and associated thrombus formation may occur
in small angiographic lesions resulting in acute changes in lumen dimensions and
morphologic features. It has been shown that these plaques prone to rupture have
a high lipid content and a thin fibrous cap infiltrated by macrophages ©.
Richardson, et al. 7 identified ruptured soft plaques beneath 83% of 85 coronary
thrombi examined. Besides plaque composition, certain plaque morphologic
characteristics assoctated with high shear stresses, such as plaque thickness, plaque
stiffness and the strength of the fibrous cap ™ makes these lesions prone to
rupture. Most of the plaque volume responsible for lumen encroachment, on the
contrary, is constituted by dense collagenous tissue (hard), that is biologically
stable *,

The existence of extensive atherosclerotic disease in vessel segments with a normal
angiographic appearance has been noted by several authors " (Figure 1). This
phenomenon is the result of compensatory vessel wall enlargement which is part
of the natural history of cotonary artery disease Y, yielding an underestimation of
the atherosclerotic process when angiography is used as the investigational
technique . Therefore, it is questionable whether angiography should continue to
be used as the gold standard for studying the natural history of coronary heart
disease or in assessing regression or progression of atherosclerosis under the effect
of specific pharmacologic interventions.

Since the pathologic processes that results in acute ischemic syndromes take place
in the arterial wall, plaque characterization may provide diagnostic and prognostic
markers useful for patient care. Therefore, it is understandable that intracoronary
ultrasound (ICUS), a technique with the potential to quantify plaque size as well
as to investigate its composition "™ has been accepted as a new gold standard for
the study of coronary artery disease ™. In this article we review the contributions
and potential possibilities of intravascular ultrasound along with our own

findings.

Technique

There are two basic types of intravascular ulerasound in clinical use. One type is
based on the mechanical rotation of a transducer or mirror (mechanical system).
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Figure 1.

Three-dimensional reconstruction of an angiographic normal coronary segment benween points A and B,
Ultrasonnd imaging identifies an eccentric plaguce in the tomagraphic view. Note that in the longitndinal
and three-dimensional reconstruction a localized Glagoy phenomena is identified (external bulging of the
arterial wall) to preserve lumen dimensions.

The other approach consists of several electronically interconnected crystals
mounted around the tip of a catheter (phased array). Both systems permit a
circumferential scanning perpendicular to the catheter’s longitudinal axis,
Advantages and disadvantages of the two systems are summarized as follows:

Mechanical systems

The main advantage is that this type utilizes a single piezoelectric crystal, thus
facilitating catheter miniaturization. This results in a superior quality image than
the phased arrays systems, without near field artifact. However, because the motor
unit is external, building a driving mechanism while maintaining a flexible and
steerable catheter is difficule. As a result, uneven rotation of the element/mirror at
the catheter tip can occur causing image distortion.

Phased array

This system has multiple elements at the catheter tip and the signal is processed
by ultraminiaturized integrated circuits. These elements can be connected in a
such way that they are activated in sequence. Alternately, each element transmits
and receives independently. Because there is no need for a driving mechanism, the
catheter shaft remains flexible, and there is no image distortion. Disadvantages are
a near-field artifact around the catheter tip, precluding imaging of the structures
close to the tip of the catheter, and limited resolution and dynamic range of the

system.
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Coronary Wall Morphology

Normal wall structure
Two basic types of arteries can be differentiated by ICUS. In the study of

Gussenhoven et al ¥, ultrasonic appearance of human arteries was related to their
histological compesition. It was found thar muscular arteries such as adule
coronary arteries, typically have a three layer appearance. This feature results from
the hypoechoic smooth muscle component of the media, which is situated
between the bright internal and external elastic laminae. This arrangement most
likely reflects the absence of concentric arranged elastin fibers in the media. In
contrast, the media of elastic arteries has a more homogeneous wall appearance, as
the result of the increased backscatter from the densely packed elastin fibbers.

Table 1. Intravascular ultrasound vs Quantitative angiography.

Investigators Prs.  Vessel " SEE M. Dif. %
Davidson el al.? 21 Femoroiliac arteries  0.97  1.83 — —
Sheikh et al,? 15  Temoral arceries 095 091 —- —
The et al.* 8 Femoroiliac arteries 096 047 —- —
Bartorelli et al.® 8 Femoral arteries 096 — 0.3 mm 4%
Tobis et al.? 27  Normal segments 026 — 2.1 mm 30%
Stenosis pose-PTCA 018 — 1.7mm 51%
Nissen et al.® 8 Normal coronaries 092 021 -005mm [%
43 CAD padents 0.86 043 0.06mm 2%
Werner et al > [4  Normal segments 0.86 — — —
Stenosis post-PTCA 0,48 — — _
St.Goar et al.” 20 Normal coronaries 0.86 0.07 004mm 12%
Transpanted patients
Jain et al.? 6 SVGprefpost-PTCA 096 — — —
Hodgson et al.® 34 Reference segment 077 — —- —
Stenosis post-PTCA  0.63 — — —
De Scheerder etal.® 48 46 normal seg. 0.92 — — —

80 coronary stenosis 0,47 — _— —
48 seg. post-PTCA 028 — — —_
Haase et al.™ 20 Stenosis post-PTCA 053 — 2.3 mm —_

CAD, coronary artery diseasesDif., difference; M.DIE, mean difference; Pts, patients;
PTCA, percutancous transluminal coronary angioplasty; SEE, standard error of the
estimate; SVYG, saphcnous vein bypass graft.

Fortunately, most intervented vessels are either muscular (coronary, femoral) or
transitional arteries (iliac), facilitating plaque area delineation.
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Diseased wall

In vitro studies have shown that soft plaques containing lipids, intimal
hyperplasia, thrombi or loose connective tissue produce echolucent echoes (less
dense than the adventitia) '“¥. Dense fibrous tissue produces bright echoes,
whereas calcific plaques produce bright echoes with acoustic shadowing . There
are several similar classifications in clinical use. Based on our own previous work
and work from others "%, we classify plaque composition according to their
ultrasonic appearance as illustrated in Figure 2. Soff plagues. more than 75% of
plaque area is composed of tissue with an echodensity less than that of the
reference adventitia. Fibrous plagues. more than 75% of plaque area is composed
of tissue producing bright echoes, as bright or brighter than the reference
adventitia, but without acoustic shadowing, Diffuse calcific plagues. bright echoes
within a plaque with acoustic shadowing and occupying >180 degrees of vessel
wall circumference. Mixed This plaque consits of a combination of types of

plaque dissue.

Figure 2.

Examples of plitgue composition with
ultrasaiend. Top left, a saft plague. Top
right, a calcific plagie. Bottom left a
hard plague. Bottom right a mixed
pleicite,

Ultrasound dimensions

From ultrasound images it is possible to derive the following dimensions '
Luminal area, integrated area central to the leading edge of the intimal echo;
external elastic membrane area, integrated area central to media-adventitia
interface; plaque plus media area, difference between external clastic membrane
area and luminal area; and strerching, difference between external elastic
membrane area before and after intervention.

Several validation studies of ICUS measurements have been performed. Table 1
summarizes the results of 10 clinical studies % and our own experience *# in
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which quantitative angiography and intravascular ulerasound were compared.
Results of initial studies have demonstrated that intravascular ultrasound provides
accurate fumen %23 and plaque measurements both in vitro and in vivo
(15,17). Studies in vitro have compared the ultrasound determined cross sectional
arca and plaque dimensions with histologic measurements. Studies in vivo have
correlated intravascular ultrasound measurements with those obtained by
quantitative angiography. The correlation coefficients found differ according to
the type of vessel and the presence of disease, with the best correlation for large
vessels of regular cross sectional area. Figure 3 shows a comparison between lumen
quantification by ICUS and quantitative angiography. In this case, the presence of
a dissection post-balloon angioplasty cleacly influences the measurements made by
both techniques.

Effect of lmen size and shape

Quantitative angiography has reduced some of the limitations of visual
interpretation of the angiograms in several clinical situations. However,
computerized analysis of the stenotic segment still provide inaccurate results. This
is the case of arterial segments that contain complex plaques ** or that have
undergone percutancous interventions ***,

Nissen et al ¥ reported a good correlation between quantitative angiography and
intravascular ultrasound measurements in normal vessels (r = 0.98 for cross
sectional area) and also in atherosclerotic vessels with circular lumen contour (r =
0.92 for lumen diameter). However, moderate correlation %% or poor correlation
742 has been found after balloon angioplasty. These studies suggest that ICUS may
be superior to contrast angiography because of the possibility of a direct
visualization of the irregular lumen borders. In this regard, the work of Escaned et
al # provides further insight. In this study there was a good correlation (r = 0.99)
between ultrasound measurements and the actual luminal dimensions and also a
good interobserver variability (r = 0.99) in circular phantoms, In irregular negative
casts of human coronary arteries both the correlation coefficient (r = 0.90) and
interobserver variability were lower (r = 0.77). This may be due to greater
interobserver variability during the luminal measurements as the lumen looses its
circular shape, and also to a possible overestimation of lumen area induced by
non-coaxial positions of the catheter, as the lumen eccentricity increases ##. In
the same study there was no clear advantage of ICUS measurements as compared
to quantitative angiography using edge detection techniques in two orthogonal
views. However, complex lesions with tears or dissections like those frequently
found after coronary interventions, were not evaluated.

Plague morphology and the correlation with the clinical syndrome

Although plaque rupture has been reported as the major pathophysiological
mechanism underlying acute ischemic syndromes, most fissures are clinically
silent. Angiographic ** and angioscopic studies “* have shown that the amount
of thrombus present at sites of plaque fissure is related to the severity of the
clinical syndrome. What is still unclear is why some lesions progress to acute
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Tahle 2. Ultrasonic determined plague composition in unstable vs stable
angina (%).

Investigators _ Padents Soft  Fibrous Calcific Mixed Cavpresent

Hodgson eral®  22/43  74/41% 0/0 923 16/36  16/45*

Baptista et al.$ 72169 41/51 712 12/6 41/40 28/36

* p<0.01

Sunpublished data

occlusions, whereas others do not. It appears that the depth of the vessel injury is
determinant in the amount of thrombus formation ¥, In addition, plaque
composition may determine the degree of activation of the coagulation cascade. In
fact, ruptured plaques generally have a core of extracellular lipid underneath their
fibrous cap *. Although angiography and angioscopy may identify plaque rupture,
they are unable to identify these sites before rupture occurs. Because ICUS is able
to identify different plaque compositions, this technique may be used in an effort
to identify plaques prone to rupture.

Table 2 summarizes the only study published to date and our own experience
(unpublished dara) with ultrasonic determined plaque composition in patients
with unstable angina. In a recent work, Hodgson et al. # found that in padients
with unstable angina, soft plaques were significantly more frequent (74% vs.
419%]} than in patients with stable angina. Conversely, the later patients had more
calcific and mixed plaques than did patients with unstable angina (59% vs. 25%).
In our own experience, we did not find differences in plaque composition
between patients with unstable and stable angina (unpublished data) although the
majority of patients with stable angina had soft components in their plaque
composition.

Evaluation of Mechanisms of Lumen Enlargement after Balloon
Angioplasty

Since the introduction of PTCA in 1977, this technique has gained a wide
acceptance as an alternative to surgery in selected patients. However, despite its
widespread use, the mechanisms of lumen enlargement have still not been fully
elucidated. In general three main mechanisms are considered to contribute to an
increased luminal area after PTCA. (1) Plague compression: Dotter and Judkins
initially ateributed [umen enlargement after balloon angioplasty to a compression
of the atherosclerotic plaque. Although this mechanism may operate in vitro #,
the magnitude of this phenomenen in vivo is uncertain **%, Pure, soft, young
plaques present in animal models of atherosclerosis are seldom seen in advanced
disease in humans. These plaques are generally composed of dense fibrous tissue
and they are often calcified, thereby making plaque compression an unlikely
mechanism **%, Recently, it has been suggested from three-dimensional
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Figure 3.

Lumen quantification by quantitative angiography and intracoronary witrasonnd following balloon
dilation. Angiography underestimates lumen area, since it dic not identify the contribution of the
dissected fumen, as oppased to ulerasotnd.

Table 3. Mechanisms of lumen enlargement following bhalloon
angioplasty.

Investigators  Pes, Vessel LA Gain  PlaqRed  Strete.  Diss % Diss
Losordo et al® 40  iliac 13.9(112%) 11.3 (81%) 2.5{(18%) 10.0 100%
The et al® 16 femoral 8.6 (85%) 198 (23%) 6.6(77%) - 43%
Sunejaetal® 25 coron  3.07 (126%) 2.90 (94%) 0.18 (6%) ---- ---
Braden et al™ 30 coron  2.80 (108%) 0.54 (19%) 2.26 (81%) ---  ---

Baptistaecal, 63  corons 3.0 (166%) 1.52(51%  1.48 (49%) —  28%

Diss = Dissections, LA Gain = Lumen area %ain, Plaque Red = plaque
reduction, Pts = Patients, Stret. = Stretching (rotal area pre-intervention minus
total area post-intervention).

ultrasound reconstruction ® that axial plaque redistribution may occur during
balloon dilation. Mintz et al., analyzed 18 segments from 11 patients after
angioplasty. A volumetric analysis based on the three-dimensional reconstruction
Of thC tal‘get SCglll(‘.m:S SIlD\VCd tf}at rathef tllﬂll plﬂquc Corﬂpfcssioll tilerc iS :{Xlﬂl
plaque redistribution along the stenotic segment. (2) Plague fracture and medial
dissection: Necropsy studies after angioplasty suggest that the major mechanism of
lumen enlargement is due to plaque rupture and medial dissection *%. Plaque
composition and morphology are important predictors of the localization of the
plaque fracture * which typically occurs at the thinnest portion of atheroma or at
the transition of atheroma with the normal arterial wall *, Failure to achicve a
permanent wall deformation by plaque dissection may result in a higher elastic
recoil and consequent early restenosis after a initially successful dilation %%,
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Nobuyoshi et al *, evaluated 229 patients using prospective angiographic follow-
up at day 1 and then at I, 3, 6, and 12 months after successful angioplasty. They
found that at 24 hours, coronary restenosis defined as a loss >50% of the initial
gain was already present in 27 (14.6%) of the 185 patients evaluated. This study
established that some cases of early restenosis are the result of elastic recoil, and do
not involve an intimal hyperplastic response. (3) Wall stretching Because coronary
atherosclerosis is frequently eccentric, the plaque segments containing a disease
free wall may distend during balloon inflation without the development of plaque
fracture ™2, However, this temporary wall stretching may be subsequently
followed by elastic recoil, resulting in a final lower luminal gain after bafloon
dilation ©,

Table 3 shows the relative contribution of the different mechanisms of lumen
enlargement after PTCA in our own experience, and in published studies %
where ICUS was performed before and after intervendion. Discrepancies are
clearly seen with regard to the relative contribution of the different mechanisms
among the studies. At one extreme, Braden et al “ suggest that wall streech
accounted for 81% of the gain in luminal area as compared to 6 % in the study of
Suneja et al . Arterial wall dissections are a frequent finding after PTCA 4
However, because TVUS catheter can “stent” dissections to the arterial wall, the
contribution of this mechanism for increased luminal patency was quantified only
in the study of Losordo et al. in peripheral arteries *. In their study, plaque
rupture was responsible for 10.0 mm?2 of the 13.9 mm2 increase in luminal area
after intervention. In another study, Potkin et al * examined 29 patients using
ICUS before or after successfully balloon dilation, After dilation, dissections were
seen in 27% of the cases with contrast angiography versus 83% with intravascular
ultrasound. Arterial expansion, defined as an area within external elastic
membrane greater at the angioplasty site than at the proximal reference segment,
oceurred in 29% of the calcified plaques as compared with 86% of noncalcified
plaques.

Selection of Devices and Guidance

Plaque composition may influence the acute success of coronary interventions “,

Soft lesions may be more prone to elastic recoil, whereas large calcific lesions may
predispose to more severe dissections after balioon dilation, or result in a lower
luminal gain after directional atherectomy. Therefore, ultrasound imaging may
assist in the selection of a specific device for a particular lesion and may guide the
operator during coronary procedures.

PTCA

Despite the high success rate of PTCA, acute complications, such as abrupt
closure, still persist in about 5.6% of patients 70. In general, these complications
are the consequence of artery spasm, focalized thrombi or coronary dissections in
the majority of the patients * and are difficult to predicr by contrast angiography.
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Figure 4.
After a sucessfid atherectomy, ICUS identifies a significant residual plague burden. Note the presence of a
cut {arrows) at the end of @ calcific deposit,

Arterial spasm occurs more frequently in eccentric plaques due to the abrupt
relaxation of an overstretched disease free wall, and large dissections occur more
often after dilation of calcific plaques . Because contrast angiography only detects
extreme cases of eccentricity 7 or calcification, the use of intravascular ultrasound
may help in predicting and avoiding these complications. In cases of very
eccentric lesions, directional atherectomy or stenting may be a rational alternative.
Heavily calcified plaques may be more efficiently treated using a rotablator
catheter. The use of combined balloon-echo catheters may detect during balloon
inflation the moment when a disscction may begin, avoiding the use of high
pressures in lesions of presumed high risk morphology 2. After dilation,
quantification of residual plaque burden may help in the choice of alternative
strategies for improved final results.

Atherectomy

Restenosis after atherectomy seems to increase when there remains a significant
residual plaque accumulation, and is a function of the depth of the cut, although
these observations are controversial 7. Furthermore, it is recognized that even after
an angiographically successful atherectomy, the residual plaque burden is still
about 50%-60% of the vessel area as exemplified in Figure 4. These data suggest a
place for a more aggressive plaque debulking with this technique. In this regard,
ultrasound guidance with or without combined echo-atherectomy devices have
shown promising results ™7, increasing the extent of plaque removal and
minimizing deep vessel wall injury.

Among the angiographic predictors of failed atherectomy, the presence of calcium,
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mainly in a supetficial location, is one of the most important. In our experience,
ICUS is more sensitive in detecting plaque calcification than angiography. Similar
results have been reported by other groups 7', Leso et al ¥ reported the use of
intracoronary ultrasound in 66 patients for guiding and assessing the atherectomy
results. They divided the target lesions into two groups, according to the plaques’
morphologic features (echolucent and echogenic plaques). Mean ultrasound
estimation of plaque reduction was higher in the echolucent group (72 £21%) as
compared with the echogenic plaque group. However, during follow-up these
echolucent plaques had a higher restenosis rate (seven of seven echolucent lesions
vs. four of 12 echogenic lesions; p < 0.05) most likely because of a higher lipid

Figure 5.

Ulerasound imaging
immediatly after stent
deployment (A) and afier
an adjtinciive belloon
dilation (B). Immediatly
after stent deployment there
i an inadeguate stent
expansion, identified alse by
the oval lnmen shape. Afier
addeditional balloon dilation
there is an increased homen
area and a nearly civenlar
fiemen configuration.

and ceflular content.

Also, in seicctmg patients
for rotabia[or therapy, additional information about plaque composition {calcium)
and lumen size may be useful. Because subendothelium calcium prevents an
effective plaque removal with directional atherectomy 7, calcific plaques may be a
good indicator for the use of rotablator therapy. A recent ultrasound study has
confirmed that calcific plaques are more efficiently treated (larger lumen and
fewer dissections) with rotablator catheter as opposed to soft plaques 7.

Stent

Because of the circular cross sectional area of these devices and their echogenicity,
these Jow radiopaque devices are easily visualised during ultrasonic imaging. This
feature can be helpful in sizing the vessel and also in determining the degree of
expansion and apposition of the stent with respect to vessel wall 7%, ICUS guidance
during stent deployment 7 has been shown to improve the immediate final results
of this procedure, eventually resulting in a lower restenosis rate at the 6 months
follow-up ™. It was demonstrated that even after a final good angiographic result,
ICUS is able to identify inappropriate stent expansion, defined as a stent area
<80% of the expected balloon cross-sectional area (Figure 5). This finding
prompted additional balloon dilation, resulting in an increased final luminal gain
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in about 70% of the cases ™, Based on intravascular ultrasound guided stent
deployment the same group of investigators  have optimized stent expansion
achieving a negative diameter stenosis. With this approach, patients were
discharged without anticoagulation, and did well in the immediate follow-up. In
our experience, the presence of an eccentric plaque with a disease free wall is
associated with a smaller luminal gain after balloon dilation %. Because this plaque
morphology is associated with higher elastic recoil of the vessel wall, the
alternative use of a stent may decrease the associated elastic recoil.

During phase I of the GUIDE trial (guidance by Ultrasound Imaging for
Decision Endpeints), angiography and intravascular ultrasound assessment of
lesion characteristics were performed on-line during coronary interventions.
Operators reclassified lesion characteristics after ultrasound was performed in
68% of the cases, and modification in the therapeutic approach occurred in 48%
of these patients. This modification was based on the presence of unsuspected
dissections, heavy calcification prior to directional atherectomy and large residual
plague burden after atherectomy leading to an upsizing of the atherectomy
device™.

Restenosis

Despite the improvement in catheter technology resulting in a high success rate of
PTCA, restenosis still affects 30-50% of treated patients. The pathogenesis of this
[ong term limitation is not yet fully understood, but factors such as plaque
composition, the amount of endothelial and medial damage ¥, elastic recoil *, and
residual stenosis after balloon dilation ® may have a role in the development of
clinical restenosis.

Although angiography can quantify clastic recoil and indirectly derive vessel wall
damage from the acute gain after intervention ™, the influence of plaque
composition or the mechanism of lumen enlargement in the restenotic process
can not be accurately determined. Several studies “** suggest that ICUS can
identify patients with increased risk of subsequent cardiac adverse events after
balloon dilation. In the pioneer studyot ICUS byf Tenaglia et al ™ using
ultrasound, major dissections were the only predictable variable of future adverse
events. Ultrasound imaging disclosed dissections in 55% of patientsafter PTCA,
and this morphologic marker was more frequent in patients who subsequently had
an adverse event {63% vs. 35%, p < 0.005). Honye et al “ classified cases into 6
groups according to the extent of plaque fracture after PTCA. It was observed that
37 (77%) of the 48 eccentric plaques developed fracture in response to balloon
inflation. The exceptions occurred with plaques within a disease free wall, where
instead of plaque fracture there was stretching of the wall, At the other extreme, in
78% of the patients with concentric plaques did not developed dissections during
balloon inflation. In addition, plaques with major calcium deposits incurred a
higher dissection rate after PTCA as opposed to noncalcific lesions. These studies
suggest that ultrasound imaging may predice the likelihood of restenosis more
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accurately than angiography, based on the morphological plaque patterns after
balloon angioplasty. Recent data ¥ indicates that the most important parameter
associated with restenosis is the geometric remodeling of the vessel wall,
accounting for about 60% of the loss of luminal area during the 6 months follow-
up period, No restenotic lesions are associated with a smaller residual plague
burden after coronary interventions and some vessels developed arterial dilation
during the follow-up (increase in external elastic membrane area from the acute
phase to follow-up) *.

Based on these preliminary dara, a prospective multicenter trial, the Post
Intracoronary Treatment Ultrasonic Result Evaluation has been started in
Netherlands with the purpose of relating ICUS imaging after successful PTCA to
the development of future restenosis.

Limitations

At present, miniaturization of the currently available ultrasound catheters is still
desirable in order to allow a morphologic assessment of more severe stenoses.
Limited steering capabilities of the intravascular ultrasound catheters precludes
the correction of non-coaxial or eccentric intravascular positions (41}, yielding
potential partial dropouts in the delineation of vessel lumen. The current quality
of the images precludes an accurate measurement of vessel dimension as well as a
good discrimination between the different plaque components in all patients.

Future Developments

Future improvements in image quality should provide a more widespread use of
ICUS measurements to guide interventional techniques and the development of
automatic contour detection will decrease interobserver variability of quantitative
measurements, making this tool the new gold standard for assessing progression
and regression of the atherosclerotic process.

Improvements in backscatter analysis will provide a more accurate tissue
characterization, eventually identifying plaques in risk of future cardiac events.
High risk plaques could be treated by local drug delivery systems under ultrasonic
guidance. A reliable three dimensional reconstruction will improve the
observation of changes in plaque volume during interventional procedures
clarifying the mechanisms of enlargement induced by different devices *##9,
This may assist in improved device selection for a particular lesion . Combined
echo-atherectomy catheters will better guide the operators towards an optimal
plaque debulking, improving the results of this technique.
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Conclusions

Intracoronary ultrasound is a new technique that has already contributed to a
better understanding of vessel morphology and plaque composition. Possible
future technological developments will incorporate ICUS images in elinical
practice for a better understanding of coronary artery disease.
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Introduction

Although coronary angiography is still the gold standard coronary imaging
modality for the interventional cardiologist, more information is emerging on the
specific limitations that percutaneous recanalisation poses to the interpretation of
angiographic images. Cotonary angioscopy, which can be used during
percutaneous coronary interventions and provides a more accurate picture of the
fuminal aspect of the vessel, has been shown to be complementary to
angiography.! We review some of the contributions that coronaty angioscopy has
made to interventional cardiology during its short existence, as well as the current
trends for its application in a wider spectrum of clinical situations.

Contributions of angioscopy to the study of acute coronary
syindromes

One of the strengths of coronary angioscopy over other imaging techniques such
as angiography and intravascular ultrasound is its high sensitivity for the detection
of coronary thrombosis®? which stems from the marked differences in colour
between thrombus and the normal arterial wall or atheroma. Using intra-operative
angioscopy during bypass grafting, Sherman et al.* found that coronary thrombus
is common in patients wicth unstable angina, and that frequently are not
identifiable by coronary angiography. Although this work was limited by patient
selection and the performance of retrograde visualization of the lesion from the
arteriotomy site, it set a landmark in the in-vivo study of the substrate of unstable
syndromes. The development of more flexible angioscopes that can be used
percutaneously and allow antegrade visualization of the culpric lesion has
facilitated further progress in this field.*” Differences in the visual characteristics
of thrombus have been reported in unstable angina and myocardial infarction.
Mizuno et al.* reported thar thrombus in unstable angina is predominantly grayish
and non-occlusive, while thrombus associated with myocardial infarction is
predominately red and causes complete occlusion. The former was though to
correspond to platelet rich thrombus, while the latter was identified as rich in red
blood cells and poorer in fibrin. Conclustons on the pathological substrate giving
origin to thrombosis have also been drawn from angioscopic examinarion.
Xantomatous plaques have been identified particulatly in patients with myocardial
infarction,” providing additional suppott to the hypothesis that plaque rupture
leading to myocardial infarction often happens in weakened lipid-rich plaques.*

Although coronary angioscopy has played a significant role in facilitating the
study of acute coronary syndromes in-vivo, most studies have been biased by
translation of visual findings to pathological terms by the cardiologist, without the
assistance of a cardiovascular pathologist. As discussed above, the sensitivity of
angioscopy in detecting thrombus probably relies on the existence of substantial
chromatic differences between red thrombus and the arterial wall (Fig. 1).
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Figure 1

Angioscopy af a stenosis in the mid leff anterior descending coronary artery in & patient with post-
infarction anging pectaris, Although the angiagraphic morphology of the lesion (A} does not suggest the
presence af coranary thrombus, angtoscopy (B) reveals i durge aven of wleeration and thrombus which can
be clearly differentiated from the white vascular wall. Note the heterageneity of the thrambus, with white

areds that may correspond to fragments of the fibrows cap, deposits of platelet-rich thrombus or areas of
thrombatic grganisation,

Figure 2

Intracaronary imaging in a patient witl) wnstable angina pectoris. A globular smass that resembles a
plarelet rich thrombus was evident during angioscopic examination (A). However, concommitant
examination with intravascular whtvasound suggesss that this structire had o moderately bigh echogenicity,
stiggesting that visualised sivuctiere was move likely to bave a fibrocalcific substrate (B).
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Figure 3
Coronary angioseapy during intracoronary
thrambolysis. During coronary angioscopy of
a mdfor obttise marginal branch in a patient
presenting with unstable angina, the vessel
Inrmen woas forend to be obstructed by o ved
thrombus (A). An infusion of urokinase was
started through the flushing port of the
angioscope and rvegular visualisation of the
lesion was performed. After 250.000
urokinase units were given, a substantial
reduction in the amount of red material
present became evident (B). Furthey
administration of 100.000 units yiclded
corplete dissappearance of red thrombus (C)

and marked angigraphic improvement. The underlying lesion was a grayish lesion with irregular
borders suggesting plague ulceration (Courtesy of Dr Antoni Serra, Hospital Clinie, Barcelona, Spain).

However, it is a matter of concern that structures that are not “red” are identified
as “white” or platelet thrombus. The various steps leading to the development of
red occlusive thrombus in the injured vessel have been documented by angioscopy
in animal models.*® The first step of this process consists of adhesion of fibrinous
network-like material and white components of thrombus (platelet aggregates),
followed by the apposition of mixed red and white components that finally
occlude the vessel lumen. Analysis of the white components of the observed
thrombus has demonstrated that it was composed of platelet aggregates and
strands of fibrin, while the red thrombus was rich in red blood cells trapped in a
fibrin network.” It has not been established that in clinical practice angioscopy
may be equally sensitive to the detection of white components of thrombus, since
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the latter may not differ significanty in colour from other structures. In additien
to this, it is well known that thrombus organisation modifies red thrombus to a
wide range of hues, ranging from opaque red or pink (after endothelialization of
the thrombotic surface) to gold (as macrophages are transformed into foam cells
by digesting cholesterol from red blood cell membranes) and white (infiltration by
myofibroblasts)."'? The use of directional atherectomy as a sampling tool in acute
coronary syndromes has led to the suggestion that a higher prevalence of these
changes are to be expected in-vivo than in post-mortem studies."*" In this regard,
it is foreseeable that the validation of in-vivo angioscopic observations will emerge
from the concomitant use of other imaging devices and the study of atherectomy
samples obtained during the same study (Fig. 2).

Angioscopy in stratification and assessment of patients with
unstable angina

The contribution of angioscopy to the study of acute coronary syndromes goes
well beyond the pure study of natural history and may contribute to unveil several
management dilemmas posed by patients with unstable angina. The first of these
has been precipitated by the failure of thrombolytic agents in reducing mortality
or morbidity in that syndrome. Although the current paradigm of the syndrome
postulates that mural thrombosis is the key cause of myocardial ischaemia in
unstable angina through several mechanisms (thrombotic occlusion, enhanced
vasoreactivity),'"* multiple randomized trials have failed in showing any clinical
benefit of thrombolytic treatment.” The reasons for this failure are unknown. A
lower prevalence of thrombus than expected from coronary angiography and post-
mortem studies, or an enhanced resistance of thrombus to lytic therapy,
secondary to organisation or protection from circulating lytic agents by
mechanical barriers, have been proposed as possible explanations. It is clear that
angioscopy could provide further insights on whether these hypothesis have a real
basis. Furthermore, it is foreseeable that the combination of angioscopy and
thrombolysis, which has been reported in experimental models,”™ will be more
frequently used in the catheterisation faboratory in the near future. This might
facilicate not only the selection of candidartes for thrombolysis based on a more
specific detection of thrombus, but also a more objective assessment of the success
ot failure of thrombolytic therapy. In a recent work, Inoue et al.” have reported
on the success of systemic thrombolysis based on angiographic and angioscopic
criteria. Residual thrombus was disclosed by angioscopy in 50% and 100% cases
with TIMI reperfusion grades IIf and II respectively. In addition to the assessment
of its efficacy, angioscopy may play a more participative role in coronary
thrombolysis, facilitating the delivery of high concentrations of thrombolytic
agents through the fushing port of the angioscope while assessing lysis (Fig. 3).
Likewise, the effect of novel non-pharmacological thrombaolysis such as that
performed with ultrasonic devices,” which can that theoretically overcome some
of the limitations of the pharmacological agents outlined above, could be also
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tested.

Angioscopy may also be useful in investigating the pathological substrate for the
high complication rate of percutancous coronary interventions in unstable
patients. Again, the presence of intraluminal thrombus has been proposed as a
key factor, since its disturbance may potentiate further episodes of thrombosis.*'?
However, the use of thrombolytic agents prior to intervention in vessels with
angiographically suspected thrombus has failed to reduce procedural
complications, even showing a trend toward increase.” As discussed above, the use
of angioscopy may contribute to a more selective stratification of patients based
on the presence or extent of coronary thrombosis than can be achieved by
applying angiographic criteria.? On the contrary, the detection of other
mechanisms leading to sudden change in plaque morphology, such as plaque
disruption, aggressive atherosclerosis or intramural hemorrhage may favor the
selection of specific recanalisation techniques, such as balloon angioplasty,
coronary stenting or atherectomy .

Optimizing and assessing the results of coronary intervention
with angioscopy.

Angioscopy has been used to document the changes undergone by the vessel wall
immediately after balloon angioplasty**¥ and new interventional devices.'**
These studies have similar findings than those reported in post-mortem
examination of vessels that had undergone percutaneous recanalisation and that
frequently are undetected by angiography, such as intimal flaps, major vessel wall
distuption, thrombus and subintimal hemorthages.” In many of these instances,
the information obtained with angioscopy can be comparable to that obtained
with intravascular ultrasound. Figure 4A shows a major plaque dechiscence
originating after balloon dilatation. The concomitant use of intravascular
ultrasound imaging makes possible to document a deep extension of the
dissection to medial layers (Fig. 4B) , similar to that found in a post-mortem
examination of a dilated arterial segment (Fig. 4C).

The consequences of vessel wall laceration are twofold. Firstly, vessel wall
dissection can lead to the development of acute vessel closure, as demonstrated in
angiographic studies.”? Several reports based on experimental™* and clinicaP'*
work suggest that the use of angioscopy can be superior to angiography in
detecting intimal flaps and filling defects originating from wall injury (Fig. 5).
Using percutaneous angioscopy, Jain et al*" identified the primary cause of acute
occlusion during PTCA in 10 patients as occlusive thrombus in 2 cases and vessel
dissection in 8,

A second aspect of the consequences of vessel wall laceration during intervention

is its impact on the long-term procedural outcome. Although reports on the use of
angioscopy to study the substrate of restenosis are scarce,”V it is likely that this
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Figure 4

Vessel wall disruption after bufloon
dilatation. (A) Coronary angioscopy revealed
& large plague split from which an edge of
liffed plaguee extends our of the field of vision
of the angioscope. (B) These changes
corresponded to a large civcumpferential
dissection that was evident during
intravasclar ultrasonnd fmaging {arrows) of
the same vessel, and clearly resemble those
Sornd in a different patient who died after
balloon dilatation, showing spliv and
cireumferential debiscenice of the
atheramatous plague as o comsequence of the
pracedire (C).

application of angioscopy will be implemented in the design of future clinical
studies for the prevention of restenosis. The first and perhaps more unexplored
area of restenosis consist in the identification of suboptimal procedural results that
escape angiographic detection and that can lead to a phenomenon of
“pseudorestenosis”. This is particularly important since although coronary
angiography has been the only method used in assessing restenosis post
intervention, the complex vessel morphology associated with several recanalisation
techniques makes difficult the interpretation of the angiographic image as to the
gain in true luminal dimensions achieved, a fact thar may explain why the
reliability of quantitative coronary angiography decreases significantly after
percutaneous interventions.

A proportional relation between the extent of vessel wall injury and the
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subsequent loss of luminal dimensions has been suggested.™* Angioscopic
quantification of vessel damage may found a better predictive value than
angiography, allowing a more direct assessment of the results obtained with
different recanalisation techniques.®** The relation between wall injury and
lining coronary thrombosis has also been proposed as a key factor in the
development of neointimal proliferation,” and has been suggested as the cause for
the high restenosis restenosis rate associated to percutaneous interventions
performed in unstable patients.* As shown by den Heijer et al.,” angioscopy
demonstrates coronaty thrombus progression during the first hour after balloon
angioplasty that is otherwise undetected by angiography. A wider application of
this concept might provide information on the relationship between mural
thrombosis and restenosis, as well as constitute a tool in assessing the efficacy of
pharmacological strategies directed towards the avoidance of this phenomenon.

Figure 5

Quantitative angiographic analysis (A) affer
deplayement of a Palmar-Schatz stent in the
mid left anterior descending lesion, showing a
Inrge discrepancy (arvow) bettween lminal
area obtained with cdge detection (upper
cttrve) and videodensitometric analysis (lower
curve), During angioscopy a good resuult 1was
nated in the distal subunit of the sienr (B).
Houcver, a large area of disrupted vessel wall
(C, arrows) was evident at the point where
the two subinits of the stent are articulated
by a single strut, fiiling to provide adegiate
scaffolding.
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Although the use of angioscopy as a quantitative technique has been neglected,
new methods are currently being applied to obtain an angioscopic estimation of
luminal size. Preliminary results with the use of a light wire have recently been
reported by Spears et al.* Other authors have proposed a semi-quantitative
approach, using the width of the guidewire as a scaling device. Several outstanding
issues that may affect the reliability of the measurements obtained have yet to be
solved. The distending coronary pressure during imaging may differ significantly
from normal. Furthermore, a coaxial placement of the angioscope is not always
possible to ensure complete visualization of the coronary lumen.

State-of-the-art and future developments in coronary angioscopy

From the first coronary angioscopy petformed with a 1.8 mm thick fiber optic
angioscope and reported by Spears et al. in 1983, the technique has undergone
majot changes. Today’s angioscopes are highly sophisticated system that can be
used without difficulty in most routine cases performed in the interventional
catheterisation laboratory. In the following paragraphs we review some of the
advantages and limitations of the state-of-the-art angioscopy, as well as some of
the research trends in new applications.

Current angioscopy systems are built using bundles with a high number of
independent fibers, tipped with highly regular epoxy lenses of less than 0.3 mm in
diameter, have a high flexibility and provide excellent image quality. Charge
couple device (CCD) cameras which are small and can be easily handled are used.
Full compatibility with conventional over-the-wire equipment is now the rule.
Better visualization is facilitated by a new generation of delivery catheters with
low-pressure inflatable cuffs to temporarily interrupt antegrade blood How. These
systems are difficult to use in very proximal arterial segments or when cuff
inflation compromises blood supply to more than one large epicardial vessel. A
variety of dedicated irrigation pumps is used to flush transparent medium during
angioscopy. The use of Ringer’s lactate is preferred over saline by some operators
since it has been suggested to have less archythmogenic potential. Oxygen-
carrying solutions may facilitate fonger visualization times duting angioscopy, and
its performance in patients with moderately impaired left ventricular function, or
a large area of dependent myocardium, but their use has been limited thus far by
high viscosity. Establishing the spatial location of the angioscope in the vessel
during on-line and off-line image analysis can be facilitated by simultaneous
recording of angioscopic and fluoroscopic images with a videomixer during the
procedure. As progressive refinements and improvements are made, steerability of
the catheter tip is now the main limitation to collecting adequate information,
particularly in tortuous vessels. Several systems to correct for misalignment of the
angioscope and to facilitate more selective visualization are under development,

Many of the strengths of coronary angioscopy discussed in previous sections of
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this article are related to the capability for retrieving chromatic information of the
structures present in the luminal aspect of the vessels. Most available systems have
automatic white balance systems aimed to ensure a faithful reproduction of
luminal colours. However, the angle of incidence of the light beam on the
visualized surface and manual adjustment of light intensity, which is frequently
needed to optimize visualization, may significantly alter colours in the obrained
images. Although no studies are yet available on the interobserver variability
associated with this type of observations, the fact that in a normal population the
ability to distinguish between colours varies significantly from one individual to
other makes probable that it is significantly high. Automated colour analysis can
possible contribute to the solution of this limitation, as suggested by preliminary
results obtained by our group. Other factors may interfere with colour
characterization, including the chromatic aberration resulting from the absorption
of particular wave-lengths by optic fibets and the modifications due to magnetic
storage in videotapes and their subsequent off-line analysis.

Further technological developments in image processing may allow interpretation
of angioscopically obtained images to provide objective information on the
constitution of the atherosclerotic vessel wall, which does not rely on subjective
evaluation. Based on the characteristic absorption patterns of the constituents of
the atheromatous plaque, several groups have reported in the possibility of
applying laser-induced fluorescence to the diagnosis of atherosclerosis, ™
Although still in its developmental stages, this “spectroscopic angioscopy™® might
provide insights to the structure of the vascular wall which have so far been
confined to the realm of intravascular ultrasound imaging.
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Abstract

Objectives
To investigate the influence of plaque morphology and composition on the results and mechanisms of
balloon angioplusty, using quantitative angiography and intracoronary ultrasound.

Background

Limited information is provided by angiography concerning the plague morphology and composition
before balloan angioplasty. Identification of plagues associated with redwced Iuminal gain or high
complication rate may provide the sational for using alternative revascularization devices,

Methods

Sixty-three patients were studied with quantitative angiography and intracoronary ltrasound before
and after balloon dilation. Angiography was used to measure transient wall stretch and elastic recoil,
Intracoronary ultrasound was used to investigate the mechanisms of lumen enlargement among
different plagnie compositions and in the presence of a disease-free wall (minimal thickness < 0.6 mn)

Resnlts

Angiography underestimated the presence of vessel calcification, (17% vs. 76%) lumen eccentricity
(38% vs. G5%) and wall dissection (37% vs. 56%) as campared with ultrasound. Balloon
angioplasty increased lumen area from 1.81% 0.49 mm2 to 4,81t 1,39 mm2. Lumen enlargement
was the vesult of the combined effect of an increase in the total cross-sectional aven of the vessel (wall
stretching, 43%) and of a reduction of the area occupied by the plague (plague compression or
redistribution, 579%). Vessels with a disense free wall had smaller lumen gain as compared with other
types of plagues (2.1611.23 mm2 v, 3.57 % 1.50 mm2 respectively, p < 0.01), Wall sivetching was
the most important mechanism of lumen enlargement in vessels with a disease-free wall (65% ws.
39% in the other cases). Angiography revealed a direct correlation between temporary stretch and
elastic recoil that was responsible for 25% of the loss of the potential lumen gain.

Conclusions

Lumen enlargement after balloon angioplasty is the combined resuly of wall stretch and plague
compression or redistribution. Intracoronary ultrasound indicates that plagues with a remnant arc of
disease-free wall are dilated mainly by wall stretching as compared with other rypes of plagues and are
associnted with a smaller luminal gain. Consequently, identification of this particular plague
morphology may provide the rational for the use of alternative devices such as directional atherectomy
or stents,
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Introduction

Contrast angiography the gold standard for the evaluation of coronary artery
disease, provides limited information regarding-plaque dimensions and
composition'2. Therefore, despite the wide use of balloon angioplasty the impact
of plaque morphology and composition, in vivo, on the outcomes of this
technique remains to be fully elucidated. Restenosis, the major limitation of
balloon angioplasty is the result of several factors such as the hyperplastic reaction
in response to the trauma inflicted to the vessel wall*, the magnitude of the
elastic recoil® and chronic vessel wall remodeling® and can not be accurately
predicted by angiography’. Because it has been suggested that ultrasound derived
plaque morphology* after balloon dilation correlates with the likelihood of
developing restenosis and that the bigger the lumen gain after intervention the
bigger the lumen dimensions at the follow-up®", interventions aimed to increase
the acute minimal lumen diameter, may result in a larger long-term vessel
dimensions™", Balloon angioplasty is a non-directional technique, thereby, during
balloon inflation factors like difference in plaque thickness and composition may
cause an unequal transmission of the balloon circunferencial stress to the vessel
wall, resulting in different responses of the vessel wall to balloon angioplasty.
Identification of particular plaques types associated with a suboptimal result, may
provide the rational for the use of alternarive devices for a particular lesion,
Intracoronary ultrasound provides a unique opportunity not only to identify
different plaques composition'*, but also different mechanisms of lumen
enlargement during balloon angioplasty®.

The aim of our study was to evaluate the influence of plaque morphology and
composition on the mechanisms of lumen enlargement following balloon
angioplasty, using quantitative angiography and intracoronary ultrasound.

Methods

Study patients

Sixty three consecutive patients (fifty-three men and 10 women, with a mean age
of 59 9 years) undergoing balloon angioplasty were studied with intracoronary
ultrasound (ICUS) before and after intervention. Thirty-six patients presented
with unstable angina (class IT B, Il B and II C and III C in the Braunwald
classification)", and 27 presented with stable angina pectoris. The investigations
were approved by the Institutional Board of the Cardiology Department of the
Dijkzigt Ziekenhuis and the patients were studied only after giving informed
consent,

Quantitative coronary angiography

All 35 mm films were analyzed using the Cardiovascular Angiography Analysis
System IT (CAAS 11, Pie Medical, The Netherlands). The automated edge
detection of this system have been validated and described in detail elsewhere!™™,
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Lesion symmetry was defined as the coefficient of the left hand distance and the
right hand distance between the reconstructed interpolated reference diameter and
actual vessels contours, at the site of obstruction. In this equation, the largest
distance between actual and reconstructed contours becomes the denominator, so
that a perfectly symmetrical lesion has a value of 1 and a severely eccentric lesion

has a value of zero®,

Dissections, wall stretch and elastic vecoil

Dissections were evaluated according to the modified classification of the Blood,
Lung and Heart Institutes”?, A dissection was classified as type A in the presence
of a small radiolucent area within the lumen of the vessel and as type B or C when
there was an extravasion of non persisting or persisting contrast medium
respectively. A dissection was classified as type D in the presence of spiral-shaped
filling defect with delayed distal flow and as type E if a persistent lumen defect
with delayed antegrade flow was seen on the final angiogram. A filling defect
accompanied by a total coronary occlusion was classified as type F dissection .
Temporary wall stretch® was defined as the difference between the mean balloon
diameter (of the largest balloon used) and minimal fumen diameter after balloon
dilation, normalized for vessel size. Elastic recoil? was defined as the difference in
minimal balloon diameter and the minimal [umen diameter following coronary
angioplasty, normalized for vessel size.

Ultrasound study

Before and after coronary interventions a 4.3 Fr mechanical 30-MHz intcavascular
ultrasound catheter (INSIGHT “3” ultrasound system, CVIS, Sunnyvale, Calif)
was inttoduced along a 0.014 inch high torque Hoppy guide wire. The catheter
was advanced distal to the stenosis and a slow manual puliback or (last 22
patients) motorized mechanical pullback at 1mm/s was performed from distal to
proximal to the lesion. The segment comprising the stenotic lesion was examined
along the entire length using side branches as landmarks and the images were
recorded on S-VHS videotape. To improve the delineation of the lumen-vessel
wall interface, intracoronary injection of contrast or saline was applied when
necessary. The measurement system was digitally calibrated, and after a careful
review of each videotape, one image at the site of the minimal luminal cross
sectional area before and after intervention was selected for quantitative analysis.
The integrated information acquired during the puflback manoeuvre along the
stenotic segment was used to classify plaque composition according to their
ultrasonic appearance' % as follows:

Plagues with low echogenicity (“Soft plagues”). More than 75% of the plaque area is
composed of tissue with echodensity less than the reference adventitia.

Plagques with high echagenecity (“Hard plagues’): More than 75% of the plaque arca
is composed of bright echoes, as bright or brighter than the reference adventitia,
but without acoustic shadowing.

Diffisse caleific plagues Bright echoes within a plaque with acoustic shadowing and
occupying more than 180 degrees of vessel wall circumference.
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Plagues with a mixed echogenicity. When there occurs a combination of different
types of plaque composition.

Additionally, vessel dimensions were measured as follows?: Luminal area (1LA),
integrated area central to the leading edge of the intimal echo; Fxternal elastic
membrane area (EEM-A), integrated area central to media-adventitia interface;
Plague plus media area (P+M-A), difference between EEM-A and LA. From the
comparison of these measurements at the site of the minimal luminal cross-
sectional area before and after angioplasty, several indices were calculated,
including: Wall streteh or Acute vessel dilation (A EEM-A), ditference in external
elastic membrane area before and after intervention; Plague rediction (A P+M-A),
difference in plaque plus media area before and after intervention. IVUS
cccentricity index was obtained dividing the minimal plaque thickness for the
maximal plaque thickness. A plaque was considered eccentric when the
cccentricity index calculated as the minor diameter divided by the major diameter
was < 0.5. A plaque was classified as having a discase-free wall when the plaque
minimal thickness was £ 0.6 mm, irrespectively of its eccentricity (Figure 1)

Variability of the ultrasound determined lumen dimensions
We have previously reported® the correlation of ultrasound luminal dimensions

Figure 1.

Left panel, an example of @ very
conceniric plegue; Right panel,
avery eceeniric [J]dqm‘ with d
remnant are of disease-free wall.

with circular phantoms
and human coronary casts.
The correlations coef-
ficient  and mean
differences £ SD between
ultrasound measurements
and corenary luminal areas
of the casts were .90 and
(0.6320.71 mm2 and for
circular phantoms 0.99
Yand -0.08 + 0.39 mm2, p
= 0.012. In 40 patients studied before and after balloon angioplasty, we found a
good correlation {r = 0.86, Y = (.37 + 0.95x, SEE = 1.06) between observers for
the minimal cross sectional area measurements at the stenotic site”. The mean
difference of the measurements of all lesion cross sectional arcas by both observers
was 0.61£1.05 mm2 and was statistically significant (p < 0.0001)

Tears and dissections
Tears or fractures were defined as an demarcated, focal, superficial break in the
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linear continuity of the plaque that extended only in a radial direction .

Disscctions were defined as demarcated ruptures of the plaque with
circumferential or longitudinal involvement of the internal elastic membrane .

Procedure technique
During the procedures all patients received aspirin (250 mg) and i.c. isorsobide
dinitrate (1-3 mg) before and

Table 1. Patient and target lesion after the procedure and were
characteristics prior to balloon dilation. [fully anticoagulated with
heparin, so that the activated

Demographics n= (%) ) ’

Age (mean + SD) 5949 years clotting time was over 300

Sex seconds. Selective coronary
Male 53 (849%) artetiography was perforhmed
Femnale 10 (16%) in multiple matched views

Angina type before and after the coronary
Stable 27 (43%) interventions. After the passage
Unstable 36 (57%) of a 0.014 inches guide wire

Vessel treated across the targer lesion,
LAD 27 (43%) intravascular echocardiography
LCX 14 (22%) was petformed with the
RCA 19 (30%) guidance of a fluoroscopic
SVG 3 (5%) window and mulciple contrast

IVUS characteristics injections. This assured proper
Soft plagues 29 (46%) comparison .betwee.n
Hard plaques 1 (2%) }Jltrasound, and angmgmphlc
Diffuse calcific 4 (6G%) images. Coronary angioplasty
Mixed plaques 29 (46%) was performed according to
No calcium 15 (24%) standard practice.

Caleium 48 (76%) . )
Statistical analysis

All continuous variables were
expressed as mean & SD. The two-tailed Student t test was used for analysis of
continuous data. The chi-square test and Fisher exact test were used to compare
differences between proportions. Agreement between 2 techniques was
determined using the Cohen Kappa coefficient. A p<0.05 was considered
statistically significant.

Results

Table 1, shows the patient and rarger lesion characteristics before balloon
angioplasty. The majority of patients (56%) presented with unstable angina, and
the vessel most frequently treated was the left anterior descending artery (46%).
Most of the treated lesions were classified as soft (46%) or mixed plaques (46%)
by intracoronary ultrasound. Fluoroscopy underestimated the presence of calcium
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Table 2. Concordance between intracoronary ultrasound and contrast
angiography for the determination of lesion eccentricity.

Angio concentric Angio eccentric Total
ICUS concentric 18 6 24
ICUS eccentric 23 16 39
Total 41 22 63

Angio = contrast angiography; ICUS = intracoronary ultrasound.

at the target lesion as compared with ultrasound (11 patients,17% vs. 48 paticnts
76% respectively, p < 0.0001). A eccentric plaque was more often judged to be
eccentric with ultrasound (41, 65%) as compared with angiography (24, 38%,
ns). Table 2 shows the agreement of the eccentricity index between intracoronary
ultrasound and angiography.

Angiographic measurements

Table 3 shows angiographic measurements before and after angioplasty. Minimal
lumen diameter increased significantly following balloon angioplasty, from 1.10 %
0.43 mm to 2.01 & 0.47 mm (p < 0.0001), Balloon artery ratio using the
measured mean balloon diameter bafloon was 1.12 £ 0,25. Transient wall stretch
during balloon inflacion was 0.67 L 0.25 of reference vessel size. Following
batloon dilation 0.25 £ 0.17 of the target reference size was lost due to elastic
recoil. Transient wall stretch and elastic recoil were not significantly influenced by
the determined angiographic eccentricity. Relative wall stretch was direcdy
correlated with relative elastic recoil (Y = 0.281x + 0.064, 12 = 0.172, p < 0.005).

Ultrasound measurements

Table 4 shows ultrasound measurements before and after angioplasty. After
balloon dilation there was a significantly increase in lumen area from 1.81 £ 0.49
mm2 to 4.81 £ 1.39 mm2 (p < 0.0001). 'This was achieved by a combination of
plaque reduction (1.72 £ 2.48 mm2, 57% of lumen gain) and permanent wall
stretch (1.28 £ 2.29 mm?2, 43% of lumen gain). Plaque composition did not seem
to influence the magnitude of lumen gain after balloon dilation (2.73 + 1.36
mm?2 soft plaques vs, 3.24 £ 1.64 mm2 other types of plaques, p = 0.21). Figure 2
and 3 shows the influence of a disease free wall or an eccentric plaque as
compared with more concentric plaques on the final luminal gain and the
mechanisms of lumen enlargement following balloon dilation. The presence of a
disease-free wall was associated with lower [umen gain following intervention
(2.16 £ 1.23 mm2, discase-free wall vs. 3.57 £ 1.50 mm2, no disease-free wall, p <
0.001). Also, lumen enlargement after balloon angioplasty was obtained by
different mechanisms according to the presence or absence of a disease-free wall.
In patients with a disease-free wall, lumen enlargement was achieved mainly by
wall stretch (1.40 + 1.42 mm2, 65% of luminal gain} and additionally by plaque
compression or redistribution (0.78 £1.33 mm2, 35% of lumen gain). This
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Table 3. Angiographic dimensional measurements.

Measurements Pre-PTCA Post-PTCA A p value
Reference MLD {mm)  2.8640.65 2.89140.61 0.06 ns
Reference CSA {mm32) 6.7543.13 6.84+3.32 0.09 ns

Stenosts MLD (mm) 1.1040.43 2.0130.47 0,91 <0.0001
Stenosis CSA (mmm2)  1.09340.92 3.34+1.60 2.25  <0.0001

% Diameter stenosis 61115 30413 3t <(3.0001
% CSA stenosis 82415 49419 33 <0,0001
Eccentricity index 0.59£0.25

CSA, cross-sectional area; MLD, minimal fumen diameter; PTCA,
percutaneous transluminal coronary angioplasty.

Table 4. Ultrasound dimensional measurements.

Measurements {mm2) Pre-PTCA  Post-PTCA A p value
Reference LA 8.7113.46 8.841+3.24 0.13 ns
Stenosis LA 1.8140.49 4,81%1.39 3.00 <0.0001

Steniosis EEM area 16.1834.92  17.461H4.86 1.28  <0.0001
Stenosis P+M area 14.3644.95 12.6444.55 1.72 <0.0001
% Plaque area 87.7145.06  71.4348.63 16.28 <0.0001
Eccentricity index 0.4310.21

EEE, external elastic membrane; LA, lumen area; PTCA, percutancous
transluminal coronary angioplasty.

contrasted with the mechanisms of lumen enlargement when there was not a
preserved arc of normal wall (wall stretch 1.4141.80, 39% of luminal gain, plaque
compression ot redistribution 2.16 + 1.94, 61% of luminal gain). These
differences in the mechanisms and magnitude of balloon dilation were due to the
presence of a disease free segment and not the result of plaque eccentricity, since
eccentric plaques with or without a disease-free wall had a similar lumen gain after
balloon angioplasty as compared with concentric plaques (3.00 £ [.65 mm2,
eccentric plaques vs. 3.02 £ 1.33 mm2, concentric plaques, ns) and comparable
mechanisms of lumen enlargement (wall stretcch 1.36 £ 1.70 mm2, 45% of the
luminal gain, eccentric plaques vs. wall strerch 1.42 £ 1.69 mm2, 47% of the
liminal gain, concentric plaques).

Lumen morvphology after balloon dilation

Table 5 shows the concordance between intracoronary ultrasound and
angiography for the detection of dissections (Table 5) after balloon dilation.
Intracoronary ultrasound detected dissections more frequently than angiography
(35 patients, 56% vs. 20 patients, 37% respectively, p=0.01). Additionally an
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irregular lumen contour was identified in 22 (35%) more patients with
ultrasound. The degree of agreement between the 2 techniques for the detection
of dissections was low (kappa 0.30), Figure 4 shows an example of dissection
starting at the transition of the normal wall with the atheroma. After balloon

mm2 %
4. 100

3.5

80]

60 H AEEM-A

40] Fi] APaM-A

DFW No-DFW
mm2
3.5 ns 100.1
80
60 B AEEM-A
40 ] E] AP+M-A

207

0]
ECC CONC ECC CONC

Figure 2 (top) and 3 {hottom).

Top, influence of a diseqse-free wall (DFW} our the luminal gain (top Iefi) and an the mechanisms af
homen enlargement (top right) after batloon angioplasey. Bottom, influence of plaque eccentricity on the
gain and en the mechanisms of tuinal gain following angioplasty. Note that its the presence of a disedse-
Jree wall and not plague eccentricity that determines the magnitude of the aminal gain following

balloon dilation.

(ECC, eecentric plague, CONG, concentric plague).

dilation soft plaques as compared with other morphologic plaque compositions
were associated with a lower dissection rate (soft plaques 13/29, 37% vs. 22/34,
63% in other types of plaques, p=0.006). The presence of calcium in the plaque
was not a predictor of vessel dissection after angioplasty (calcific plaques 28/48,
58% vs. 7/15, 47% no calcium, ns). Ultrasound determined plaque eccentricity
was not associated with a higher likelthood of developing dissection after balloon
dilation {eccentric plaques 24/41, 59% vs. 11/22, 50% concentric plaques, ns).
There was a trend towards a larger [uminal gain as evaluated by ultrasound when
dissections were present after angioplasty (3.27 % 1.68 mm?2, dissection vs. 2,72 +
1.35 mm?2 no dissection, ns).
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Table 5 - Concoridance between intracoronary ultrasound and contrast
angiography for the detection of dissections.

Angio smoath Angio dissection Total
ICUS smooth 24 4 28
ICUS dissection 19 16 35
Total 43 20 63

Angio = contrast angiography; ICUS = intracoronary ultrasound, Angio
dissection = dissection class type B or higher; ICUS dissection = tear or
dissection.

Discussion

Until recently, the mechanisms of lumen enlargement following balloon
angioplasty were mainly derived from necropsy, animal models or in-vitro studics
731, Extrapolation of these data to a clinical setting may be misleading since
several bias may occur. For instances, patients dying after balloon angioplasty, may
have a higher rate of extensive dissections when compared with survivors, Animal
studies of induced atherosclerosis, have a preponderance of soft young plaques,
different from the more heterogencous plaque composition found in in-vive
patients and therefore different mechanisms of Iumen enlargement may operate .
Additionally, when angiography is used as the investigational technique, because it
only represents a shadowgram of the vessel lumen, the mechanisms of balloon
dilation might be inappropriately assessed'?,

Despite the high success rate of balloon angioplasty, this technique as opposed to
surgical techniques is performed in “semi-blinded” way, since a direct visualization
of the target lesion is not routinely performed. Furthermore, the same treatment
{(balloon inflation) is applied to the majority of plaques irrespective of their
histological composition and morphology. It is appealing to think, that new
devices may have a higher impact if used on those plaque types associated with a
lower success rate or high complication rate following balloon dilation.

The first conclusions of our study, is that they are important discrepancies
between ultrasound and angiography, for the correct identification of plaque
calcification, plaque eccentricity and residual plaque burden. All these parameters
were underevaluated by angiography, and our results are in agreement with
others¥, Because of the potential impact of undetected vessel calcification and
eccentricity on the outcome of some revascularization techniques such as laser and
atherectomy*™* ultrasound guidance may be of considerable help in the selection
of the most appropriate revascularization device. Also importantly the
angiographic unsuspected residual plaque burden®, may bear important impact
on the renarrowing process’. A recent interim analysis of the GUIDE trial?
identified residual plaque burden by ultrasound as one of the most important
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predictive factors for restenosis among several angiographic and ultrasound
parameters.

Comparison with previous studies

Although the first described mechanisms of lumen enlargement was plaque
compression”*, necropsy studies identified plaque dissection as the most
significant mechanism?**, Only recently, intravascular ultrasound was used to
elucidate the mechanisms of lumen enlargement following balloon dilation in
vivo®™®, In peripheral arteries, dissections were reported in a high percentage and
were selected as the most important mechanism of vessel enlargement secondary
to neo-lumen formation®, However, the relative contribution of this mechanism
is more difficult to assess in coronaries arteries, because the relatively bulky
ultrasound catheters can “tack-up” dissections against the vessel wall rendering the
detection of dissections more elusive. In our study ultrasound clearly identified
wall dissection in 56% of the patients and an irregular lumen contour compatible
with small intimal tears in more 35% of the patients. Therefore, the true
incidence of plaque fractures is underevaluated even with ultrasound, as shown by
angioscopy that identifies flaps and dissections in 94% of the cases following
balloon difation®. It is possible that plagque fracture is an prerequisite to achieve
acute wall dilation, as it has been suggested by necropsy” and ultrasound studies®.
Our data also indicate that “limited” plaque fracture is important to achieve a
larger lumen dimension, as there was a trend towards a larger luminal gain in
dissected plaques vs. plaques without discernable dissection, respectively 3.27 *
1.68 mm2 vs, 2,72 + 1.35 mm2. In addition, Honye et al.* observed a higher
restenosis rate in concentric plaques without dissection suggesting that limited
wall dissection can be beneficial for a long term lumen patency. In our study wall
stretch and plaque compression or redistribution contributed in similar
proportions to the final lumen dimensions following angioplasty (43% vs. 57%,
respectively). Our results are a compromise between those reported by The et al.®
who identified wall stretch as the major responsible {77% of the lumen gain) for
the lumen gain or those of Suneja et al.” who reported plaque reduction as major
mechanism of angioplasty (94% of the lumen gain). These discrepancies in the
mechanisms of balloon dilation may be in part the result of different plaque
morphologies. Although permanent wall strerch is an important mechanism of
lumen enlargement, angiography identified that 25% of the potential lumen gain
was immediately lost after balloon deflation as a result of the elastic recoil. The
only variable related to the magnitude of the elastic recoil was temporary stretch as
already described by others®. The poor correlation between angiographic and
ultrasound lumen dimension after angioplasty” may explain the lack of
correlation between plaque composition or morphology and the magnitude of the
elastic recoil. Although Isner et al.* reported the combined use of balloon-
ultrasound catheter for the measurements of recoil that could achieve 61% of
inflated balloon cross sectional area, the small number of patients in this study
precluded further analysis of recoil as a function of plaque composition.
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Figure 4,

An example of a wall
dissection occurring at ihe
transition of the nornal
wall with the atheroma.

Influence of plaque composition and thickuess on the vesults of balloon
dilation

Necropsy studies have indicated that eccentric lesionswith a disease-free wall are
mainly dilated by localized wall stretching®. Our study confirms in vivo that the
presence of a relatively disease-free wall has considerable impact on the
mechanisms of lumen enfargement following balloon angioplasty. Stenotic lesions
with a disease-free wall were associated with lower lumen gains after balloon
dilation (2.16 % 1.23 mm2, disease-free wall vs. 3.57 £ 1.50 mm2, no disease-free
wall, p < 0.001) and this lumen enlargement was mainly obtained by wall stretch
{65% of luminal gain) as opposed to plaques without a disease-free wall (35% of
lumen gain). Moreover, this phenomena was specifically refated to the presence of
a disease free wall, because eccentric plaques as opposed to concentric plaques did
not respond in a different manner after balloon angioplasty. These findings are
supported by other studies that demonstrate that lesions with a disease-free wall
because they have a preserved segment of media, may be more prone to
vasospastic phenomena® and higher elastic recoil®. However, recoil is most likely
the explanation for the lower luminal gain obtained by these plaques, since
intracoronary dinitrate isorsobide was given routinely prior to each ultrasound
examination to relieve any abnormal vasomotor tone. These data are in
disagreement with necropsy data showing larger lumen gains after angioplasty
were observed in eccentric plaques®. It should be pointed out in postmortem
analysis that bafloon dilation has taken place prior to the morphometric analysis
so that plaque remodeling and redistribution® induced by the barotrauma may
have interfered and thereby invalidated the conclusions of these necropsy studies.
In our study plaque thickness and the eccentricity index were measured prior to
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balloon dilation.

Dissections after angioplasty generally occur at areas of local high shear stress™ at
transitions between normal wall and atheroma® or near deposits of calcium™. Qur
date did not clearly identify a particular plaque type with a higher likelihood of
developing dissection. However, in the majority of patients calcium was present in
less than 25% of the vessel circumference and the true incidence of plaque
fractutes is underestimated by ultrasound in the coronary arteries*,

Conclusions

Intracoronary ultrasound provides a more detailed information concerning plaque
composition and morphology as compared with contrast angiography that may
bear important significance for a better planning of coronary interventions. The
presence of a stenotic lesion with a remnant arc of disease-free wall as judged by
ultrasound is associated with a lower lumen gain probably due to higher elastic
recoil. Alternative devices, such as stents or directional atherectomy may be
selected on these lesions to improve the immediate and eventually the long term
results of coronary interventions.
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Abstract

Objectives

The purpose of this study was to assess the dual action of enlargement of the lumen and dumage of the
vessel wall following either balloon angioplasty or directional atherectomy, using intracoronary
wltrasound, and angioscopy.

Background
Differences in mechanisms of action of balleon angioplusty and directional atherectomy may have a
significant bearing on either the immediate outcome and the 6 months restenosis.

Methods

A total of 36 patients were studied before and after either balloon angioplasty (n=18) or directional
atherectomy (n=18). Ultrasound measurements included changes in lumen area, external elustic
merbrane area and plaque burden. In addition, the presence and extent of dissections were assessed to
derive a dumage score. Angioscopic assessment of the dilated or atherectomized stenotic lesions was
translated into semi-guantitative dissection, thrombus and hemarrhage scoves,

Results

Atherectomy patients had u larger angiographic vessel size compared with the angioplasty group
(3.5520.96 mm vs. 3.00%0.64 mm, p<0.05), however minimal bimen diameter (1.18£0.96 mm
vs. 0.8520.49 mm) and plague burden (17.0453.69 vs. 15.23£4.92 mm2) measurements did not
differ significantly. As a result of plugue reduction, atherectomy produced a larger increase in luminal
area compared to the angioplasty group (5.80%1.78 mm2 vs. 244 1.36 mm2, p<0.0001). Lumen
increase after angtaplasty was the result of ‘plaque compression” (50%) and wall stretching (50%).
Additionally, in both groups there was indirect angioscopic evidence of thrombus “microembolization”
as an adjunctive mechanism of lumen enlargement. Angioscopy identified big flaps in 6 and small
intimal flaps in 11 of the atherectomized patients as compared with 5 and 12 patients in the
angioplasty group. Changes in thrombus score following both coronary interventions were identical
(0.724:3.42 points atherectomy v, -0.38+3.27 points batleon angioplusty, ns).

Conclusions

Lumen enlargement afier divectional atherectomy is mainly achieved by plague removal (87%),
twhereas balloon dilation is the result of vessel wall stretching (50%) and plague reduction (50%).
Despite the fact that the luminal gain achieved by divectional atherectomy is twice as large as with
balloon angioplusty, the extent of traunia induced by both techniques seems to be similar.
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Introduction

Most of the studies addressing the mechanisms of enlargement of the lumen and
damage of the vessel wall following cither balloon angioplasty (PTCA) or
directional atherectomy (DCA) are derived from necropsy studies ™ and just a few
use ultrasound for an in vivo estimation of these mechanisms ™. Therefore, the
mechanisms underlying the dual action of enlargement of the lumen and damage
to the vessel wall in vivo are yet not fully clucidated. Their understanding may
have important implications for the immediate and long term outcome and may
facilitate selection of a specific device for a specific lesion.

In the animal model the restenotic process is proportional to the amount of
trauma inflicted to the vessel wall *** therefore it is appealing to identify new
prognostic matkers of restenosis using the combined information provided by new
diagnostic tools, such as intracoronary ultrasound and angioscopy. These
techniques provide a unique opportunity to assess the changes induced by balloon
angioplasty or DCA, on plaque volume and coronary lumen (10-19), as well as
changes of the intimal surface ***. This previously irretrievable information in
vivo may facilitate insights into the mechanisms of DCA and balloon angioplasty.

The purpose of this study is to assess the mechanisms of balloon angioplasty as
compared to directional atherectomy and to characterize semi-quantitatively the
nature and extent of wall trauma, using intracoronary angioscopy and
intravascular imaging,

Methods

Study patients

The study population consisted of 36 patients ( 31 men and 5 women with a
mean age of 5919 years) who underwent elective coronary balloon angioplasty
(n=18) or directional atherectomy (n=18). Fourteen patients presented with
unstable angina (class II B, IIT B, If C and III C, in the Braunwald classification)
#, and 22 presented with stable angina pectoris. The investigations were approved
by the Institutional Board of the Cardiology Department of the Dijkzige
Ziekenhuis and the patients were studied only after giving informed consent.

Quantitative coronary angiography

All 35 mm films were analyzed using the Cardiovascular Angiography Analysis
System Il (CAAS II, Pic Medical, The Netherlands). The automated edge
detection of this system have been validated and is described in detail elsewhere®
*, Lesion eccentricity was defined as the coefficient of the left hand distance and
the right hand distance between the reconstructed interpolated reference diameter
and actual vessels contours, at the site of obstruction. In this equation, the largest
distance between actual and reconstructed contours becomes the denominator, so
that a perfectly symmetrical lesion has 2 value of 1 and a severely eccentric lesion
has a value of zero
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Angiographic determined damage

Since it has been shown that the relative loss in minimal luminal diameter at
follow-up s proportional to the acute relative gain *%, we used this index as a
measure of angiographic determined trauma. Dissections were evaluated
according to the modified classification of the Blood, Lung and Heart Institutes *-
#. A dissection was classified as type A in the presence of a small radiclucent area
within the lumen of the vessel and as type B or C when there was an extravasion
of non persisting or persisting contrast medium respectively. A dissection was
classified as type D in the presence of spiral-shaped filling defect with delayed
distal flow and as type E if a persistent lumen defect with delayed antegrade flow
was seen on the final angiogram. A filling defect accompanied by a total coronary
occluston was classifted as type F dissection .

Temporary wall stretch * was defined as: (device cross sectional area minus
minimal lumen cross sectional area pre-intervention) divided by reference cross
sectional area before intervention. Elastic recoil  was defined as; (device cross
sectional area minus minimal lumen cross sectional area after intervention)
divided by reference cross sectional area before intervention. Atherectomy device
cross sectional area was calculated taking into account the elliptical shape of the
device and using as short axis the diameter of the housing chamber, and as long
axis the inflated balloon diameter,

Ultrasound device

Before and after coronary interventions a mechanical 4.3 Fr intravascular
ultrasound catheter (INSIGHT “3” ultrasound system, CVIS, Sunnyvale, CA)
was introduced through a 0.014 inch high rorque floppy guide wire. The segment
comprising the stenotic lesion was examined over its entire length using side
branches as fandmarks and the images were recorded on S-VHS videotape. To
improve the delineation of the leading edge echo, intracoronary injection of saline
was applied when necessary. The measurement system was digitally calibrated, and
after a careful review of each videotape, one image at the site of the minimal
luminal cross sectional area before and after intervention was selected for
quantitative analysis.

The integrated information acquired during the pullback manoeuvre along the
stenotic segment was used to classify plaque composition according to their
ultrasonic appearance ¥ as folfows:

Soft plagues : Mote than 75% of the plaque area is composed of tissue with
echodensity less than the reference adventitia.

Fibrous plagues. More than 75% of the plaque area is composed of bright echoes,
as bright or brighter than the reference adventitia, but without acoustic
shadowing,

Diffuse calcific plagues Bright echoes within a plaque with acoustic shadowing and
occupying more than 180 degrees of vessel wall circumference,

Mixed plagues: ~Nhen there occurs a combination of different types of plaque
composition,

Il £ ¥




Additionally, ultrasound dimensional calculations were calculated as follows *
Luminal area: integrated area central to the leading edge of the intimal echo;
External elastic membrane area: integrated area central to media-adventitia
intetface; Plague plus media aren (P+M): difference between external elastic
membrane area and luminal area; Acute vessel dilation difference in external elastic
membrane area before and after intervention. In the presence of calcific plaques,
the contour of the external elastic membrane was drawn assuming a circular vessel
shape in the shadowed segment or drawing the contour of the continuous vessel
segment without calcium.

Variability of the ultrasound determined lumen dimensions

We have previously reported ® the correlation of ultrasound luminal dimensions
with circular phantoms and human coronary casts. The correlations coefficient
and mean differences & SD between ultrasound measurements and coronary
luminal areas of the casts were 0.90 and 0.6340.71 mm2 and for circular
phantoms 0.99 and -0.0840.39 mm2, p=0.012. In 40 patients studied before and
after balloon angioplasty, we found a good correlation (r=0.86, Y=0.37+0.95x,
SEE=1.06) between observers for the minimal cross sectional area measurements
at the stenotic lesion . The mean difference of the measurements of all lesion
cross sectional areas by both observers was 0.6111.05 mm2 and was statistically
significant (p<0.0001).

Ultrasonic damage score

Tears were defined as demarcated, focally superficial breaks in the linear
continuity of the plague that extended solely in a radial direction and dissections
were defined as demarcated breaks in the linear continuity of the plaque with
circumferential or longitudinal involvement of the internal elastic membrane ™,
For the purpose of quantifying the amount of damage to the internal elastic
lamina, a ultrasonic damage score was derived: Tears (1 point); Dissections
involving less than 25% of the vessel circumference (2 points); Dissections
involving more than 25% bur less than 50% of the vessel circumference (3
points); Dissections involving more than 50% of the vessel circumference (4

points).

Fiberoptic intracoronary angioscopy

Before and after coronary interventions and prior to the echo examination a 4,5 F
coronary angioscope (ImageCath, Baxter Laboratories, Irvine, California) was
used to visualize the lesion along its length. After positioning the angioscope over
the wire (0.014 inch) in the segment to be examined, the balloon is inflated and a
continuous flushing with the Ringer’s lactate at body temperature is performed at
infusion rates between 30 to 50 ml/min. Once the crystalloid solution has cleared
the image field, the tip of the catheter is advanced to explore the lesion under
study with an extension range of 5 cm. During this procedure all the images were
viewed using a high resolution monitor (PANASONIC BT-M 1420 PY) and
simultaneously recorded on a S-VHS tape for off-line review to achicve the
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CONnsensus of 2 ObSﬁl’Vﬁl’S.

Angioscopic classification of vessel trauma

For a qualitative assessment of the intimal vessel trauma, the following parameters
were evaluated using a previously validated classification designed by the
European working group of angioscopy *: Mural thrombus was defined as a red,
predominantly mural, non-mobile, superficial mass adhered to the vessel surface.

Table 1. Patient and target lesion characteristics prior to coronary

interventions.

Demographics PTCA DCA p value
Age {mean £SD)  G0RIT 5847 NS
Sex

Male gender 16 (89%) 15 (83%) NS
Angina type

Unstable 14 (78%) 8 {(45%) 0.08
Vessel treated

1AD 7 (39%) 13 (72%) 0.09

LCX 4 (22%) 2 (11%) NS

RCA 7 (39%) 3 (179%) NS
ICUS characteristics

Soft plaques 10 (56%) 10 (56%) NS

Fibrous plaques 0 0 NS

Diffuse calcific 1 (6%) 0 NS

Mixed plaques 7 {39%) 8 (44%) NS

No or focal calcium 11 (61%) 11 {G1%) NS

Calcium > 25% P+M 7 {39%) 7 (39%) NS
Angioscopic characteristics.

Presence of Thrombus 12 (67%) 5 (28%) 0.05

Mural Thrombus 10 (56%) 1 (6%) 0.004

Protruding thrombus 2 (11%) 4 (22%) NS

DCA = directional atherectomy, ICUS = intracoronary ultrasound, LAD =
lefe anterior descending artery, LCX = left circumflex artery, PTCA =
percutancous balloon coronary angioplasty, RCA = right coronary artery.

Protruding thrombus as a red, intraluminal protruding , mobile or non-mobile
mass adhered to the vessel surface. Occlusive thrombus when a red intraluminal
mass occluded completely the lumen. Wall hemorrhage was defined as a distinct,
demarcated, red, non-elevated discoloration of the vessel wall, Small surface
disruptions were defined as small, very mobile structures which are contiguous
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Figure 1.
Percent frequency of dissections detected by each technigne.

with the vessel wall. They do not impede the visualization of the lumen, Large
dissections were defined as visible cracks or fissures on the luminal surface and/or
large mobile or non-mobile protruding structures, which are contiguous and have
homogeneous appearance with the vessel wall. They partially impede visualization
of the lumen.

Interobserver variability of angioscopic data

The angioscopic diagnosis of thrombus and dissection was associated with the
higher intra- and inter-observer agreements using the Ermenonville classification
(53). Intra-observer agreement for dissections and red thrombus were 77% (kappa
0.57), and 82 % (kappa 0.57) respectively, while the inter-observer variability was
53% (kappa 0.27) and 71 % (kappa 0.29) respectively.

Angioscopic damage scores. In order to establish a semi-quantitative evaluation of
the amount of trauma/disruption present in each angioscopic inspection three
scores were derived by computing the type of trauma (hemorrhage, thrombus,
dissection) present in each stenotic subsegment by the number of subsegments
involved (proximal, middle, and distal stenotic segments). The hemorrhagic score
consisted of 0.5 point for single hemorrhage and 1 point for multiple
hemorrhage. The thrombus score consisted of 1 point for a single lining
thrombus, 2 points for multiple lining thrombus, 3 points for protruding
thrombus and 4 points for occlusive thrombus. The dissection score consisted in 1
point for a single small flap, 2 points for multiple small flaps and 3 points for big
flap(s) or disruption. Additionally, a delta score was computed by subtracting
from the post-intervention scores the pre interventions scores.

Procedure Technique

During the procedures all patients received aspirin (250 mg) and i.c. isorsobide
dinitrate {1-3 mg) before and after the procedure and were fully anticoagulated
with heparin, providing an activated clotting time in excess of 300 seconds.
Selective coronary arteriography was performed in multiple matched views before
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and after the coronary interventions. After the passage of a 0.014 inch guide wire
across the target lesion, sequential coronary angioscopy and intravascular
ultrasound were performed with the guidance of a fluoroscopic window and
multiple contrast injections. This technique assured proper comparison between
angioscopic, echocardiographic, and angiographic images. Coronary angioplasty
and directional atherectomy were performed according to standard practice, using
the post intervention ultrasonic and angioscopic images to achieve an optimal
final resule. In this cohort all patients selected for atherectomy were solely treated
with atherectomy.

Histology

After atherectomy, histological examination of the rettieved specimens was used to
determine the depth of the wall cut according to the histological identification of
fragments of the intima, media or adventitia %%,

Statistical analysis
All continuous variables were expressed as mean + SD. The two-tailed Student’s ¢

Table 2. Quantitative angiographic measurements in the two treatment

groups

Measurements PTCA DCA p value

S (n-15) (n-18) .
Reference MLD- Pre (mm)  3.0040.64  3.5580.46  0.007
Reference CSA Pre (mm?2) 7.40:3.2 10.061+2.88 <0.05
Eccentricity index 0.6040.20 0.6640.20 NS
Stenosis MLD Pre (mm) 0.8540.49 1.18%0.96 0.05
Stenosis MLD Post {mm) 1.90::0.58 2.7540.63 0.0002
Stenosis CSA Pre (mm?2) 0.7540.59 1.2540.96 0.07
Stenosis CSA Post (mm?2) 3.09+1.89 6.2712.70  <0.0001
% Diameter stenasis Pre 70L18 67412 NS
% Diameter stenosis Post 33417 25115 NS

DCA = directional atherectomy, CSA = cross sectional area, MLD = minimal
lumen diameter, PT'CA = percutaneous balloon coronary angioplasty.

test was used for analysis of continuous data. A chi-square test and Fisher’s exact
test were used to compare differences between proportions. The Mann-Whitney
rank sum test was used to compare ordinal data {(scores). A p value of < 0.05 was
considered statistically significant .
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Resulits

The demographic characteristics of the patients, the bascline ultrasound and the
angioscopic characteristics of the target lesions prior to intervention are shown in
Table 1. There was a higher percentage of patients with unstable angina in the
balloon ang[oplasty group, whereas a higher percentage of left anterior descending
target stenosis was seen in the athetectomy group. The prcvalencc of unstable
angina (14 vs. 8 patients, p=0.08) and red thrombus (12 vs. 5 patients, p=0.05)
was higher in the conventional angioplasty group as compared with atherectomy
group, although no significant difference in the echocardiographic determined
type of plaque was observed. After intervention, the incidence of thrombus in
both groups was similar (11 patients, balloon angioplasty vs, 12 patients,
atherectomy, ns).

Table 3. Ultrasound guantitative measurements in the two treatment

groups.
Measurements {mm?2) PTCA DCA) p value
. 18 @
Reference LA Pre 8641278 10314263  0.09
Stenosis LA Pre 1.7340.59 1.96H0.77 NS
Stenosis LA Post 4.3841.53 7.5712.02 <0.0001
A Stenosis LA 2.4411.36 5.80+1.78 <0.0001
Stenosis EEM area Pre 16.9614.90 19.0043.78 NS
Stenosis EEM Post 18.10+4.79 20.2814.25 NS
A stenosis EEM area 1.2242.67 0,73+1.38 NS
Stenosis P+M area Pre 15.234+4.92 17.0443.69 NS
Stenosts P+M area Post 13.7244.60 12.70+4.17 NS
A P+M area 1.224+1.78 5.0712.27 <0.0001
% Plaque area Pre 8915 8914 NS
% Plaque area Post 74+10 6219 <0.0001
Delta % Plague area 1548 2947 <0.0001

DCA = directional atherectomy, EEM = external elastic membrane, LA =
lumen area, MLD = minimal lumen diameter, P+M = plaque plus media,
PTCA = percutaneous balloon coronary angioplasty.

Angiographic data

Quantitative angiographic measurements in both treatment groups are shown in
Table 2. Patients treated with directional atherectomy had larger reference
diameters (3.55 £ 0.46 mm atherectomy vs. 3.00 % 0.64 mm balloon angtoplasty,
p<0.0L,), and larger minimal lumen diameters at the stenotic sites prior to the
procedure (1.18 1 0.46 mm atherectomy vs. 0.85 £ 0,49 mm balloon angioplasty,
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Figure 2.

A very eccentvie soff plaque before and after atherectamy. Despite the good angiographic result after
intervention, wlerasound identified an important resicdual plague burden and an atherecromy “bite” in
the normal wall. Histology identified components of adventitia.

p=0.07), as expected. After intervention, patients in the atherectomy group
showed a significantly larger increase in lumen dimensions as compared to the
balloon angioplasty patients, resulting in a final larger minimal lumen diameter
(2.75 £ 0.63 mm atherectomy vs. 1.90 £ 0.58 mm balloon angioplasty, p <
0.001), a larger relative gain (0.52 + 0.26 atherectomy vs. 0.31 £ 0.20 balloon
angioplasty, p=0.01) but a similar residual percent diameter stenosis ( 25 + 15%
vs, 33+ 17%, ns),

Ultrasound data

Ultrasound derived quantitative measurements in the two groups of patients are
given in Table 3. Reference luminal area was also farger with intravascular
ultrasound in the atherectomy group ( 10.31 2,63 mm?2 atherectomy vs. 8.64 £
2.78 mm2 balloon angioplasty, p = 0.09). Despite a normal angiographic
appearance of the reference secgment, the plaque area occupied roughly 50% of the
external elastic membrane area in both groups of patients. After intervention,
patients treated with directional atherectomy showed a significantly larger increase
in lumen dimensions than in those patients treated with the balloon dilation,
which resulted in a final larger luminal area (7.57 £ 2.02 mm?2 atherectomy vs.
4.38 £ 1.53 mm2 balloon angioplasty, p<0.0001) and in a smaller percent plaque
atea (62 9%, atherectomy vs, 74 X 10%, balloon angioplasty, p=0.0005). The
larger lumen gain achieved in the atherectomy group (5.80 £ 1.78 mm?2
atherectomy vs. 2.44 + 1.36 mm2, balloon angioplasty, p<0.0001) was obtained
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Figure 3.
Angioscopic appearance of a plague fraciure and flup, typically occurring afier bafloon angioplasty.

by a significantly reduction of plaque (5.07 £ 2.27 mm?2 atherectomy vs. 1.22 &
2.67 mm2 balloon angioplasty, p<0.0001). Thus plaque reduction accounted for
87% of the lumen gain obtained with atherectomy whereas with conventional
angioplasty lumen gain was achieved in similar proportions (50%) by wall stretch
(A EEM) and plaque reduction or redistribution (A P+M).

There was a trend towards augmented luminal enlargement and large plaque
reduction following atherectomy, when the procedure was petformed on soft
plaques rather than on other types of plaques (6.19 £ 1.71 mm2 vs. 5.30 £ 1.87
mm?2, respectively, p=0.34). Plaque composition did not seem to influence the
outcome of balloon angioplasty.

Semi-quantitative assessment of vessel wall injury

The computed damage scores observed after each type of intervention are given in
Table 4. All of these damage scores showed a remarkable similarity after each
coronary procedure with the exception of relative gain, plaque reduction and
angiographic recoil. Figure 1 shows the frequency of dissections detected by each
technique. It is evident that angiography as compared to intracoronary ultrasound
and angioscopy underestimates the number of dissections. In the atherectomized
vessels, angioscopy identified 6 (33%) big flaps and 11 (61%) small intimal flaps
compared with 5 (28%) and 12 (67%) in the angioplasty group.

The ultrasound damage score was larger after balloon angioplasty than after
atherectomy (Table 4}. In this group, intracoronary ultrasound detected
atherectomy “bite” in the obstructing plaque in 15 (83%) patients. Of these
specimens, histologic examination identifted the presence of media in 5 patients
and adventitia in 3 additional patients. Figure 2 shows the ultrasound appearance
of a cut in the normal wall. Similar to the ultrasonic scores, the semi-quantitative
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Figure 4.

Four different patterns of danmage following either balloon angioplasty ar divectianal atherectomy, A =
hemarrhage; B = a flap with an attached red thrombi vo its tip; C and D = disription of the fibrous cap
with extrision of yellow material (lipid) and thrombus formation.

angioscopic damage score did not disclose any difference in the intimal damage
{(hemorrhage, thrombus and dissection) between the two groups. Figures 3,4 and
5 exemplify different types of trauma and thrombi seen after intervention. A
graphic representation of the procedural change of the “thrombotic burden” is
shown in Figure 6. It is important to note that thrombi decreased or disappeared
in 7 (39%) patients in the conventional angioplasty group and in 4 (22%)
patients in the atherectomy group. Only 3 patients in the balloon group and 6
patients in the atherectomy group were without thrombus before and afier the
coronary procedures, Plaque compesition was not specifically associated with
development of thrombus or dissections after coronary interventions,

Discussion

Mechanisms of action of balloon angioplasty and divectional athevectomy
Necropsy studies after balloon angioplasty suggest that the major mechanism of
lumen enlargement is plaque rupture and localized medial dissection . This
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Table 4. Delta damage scores after coronary interventions.
Scores o PTCA DCA p value
Rﬁgidgraphy . ‘ . . -

Relative gain (%) 0.3140.20 (2) 0.5240.26 (1) 0.01

Temporary wall stretch (%) 57.3424.6 (1) 53.5+13.7 (2) NS

Recotil (%) 21.0422.3 (1) 3.5429.3 (2) 0.05
ICUS

Stretch (mm2) 1.2282.67 (1) 0.753%1.38 (2) NS

Plaque reduction {mm?2) 1.2242.67 (2) 5.0742.27 (1)  <0.0001

[CUS damage scote 2.4041.51(1) 1.3040.57(2) NS
Angioscopy

Dissection score 3.3842.17 (1) 3,384+1,19 (1) NS

Thrombus score -0.3843.27 (2) 0.7243.42 (1) NS

Hemorrhage score 1.4741.85 (2) 1.7741,90 (1) NS
TOTAL 13 points 13 points
DCA = directional atherectomy, ICUS = intracoronary ultrasound, PTCA =
percutaneous balloon coronary angioplasty. In brackets are given 1 or 2 points
for the comparison of the different damages scores between the two
interventions (I point = higher damage, 2 points = lower damage)

generally occurs at regions of higher shear stress at the thinnest portion of
atheroma, or at the junction of atheroma with the normal arterial wall 1",
Although plaque compression may also play a role in vitro **, the magnitude of
this phenomenon in vivo is uncertain " Nevertheless, three-dimensional
ultrasound reconstruction * of human coronary arteries has indicated that axial
plaque redistribution may occur duting balloon dilatation.

In a effort to overcome some of the limitations of conventional angioplasty,
directional atherectomy was introduced as a debulking device with the potential
of minimizing vessel wall damage, as documented by the smooth appearance of
the post procedure angiogram. Studies using contrast angiography indicated that
the so called “Dotter-effect” results in 50- 60 % of the final luminal gain .
However, recent ultrasound studies clearly identified plaque reduction as the
major determinant of lumen increase after this procedure %%,

Comparison with previous studies

Our data shows that two major mechanisms account for lumen enlargement after
balloon angioplasty. Acute vessel expansion (A EEM) and plaque reduction (A
P+M) contributed in equivalent proportions (50%) to the final luminal gain
achieved in these patients. However, it is not possible from our data to know
whether plaque reduction was the result of plaque compression or redistribution.
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Figure §
Different ultrasound patterns of tranma to the vessel wall following balloon angioplusty. A= ear (arrows) ;
B = 1wall dissection C = thrombi (urrow)

There are a few published studies addressing the mechanisms of balloon
angioplasty with quantitative measurements performed before and after
intervention %, The relative contribution of the different mechanisms yielding
increased lumen area vary among the different studies. At one extreme, The et al @
suggest that wall streech account for 77% of the luminal gain following balloon
dilation compared with only 6% in the study of Suncja et al ™ In a previous study
7 with 48 patients studied with ultrasound before and after balloon angioplasty
we found that plaque reduction accounted for 55% of the lumen gain, Different
types of arteries and methodologies used in the studies may account for a part of
these discrepancies.

Plaque reduction was the major mechanism of atherectomy, accounting for 87%
of the luminal gain. Whether this plaque reduction represents tissue removal or
plaque redistribution, has not been clarified in this study, since a three
dimensional reconstruction of the stenotic segiment was not routinely performed.
Nevertheless, other authors * using three-dimensional reconstruction have shown
that plaque redistribution may occur after atherectomy, although the magnitude
of this effect could not be quantitatively assessed.

Unique to this study is the angioscopic evidence that the thrombotic burden prior
to both procedures, may decrease ot even disappear after coronary interventions.
Although we can not exclude multiple instrumentation of the coronaries as a
source of microemboli, this is unlikely because angioscopy thac is a forward
looking imaging device would probably be able to detect it. During conventional
angioplasty the inflated balloon can induce dispersion or microembolization of
the thrombotic material, a finding suppotted by necropsy studies ®. However,
because thrombus is represented by soft echoes, ultrasound will misinterpret this
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Figure 6.
Chenges in the thrembus scare with botlh interventions. Wihile sone patients have an increase in the score
affer interventions, others have a smaller thronibotic burden (see text for discussion).

soft plaque reduction as plaque compression. With atherectomy, thrombus
removal and/or microembolization by dispersion or dislodgment can explain
thrombus reduction *. Despite the angioscopic presumption of
microembolization, there were in our patients no clinical symptoms or
electrocardiograhic signs suggesting this phenomenon, which has been until now
rarely reported in the literature #%, However, an unexpectedly high rate of non Q-
wave myocardial infarction after atherectomy in the CAVEAT study “ could be
interpreted as an indirect evidence of microembolization, as suggested by others ™
o

Plaque composition seems to have a predominanc impact on the procedure
outcome of atherectomy. Similar to other authors ** our data shows a trend
towards larger plaque reduction and greater luminal gain for soft plaques as
compared to other types of plaques. It is a common clinical experience that
calcific material can not be easily retrieved by atherectomy 7',

Is divectional debulking less traumatic than dilation?

Since the restenotic process is presumably proportional to the amount of damage
imparted to the vessel wall 22727, we attempted to quantify vessel wall injury using
the complementary information derived from different diagnostic techniques. We
took advantage of quantitative angiography to determine the relative gain which
has been established as an unspecific injury index *71, Additionally, temporary
wall stretch and elastic recoil were used as a measure of the distention of smooth
muscle cells in the media.

Intravascular ultrasound was used to assess three complementary indices. These
indices are acute vessel distention as an index of the distention of the external
elastic membrane and media, the intravascular damage score as a measure of the
trauma inflicted to the internal elastic lamina, and plaque reduction (A P+M) as
an index of damage to the intima. In addition, various types of endoluminal
injury were evaluated by angioscopic scores. Despite the only fair values of inter
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and intra-observer variability for the angioscopic assessment of thrombi and
dissections this should not be considered a major drawback since this diagnosis is
associated with a high sensitivity and specificity * Furthermore, quantitative
angiography the present gold standard for evaluation of coronary artery disease
has also reasonable variability between different commercial systems in the
estimation of lumen diameters, and also in the same system if the operator is let
free to select the optimal cineframe for analysis.

The first conclusion of our study is that both coronary interventions induce a
similar degree of vessel wall injury. Secondly, angiography underestimates the
incidence of dissections and thrombus compared to intravascular ultrasound and
'mgioscopy Despite a larger (relative) luminal g'un in the atherectomy group, the
angioscopic indices of intimal injury were similar in both treatment groups. This
finding might at first appear paradoxical, since a cutting device could expose deep
vessel wall components to the bloodstream and trigger large thrombus formation
727 However, it should be recalled that thrombus formation is a dynamic process
evolving over time 7* and our study only analyzed the immediate outcome of the
procedures. Dissections were also detected in equivalent proportions in the two
treatment populations. After balloon angioplasty, dissections are the result of
barotraumatic distension and disruption of the atherosclerotic plaque. Whereas,
after atherectomy the dissections are the result of the cutting mechanism of this
procedure, evidenced by the face that dissections were present near identified cuts.

Mechanical stretching of the media has been associated with smooth muscle cell
proliferation and change in phenotype ™. In this respect, both interventions
induced similar amounts of temporary stretch, but a significantly higher elastic
recoil was measured after balloon angioplasty. The mean small elastic recoil
observed after atherectomy reflects the ablative tissue nature of this technique,

An in vivo assessment of damage to the internal elastic lamina induced by these
devices is problematic. Animal experiments have demonstrated a good correlation
between the extent of damage to the internal elastic lamina and the magnitude of
the hyperplastic response (**'). Ulerasound damage scote was higher after balloon
dilation and consequently an increased hyperplastic response could be expected
after balloon angioplasty,. However, atherectomy histology disclosed evidence of
deep cuts in 8 (44%) patients, which in itself can induce a strong local
proliferative response 7. When directional atherectomy is not properly guided,
non-directional cuts from the device can generate unwanted damage, comparable
to that generated by the non-directional barotrauma of angioplasty.

Despite the overall similarity in the wall injury scores, it is not possible from our
study to determine which is the most powerful determinant of late lumen loss. It
is possible that for each intervention a specific type of wall injury may be
responsible for a different mechanism of restenosis. For instances, restenosis
following balloon angioplasty may be the result of deep dissections involving the
media and adventitia inducing vessel remodeling or vessel shrinkage 77, whereas
after atherectomy cutting into the media with exposition of deep collagen may
induce a more aggressive neointimal formation ™

Nevertheless, the acute and long term outcome of the atherectomy procedure will
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be dramatically improved once the ditectional natute can be propetly applied by
ultrasonic guidance incorporated in a single device.

Limitations

In chis study, the contribution of neo-lumen (intraparietal) formation to the final
[umen dimensions could not be correctly assessed by ultrasound imaging. Because
ultrasound catheters are still relatively bulky as compared to vessel size, their
presence may “tack up” dissections precluding the quantification of this
mechanism. However, the high prevalence of dissections identified by angioscopy
are consistent with the concept that plaque disruption is an important adjunctive
mechanism of action of theses devices %, Due to the small number of patients
studied so far with both techniques, it was not possible to perform a comparison
based on matched and comparable populations, Ultimately, the physical presence
of the imaging catheters and the flushing procedure required for an adequate
angioscopic visualization can artifactually alter some morphological lesion
characteristics

Conclusions

Intravascular ultrasound and angioscopy provide valuable complementary
information concerning the mechanisms of lumen enlargement after conventional
angioplasty and directional atherectomy. While balloon angioplasty induces
fumen enlargement by a combination of wall stretch and plaque compression or
redistribution, directional atherectomy mainly debulks the stenotic segment. It
appears that the degree and nature of injury imparted to the wall by the two
devices is similar, albeit the luminal enlargement observed after atherectomy is
almost twice as large as the dilation effect obtained with balloon angioplasty. This
observation indicates that long term outcome after atherectomy may be more
favourable than after balloon angioplasty if this debulking technique is fully and
optimally exploited.
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Abstract

Objectives

The purpose of the present study was to use the complementary information of angiography,
intravascular wlirasound and intracoronary angioscopy before and afier divectional atherectomy to
better churacterize the post-atherectomy appearance of the vessel wall contours and the mechanism of
fumen enlargement.

Background

Directional coronary atherectomy aims at debulking rather than dilating a coronary artery lecion. The
selective removal of the plaque may potentially minimize the vessel wall damage and lead to
subsequent better lute ontcome. Whether plague removal is the main mechanism of action has only be
assessed indirectly by angiography and warrants further investigation wsing detatled analysis of
luminal changes and vessel wall davage by sltrasound, and direct visualization with angioscopy.

Methods

Tiventy-six patients have been investigated by quantitative angiography, intravascular ultrasound and
intracoronary angioscopy (n=19) before and after athevectomy. In addirion all vetvieved specimens
were microscopicafly exantined.

Results

Ulhrasound imaging showed an increase in lumen area from 1.95% 0.70 mm2 to 7.86 + 2.16 w2
at atherectomy. The achieved gain mainly resulted from plagque yemoval since plague + medin area
decreased from 18,16+ 447 mm2 to 13.13 £ 3.10 mm2. Vessel wall stretching (i.e. change in
external elastic lamina area) accounted for only 15% of lumen area gain. Luminal gain was higher
in nonealeified (6.52 % 2.12 mm2) than in lesions containing desply located caleinm (5.19% 0.99
mm2) and lowest in superficially calcified lesions (5.41 + 2.41 mm2),

Ultrasound imaging identified an atherectomy byte in 85% of the cases, while angioscopy revenled
such a erevice in 74%. The complementary wse of the 3 techniques revealed an underestimation of the
presence of dissectionftear and new thrombus by angiography (10% and 49) and wltrasound imaging
(12% and 0%) compared with angioscapy (26% and 21%),

Conclusions

The combined wse of angiography, ultrusound and angioscapy reveals that the past-atherectomy
luminal lining is not as regulur and smooth as seen by angiography. Luminal enlargement with
atherectomy is achieved by plugue excision rather than arterial expansion.
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Introduction

Directional coronary atherectomy has been introduced as an alternative
interventional technique aimed ac debulking rather than dispersing the protruding
coronary artery plaque ™%, The selective removal of the plaque may potentially
minimize the vessel wall damage by avoiding the induction of large dissections
and promoting the restoration of a large regular vessel lumen. The potential
mechanisms responsible for the luminal improvement achieved by directional
atherectomy may include (i) plaque removal, (ii) vessel wall stretching, (iii)
creation of dissections, (iv) normal vessel wall cutting, (v} plaque redistribution
and (vi) plague compression. Some of these features of directional atherectomy
have been assessed in 2 limited number of angiographic and ultrasound studies
but a comprehensive appreciation of all mechanisms involved in luminal gain after
atherectomy has so far not been performed. The introduction of intracoronary
ultrasound imaging and coronary angioscopy in clinical practice permit detailed
analysis of coronary artery lesion morphology and vessel wall damage in a manner
not available with angiography " In theory, the combined use of these three
imaging techniques may provide insights into the working action of directional
coronary atherectomy and may identify factors determining acute success and late
outcome. The purpose of this study, therefore, is to use the complementary
information of these imaging techniques to describe the vessel wall changes and
lumen area configuration after directional atherectomy in order to elucidate the
mechanism of atherectomy.

Methods

Latients

The study group comprised 26 patients who underwent directional atherectomy
for symptomatic native coronary artery disease (Table 1). There were 22 men and
4 women with a mean age of 57 £ 9 years. The majority of the patients (54%) was
treated for unstable angina according to the Braunwald classification #. Four
patients had a history of a myocardial infarction and one patient was treated for
restenosis after a previous balloon dilatation. The majority of the lesions (65%)
was located in the left anterior descending coronary artery.

Directional atherectomy was performed as previously described 7. All patients had
a successful procedure defined as an angiographic residual diameter stenosis of
<50% on visual inspection. On-line quantitative coronary angiography (DCI
Philips) before and after the atherectomy was performed to optimize device
selection and to assess the procedural result.

Intracoronary ultrasound

All patients underwent ultrasound imaging before and after atherectomy. The
ultrasound images were obtained with a 4.3 F, 30 MHz ultrasound catheter
(Cardiovascular Imaging Systems Inc., Sunnyvale, CA). The catheter was guided
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by simultaneous flucroscopic monitoring. Ultrasound gain settings were adjusted
for optimal visualization of the arterial wall-lumen interface in normal segments
while saline injections were performed to improve the delineation of the leading
edge echo when necessary.

Qualitative assessment of the ultrasound images was performed by a consensus of
three observers using the integrated information acquired from a pullback
manoeuvre 2 and comprised {i) plaque composition, (ii) plaque topography, (iii)

Table 1. Patient and lesion characteristics.

Age (years) 57+9
Gender (M/F) 22/4
Unstable angina 14
Previous infarction 4
Previous PTCA I
Lesion location

LAD 17
RCA 6
LCX 3
AHAJACC classification

type a 3 (12%)
type B 21 (88%)
type C G (0%)

Angiography  Ultrasound  Angioscopy
ok

Eccentric 22 (85%) 20 (77%)*
Calcification 0 (0%) 14 (55%} *E
Thrombus 0 {0%) 0 {0%) 7 (37%)

* eccentricity index < 0.5 defined as minimal luminal diameter/maximal
fuminal diameter.
** no value.

the presence or absence of dissections and (iv) the presence or absence of an
atherectomy byte. A lesion was judged as concentric when a thickening was
circumferential along the entire vessel wall as opposed to an eccentric when a part
of the vessel wall was disease-free. The following definitions were used to describe
plaque morphology: soft plaques: more than 75% of the plaque area is composed
of thickened intimal echoes with echodensity less than the reference adventitia.
Fibrous plaques: more than 75% of the plaque area is composed of bright echoes,
as bright or brighter than the reference adventitia, but without acoustic
shadowing, Diffuse calcific plaques: bright echoes within a plaque with acoustic
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shadowing and occupying more than 180° of vessel wall circumference. Mixed
plaques: when there is a combination of different types. The following definition
was used to assess the presence of a dissection: a demarcated break in the linear
continuity of the plaque with circumferential or longitudinal involvement of the
internal elastic membrane. An atherectomy byte was defined as a rectangular
excision into the (sub)intimal layer. Quantitative measurements were made off-
line from a videotape. Lumen area was defined as the area within the leading edge
echo; external elastic membrane area was defined as the area within the media-
adventitia boundary; plaque plus media area was defined as the difference between
external elastic membrane area and luminal area . Variability measurements
including interobserver vartability and the correlation between ultrasound
measurements with circular phantoms and human coronary artery casts have been

reported previously .

Table 2: Quantitative angiographic and ultrasonic measurements of
lesion severity and procedural resuit after directional atherectomy

Pre-atherectomy DPost-atherectomy  p value

Angiography
Reference dia {mm) 3.5210.52 3.70£0.59 NS
Minimal lumen dia (mm) 1.16 £0.43 2.85+£0.62 < 0.0001
Diameter stenosis (%) 6711 23+ 13 < 0.001
Minimal CSA (mm?2) 1,20 +.87 6671270 <0.0001
Area stenosis (%) 8848 39420 < 0.001
Ultrasound (mm?2)
EEM-A 20,11 +4.43 21.00 +3.91 .02
Plaque + media area 18.16 +4.47 13.13+£3,10 < 0.0001
Lumen area 1.95+0.70 7861216 <0.0001

CSA, cross sectional area;Dia, diameter; BEM-A, external elastic membrane
area

Coronary angioscopy

In 19 patients the target artery was also evaluated by coronary angioscopy before
and after atherectomy as previously described ™, Unsuitable lesions for
angioscopy included (i) proximal stenosis location (< 1.5 cm from the left main
ostium) not allowing effective balloon inflation and (i) excessive tortuosity not
allowing visualization of the lumen. Angioscopy was performed with 2 4.5 F
angioscope (Baxter-Edwards, Irvine, CA). During angioscopy the distal artery
was, flushed with Ringer lactate solution injected with a flow of 30 to 40 cc/min.
To facilitate the review process a real-time fluoroscopy or cineangiography is
combined with real-time angioscopy and ultrasound imaging by using split screen
videotaping.
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Angioscopic images were assessed according to the recommendations of the
European Working Group of Angioscopy *: red thrombus was defined as lining or
mural thrombus when a red, predominantly mural, non-mobile, superficial mass
adherent to the vessel surface was observed, as protruding when a red, intimal
protruding, mobile or non-mobile mass adhered to the vessel wall was seen and as
occlusive thrombus when a red intraluminal mass occluded completely the lumen.
Dissections were distinguished into small surface disruptions (small, very mobile
structures which are contiguous with the vessel wall) and large dissection (visible
cracks or fissures on the luminal surface and/or large mobile or non-mobile
structures which are contiguous with the vessel wall and of homogeneous
appearance with the vessel wall). An atherectomy induced byte was defined as
deep rectangular crevices extending into the wall in conjunctions with a mobile

flap.

Quantitative coronary angtography

Quantitative analysis of the coronary segments was performed with the computer
based Coronary Angiography Analysis System (CAAS), previously described in
detail 7%, In essence, boundaries of a selected coronary artery segment are
detected automatically from optically magnified and video digitized regions of
interest (512 x 512 pixels) of a cine-frame, The absolute diameter of the stenosis
in mm is determined using the guiding catheter as a scaling device. The
computer-estimation of the original dimension of the artery at the site of the
obstruction allows to define the interpolate reference diameter. The percentage
diameter stenosis is then calculated. To determine the changes in minimal cross-
sectional area of the coronary artery segment from the density profile within the
artery, videodensitometric algorithm was applied. Calibration of the densitometric
area values is accomplished by comparing the reference area calculated from the
diameter measurements (assumning a circular cross-section) with the corresponding
densitometric area value. Intracoronary isosorbide dinitrate (1-3 mg) was given
prior to and following atherectomy. At follow-up catheterization the
administration of intracoronary nitrates was recommended prior to angiography.
To standardize the method of data acquisition and data analysis and to ensure
reproducibility of post-atherectomy and follow-up angiograms, measures were
taken as previously described %,

Histology

The paraffin-embedded specimens were stained with haematoxylin-azophloxine as
a routine stain. Von Kossa staining was used as a stain for calcium. The definitions
of intima, media and adventitia have been described previously *and are in

accordance with the recommendations of the AHA Medical/Scientific Statement
A

Statistical analysis
All values are expressed -as mean values £ 1 SD. The paired student’s t-test was
used to detect differences between continuous variables. Differences berween
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categorical variables were tested with the chi-square and Fisher exact tests as
appropriate. Differences were considered statistically significant where the p-value
was less than 0.05.

Results

Lesion morphology

On angiography the majority of the culprit lesions (88%) were considered type B
Lesions according to the AHA/ACC classification, 85% of the lesions were
eccentric. None of the lesions were calcified or showed angtogmphtc signs of
thrombus (discrete hng defect surrounded by contrast in the absence of
calcifications, or persistent contrast staining in the area of the stenosis). The
intravascular ultrasound catheter could be advanced through the stenosis in all 26
cases. In 18 patients the ultrasound probe was wedged into the stenosis. The
majority of the lesions (58%) was characterized as soft lesions with minimal
calcific depositions. One lesion was diffusely calcified with a calcific arch of »
180° while 10 patients (38%) exhibited focal calcifications either superficially
(n=5) or deeply located (n=5).

Direcr visualization of the vessel wall by angioscopy prior to atherectomy was
performed in 19 patients and showed an irregular lesion in 12 patients. Yellow
plaques were seen in 14 patients. Red masses suggestive of thrombus was noted in
7 patients {4 protruding and 3 lining thrombi}. No flaps or dissections were

observed.

Procedural results
All 26 patients had successtul atherectomy procedures that reduced the residual

diameter stenosis to <50%. No balloon predilatation was performed. Atherectomy
was performed with a 7 French atherotome in 84% of the cases and 4 mean of 8
3 cuts were made in multiple directions. Although all atherectomy procedures
were judged successful on angiography, 4 patients underwene an adjunctive
balloon dilatation to optimize the final result. No major clinical complications
(i.e. death, Q-wave myocardial infarction and corenary artery bypass surgery)
were observed. In one patient a non-QQ wave infarction (max. CPK 600 U/)
occurred due to a guiding catheter induced occlusive dissection of the right
coronary ostium after a successful atherectomy. During coronary angioscopy, the
majority of the patients experiences chest pain with concomitant
electrocardiographic changes suggestive for ischemia.

After balloon deflation, these abnormalities subsided and the chest pain

disappeared.

Quantitative angiography (Table 2)

The mean vessel size of this patient population was 3.52 +0.52 mm. Atherectomy
induced an increase in minimal luminal diameter from 1.16 £0.43 mm 10 2.35 *
0.62 mm (p<0.001). After atherectomy, the diamerer stenosis and area stenosis
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Tahle 3. Ultrasonic assessment of plaque reduction and lumen area gain
achieved at atherectomy according to calcium location and histological
confirmation.

Plaque area Reduction (mm2)

Ultrasound Histology
Calcium No Calcium Tortal
Subendothelium Ca™ 413 +2.11 none 4.13+2.11
{n=5) (n=0} {n=5)
Base of the plaque Ca** 4954136 3851149 440746
(n=5) (n=5) (n=10)
No calcium 6.21.£475 5.62%2.26 5.89 +3.47
(n=5) {n=0) {n=11)
Total S16+3.16  4.8842.10
(n=15) (n=11)

Lumen area gain {(mm2)

Calcium No Calcium Total
Subendothelium Ca™ 5411241 none 5.41 +2.41
{n=5) {n=0) (n=5)
Base of the plaque Ca'* 5.19 +2.41 5.83 £ [.57 551 £1.28
{n=5) (n=5) (n=10)
Ne calcium 634, +2.725 6.68+1.66 6.52+2.12
{n=5) (n=0) (n=11)
Total 5.691+2.13 6.33 +1.61
(n=15) (n=11)

wete 23 & 13% and 39 & 20% respectively. Correspondingly, the minimal luminal
cross sectional area as derived from videodensitometry also increased from 1.20 &
0.87 mm?2 to 6.67 £2.70 mm2 (p<0.001)

Quantitative ultrasound measurements

External elastic membrane area, lumen area and plaque+media area at the normal
reference segment proximal to the stenotic lesion did not change significantly
during the procedure.

No difference in external efastic membrane area between the reference and
stenotic segment (20.94 +5.39 mm2 vs. 20.11 £4.43 mm2; p=NS) was found, in
other words no compensatory enlargement ac the site of the stenosis could be
documented. Directional atherectomy induced a significant increase in lumen area
from 1.95 £ 0.70 mm2 to 7.86 £ 2.16 mm2 (p<0.0001) and a decrease in plaque
plus media area from 18.16 £ 4.47 mm?2 to 13.13 + 3.10 mm2 (p<0.0001). The
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Figure 1.
Left panel shaws lumen morphology prior to atherectonry. Note the rvegular fiven contour both with

angiagraphy {top) and angioscapy (bottam). After intervention (right) its is clearly seen widy angioscopy,
severad cuts resulting in homen irvegutarity and wall hemorrhage.

external elastic membrane area changed from 20,11+ 4.43 mm2 to 21.00 * 3.91
mm2 (p=0.02) which implies that vessel wall stretching is responsible for only
15% of the lumen area improvement achieved at directional atherectomy. The
gain in lumen area was not dependent on lesion morphology (6.33 £ 2.05 vs 5.49
+ 1.68; p=0.30 soft vs. mixed lesions) but did differ between calcified and non-
calcified lesions; the change in lumen area varied with the location of calcium and
was lowest in those lesions which contained (superficial} subendothelial calcium as
compared to (deep} calcium at the base of the plaque (5.41 £2.41 mm?2 vs 5.51%
2,41 mm2). Plaque reduction in cross-sectional lumen area was greatest in
ultrasonic non-calcified lesions when compared with calcified lesions ( 5.89 &
3.47 mm2 vs 4.13 £ 2.11 mm2). There were too few patients with three or four
quadrant calcifications to assess the influence of the calcification arc on area
improvement. Subsequent histological examination confined the presence of
calcium in all plaques containing ultrasound evidence of superficial calcium {(n=>5)
whereas it confined the presence of calcium in 50% in those cases with deep
calcium (n= 10). In addition, plaque reduction and lumen area gain were higher
in those cases with histological evidence of calcium than those without calcium in
the retrieved specimen {Table 3).
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The post-athevectomy lumen avea configuration.

Angiography after atherectomy revealed a smooth luminal lining in 19 patients,
persistent haziness in four, a dissection in two and thrombus in ene. Ultrasound
imaging showed a regular lumen configuration in four of the 26 patients, an
irregular configuration in 15, a subintimal tear in four (15%) and a dissection in
three patients (12%). The appearance of a tear or dissection was not related and
did not apparently contribute to lumen area gain as assessed by ultrasound
because the gain in fumen arca was not different in this group compared with
patients without evidence of dissections/tears (5.81% 2.82 mm2 vs 5.95 * 1.68
mm2; p=NS).

Tn 22 (85%) patients evidence of an atherectomy bytes were seen which resulted
in a non-circular lumen area configuration. A clover-like post-atherectomy area
configuration was never observed. Although the atherotome was directed towards
the plaque, in one patient the atherectomy bytes were made into the non-diseased
area next to the plaque. Coronary angioscopy revealed an intracoronary thrombus
after atherectomy in 11 patients (61%). In four of these patients (21%) this was a
new thrombus while in the remaining seven patients thrombus was already
observed before atherectomy. Dissections were observed in 5 patients (26%) and
multiple or single subintimal flaps were seen in 9 (42%) and 2 (11 %) patients. In
14 patients (74%) a crevice suggestive of an athercctomy byte was observed
(Figuze 1).

Complementary information of the three imaging techniques

Figure 2 shows the frequency of dissections and thrombi detected by angiography,
ultrasound and angioscopy. Angiography definitely underestimates the incidence
of dissections {10%) compared with ultrasound (12%) and angioscopy (26%).
The dissection seen on angiography was also detected by ultrasound and
angioscopy, however, angiography detected only 33% of the dissections observed
by ultrasound and 9% of the small and 09% of the big dissections noted by
angioscopy. Although none of the big dissections visualized by angioscopy were
demonstrated by ultrasound, all these patients had an irregular luminal contour
on ultrasound examination. The incidence of post-atherectomy thrombus
detected by angioscopy was 58% compared to 0% and 4% by ultrasound and
angiography.

Discussion

Because intra-coronary ultrasound imaging and coronary angioscopy permiit
detailed analysis of coronary artery lesion morphology and vessel wall damage in a
manner not available with angiography, the complementary information obtained
with these 3 imaging techniques is of pivotal value for the assessment of the
mechanisms of luminal improvement during directional coronary atherectomy.
The major findings of this study are threefold. First, the present study
demonstrates that the combined use of quantitative angiagraphy, coronary
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Angioscopy
{n=16)

Ultrasound

Angiography )
=

{n=1)

Figure 2

Venn diagraw to ilisiraie the complementary information sbiained by ungiography, intracoronary
ultrasound imaging and coronary angioscopy with respect to the detection of dissections. As shown,
angiography aud wlirasound imaging wndevestimate the incidence of dissections as vompared with

angioscopy.

ultrasound imaging and intracoronary angioscopy may be applied safely in
patients who underwent atherectomy for stable and unstable angina. Second, the
main mechanism of action of atherectomy appears to be plaque reduction by
excision rather than vessel wall stretching. Although selective plaque removal
should in theory lead to a circular vessel lumen, ultrasound imaging in this series
detected atherectomy bytes outside the plaque area and non-confluent bytes in the
plaque. Subsequent direct visualization by angioscopy confirmed these bytes as
vessel wall trenches. Therefore, the post-atherectomy configuration is not circular
or smooth as previously demonstrated in angiographic observations *. Whether
this irregularity ultimately may facilitate the renarrowing process by allowing
ingrowth of hyperplastic tissue within these areas remains to be assessed. Third,
unlike the angiographic observations, detailed angioscopic imaging showed
evidence of substantial vessel wall trauma leading to an irregular post-atherectomy
lumen configuration with dissections, bytes and thrombi.

Plague reduction

The present study offers more detailed information on the mechanism of plaque
reduction because, unlike in other studies, all lesions were crossed by the
ultrasound device before and after atherectomy. Subsequently, plaque reduction
was found to be the major determinant of the final luminal improvement
achieved by directional atherectomy. These findings concur with those of other
groups * and clearly differ from rhose of balloon angioplasty studies. These
differences in action of devices may be of importance when examining the fong-
term results of various interventions. The present observations indicate chat
sccondary to differences in luminal improvement, the renarrowing process after
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atherectomy may be of another nature (i.e. hyperplasia) than after balloon
dilatation {(i.e. recoil).

Vessel wall stretching

Our observations indicate that although a significant plaque reduction occurred in
most cases, accounting for most of the luminal gain, vessel wall stretching was the
mechanism of luminal enlargement in some individual cases. In the entire group,
vessel wall stretching, defined as the difference in external elastic membrane are
before and after atherectomy, was found to a major contributor in the lumen area
increase which is opposed to findings in previous angiographic studies ¥, This
observation underscores the limitations of angiographic studies when assessing the
mechanism of interventions.

Noymal wall vetrieval

Disease-frec wall excision, which is unique to atherectomy, indeed plays a role in
the mechanism of lumen area enlargement. In the present patient population,
ultrasound was the only technique which could determine whether the
atherectomy bytes were appropriately targeted. Until now, this feature of
atherectomy has not been highlighted with exception of a case report on the death
of a patient due to coronaty artery rupture . There are two possible explanations
for the occurrence of inappropriate directional cutting. First, device positioning
was achieved under fluoroscopic guidance yielding a two-dimensional
representation of the arterial geometry. Subsequent inappropriate positioning may
well occur and not be visualized by angiography. Second, device rotation during
cutting may have happened duc to lesion characteristics or device
under/oversizing, In our series, no stenosis characteristics were found to be
predictive of the occurrence of disease-free vessel wall cutting while adequate
device sizing was performed using digital quantitative angiography to estimate
vessel size and lesion severity. In the cases with predominant disease-free wall
oriented shaving, angiography showed a small residual stenosis after atherectomy
and is thus of limited value in determining the post-procedural lumen area
geometry. Additional passages with the atherotome to remove the plaque under
angiographic guidance may in these cases be hazardous and our observations call
for the urgent need of ultrasound guided atherectomy to avoid this complication.

Compression and vemodeling

Whether the amount of plaque reduction represents tissue removal rather than
redistribution can not be elucidated from this study since three-dimensional
reconstruction of the stenosis was not performed routinely.

Dissection

In a previous angiographic study, Hinohara et al. ¥ concluded that atherectomy
resulted in a smooth vessel wall contour with less dissections than after balloon
angioplasty. The present study offers the benefit of using the complementary
information obtained by ultrasound and angioscopy and shows that these two
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imaging techniques more accurately detect dissections and irregular wall
abnormalities. These findings are in agreement with observations of the GUIDE I
trial in which dissections were seen in 409 by ultrasound compared to 19% by
angiography ™. In concert with these observations, the combined use of two
imaging modalities may provide further insights into the origin of dissections.
Indeed, our study indicates that dissections may be due to the specific cutting
mechanism of atherectomy, since the dissections were located at the site of the
atherectomy bytes as visualized by angioscopy. Tenaglia et al. * demonstrated the
clinical significance of these observations and found that patients with an adverse
outcome after atherectomy had a significant higher incidence of dissections
compared to patients without adverse events. In keeping with these findings we
have performed addition balloon dilatation after post-atherectomy ultrasound
assessment in two patients to improve the atherectomy result thereby avoiding the
risk of adverse events. The absence of such events in this population may reflect
the advantage of such ultrasound guided atherectomy procedures.

Thrombus

The detection of intracoronary thrombus by angiography has been hampered by
the low resolution of the image intensifiers. Therefore it is understandable that
direct visualization of the coronary vessel wall by angioscopy proved to be more
accurate to identify thrombi than angiography "4, Like dissections, the clinical
significance of post-atherectomy thrombi resides in the high acute event rate
associated with this finding * and therefore, the prevention or treatment of post-
atherectomy thrombi may beneficially influence the short-term and late outcome
after atherectomy. In particular, thrombi rescction by atherectomy has been
associated with less restenosis % while residual intraluminal thrombus is a
potential stimulus for an augmented proliferative vessel wall response. Although
angioscopy revealed post-atherectomy thrombi in 33% of the present patients, no
acute events were seen. Whether subsequent intervention (thrombolysis,
angioplasty) after the detection of thrombi results in a decrease in the restenosis
rate remains to be determined.

Atherectomy for calcified lesions

Although angiography did not detect the presence of calcium in any of the
atherectomized lesions, 10 lesions contained focal deposits of calcium as
demonstrated by ultrasound while 14 were calcified according to histelogical
definitions. Although no statistical differences were detected in quantitative
ultrasound measurements before and after directional atherectomy, a trend
towards less plaque reduction and lumen area gain was observed in calcified
lesions, More specifically, the localization of the calcium appears to be a
determinant of the acute procedural result of atherectomy with less gain in those
plaques with superficially located subendothelial calcium. Apparently, the cutting
mechanism is less effective when the atherotome has to cut through areas
containing calcium. The combined use of intravascular ultrasound and histology
also provides evidence that directional atherectomy removes calcium. Specifically,
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all lesions that contained superficially located spots of calcium had histologic
evidence of calcium in their atherectomy specimens whereas only 50% of the
deeply situated calcium could be retrieved. Because acoustic shadowing of the
calcium, the thickness of the calcium spots cannot be measured and therefore the
amount of calcium removed can not be determined. These results suggest that
micro-calcification of coronaty artery lesions does not play a negative role when
performing directional coronary atherectomy.

Post-atherectomy lumen area coufiguration

Luminal renarrowing after new interventions remains an equally vexing problem
than after conventional balloon angioplasty. Recent publications on longterm
results after interventions with new devices such as stenting and atherectomy have
taught us that the acute procedural resule partially determines the late
angiographic outcome 371", However, even when an optimal angiographic
procedural result after atherectomy or stenting is obtained, restenosis remains the
major limitation of these procedures "3, With the clinical application of
ultrasound imaging and angioscopy, more detailed information regarding the
effect of the disruptive process of an intracoronary intervention on the fuminal
geometry can be obtained. In particular, ultrasound imaging has been shown to be
superior in detecting dissections than angiography "™ while angioscopy is more
efficient in visualizing thrombus . Subsequent analyses of such images may
identily predictors for restenosis. Preliminary findings have indeed indicated chat
vessel wall stretching and tearing may lead to an increased fibro-proliferative
response * Also disruption of the internal elastic lamina leads to an enhanced
luminal renarrowing process in human stented venous grafts * and swine stented
coronary arteries %,

Limitations

This study has several limitations. First, although at the outset of the study it was
foreseen that all patients who would undergo atherectomy and had suitable
anatomy for intracoronary angioscopy would be included in this prospectively
collected series it was not to perform angioscopy in some patients. Second, the
size of the intravascular ultrasound catheter and the guidewire-artifact may have
fed to an underestimation of the number and orientation of the atherectomy
bytes, Third, because a motorized pull-back procedure with three-dimensional
ultrasonic reconstruction was not routinely performed, the extent of compression
and remodelling could not be assessed. Fourth, we recognize the relative small
sample size of our study population which precludes further subgroup analyses.
However, this pilot study does provide useful information on the working
mechanism of atherectomy and the complementary information provided by the
three imaging techniques. Finally, although the procedure was occasionally
influenced by the ultrasonic and angioscapic information it was not our intention
to examine the impact of these imaging techniques on procedural outcome.
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Conclusions

‘The complementary information of ultrasound imaging and coronary angioscopy
have revealed further insight into the mechanism of directional atherectomy. In
particular atherectomy yields a less circular vessel wall area configuration with a
higher number of dissections and more residual thrombi than detected on
angiography. These results suggest that ultrasound and/or angioscopy may be used
to guide atherectomy procedures thereby identifying an adverse angiographic
outcome that may lead to serious clinical complications.
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Conclusion

Although coronary angiography is still considered the gold standard in the
assessment of epicardial coronary arreries, a growing awareness of its limitations
for the study of plaque morphology and for the assessment of the mechanisms of
lumen enlargement has enhanced the interest in other coronary imaging
techniques. The rapid growth of percutancous coronary recanalization, with the
development of atherectomy systems, endolutninal protheses, excimer lasers, etc.
has created new demands which cannot be fulfilled solely by contrast angiography.
Appraisal of the nature of the atheromatous plaque (such as the presence of
calcium deposits), its size and morphology, as well as on-line assessment of the
changes introduced by the intervention in the vessel, constitute new requirements
for ideal imaging techniques in the field of intervention cardiology. In the present
thesis observations on the action mechanism of various percutaneous
recanalization techniques were obtained using intracoronary imaging.

Advantages and disadvantages of quantitative angiography

Contrast angiography provides an extensive and rapid overview of the coronary
circulation. In addition, it may be used to assess the physiological significance of
single coronary obstructions. These advantages justify “per se” its continued use in
the near future despite some limitations when compared with new diagnostic
imaging techniques. For instance, lesion characteristics such as vessel calcification
and lumen eccentricity are often misinterpreted by angiography. Because of the
potential impact of these features on the results of coronaty interventions, these
plaque characteristics are important to bear in mind when planning coronary
interventions. Eccentric plaques with a disease-free wall are associated with
suboptimal results of balloon angioplasty. Should elastic recoil be the mechanism
implicated in these lesions, prompt identification might lead te the selection of an
alternative technique, such as coronary stenting or directional atherectomy. Vessel
calcification particularly in subendothelium localization has been associated with a
smaller luminal gain after directional atherectomy, justifying the alternative use of
rotablators. Despite the rational of these strategies corroborated in the GUIDE
trial and in the experience of the Washington group, the clinical benefit of such
strategies remains to be settled in large multicentric trials.

Angiography has inherent limitations in identifying changes in the progression
and regression of atherosclerotic discase, particularly at a time when there is
overwhelming evidence that during the natural history of the disease changes in
the arterial wall happen well before luminal narrowing, As illustrated in chapter 2
even computerized analysis of the angiogram fails o identify disease-free wall or
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reference coronary segments, and causes underestimation of the degree of
underlying involvement, Therefore, parameters of [umen obstruction that just
take into account the changes occurring at the inner circumference of the vessel
without looking at the adventitia, will not detect the volumetric changes in the
plaque burden occurring over time. Future developments in the 3-dimensional
reconstruction of the coronary arteries using ultrasound imaging could provide
enormous potential for its use in longitudinal studies.

Use of intracoronary imaging for the study of plague composition
and morphology

Intracoronary imaging may be useful as a research tool on other aspects of the
evolution of coronary atherosclerosis. Chapters 4,5 and 6 deal with the
investigation of the culprit lesions of patients with acute and chronic coronary
syndromes. Angioscopy, which proved to be superior to angiography and
intravascular ultrasound in the detection of coronary thrombosis, was successfully
used to obtain information on the cause of luminal obstruction, the extent of
coronary thrombosis and the characteristics of plaque substrate influencing its
extent, It is foresceable that improvements in tissue characterization from
backscatter analysis with intravascular ultrasound will expand the observations
outlined in these chapters. Furthermore, concomitane extraction of tissue during
percutaneous recanalization may, as illustrated by chapter S, constitute an
opportunity for the in-vivo validation of the observations performed during
intracoronary imaging.

Angioscopy identified vessel ulceration and thrombus formation in all stages of
coronary artery disease although their incidence increased significanty with the
severity of the syndrome. This suggests that difterent coronary syndromes are the
expression of a continuous disease, where certain plaque characteristics may
suddenly modify the course of the discase. Factors like the thickness of fibrous cap
that are still not evaluated by ultrasound may bear considerable prognostic value.
When lipid plaques were visualized with angioscopy in ulcerated lesions
suggesting the existence of a thin fibrous cap or a superficial lipid pool, the
amount of thrombus formation was significantly larger as compared with the
smaller thrombotic burden when no lipidic material was detected. This may
partially explain the benefit of antilipidic therapy in decreasing the number of
future cardiac events by reducing the plaque substrate for the process of thrombus
formation.

Intracoronary imaging in planning current coronary interventions

Intracoronary ultrasound and angioscopy may be used for several purposes during
coronary interventions. First, it may be used to characterize lesion morphology
prior to coronary intervention assisting the physician in planning coronary
intervention. Soft eccentric plaques may be selected to directional atherectomy
whereas calcific plaques may be treated with rotablator or laser. The presence of a
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fresh thrombus in a vessel suitable for stent implantation may be used as an
indicator for the use of thrombolytic agents or to the use of a more aggressive
anticoagulant regimen prior to stent deployment. Lesions of uncertain
significance may be checked with ultrasound in order to have a second assessment
of lumen dimensions. Second, during coronary intervention intracoronary
ultrasound may be used to select the proper device size by measuring directly
lumen dimensions at the target and reference site. Third, after intervention
intracoronary ultrasound may be used to evaluate residual plaque burden and the
estimation of lumen dimensions. Unsuspected large plaque burden afrer-
atherectomy may guide the interventionist towards a more aggressive plaque
debulking with probable impact in the restenotic process. On the contrary, the
presence of a cut in a normal wall in a patient with suboptimal result may change
the operator strategy towards the use of adjunctive balloon dilation or stenting.
After stent deployment, ultrasound may be used to assess the degree of apposition
of the stent to the vessel wall, reducing the risk of stent thrombosis. Likewise,
angioscopy may detect unsuspected thrombus or uncovered dissections,

Mechanisms of lumen enlargement and their implications in the
restenotic process

Mechanisms of lumen enlargement are different among different devices. Lumen
gain after balloon dilation is the combined result of vessel compression or
redistribution and wall stretching whereas after atherectomy lumen enlargement is
mainly the result of plaque reduction. Immediately after intervention, wall
disruption and thrombus formation was similar in both intervention groups
suggesting that similar restenosis rates can be expected with these two
interventions. However, the relative importance of each injury parameter could
not be clarified in the present work. For instances cutting deep into the plaque,
destroying the fibrous cap of lipid pools could induce a larger thrombus formation
than after balloon dilation. Its reasonable to think that since there are different
mechanisms operating in vessel enlargement, there would be different
mechanistms in the restenotic process. After balloon dilation restenosis is mainly
due to chronic vessel remodelling or vessel shrinkage, whereas after acherectomy
lumen loss may occur mainly as a result of intimal hyperplasia. Recent
randomized trials provide indirect evidence that acting at these two levels may
lead to a reduction in the restenotic rate. The STRESS and BENESTENT trials
proved that it is possible to reduce the restenotic rate by the use of stents. It is
probable that these devices are preventing chronic vessel remodelling that occurs
after other intervention modalitics. The EPIC trial showed that it is also possible
to reduce restenosis by acting in the other mechanism of the restenotic process:
intital hyperplasia. By reducing the first stages of thrombus formation through
the action of an antiplateler agent directed against the platelets receptors IIIa/1Ib,
it was possible to decrease the amount of subsequent intimal hyperplasia.
Therefore it is appealing to think that the combined use of such strategies may
even result in a larger reduction in the restenotic process.
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Future developments

Improvements in catheter technology with further miniaturization of current
imaging modalities will permit a more widespread utilization of these devices on a
routine basis, namely prior to coronary intervention. 3-D reconstruction of the
ultrasound images will give a more detailed informacion of the dynamic changes
in atheroma formation occurring at the vessel wall, mainly when this information
will be combined by flow parameters derived from doppler probes in the same
catheter. Intervention devices will incorporate imaging modalities for a better
efficacy such as ultrasound in stents, balloons or atherotomes and angioscopy with
lasers wires. Along with the three-dimensional reconstruction, computerized
analysis of the vessel morphology may identify areas of high shear stress associated
with a high risk of wall dissection. In the diagnostic field, angioscopy combined
with coulored monoclonal agents directed against particular plaque components
could be used as a guide for local pharmacological therapy. Ultimartely, new
imaging modalities like forward looking echo catheterswith the possibility of
using ultrasound energy to ablate or modify plaque components, may make these
fascinating imaging modalities even more appealing.
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