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General Overview 
Investigation of the characteristics of the atheromatous plaque ha. ... 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 sotlrce,.'\ of knowledge afe used. 
Post-mortem studies afe performed only in those patients with the extreme of the 
clinical manifestations of a syndrome and a faral outcome, or in cases where death 
occurred as a consequence of failed intervention. On the other hand, angiography 
constitutcs a "shaclowgram» or luminogram which provides limited insights on the 
nature of coronary obstruction, and no infonnation as to the characteristics of the 
arterial wall and. 
Catheter based intracoronary imaging techniques provide a major opportunity to 
solve the above discllssed limitations. Intracoronary ultrasound and angioscopic 
imaging provide complernenrary information as to the structure and composition 
of the arterial wall and the rnodifications in the luminal sllrface of the coronary 
arteries. 
The research collected in this thesis was performed at the time when application 
of these technologies on living humans wa.' in its early stages. \V/e have divided the 
thesis into three parts. In the tlrst parr of this thesis) some of the potentials and 
litnitations of quantitative angiography are discllssed and compared with 
intracoronary ultrasound. Chapter one) focuses on the potential of quantitative 
angiography as used in clinical practice, for the identifIcation of a significant 
coronary lesion. For that purpose, dobutaminc stress test was llsed as a gold 
standard to detect significant myocardial ischemia. In chapter 2, the value of 
quantitative angiography for the quantification of the plaque burden and 
identification of the reference (disease-free) segment was corn pared with 
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 <lllgioscopy were 
compared with angiography in the study of plaque morphology at difterent stages 
of coronary heart disease. In chapter 4, the combined use of intracorollary 
ultrasound and angioscopy was used to provide insights in the pathogene..;;is 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, :1ngioscopy \Vas used to investigate in-vivo characteristics of the stenotic lesions 
in ~·table and unstable coronary syndromes, with particular attention to the 
prevalence and extent of coronary thrombosis. 
In the third part of this thesis, the value of intracoronary imaging techniques ill 
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 catheter-based coronary 
rcvascularization is bricHy reviewed along with our own experience. In chaptcr 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 halloon angioplasty. In addition, 
the value of the angiographic unrecognized lesions with a disea.. ... e-free wall on the 
results of halloon angioplasty were underlined. [n chapter 10, the combined used 
of quantitative angiography, ultrasound and angioscopy were used to derive 
several injury scores following balloon dilation and directional athcrectomy. These 
scorcs werc use.d in an attempt to quantify vascular trauma following these 
intervcntions and to give further insights into the restenotic process following 
coronary angioplasty. Chapter 11, reviews the mechanisms of action of directional 
athercctomy using data dcrived from these new imaging modalities with particular 
emphasis to lumen configuration. 
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Abstract 

Objectives 
The purpose of this study tutlS to determine the predktive value of quantitrttiz1e corOllar} tll1giogmphy 
;11 the assessment of the fimctiollrl/ significance of rorOJltlly stenosis as judged from the development of 
left ven/rim/ar wall motion abnormalities during dobufrtmine-atropinf stress echO(flrdiogmphy. 

Backgl'oll1ld 
CO},Olltlly rmgiogmphy is the reference method for flSsessmfn/ of the accuracy a/noninvasive diagnostic 
imaging techniques to defect the premlce oj signijiCflllt (oronfl1Y stenosis. Howelle" me of arbitrary 
CIt/off criteria for the inteJpretatiolI o/lllIgiographit· data may comiderably influence the true 
diagllOJtic flCCtll'llCY o/the technique illl!cstigafcti. 

Methods 
Thirty jour patients without pretJiolfS JJl)'ocardinl injrtrction and whh single veisel coronary stenosis 
/IIere sllldied lVitb botb qlllllltitative IIl1giograpby fllld doblltlllllille-atropille stress ecboCilrdiograpby. 
Two differeJIt techniques 0/ qIlalltitatil!e al1giofptphic analysis - edge detection and videodemitometry 
- were wed for meaSlfremeJlf o/minimallumen ditlJlIetel; percellt diameter stenosis al1d percellt area 
stenosis. Two-dimemiol1al echocrlrdiogrrtphic images were collected during incre1J1e1Jffll doses 0/ 
illtravellOlls doblltlllllille IIl1d later IIIIi1/yZfd IIsillg a 16-segment left vell/rim/llr mode/. Angiograpbic 
C/{fOfl criteria llIere derived fimn receiver-operttting curves to define the fimctiollal sigllijiCrll1ce of 
corollary stellosis Oil tbe basis of doblltamille-atropille s/lm ecboCilrdiopgrapby. 

Results 
The IIl1giogrtphic CIItOf! VII/lies lVitb the best predictive i'll/lie for tbe deve/opmellt of/eft vell/rim/llr 
tvall motion abnormalities during dobufrtmine-atropine streH echoctllrliogmphy were minimal lumen 
diameter of 1.07m11l, percellt diameter stenosis 0/52%, and percent area stenosis 0/75%, Minimal 
lumen diameter was found to have the best predictive vtllue for a positit1e dobutfllJIille streH test (odds 
ratio 51, sellSitivity 94%, specificity 75%), 

Conclusions 
Automated quantitative angiogmphic measllremeuts a/minima! lumen diameter is a practical alld 
usefi" indexfor determining both the alltltomic tlud jimctiol1a! signifiCrluce o/corol/my stenosis, aud a 
lIrllue 0/1.07 1m)] is the best predictor for a positive dob/{fllJJlillf stress test. 
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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 interobscrver and intraobservcr variability 1-\ making 
this criterion unreliable in the estimation of the functional impact of lumen 
obstructions 3. It is in the range of mild to moderate stenoses (300/0 to 60% 
diameter stenosis) that the discrepancy between visual estimates and objective 
measurements of lumen dimensions is most marked 4_\ 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 disease (,-13. Several 
studies have indicated good correlation between the development of wall motion 
abnormalities during stress echocardiography and the severity of coronary stenosis 
(,.1\ However, these studies have limitations because either visual interpretation of 
the angiogram was performed (,,7.14 or arbitrary cutoff points 1] 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 criteria were derived from receiver-operating curves to obtain 
objective criteria for assessment of functional signitlcance of stenosis severity. 

Methods 

Study patiellts 
The study patients included 34 consecutive patients referred from the 
catheterization laboratory, with a single vessel coronary stenosis judged to have 
~30% 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 patients, left circumflex coronary artery in 3 patients and 
right coronary artery in 5 patients. Mean age was 61.3 ±12.6 years (range 32 to 

79). There were 21 (62%) men and 13 (38%) women. 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 
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calcium-channel blocking agents, or both, that was not discontinued before the 
study. 

Dobllfll1llille-atropille stress test 
The protocol used at the Thoraxcenter in the performance of dobutamine
atropine stress echo cardiography has been described in detail elsewhere 1(,. 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 fig/kg body weight per min for 3 min and increasing by 10 fIg/kg per min 
every 3 min to a maximum of 40 fIg/kg per min (stage 4). This was continued fot 
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 ma.ximum of I mg ·with the continuation of 
dobutamine for a further 5 min if necessary to achieve the previously nlcntioned 
target heart rate. The infusion of dobutamine was stopped if the patient 
developed marked new waU motion abnormalities, ST segment depression >0.2 
In V 80 111S after the J point, ST segment elevation, typical angina, significant 
arrhythmias, a decrease in systolic blood pressure >40 mm Hg from test level or 
any complication considered to be related to the stress test. 
Standard apical and parasternal views were recorded in a closed cine loop qllad
screen format on sllper-VHS videotape, facilitating the comparison of rest and 
stress images. During the analysis of the images, the left ventricle was divided into 
16 segments 17, and each segment was scored using a four point 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 pteviously desctibed by Segal' et a!. " 
after a modification of the scheme of Bourdillon et a!. 17. 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 waH 
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. 
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QlIll1Jtitrttive COI'01JIII'Y ll1Jgiogl'flpby 
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 IX.22. All measurements were performed from end-diastolic frames 
with optimal vessel opacification. 
Edge 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. 
VideodensitometlY. 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 brightness of each scan line 
perpendicular to the vessel centerline was transformed into an absorption profile 
using a simple logarithmic transfer fUllction 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 lumen 
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. 

Dlltlllllllllysis 
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 maxilnal stirn of sensitivity and specificity, \vhen 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 
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stress test was applied. This technique is independent of definitions of cutoff 
values. The sensitivity (true positive) is plotted against I-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 allgiographically 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 dobllttlmille-tltJ'opille 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 rest compared with 14 (58%) with a 
negative test (p ~ NS). 
'Table 1 summarizes the results of the dobut~unine-atropil1e stress test. The percent 

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

% Maximal heart fatc 

Stress angina 

Ischemic ST segment deviation 

Atropine 

Group I 

(n~ 18) 

82 ± 14 

6 (l8%) 

5 (l5%) 

8 (53%) 

Group 2 

(n~ 16) 

69 ±17 * 
5 (l5%) 

3 (9%) 

7 (47%) 

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

of the maximal age-predicted heart rate achieved was noted to be significantly 
higher (82 ± 14) in group 1 than in group 2 (69 ± 17) (p < 0.05) and in patients 
without beta-blocker therapy (87 ± 9 vs. 72 ± 17, P < 0.05). Atropine was added 
in 15 patients (l2 were receiving beta-blocker therapy). Howeyer, because the 
presence and severity of the disease 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 I, 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 1 I 
patients (32%), with equal distribution in the two groups (6 patients in group 1, 
5 patients in group 2, p ~ NS). An ischemic EeG response during stress testing 

--19 --



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

ReslIlts of tjllautiflltive augiography 
For the entire group, quantitative coronary angiography revealed a mean percent 

160 
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HR 80 
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Figure 1. 
Evolution oflmtrt rate (HR) during dobutamine infirsioll tU/f1 atropine administmtion. Clettr/y seen is 
the steep increase ill heart rate with the addition ofatropim:. a!though the dijjereJJl'e in maxinJdI hetlrt 
nlte between patiellts who did ami did lIot receive atropine WffS 1101 slrttistim/Iy sigllijimllf. 

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 lumen diamerer of 1.01 ± 0.59 nlln (range 0 to 2.84 mm) and 
mean reference diamerer of2.41 ± 0.52 mm (range 1.64 to 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 
13. There arc two commonly lIsed schemes for selecting cut points in this setting. 
The first involves the choice of a convenient but arbitrary point, such as 500/0 
diameter stenosis. The second uses the intersect of the sensitivity and specificity 
curves as the cut point 24. In the present study an alternative approach was used on 
the basis of receiver-operator characteristics curves. \Y/e selected the point at which 
the sum of the sensitivity and specificity, when the sensitivity is equal 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 0/0) 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 5 I), than the commonly used varibles of relative obstruction 
(odds ratio of 15 and 23 for percent diameter and percent area stenosis, 
respectively). 

Discussion 

Doblltflmiue stress echocflrdiography 
Thc 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 justif}.' its 
growing application in clinical practice f •. lu,12,1J. Because wall motion abnormalities 
are an carly and specific indicator of myocardial ischemia, dobutamine stress 
echocardiography is potentially superior to stress scintigraphy, particularly in 
patients with mild to modcrate stenoses, where transient perfusion defects result 
from a maldistribution of coronary flow, and do not necessarily reflect "truc" 
myocardial ischelnia. 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 2~.2('. 
In the study patients the incidence of chest pain and ischemic ECG response 
during dobutamine echo cardiography was low (32% and 24%, respectively) 
without relation to the outcome of the echocardiographic stress test. This is not 
surprising, bccause in previous studies the sensitivity and specificity of stress
induccd ECG changes in single-vessel disease were also relatively low 27~3n. 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 
data 1('31~\l. 
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Table 2. Quantitative angiographic results according to cutoff values. 

Angiographic 

cutoff values Sensit. Specif. P (+) (PH Odds ratio 

MLD <:; 1.07 mm 94 (84-100) 75 (54-96) 81 92 51 (4-1929) 

ASte275% 88 (73-100) 75 (54-96) 79 86 23 (2-242) 

D Ste 2 52% 83 (66-100) 75 (54-96) 79 80 15 (2-123) 

Number in parenthesis arc 95% confidence intervals. A Stell. ::: area stenosis; 0 
Sterr. :::: diameter stenosiSi MLD ::: minimal lumen diameter; P (+) ::: positive 
predicrive value; P (-) = negative predictive value; Sensit. = sensitivity; Specif. = 

specificity. 

Previolls studies 
In previous studies, quantitative angiographic measurements of stenosis severity 
correlated well with the outcome of stress echo cardiography 13.1\ In a group of 25 
patients with single-vessel disease, Ryan et al. 14, using the criterion of> 500/0 
visually determined percent diameter stenosis, found a sensitivity of 760/0 for 
exercise echo cardiography. 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 
echocardiograph), 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 Of 

multivessel elisease, Segar et al. U described high sensitivity (90%) of the 
dobutamine stress test to detect significant coronary disease using a diameter 
stenosis of> 500/0 by quantitative angiography. Several investigators ~.JH.Jl.l(' using 
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 lJ.1S 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. D, 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 nlinimal 
lumen diameter; however in their study an attempt to determine the best cutoff 
point was not reported. 

Relative verslls absolute measuremellts of corollary stellosis 
It is known that in the setting of diffuse coronary artery disease, relative variables 
of lumen narrowing may underestimate the functional impact of stenosis severity 
JJ-3S. 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 
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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 frequcntly involved in the 
atherosclerotic process, as reported in several intracoronary echocardiographic 
studies .3(,37. Therefore, absolute dimensions may be a better indicator of the 
physiologic importance of coronary stenoses in medium to large arteries. Our 
finding that a minimalillmen diameter of S 1.07 mm is the best variable for the 
prediction of ischemia-induced wall motion abnormalities supports this 

Figure 2, 
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hypothesis. In this regard, data derived from the MERCATOR study J< revealed 
that patients with a minimal lumen diameter < 1.1 mm at the follow-up had a 
higher occurrcnce 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 
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echocardiography", the finding in our study of a cutoff point of 52% for the 
diameter stenosis is in agreement with previous experimental work showing a 
decline in coronary flow reserve at this level 5~ and confirms that for this range of 
obstructions, visual assessment overestimates quantitative measurements t\ 

Edge detectioll Vel'SIIS videodellSitometl'Y ill ({Ilgiogl'flphic ({Il({lysis 
Serruys et a1. 411 and \Vijns et a1. 41 reported that a vidcodensitometrically 
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 750/0 reduction in cross-sectional area for the 
prediction of ischemia-induced wall motion abnormalities. Videoclensitometric 
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 cleal' advantage of the densitometrically 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 doblltamine stress 
echocardiography. Although relative measurements of lumen obstruction are 
predictive of an abnormal stress echocardiogram) minimal lumen diameter 
appears to be the optimal variable in the determination of the physiologic 
significance of coronary stenoses in medium to large atteries 
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Abstract 

Backgrouud 
Automated stenosis tl1/(//ysis is (/ (ommon fed/lire of commercially atltillable ljuantitative nngiogmphy 
syslellls (QCA), II110wing alllolllillic delectioll of Ihe proxilllal IIlid disMI bOlllidllries of Ihe slenosis, 
interpolation of the expected JimemiolH of the (orouary vessel rtf the point of obstruction, ({lid 
rtllgiogmphimlly-derh1er/ eJlimafiOll of atheroma/oIlS plrlque size. Howeller, the ultimate meaning of 
Ihis type of alialysis as 10 Ihe degree of'lI/derlyilig lIt/mosclerolic diseme (AD) wllilins ,,,,clem: 

Aim of the study 
lVe ilivestigaled Ihe IdaliomiJip betweeli stenosis alililysis pnforllled with Ihe CAAS system and Ihe 
llliderlying degree of alherosclerolic disease ill jlldged from ill/riIcoronmy IillrilSOllnd (JCUS) illlaging. 

Methods 
III 40 corollflfJ stenoses QCA wm med for ({lIfamated ideJItijiclltiOJI of the sites o/maxima! lumilIal 
obstruction find sftlrt of the stenosis wing mrvature (marysis 0/ the diflmeterfimctioJl. Plaque siz-c wrts 
11Jertsured using ICUS tit both locations, with rlll additiolla/ [GUS metlSlIJ'ement immediately 
proxima! to the start of the stet/miJ, Crescent-!ike distribution ofp!flque, indicating all AD-JYee arc of 
the arlerialwlIll, IlIIIS recorded. 

RemIts 
Allhe sile of the obstructionlolal vessel arCd lIIeamred with JCUS lOllS 16.65±4.04 111111, while all 
equivalent measurement obtained from illterpo!ated reference dimemiom was 7.48±3,30 mml, 
(p=O.OOOl). Plaqlle area derived frOIll angiogl'llp/Jic dillawlis significantly lower than thai calenilited 
from illlril(li/sC/tiar 1lIIl'llsOllnd dllta, (6.32±3.21 and 13.2914.22 mill', respectively, melill difJerence 
6.92±4.43 IIInl, p=O.OOOI). Allhe Jile idenlified liS the Slarl oflhe stenosis by aliiollialed IIl1alysis, 
JCUS Illlllinlll cross-Jecliollill area lOllS 9.38±3.17 mill, f/lidlOlfd vesse/llrea WIIS 18.77±5.19 1Il111, 
(5o± I I % 101111 ve$Jet area stenosis). The arlerilll wall presented Il disetlSeJree segmelll ill 28 (70%) of 
proxima! lomtiom, bllt only in 5 (12%) siM cormpollding to the S/((r/ of the stenosis fllld 110 at the 
obJll'Ifction (p=O.OOOI). AI the Jile of obslructioll III! vessels showed a complete absence of a disellSe 
free segment, flnd the atlJCroma presented (/ millike or (tl/-around distribution with ({ IJariable degree 
of ecceJJtridty. 

COJlcI1lsi01JS 
11 AD WflS consistently present at the start of the stenosis used (IS a refenwce site by alllollIated stenosis 
analysis. 21 The !!lean degree of AD ilivolvelllellt allhe stal'l of the Jlellosis WIlJ 50% lotailirefi 
stenosis, 3/ A signifiCtlllt change ji-om crescent to a/!-tlJ'Otl11d distribution of AD was found at dJe start 
of the stenosis, These findings suggest thtlt the start of the stenosis identified by alll01J1flted stenosis 
analysis represellls the poil1t where compensfltD1y veJsel enlargement fails to preserve lumina! 
dimensi011S, and provide insights all the mechanisms invollJed 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 cine angiogram is 
associated with a high intra- and interobserver variability.l.~ Second, major 
discrepancies between the appearance of the opacified vascular lumen and the 
actual degree of underlying atherosclerosis have been reported. 'i.~1 These can be due 
to the presence of extensive diffuse disease which affects the whole 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. HI.H 

The advent of quantitative angiography has reduced significantly the first 
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. 12

,13 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 quantitative 
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 data calculated from automated stenosis 
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 identif)r the actual boundaries of the stenosis, has 
never been tested. 

Intracoronary ultrasound can provide information on the characteristics of the 
arterial wally,l~ This characteristic justifies its growing application in the study of 
atherosclerotic coronary artery disease,l~.ll and its proposal as an alternative gold 
standard to coronary angiography. I~ 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. \4 

The objective of this study was twofold. First, we wanted to investigate with 
intracoronary ultrasound the characteristics of the arterial wall at the site 
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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. IJ Secondly, we were interested in assessing whether, at rhe site of 
maximal luminal obstruction, the amount of atheroma derived from automated 
stenosis analysis reHects the degree of atherosclerotic involvement as judged by 
intracoronary ultrasound. 

Methods 

Patiellt pop"latioll 
The study population consisted of fony patients (31 male and 9 female) with de 
novo coronary stenosis undergoing cardiac cathererisadon immediately prior to 
percutaneous revascularisation. lvlean age was 61±1 () years. All investigations were 
approved by the Institutional Review Board of the Thoraxcenter, and patients 
were studied after giving informed consent. 

Qllalltitative allgiography 
In this study both on line and off-line quantitative coronary angiography was 
performed. On line measurements were performed immediately prior to 
intravascular ultrasound examination using a Philips DCI angiography system in 
conjunction with a commetcially available quantitative angiography package 
(ACA, Philips, Eindhoven, The Netherlands). The tesults of the analysis, 
including the location of the beginning and end of the stenosis, as well as the 
point of ma.ximal 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 
later analysed off~linc in a 3rd generation edge detection quantitative angiography 
system (CAAS 2, Pic Data, Maastticht, the Netherlands),"'" which uses a similar 
algorithm as the ACA fot the purpose of stenosis identitlcation and reference 
diameter interpolation,26 A description of the consecutive steps followed during 
the analysis of the cineangiogram is given below: 

II image acqltisitioll: End-diastolic angiographic frames showing the stenosed 
vessel were selected. Using a CCD camera, a tegion of inter",,, of 512x512 pixels 
encompassing a wide vascular segmellt proximal to the stenosis was selected in the 
cinefwne and digitized for subsequent analysis (Fig. lA). 

2/ Identification o//Ilmin"/ edges: Following the identification of the vessel 
centerline by the computer algorithm, a number of scanline5 perpendicular to it 
were obtained. Luminal edge.'\ were detected on the basis of a weighted sum of the 
first and second derivative function of the brightness profile of each of these 
scanlines (Fig. 18). 
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Qlftlntifatiz!f ttngiogmphic (/f1({9'lis as fnformer! in the pral'lll st/{d;~ After II region of illterl'st 

;11 tbe COrOlltl}y angiogram showing II /lIide Msm/ar segmmf encompassing the slmosis IUrlS 

digitised (AJ, lumillal er{'lp were identified using fl contollr detection algorithm (B). After 
etdibmtiol1 using the C01Vlltlly tlctehtt'r (TS fl satling device WI{S pnformed plotting, the 
COIlSt'CUlilll' l'l'ise! dirt meters liIere plotted to create t1 so-cIt/I'd wJSe! ditllJ1eterjiwctioll (C). 
Applimtioll afspecific algorithms to this function made possible the itienlijimtion oJthe poitu 
with millimtlllumiJ1tt/ d,illnt'tfl' (solid bm) tiS well tiS tht> proximal Imd distal boundaries of 
the stenosis (dotted bmJ). HflSed il1 the dia1l1eterfimctioll, the t~\pecti'fl dimtmiolJS of the lJl'ssd 
Ilt the site of the ObSh'{{clioJl (interpolated rejermce dittmelCl) were mlCfl/atetl. (See text for 
deftlils) 

-- 34--



3/ Diameter function; 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 diametet values obtained at approximately 0.2 
mm intervals over the analysed vessel length, a so-called diameter function was 
created (Fig. I C). 

41 ftlelllijicatioll oJthe start oJthe stenosis. 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 image noise. 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 II 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 lines as is represented as a shaded area superimposed on the artery (Fig. 
IC) 

51 Identification of tbe 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 start and end of the stenosis. 

61 Illterpolated refhmce dial/leteJ: The third parameter derived from the analysis of 
the diameter curve is the interpolated reference diameter. After the creation of a 
first degree polYllomial 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 Angiogmphically-derived plaque 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 
systems12

·
13 in the longitudinal axis (Fig. 1 B), and was chosen to f.:'lcilitate its 

comparison with cross-sectional areas measured during intravascular ultrasound (Fig. 
2B). 
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Method used for the calCII/tltioll ofl1therosderoticp/aqtf.( tlrea ming qutlllti/alilfe t1llgiogmpby tlnd 
intmvtlsCIIlar ultrttsofmd. Assllming tl (ircu/tlT aoss section. plaque area (lidS CIlIOtlnted from qUttJJfiftTtil1t' 

angiography as the dijjCre1Jct between the aretts derived from the i11ferpolttted refrena (lilt. ReiD) and 
minimallllmindl (MLD) diameters, Plaque area WIlS defiucd with intrtfllflsClflar tlltmsolllld imaging rtS 

the d{lfirencc between the areas comprised within the met/ia! and /umi1lftl bOllndaries, obtflincd directly 
from pldnimetric nlettStlremenfs. 

Iml'IlVttsclIllll' lIlt1'llSotlllt/ 

Intravascular ultrasound was performed using a 30 MHz intravascular ultrasound 
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 oreler to do 
this) on-line quantitative analysis was performed and displayed in one of the 
monitors to be used as a refetence during the procedure. Once the stenosis was 
ctossed 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 ultrasound catheter until a location distal to or wedged in the 
stenosis. This location was documented by contrast injection. A slow puH 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 echo cardiographic 
images was performed using a digital video mixer. This facilitated larer 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 
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Figure 3 
IJJtrflvdsCIIlar u/trnsoltlu/ findings Itt the site proxiJltdl to tlu'slenosis (/1), ftt the start 0/ fhe stenosis tiS 
defined by {(lIfowatl'd stenosis {(nalysis (B) flI/{1 at the sill' a/maxima! lumindl obstmction (C), defined 
aho by fiutomated stenosis dJltt/ysis. NOlI' the marked chrlllge ;11 distribution of atherollla nYOtf!/t1 the 
lumen (centre oJthe cross-hah) Itt fhi' three lweI!. 

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 ultrasound. 

ExcillSiOll criteria 
Vessels with anatomical features that interfere with computerized stenosis analysis, 
including ostial lesions where 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 f.·onl the study. 

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

Results 

Filldillgs fit tbe site of obstl'1lctioll. 
In the 40 patients studied, quantitative angiography revealed a minimal luminal 
cross-sectional area of 1.24±1.12 mm1

. At the site of obstruction, intravascular 
ultrasound yielded a luminal area of 2.80±1.64 mm'. \Vedging 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 ( r~0.78, p~0.0002). 

At the site of the obstruction intravascular ultrasound revealed a total vessel area 
of 16.6S±4.04 111m' (83±10% total vessel area stenosis). This was significantly 
larger than that calculated from the interpolated reference dimensions obtained 
with quantitative angiography (7.48±3.30 mm'. p~O.OOOl). 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, (6.32±3.21 and 13.29±4.22 mm'respectively, mean difference 
6.92±4.43 mm', p~O.OOOI). Regression analysis yielded a correlation coefficient 
between both estimates of plaque size of 0.23 (R-squared ~0.05, p~NS). 

Findiugs Ilt the stllrt o/the stenosis Ilud in the proximal vessel. 
At the site identified as the start of the stenosis by autoluated analysis, 
intravascular ultrasound cross-sectional area was 9.38±3.17 mm 2

, and total vessel 
area was 18.77±5.19 mm' (SO±ll % total vessel area stenosis). Significant 
diffeL'ences were found in the distribution of the atheromatous plaque around the 
lunlen 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 
locations, but only in 5 (12%) sites corresponding to the start of the stenosis and 
no at the obstruction (p~O.OOOl)(Fig. 2). At the sire 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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SdJe}1J(l/ic represl'I1f(tfioll a/the findings in '''t' present study. Proximal to the slmos;s (A), Its defined by 
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of 40%. At the site identified as tbe proximal botmdmy o/the stcnosis 1J/er/11 tlesse! (B) stenosis WIlS 50%, 
progrCJsing to 83% tit the site o/nltlximdl obSlrlfaioJ1 (C). The disrreplflllY with plaqlfe size mlell/f1led 
fiwn tbc interpolated reference diameter (dotted linc) may be related either 10 the incorrect tlSsumptioll 
tbttl at the start a/the stenosis /10 disMse WtH presCllt, or to {Ju/wmd ('xpdJlSiol1 of/be plaque rlue to 
compeJ1SdtoryeulttrgemeJJf. 

selection for the user of a reference segment, since atherosclerotic involvement 
could be demonstrated at that location.n.2'} Coronary angiography represents a 
"luminogram" or "shadowgram" of the vessel, and its visual interpretation conveys 
little or no information as to the extent of atherosclerotic disease in the arterial 
wall. Studies comparing angiographic and parhological dara 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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Figure 5 
Change ill tbe distriblllioll pattern of tltheromfl ;11 tbe allalysed l!mel Proximal to the sftlrl of the stenosis 
(as defined by tlttto1JJated ((Jltdysis) mosf vessels prcsenft'll tI dJllnlCferis/ic crescem-like distribution of 
rttberOll1fl, wit/; (/11 apptlrent/y disMJe-fee dre of the tlme/wdll. A signijimnu change from this pattern to 
Il cuff-like or all-around distributio11 of tltheroma tit the sites defined t1S the start o/the stenosis dud 

nltlximalobstruction was notetl The disSIlpet1rence a/the disertsejYee tift.: il1 the Mirlllaf wdll may 
cOllStitute the Idm/mflrk for the foilure oieompeusatOll mechdnisms of/Jesse! m/tlrgemellt ,bttl preserve Ibtl 
vtlsculrtr lumen during the edr/y Sfrfges o/atherosclerosis progression. 

In an attempt to find a solution to these problems, several automated methods of 
analysis of the luminal dimensions have been deveioped l2

'lJ with the aims of 
providing objective identification of the boundaries and length of the stenosis and 
identifYing a segment apparently free of atherosclerotic disease 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 consecutive luminal diameters 
in the vascular segment encompassing the stenosis. However, the relationship 
between computerized analysis of the luminal dimensions in a segment that 
encompasses a stenosis and the underlying degree of atherosclerosis has not been 
previously studied. 
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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·w and not diffuseJl,Jl process. In this regard, Baroldi ct al. 3J 

found in a pathological study of 565 atherosclerotic coronary vessels 
that the length of coronary lesions was less than 5 mm in 130/0, 
between 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 segmen t. 

OUf 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 does not 
correspond, as first thought, to a coronary location free of 
atherosclerotic disease. Interestingly, we found that at this level total 
vessel area stenosis is quite similar to that found by Glagov et al. 1(1 to 
be related with the failure of compensatory mechanisms of vessel 
enlargement, which is observed during the early phases of 
atherosclerosis progression. III 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 35±23% and 45±15% 
in the work of Tobis17 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 atherosclerotic 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 that the 
proximal boundary of the stenosis identified during automated 
stenosis analysis with the eAAS system does not correspond to a 
location free of atherosclerotic disease but, presumably, where the 
compensatory mechanisms of vessel enlargement fail in preserving 
lunlinal dimensions. 

Some qualitative observations with intracoronary ultrasound in 
performed in the present study may provide new insights on the 
111echanisms underlying compensatory vessel enlargement. \Y/e 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 
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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, only this latter 
pattern of atheroma distribution was observed, an observation that fits with the 
findings of Hangartner et ,,1.-" 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)lU be critical in the loss of compensatory vessel enlargement, a 
phenofllenon that, as the present study suggests, can be observed at the start of the 
stenosis as defined from computerized analysis of the angiogram. Previolls work has 
demonstrated that in the presence of a normal arterial wali, vessel enlargement occurs in 
circumstances of increased shear rate) a phenomenon that appears to be endothelium
mediated.JS During the progression of coronary artery disease) reactive expansion to the 
increased shear stress may constitute the basis of compensatory vessel enlargement) but 
it would be expected that would disappear when a complete loss of normal reactive wall 
occurs.Yo The abolishment of such compensatOl), response might be due to complete 
encroachment of the lumen by atheroma) leading to a rapid decrease in luminal 
dimensions caused by imvard growth of the atheromatous plaque. This phenomenon 
might explain the disproportionately larger degree of progression in the reference 
diameter found in a major study on atherosclerosis regression,.'7 since a relatively small 
progression in the disease process propitiated by disturbances in flow caused by the 
neighbor narrowing1

(, may have led to the critical loss of a remnant arc of reactive vessel 
wall. These findings complement previous intravascular ultrasound 1(, and pathological 
observationS-Ion the presence of multiple crescents of atheroma in "angiographically 
normae' 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 
reliable 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 tile 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 partly due to the initial £lilure 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. 

Study /illlitfitious 
Since wedging of the ultrasound catheter was required in a number of cases in order to 
visualize vessel wall at the site of maximal obstruction, distortion of the vessel at that site 
may have occurred. However) since atheroma is not compressible) we believe that tllis 
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 early intravascular ultrasound cathetersl.2.3, In 
more recent reports4-11 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 these 
studies. However, a regression coefficient dose to 1 is not sufficient to conclude 
that the two techniques provide similar quantitative mcasurcments!3. The mean 
difference of the paired measurements and indexes of dispersion along the line of 
identity arc more meaningfitl parameters but are not always reported. With the 
exception of the srudy by Tobis et al.' the results indicate that there is a good 
correlation between intravascular ultrasound and angiographic measurements in 
normal or moderatey diseased segments. 1n general, larger cross-sectional areas 
were measured with intravascular ultrasound than with angiographyl>·R.~.lI.12. 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 quantitatively analyzed can not be obtained during the echographic 
measurements 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 
measurements was found immediately after balloon dilatation. Mter angioplasty, 
Tobis et al.r. observed that the cross-sectional areas measured with intracoronary 
ultrasound were up to 500/0 larger than the corresponding angiographic cross
sectional areas calculated assuming a circular model. 
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Table 1. Quantitative angiography vs. intravascular ultrasound: Clinical 
comparative Studies. 

Invcstig<t~_()rs Pts. Vessel "r" SEE M.Dif. % Dif. 
I ........ 

Davidson el aI. 1 21 Fcrnoroiliac arteries 0.97 1.83 

Sheikh er al. ' 15 Femoral arteries 0.95 0.91 

The et al. 4 8 Femoroiliac arteries 0.96 0.47 

Bartorelli ct al. S 8 Femoral arteries 0.96 0.3 mm 4% 

T obis et al. (, 27 Normal segmcncs 0.26 2.1 mm 30% 

Stenosis post-PTCA 0.18 1.7mm 51% 

Nissen et a1. 7 8 Normal coronaries 0.92 0.21 -0.05 mm 1% 

43 CAD patients 0.86 0.43 0.06 mm 2% 

\Verner ct a!. R 14 Normal segments 0.86 

Stenosis post-PTCA 0.48 

St.Goar et al. ~ 20 Normal coronaries 0.86 0.07 0.04 mm 12% 

Transpantcd patients 

Jain et a1. \0 6 SVG pre!posr-PTCA 0.96 

Hodgson C{ a1. II 34 Reference segment 0.77 

Stenosis post-PTCA 0.63 

Haase et aI. 11 20 Stenosis post-PTCA 0.53 2.3mm 

CAD, coronary artery disease; Dif.) difference; tvLDif.,mean differences; Pts., patients; 
PTCA, percutaneous transluminal coronary angioplasty; SEE, standard error of the 
estimate; SVG, saphenous vein bypass graft. 

Percent diameter and cross sectional area stenosis: which 
technigue ~rovides 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 O. Reference diameter and cross-sectional area are measured in 
an angiographicall)' 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 uitrasoullcp4. These reasons explain why the 
angiographic reference lumen cross-sectional area is smaller than the ultrasonic 
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Figure 1. 

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

3mm 

Intravascular Ultrasound 
0/0 Diameter Stenosis 50% 
% CSA Stenosis 75% 

2mm 

4 nun 

Cd/cu/dtion of percent t1htmeter dml (ross sectiollal drm stenosis bdsed on illfrdllnsculnr U/h'dsollm! ttJJd 
llJlgiogmphic qlfttlltiftttit'e 11JettwremelJls, The reftrence lUll/en rlirlmeter is J1Jmsufetl with qlfdllfifrltil1e 
rlugiogrrtphy ill the 1I0lmal segments o/the lICSSe/ {lIhile iJ/trnMsat/ar IIltmsolfnt/ directly mmsures the 
thickness o/the tlfherosclerotic plaqllc nt thc stcnosis site, In thi' presence o/t'Ompensflfory enlllrgement 0/ 
thc stenotic site or, lIS in this exnmp/e, o/a diffilSe (ocentric imimnl fhickmil1g i1l/1oh1illg dlso the 
dllgiogrrtphic refirence segment, the in!1'twllmtfttr IIltrtlSOIlIlt/ refi'1'e}fCl' di"meter !meed within the bldck 
bll1u! represeming the museu/dr malia, is larger thtln the (wgiogmphic re/erenu diameter, As a result the 
rlllgiogrrtphic moderrtte percent stmosis is comit/aet/ more swal' ''sigJ/ijiml1!'' nccording to the lIormd/1y 
used critcrirl P- 50% diameter stenosis dnd?:. 75% cyoss-scctiOJItlI amI $Ienosis) with illtrtlWlSclI/nr 
ultrdsolf!u!. 

reference areal~ so that less severe percent d.iameter 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 dianleter 
and cross-sectional area stenosis between quantitative angiography and 
intravascular ultrasound. 
Percent diameter and cross-sectional area stenosis are physiologically important 
parameters and are major determinants of the pressure drop across a stenosis1

{,. 

However, the results obtained from animal models of acute external constriction 
of normal vessels l7 cannot be simply applied to the percent lumen reduction 
measured with quantitative angiography, Harrison et ai lM showed that the stenosis
related impairnlent of post-occlusion reactive hyperemia can not be predicted 
based on the coronary angiographic 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 
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Figure 2. 
Digital fl1lgiogYtl1l1 of tI right coronmy ttr/flY with tbe reference diameter positioned IT' 

tbe site examined with iJltrdcoro1JflJy ultrtlsowul Note that in this angiogYtfphimlly 
normal refirmee segment illlracoro1JrlIY ultmsotmd ShOlVS the presenee of tl concentric 
plaque inducing 1144% dittmeter stenosis. C((!ibm/ion 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 

Ultrasound 

1) No calibration required 

2) Instantaneous and continuous 

measurements available 

3) No contrast medium required 

4) Independent of lumen eccentricity 

complex lumen geometry 

(dissectio ns) 

5) Simultaneous morphometric 

analysis of wall components 

Limitations of Intravascular 

Ultrasound 

1) Introduction of the catheter is 

necessary 

2) Potential enos due to catheter 

malaligment 

3) Artifacts from non-uniform or 

rotation* ncar-field artifacts ** 
low sampling rate ** 

4) Automatic edge detection difficult 

5) Reproducibility of the 

measurements not yet tested 

* single element mechanically rotating systems; ** multielement synthetic 
aperture array systems. 
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Figure a. 
Top, cillerlngiogram 4itr flutomatic (ontollr detection showing rl severe proxima! stenosis o/the left 
allterior dfJcendil1g foroumy artery (left pllIle/) fwd II regular lumen (at 10% residual did/nefer stenosis) 
after imp/fl1lttltion 0/ t1 Giallturco~Rol/bitl stem (right pal1e/). Bottom. VI/mIonie crosHcctiomr/ area in 
the most severe stenotic segment before dllgiop/flSty (left ptllleI) , ajier t1 predilrttiol1 with a3.0-mm 
tlllgioplasty bal/ooll (mid-pdJuO, find after imp/tllrTliOIl ora 3.0 111m GitllJtllrco-RollbiJl steJlf (right 
panel). The lower pdlU!S show the Slime u/fYflsol1ic cross-sectiom fljier on-lille mmu{{// tracings o/the 
lumen dlui plaque coJJfours. Note ,hat t1 similar plaque area is premu before dilation find afier ballooll 
diftltiol1 lIJld sImI imp/dlltatioll (12.2 mm2 and 11.1-11.9 JJ11112, rt'spectil1ely) despite the large illcrMse 
ill lumen arM (from 2.1 111m2 before treatmeJJl to 4.6 mm2 aud 6.6 mm2 lifter ballooll dilation and 
Jtmt implalltatioll, reJpectively) The incrMse illlume arM after bal/loon allgiopllmy is the comcquence of 
multiple irregular fmctuTes of the plaqlle while a regular luminal cro5S-sectiollal arM is presellf rlfter Jtmt 
imp/rlllfation. Calibration O.5mm. 
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dimension of the vascular lumen. The presence of a reduction of the "ideal" 
dimension of lumen cross-sectional area is more difficult 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 ctllibl'tltioll is "eqllil'ed 
For angiography the measurement of a radiopaque structure of known dimension 
is required for calibration. \Vhen 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 manufacturerl').ll. 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 techniquc)ll. 
The measurement of a distance with ultrasound is based on the wavelength of the 
ultrasound beam and the velocity of sound in the medium. \\fhen 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 delineate the intimal contour. 

I1lsta1lta1leotls 11IeaS1l1'emeuts 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 measurement available with ultrasound. 

No contrast medium 1'equired: a COlltiJlUOIIS mOllitol'iJlg 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 the 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 
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Figure 4. 
Top, tlIlgiogrttphic tlml imrttcorollaJY u/tntsonic examination 4 months after stentillg (Ginn/tlrea-Rolfhill) 
a/the mid segment of the r{'l/N corol/my "YtelY. The u/fmsonic cross-sections 01/ the right (B) JhoUi the 
segmelJllllhere the JIm' was imp/aJlfed (l1ote the highly echogenic wire, dose to the {{rferia! /umen , il1 the 
lower left comer}. A. de lZOllO lesioll {litiS present ;11 the proxima! segment (A), with the presclIce o/a large 
concentric plaque with lolV echorejlectillity fllJd witholfl mkijimfiol1. Note tlld! the plaque dYer' in A 
(JO.lmm2) is similtlr to the plaque ared il1 B (9.9 111m2) despite the large difference in lumillal cross
sec/jOIN" {frefldnd percent cross-sectiolldl flret! slenosis (76% ill position A llf. 57%. positio11 BJ, Bottom, 
in the sdme flrlelY after bal/ooll dilation o/the proximrtl segment, rt Irtrge l'cho-free rtrcrt behind the stellt 
wires and commlfllicrtting with the rtrterial lumen (right pdJ/cO iJl(limtes mrtlappositioll o/the stent to the 
drterial Willi ill d segment with dJlClI1ys1J1dtic dilation (arrow ill the cinet1llgiogrdm o/the right panel). 

assessment of the effects of vasoactive agents on vascular dimensions and 
dynamics2.i. 

MOIpholJlet1'ic rlllalysis of the vessel wall 
Angiography provides only a shadowgram of the vascular lumen, so that the 
presence of vascular lesions is derived indirectly 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 
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Figure 5. 
Proximal segmem of the left circumflex arIel) examined immediately after directi011d1 corolldry 

a/berce/omy. The position of the CUI is dearly visible (ifter three-dimemiol1fl/ recomfntctioll of the 
intrdVtlScu/(lr images i11 the /ongllfudillrtl format (arrowhmd in the left lower comer) thall in the iwtlge 
on the right, showing the tlrferial segment tiS two open bemicyliltders (arrow), The positioll oftbe Cflt is 
}Jot evident if only ([ single tlVo-dimemio1Jdl cross-section is (omidact! (arrow ill the dretl ofpldquc 
removdl). 

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"'"'' (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 wirh a different intensity proportional to their backscatter 
powerU,.28, allowing their qualitative differentiation, In vitro studies have shown 
that intravascular ultrasound has a high sensitivity and specificity in the detection 
of intimal lesions and in the differenriation between fibrous, calcific and lipid
containing plaques2'>, 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 present19

, 

The possibility to provide information on plaque morphology and dimension at 
the same time makes intravascular ultrasound an ideal technique for the 
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assessment of the mechanism of the different coronary interventions and the 
modalities of progressionlregression of the atherosclerotic plaque. Wall stretching 
and wall dissection have been reported as the main operative mechanism of 
balloon angioplasty in both coronari ll and peripheral arreriesJ1

• A significant 

Figure 6. 

Eccentricity Index 
Intravascular Ultrasound 

C) c:)o 
dl _______________________ 1 ______________________ _ 

I d2 

Quantitative Angiography 

Eccentricity index calmlated with qualltittltillf! angiography and il1traVdJmlnr ultrasoulld, JntravnsCfllar 
ultrasound al101m the direct assessment a/the wall thickness so that the ecce11tricity index is bnsed upon the 
ratio betwem plaque thikness {(l/(/ the thickness o/the opposite wall. Q]lrwlitalilJe angiography estimates 
the eccentricity of a plaque foom the disttlltce between the center of the lumen find the luminal co11tours fit 
the site of the stenosis. In this ex({mple, however, the presence of a diffi-re11t thickness of'he wall also ill the 
angiographimlly normal segment induces 1m underestimation of the plaque 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 a1.·13 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 measurelnent 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 peripheraps and coronari~·37 
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 
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area3S. 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 
sh~wn that intravascular ultrasound can detect plaque progression earlier and 
more accurately than quantitative angiograph}'~!1.41,41. The possibility to 
differentiate lipid plaques, potentially amenable to regression after interventions, 
from fibro-calcific plaques, less likely to respond to such an intervention43 is of 
particular interest. 

Plaque eccelltl'icity 
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 lumen area from its long- and short-axis 
when an elliptical area is present44 . 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 calculated with intravascular ultrasound is independent from 
the characteristics of the contiguous segmcnts4S , The advantage of the direct 
visualization of eccentric plaques is obvious in the guidance of percutaneous 
recaqnalization techniques that allow selective removal of atheromatous plaque, 
avoiding a potentially dangerous treatment in areas of thin, normal waIl4(,. 

Complex l"men geometlY (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 
eniargement47AS

, Only large dissections are angiographically evident after balloon 
angioplasty. Several reports(,,3!1,3\,.3lA~.~Il,Sl have 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~2, 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 reserveS.1 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 
Ineasurcments have been suggested in order to overcome the limitations of edge
detection in lesions of complex geometry (including stenosis post-angioplasty and 
eccentric lesionsp4. Densitometty, however} requires a homogeneous filling of the 
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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 illsertion 
Intravascular ultrasound requires the examination ,vith 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 flexIbility 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 ultrasound. A quantitative angiographic study of 
large cohorts of candidates to balloon angioplasty)(, has shown that the measured 
minimallull1inal diameter before balloon dilat'ation (1.02±o,37 mm) is similar to 
the diameter of the recently introduced second generation of catheters (from 3.5 
to 43 French, equal to 1.15-1.4 mm), 
The intravascular ultrasound examination is f.'lcilitated 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~7.'j~.'j<»('1l.61 and 
because the communication between true and false lumen 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 
unf.-wourable angle of incidence of the ultrasound beam{'l. In our experience, sllch 
complex artifacts are more frequent in peripheral than jn coronary arteries, 
because in these latter 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 facilitate 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 
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Figure 7. 
The upper right panel shows {[ slIbocc/mhlc steJImis oJthe mid segment of the left allferior descending 
artery with minima! dJJterogmde flow. lIJC lumen enlargement tlnd the IJormali:attioll o/the flow after 
dilation with It 3.0 mm ballooll is evident il1 the lower righ, ptlncl, where the arrow indicates tI Type B 
dissection involving also the post-stenotic segment. Note. il1 the pduels o/the left, the complex lumilltll 
cross-section ftjier bal/ooll dilation. Note tiM! the em:lttricpldqltc hos been disssected at the site a/its 
imcrtioll 011 the lJormdl wall The complex lumen morphology after (lngioplflsty at1tnof be correctly 
111et1mred with dngiography, even lISillg multiple Imgiogmpbic projections. Calibration 0.5 mm. 

and in the already available echo-balloon catheters the transducer is mounted 
proximal to the balloon(,J,6-l. 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. 

Cathete/' 1Ilalaligll1llellt 
A central position of the catheter in the vessel lumen is not frequent in 
intravascular ultrasound. \Vith a simple eccentricity of the catheter position, the 
echographic cross-section is still perpendicular to the long-a..-xis of the vessel so that 
no change in the measured area is expected. \"'(fhen the catheter is not only 
eccentric but also non-parallel to the long-axis of the vessel the vascular lumen is 
distorted, with all angle-dependent overestimation of the vascular lumen. In a 
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tortuous artery the ultrasound catheter can assume an orientation non-parallel to 
the long-a.'{is of the vessel. Fortunately, the small size of the coronary arteries in 
comparison the catheter diameter limits the practical relevance of this problem~. 

NOIl-u1liform rotlltion, nelll'field Ilrtifact, inlldequate sllmpling rllte 
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 variable distortion of the ultrasound image. In the multielement 
systems these atti£1.cts 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. 

Applicllti011 of 1l1ltomlltic measurements 
Sophisticated techniques of edge-detection or video densitometry have been 
developed for quantitative angiography". The difference in brightness between 
the radiographic contrast fllling 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 relatively 
similar echoreflectivity of blood and of the underlying 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 
variability 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 

measure the systo-diastolic changes of vascular dimensions(,7 . 

Reprod1lcibility o/the lIlensllremellts 
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 difficult to satisf}c 

No IIsseSSlIlellt 0/ blood flOtu 
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 andlor on changes in the density of the 
myocardium6~M.7n. 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 described71

,71 and Doppler guidewires which can integrate the 
ultrasound imaging catheters are in current clinical tIse1P4

,7S (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 intervcntional procedure based on a purely angiographic quantitative 
assessment. In clinical practice, therefore, it seems unlikely that quantitative 
arteriography 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 tool for the correct planning 
and guidance of interventional procedures. 
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Abstract 

Backgl'oulld 
Predomillallily post-morlelll derived filldillgs sllpporllhe commoll belief Ihat 1) lipid-rich corollary 
plaqlles wilh alhill fibrolls cap are prolle 10 rupilire alld 2) rupilire IIl1d SIIperin/posed Ihrombosis are 
the major mechanisms causing acute COr01lfI1), syndromes. In Vit,O imaging tvith intrtlCOrollflry 

techlliqlles IIIl1y disclose difJerellctS ill Ihe chllracterizalioll of atherosclerotic plaqlles ill patients wilh 
siable alld IImlflhie allgilla alld Ihlls lIIay provide cllles 10 which plaqlles lIIay "'plllre alld whether 
rupture and thrombosis are active. 

Methods 
lVe IIssessed Ihe characteristics of Ihe ischemia-relaled lesiom wilh corollary allgiography alld 
intraCOI'Ol1flJY rmgioscopy and determined their composition with infrrtcoronary ultrasound hI 44 
paliellts wilh IIlIstabie alld 23 with stable aligillil before IIl1gioplnsty, The IIl1giographic images were 
classified as 1I01l-complex (smoolh borders) IIl1d complex (irreglllllr borders, mliitiple lesiom, 
IhrolllbllJ), Allgioscopic illlages were clllssified IlS eilher sillble (sllloolh JlII!ace), or Ihrolllbolic 
(lilcerated sllrfoce wilh red Ihrolllblls), J'lJe Illlrasolllld chllracterislics of the lesioll were classified liS 
poorly echo-reflective (represelllillg loose fibrous tisslle, lIeerolic material or lipid), highly echo-refleclive 
wilh shadowillg (represenlillg calcific tisslle), alld bighly echo-refleclive witholll shadowillg 
(represemillg deme fibrolls lisslle), Plaqlle cOlllposilioll was de filled as lIIired when 1I0lle of Ihese 
components ocmpied more than 75% of the vessel surftlce. 

Results 
There lollS a poor (O".lalioll betweell clillical stalus IIl1d IIl1giographic filldillgs, All allgiographic 
complex lesioll (11=33) was cOllcordllllt wilh 1IIISIIIble IIl1gilla ill 55% (24144); alloll-colllplex lesioll 
(11=34) lollS cOllcordalllIOith slable allgillil ill 61% (14123), There MIS II good correilltioll belween 
clillical staills alld allgioscopic filldillgs, All allgioscopic Ihrombotic lesioll (11=34) lOllS cOllcordall1 
lOilh IIllStabie allgilld ill 68% (30144); II stable lesioll (11=33) WIIS cOllcordallt wilh stable aligiM ill 

83% (19123), The IIltrasolllld obtailled comPOSilioli oflhe plaqlle IVas almosl silllilar illllllJlflble alld 
stable patiems, Overailihere lOllS II poor correlillioll belween Ihe lesioll chllfllcterislics obtailled by 
allgiogmphy, allgioscopy alld IIltrasolilid Uilfilsolllld coliid lleilher discern plaqlle ruptllre or 
i1ltrttcorol1flry tbrombasis 110r prol)ide information about the thickness of the fibrow crtp omi presence 
alld size oflhe lipid poo!' 

COllcillsiOllS 
Allgiography discrimillilies poorly bellOem lesiollJ ill sillbie alld IIllSlabie IIl1gilla, Allgioscopy 
demomtrtltes significant diJjerences between l.esiom in stnble tllId umlable angina. Plaque rupture tlnd 
Ihrombosis lVllS preselll in 17% of Itllble ant! 68% nnstable Ilngina p"tienll JlIggeslillg Ihat Ihil 
process is 1/ continlllllll from stable 10 1l1lSiabie angina, Possibly in Ihe olher one-Ihird of Ihe IIllJtabie 
patients olher mechllnisms are operillive, Cnrrenlly ({vailable llllfillOlllld lechnology do not 
discrimillille a Jlable from an nl1Jtabie plaqne, 
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Introduction 

The morphology of coronary atherosclerotic lesions is heterogeneous between and 
within individuals 1.(" It is now C0I11mOn 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 7.11, Plaques 
prone to rupture are lipid-rich and have a thin fibrous capsule 1(1,11. 

1n 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 rupture. 
Two recently developed intracoronary imaging tools have the potential to provide 
these insights. Intracoronary ultrasound imaging provides information about size 
and composition of the plaque \J·I~ and intracoronary angioscopy accurately 
detects the presence of plaque rupture and intracoronary thrombus If>-I!>. 

The purpose 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 of75 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 sequelae. 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. 

Procedllres 
Selective coronary angiography in multiple projections was performed before and 
after angioplasty. All patients received aspirin (250 mg) and intracoronary 
nitroglycerin before the procedure. They received anticoagulation with heparin, 
such that activated dotting 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 inlaging. In 
all instances an attempr was made to cross the lesion with both devices to obtain 
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information about the entire lesion. 
Coronary angioplasty or other interventional techniques were llsed according to 
standard practise. 

Table 1. Baseline patient and angiographic characteristics 

Unstable angina Stable angina 
(n=44) (=23) 

Malelfemale (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 (N): 

Heparinl Aspirin 44/23 016 
Systemic thrombolysis 7 (all post-MIl none 
Nitroglycerin i.v.loral 3910 0121 
Calcium channel antagonists 34 21 
Beta-blockers 34 21 

Time from onset instability (days) 14± 14 
Ischemia-related lesion 

LAD/RCAlCXlSVG 19116/6/3 15/31411 
Minimum luminal diameter (mIn) * 1.05 ± 0.42 1.13 ± 0.57 
Reference diameter (mm) * 3.2 ±0.72 3.12 ±0.49 
Complex lesion (N) 24 9 

* mean ± 1 SD, determined with quantitative angiography 
NIl, myocardial infarction; i.v. intravenous; LAD, left anterior descending 
artery; RCA, right coronary artery, CX, circumflex artery; SVG, saphenous 
vein graft. 

Selectioll of ischemia-related lesion 
In patients wit single vessel disease the most severe lesion ,vithin 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 S'I~T segment changes 
occurring during ischemia, at rest and the closest corresponding coronary vessel 
containing the most severe lesion. 

Allgiography 
A modified classification of angiographic morphology proposed by Ambrose et al. 
21) was used to categorize each target lesion as non complex (concentric or eccentric 
with smooth borders) and complex (eccentric with irregular borders or 
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overhanging edges; multiple irregularities or intraluminal filling defecrs). 
Quanrirarive coronary angiography was performed with the CAAS-2 sysrem (PIE 
Dara, Maastricht, The Netherlands) using the non contrast-filled catheter as 
calibration 21, 

Imtlging Devices 
The percutaneous 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 
(n~44) (n~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 11 6 
Smooth 13 14 

Yellow plaque (N) 29 (66 %) 16(69%) 
Thrombotic Lesion (N) 30 (68%) 4 (17%) p < 0.01 

Atlalysis of atlgioscopic atld "ltl'fls01llul images 
Qualitative analysis of both angioscopic an ultrasound images was performed by 
consensus of three observers with no access to clinical records or cinefilm during 
assessment. Thrombi were defined as a re(t intraluminal mass adherent to the 
intima. ThrOJnbi were categorized as non-mural (closely adherent to the vessel 
wall), mobile-protruding into the lumen or totally occlmive. Yellow plaques were 
defined as areas of homogeneous yellow colour clearly identifiable from the 
normal wall. Wall surface was classified as ulcerated 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 
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present and the wall presented the characteristic pattern noted in normal nOI1-

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 composition of 
the ischemia-related lesion was classified as poorly echo-reflective or highly echo
reflective intimal thickening (Figure I). The last was further sub-dived according 
to the presence or absence of acoustic shadowing. An intimal thickening was 
considered poorly 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 

Echo-reflectivity of plaque 
Homogeneous type * (N) 

Poor 
High without shadowing 
High with shadowing 

Mixed type (N) 
Poor / High without shadowing 
Poor / High with shadowing 

Calcium present ** (N) 
Focal (30-90°) 
Moderate (90-180°) 
Diffuse (>180°) 

Eccentric plaque (index <0.5) 
Extent plaque (mm2) 

Unsable angina 
(n~44) 

24 (55%) 
22 
I 
I 

2 
18 

5 
14 

27 (61 %) 
15.2 ± 5 

Stable angina 
(n~23) 

15 (65%) 
14 
o 

2 
6 

I 

5 
I 

13 (56%) 
17.0 ± 5 

* 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 poorly 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 intimal 
thickening with acoustic shadowing indicate calcium deposition 14.22.23. 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. 
E'amples o/p/tlque composition with UltrtlS01Wd. Top left, example a/a soft pft/q1le, Top righ" (1 fibrous 
(hard) plaque, Bottom left, It soft p/((que. Note at lIil1(, () 'dock the preseJlce a/a/ipM pool. Bottom right, tl 

CtlkifiC plaque. Note the superficial /oCtttiolJ a/the calcium. 

A lesion was considered homogeneolls 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 predominantly calcific 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 surf.,ce 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, surface 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 part of a lesion. Totril !Jessei ({rea 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-intimal boundary. Plaque 
area was calculated as the difference between total vessel area and lumen area. The 
mean difference of the measurements of 30 lesion lumen areas and 30 plaque 
areas and interobserver variability obtained by two independent investigators was 
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0.02 ± 0.37 mm2 (R~0.97) and 0.03 ± 0.0.62 mm2 (R~0.99) respectively. 

Statistical allalysis 
All measurements are represented as mean ± standard deviation. The unpaired T
test, the chi-square test with Yates correction, and the Fischer-exact tcst 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 between angiographic, angioscopic and ultrasound 
findings of lesions in patients with stable and unstable angina. 

Angioscopic lesion (N) 
Thrombotic' 
Stable 

Ultrasound lesion 
Poorly echo-reflective 
Highlyecho-rellective 
Highlyecho-rellective 
with shadowing 

Mixed composition 

Results 

Procedures 

Unstable angina (n~44) Stable angina (n~23) 
Angiographic lesion Angiographic lesion 

non-complex complex non-complex complex 
(n~20) . (n~24) ....... (n~14)(n~9) 

13 
7 

7 
1 

11 

17 
7 

15 
o 

o 
9 

2 
12 

10 
o 

I 

3 

2 

7 

5 
o 

o 
4 

Passage of the inlaging 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 patienrs. 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 related lesion. This was effectively 
treated with balloon angioplasty. The angioscopc 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 too tight to allow crossing of the angioscope 
and the observations were restricted to the proximal aspect of the stenosis. In the 
two patients in whol11 the lesion could not be crossed with the ultrasound probe, 
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the plaque composition was taken from post angioplasty examination. 

Lesio11 characteristics 
The angiographic and intracoronary angioscopy findings and ultrasound 
characteristics of the ischemia-related lesions <lre shown in Tables 1, 2, and 3. An 

Figure 2. 
Stable lesion (left) llIith smooth, llIhite surjitce. Thrombotic les;oll (right) llIith t1ismptet! smfoce ItJld 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 (680/0 vs. 170/0, 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. 

Correlatiolls between clinicfll, flllgiogrflpbic, flllgioscopic fllld IIltl'flsollic lesioll 
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 (n~44) or stable 
angina (n~23) in 55% (24/44) and 61 % (14123) respectively (Table 4). An 
angioscopic thrombotic lesion (n~34) or stable lesion (n~33) was concordant with 
unstable or stable angina in 68% (30/44) and 83% (19123) respectively (Table 4). 
There was no significant correlation between the lesion characteristics obtained 
with angiography. angioscopy and ultrasound (T.,ble 4 and 5). An angiographic 
complex lesion (n~33) or non-complex lesion (n~34) was concordant with an 
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angioscopic thrombotic lesion (n=34) or smooth lesioll (n=33) in 58% (19/33) 
and 56% (19/34) respectively (T.,ble 4). 
Ultrasonic defined lesion characteristics were almost equally represented between 
angiographically complex and non-complex lesion (Table 4) and also between 
angioscopic thrombotic and stable lesions (Table 5). 

Discussion 

Individual atherosclerotic 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 7-12. Clinical 
angioscopic studies have confirmed the presence of an intracoronary thrombus 16.-

19. Recently, Davies et al. 12, 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 "". 
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 cOlllposition of a coronary plaque, 
including calcium, dense fibrous tissue, loose fibrous tissue, intilnal hyperplasia 
and extracellular lipid 1422.23. 

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. \Ve 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 between loose fibrous tissue, lipid
rich lesions and thrombus. 

Our angioscopic findings are in agreement with previous angioscopic studies \(,·\9 

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 
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Figure 3. 
All example ojl' good concordance between 'he three imaging techniques in (/ pfltimt with stable dngillfl. 

\fTith fmgioscopy (left) we may observe It smooth J round )'ellow lesion; with angiography (center) fl 

(ouem/ric Inion with regu/ay borders !Tnd with ultmsof{lu/ (right) t1 soft pldljlfC. 

thrombus in the other one-third of the unstable patients. 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 recendy suggested possibility of 
smooth muscle cell proliferation with plaque expansion causing luminal 
narrowing 25. Of note is also that rupture and thrombosis were observed in 170/0 of 
the patients with stable angina. This observation has not been made by other 
investigators in their patients with stable angina 1(>-IH. 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. 
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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 subset of patients having angina 
at rest, or early post-infarction angina, selected for balloon angioplasty, and thus 
precludes 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. 
Currenrly 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 
current angioscopic design does not include a flexible, steerable tip so that the 
entire surface area cannot always be inspected. Structures 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 Inegahertz 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-cellular lipid pool, the 
thickness of the fibrous cap or the location and depth of a fissure of the cap "'. 
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Abstract 

Backgro1tlld 
Cororlayy angiosrop} constitutes a pote11fia! tool ill determining which is the predominant mllSe of 
coronary obstmction ill unstable patients refractory to medical treatment. 

Aim of the st1tdy 
To investigate with in/mcoronnry angicos(opy the cvrtrrtcteristics of the culprit lesiol1 of primary or 
post-inforction u/lStable angina pectoris refractory to medim! treatment, and to establish the 
reilltiollfhip between the obillined visnlll findings wit/; coronllry angiography and histopathological 
characteristics of retrieved atherectomy specimem. 

Methods 
Angioscapy wrIS performed ill 41 patients at the time o!percutflneous recana/iso/ioll. III all Cfises l,ima! 
findings were classified objectively, withotlt milking a tmmlatioll to histological terms. In 9 (22%) 
examination of tissue samples obtained during directiolla/ atherectomy possible the correlation 
between histopathological and angioscopic [eatnres. QUlllltitative angiogmphy alld classificatioll of 
allgiogmphic morphology WtlS performed ill all cases alld correlated with tlngioscopic filldillgs. 

Results 
Red material was seell ill 25 (60%) cases, marc Ji'equelltly ill patiellt with post-illforetioll angina 
(i3/17, 16%) thall ill primmy IlIlsttlble allgilla (i2124, 50%), alld protruded significnntly in the 
lumen ill 1 (41%) patiellts with postillforctioll alld ill 3 (i2%) with primmy IIl1Stabie allgilla. 
Atherectomy specimens revetlled the presellce of red thrombuL The protl'llsioll of red material 
correlated sigllifiCtlntly witl; a lower millimallumillal diameter (0.55±0.56 mm versus I.11±0.42 
mill ill stelloses lVith and wit/JOut protrudillg red materia/' p"0.009) tllld grenter percelll ditlmeter 
stellosis (19119 % VersllS 64 ±I5% ill stelloses with tllld without protrudillg red materia/' p"O.04). 
COil/lersely, the allgiographic morphology correlated poorly with the presellce of red material durillg 
IIngioscopy (i512I, 11 %, with alld 10120, 50%, withoul complex allgiogmphic morphology (p"NS). 
Xallthomatous plaques presellted more Ji'equeutly ill patients lVith postillforcdon (10117, 58%) thall 
ill uIIStabie patiellts (5124, 21%) (p " 0.02), Ji'equelllly ill association with red materitll (13115, 
81%, versllS 2115, 13%, ill stenosis with and without red material respecth'ely, p"0.02), alld were 
associated wiil; deposits of cholesterol crysltll clefts iu 2 atherectomy specililem. pillk tlreas were 
idelltified in 12 (50%) tllld 2 (12%) padellls with IlIIstable alld post illforctioll angilla respectively (p 
"0.03). \'(I!;ite-gray protrudillg masses lVere observed more Ji'equelllly illulISt"ble (8124. 33%) thtlll 
postillftlrctioll patients (3117, 19%), lVith 2 athermolllY specimellS revealillg fibrill-rich alld 
orgallisillg thrombus. Filially, (/II stttlotic vmellVall with 1I0rllltli colomtioll was found ill 4 (10%) 
cases, 3 o/which showing fln smooth surfoce dnd I evidence afwall disruptioll. 

COllc/lIsiOllS 
These observtltiollS provide information IfS to the came of luminal obstruction in tim/able patients 
refractory to medica/treatment that may be releilollt for the formulation of therapeutic strategies. 
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Introduction 

The understanding of the pathological substrate of acute coronary syndromes has 
been based largely on post-monem studies of coronary arteries. 1

-1 These studies 
have suggested that sudden disruption of the atheromatous plaque is the common 
initiating factor of myocardial inf:-lfctiol1, primary unstable angina and sudden 
death, through the onset of several pathogenic mechanisms such as platelet 
activation, adhesion and aggregation, vasoconstriction and thrombus formation.~·(, 

In spite of the considerable knowledge accumulated on these pathophysiological 
luechanisms. the management of primary unstable and post-infarction angina 
pectoris still presents a major therapeutic problcm/'~ Conventional diagnostic 
tools provide no direct insight on which pathogenic mechanism is operative or 
prevails in an individual patient presenting with unstable symptoms. This may 
pardy 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.9 .1J Previous angioscopic studiesll

,12 

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 translation 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 
tnyocardial 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 liB and IIIB in the classification proposed by 
BraUl1\vald!4) or postinf:1.rcrion angina (class IIIC in the same classification).!4 In 
all cases the patients were receiving intravenous heparin and nitrates since the date 

-- 90--



of admission. In 6 cases (I5%) 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 I. Baseline characteristics of 41 patients 

n= 41 
Age (years) 
Male sex 
Time from onset of syndrome (days): 
-Unstable angina 
-Post-infarction angina 
Ischemia-related vessel : 
-RCA 
-LAD 
-LCX 
Reference diameter (mm) 
Minimal luminal diameter (mm) 
% diameter stenosis (%) 
Complex angiographic morphology 
Multivessel disease 
Prior coronary intervention 
Thrombolysis 

59±1O 
33 (SO%) 

IS±16 
15±15 

17 (41%) 
15 (36%) 
9 (23%) 
3.15±o.71 
0.9S±o.51 
67±16 
21 (51%) 
9 (23%) 
3PTCA,2DCA 
6 (35 % of all 
post MI) 

RCA: right coronary artery; LAD: left anterior descending coronary 
artery; Lex: left circumflex coronary artery; lvfl: myocardial infarction. 

patients were studied only after giving informed consent. 

Procedures 
Selecrive coronary angiography in multiple projections was performed before and 
after intervention. All patients received aspirin (250 mg) and i.e. nitroglycerin before 
the procedure and were on optimal anticoagulation with heparin. with an activated 
dotting 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 infonnation from both the proximal and 
distal aspect of the lesion. Following angioscop)" balloon angioplasty (n=32) 01' 
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directional coronary arherectomy (n=9) were performed according to standard 
practice. 
Selectioll of ischemia-I'elated lesion 
Culprit lesion was selected as follows: in cases with single vessel disease the most 
severe lesion within that vessel was selectedi 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. 

Allgiogmphy 
Luminal dimensions at the stenotic and reference segment were obtained with 
quantitative coronary angiographic analysis. which was performed using the 
CAAS Mark II sysrcm,t5,16 which constitutes the latest generation of a previously 
validated system,17 Qualitative information was also recorded according to a 
modification of the angiographic classification of lesion morphology proposed by 
Ambrose et al.11! Complex lesion morphology was recorded when eccentric lesions 
with ragged or overhanging edges were present, or when intraluminal filling 
defects were noted. 

Allgioscopic 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 cm. 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 allgioscopic images 
All images were analysed off-line by three indepenclent 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 clearly identifiable from a 
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Figure 1 
Red material in t1S llimtllised by rtllgioscopy ill 2 patients with primary fl1JSfable angind tim! tI mlpd! 
stenosis located in/he mid right (OrOJldlY arMy. A: Corout1Jy afferiogmm showing tllJ crceJJtric lesion 
with fiJI overhanging edge il1 jts r/isldl aspect (arrow). B: Angioseopy revCrlled thttt the fatter was due to 

lIme! waf disruptioll, with underlying mUMl red }}1rtferial Co Oil-line qUfflltitatit!c rwgogmpbic dlltllysis 
oid cOllcentric stenosis. D: A protruding reddifh mass, clearly distinguishable from the ueiSe! wall, became 
wident during dllgioscopy. 

neighboring area of normal white wall. 

Histopathological stlltiies of athel'ectomy specil/le/ls 
In the 9 cases undergoing directional coronary athercctomy the obtained 
specimens were removed from the atherocatheter, flushed with saline, examined 
macroscopically and then fixed in 10% formalin. ROlltine processing for light 
Juicroscopy 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 l

'> 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 dassified as loose when the tissue fragments 
showed a moderate cellularity and collagen bundles separated by accumulations of 
extracellular Inatrix. Neointimal hyperplasia was defined as fibromuscular 
connective tissue showing a random orientation of spindle shaped and stellate 
cells embedded in abundant extracellular matrix. Calcifications and lipid deposits 
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 dose 
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 allalysis 
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 I. In 35 (85%) cases the entire target stenosis was satisfactorily visualised by 
angioscopy, while in the remaining 6 (150/0) 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 ischenlia-related lesion was associated with 
chest pain and electrocardiographic ST-T segment changes in 33 cases (80%). 
These changes were quickly reversible after cuff deflation and withdrawal of the 
catheter, with the exception of two patients (4%) in whom abrupt coronary 
occlusion developed. This was effectively treated by balloon angioplasry, without 
adverse sequelae. In a third patient a small non-occlusive dissection was noted 
immediately after angioscopy. Subsequent balloon angioplasty resulred in 
occlusive dissection, which was effectively managed by stent implantation. Finally, 
in a fourth patient with post-infuction angina} an occlusive dissection in the right 
coronary ostium, unrelated to angioscoPYl was caused during the removal of the 
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atherectomy guiding catheter, following a technically successful procedure in a 
mid right coronary artery stenosis. This was complicated by re-in£'lfction (llla.'(, 
CK 600 VII) which was treated conservatively. 
Allgioscopic cbarncteristics of tbe clI/prit lesioll, 
In all cases visualization of "?2/3 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 surf,ce in a further 8 (19%) 
patients. In the remaining 6 (150/0) patients the stenotic wall was smooth, without 
disruption Of 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 (121 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: 15±17 days versus 18±13 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 correlated significantly with a lower minimal luminal 
diameter (0.55±0.56 nlln versus 1.11±o.42 mm in stenoses with and without 
protruding red material, p~0.009) and greater percent diameter stenosis (79±19 
% versus 64 ±15% in stenoses with and without protruding red material, p~0.04) 
Jllcasured 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 (I7%) of the lesions with smooth vessel wall (p~0.05). 
Conversely, there was no statistical relationship between 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 were identified in 15 (37%) of all patients, and presented 
more frequently in patients with postinf."ction (10/1 7, 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 areas were identified in 12 (50%) and 2 (12%) patients with unstable and 
post infarction angina respectively (p ~ 0.03). \'7hite-gray protruding masses (Fig. 
1 B) 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 (lO%) a white protruding mass was seen in a stenosis containing also red 
material (3 unstable and 1 post-inf.,,·ction patients). Finally, stenotic vessel wall 
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Figure 2 
Angioscopic c!JartTcteristic of fl XdllfhonJrttotlS 

plaque (A), with marked )'ellow coloration thtlt 
commsts with that a/the norma! white 
rtppertrtfl1ce uflhe arteria/wall. Antilysis of 
atheree/omy specimens (B) obtrtined in this type 
o/fesiollS 11Mde possible the idmtijiCtltio1J of 
cholesterol rich p/({qllcs (arrow). III It ftagment 
retrrellcd fi'om the same lesion Jlumerotts 
cholesterol cryJfrt/ clefts could be found enbedded 
il1 ftesh thrombus (e). 

with normal coloration was found in 4 (l0%) cases, of which 3 showed smooth 
surface and 1 showed evidence of wall disruption. 

Prevalence of red 1J/aterial after thrombolysis 
In the postinfarction angina group, 6 patients had received systemic thrombolysis 
9±7 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 ancl 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 
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distal lumen of the angioscope, the thrombolytic agent (rTPA) 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. 

AI/fllysis of atherectomy specimells 
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 correlation 
between histopathological and angioscopic findings in these 9 patients is 
summarized in Table II. 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 x an tomato us plaque 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 mas'ses. 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 syndromes5.6 has enabled 
the development of specific therapeutic strategies targeted against particular 
pathophysiological processes. 2~n 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.'-'· 23 the syndrome is frequently refractory to thrombolysis, platelet 
antiaggreganrs and systemic anticoagulation. 8

.
24 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,15 
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Table II. Correlation between angioscopic and histological findings in 
patients treated with directional coronary atherectomy. 

Pat. no. Angioscopk findings Histological findings 

Red (protruding) material, Dense fibrous tissuc, fresh 
xanthomatous plaque thrombus, cholesterol crystals 

2 Red (mural) material, Dense fibrous tissue, fresh red 
xanthomatous plaque thrombus, cholesterol crystals 

3 Red (occlusive) material Dense fibrous tissue, fresh red 
thrombus, neointimal hyperplasia 

4 Red (mural) material Dense fibrous tissue, 
fresh thrombus, media + advent. 

5 Red (mural) material Dense + loose fibrous tissue, 
fresh red thrombus 

6 Red (mural) marerial, Dense fibrous tissue, 
xanthomatous mass fresh thrombus. 

7 \Vhite mass Dense fibrous tissue, 
fibrin rich thrombus. 

8 \Vhire mass Dense fibrous tissue, 
organizing duombus 

9 Normal vessel wall Dense fibrous tissue, 
neointimal hyperplasia 

Part of this therapeuric 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 underlying 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 serve as a useful tool in visualizing the ischenlia-related 
vessel in unstable patients, providing insight not only on the genesis but on 
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further evolution of the changes taking place in the environment of the 
atheromatous plaque. Previous studies using angioscopy have suggested a high 
frequency of coronary thrombosis in patients with unstable angina and myocardial 
inf.'lrction. !U-1J 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. ll 

In the latter group, a higher prevalence of xanthomatous plaques was also [ound.ll 
Although these studies have contributed significantly to the in-vivo study of acute 
coronary syndromes, they share the common 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 a1. 2

f. and Mizuno et al.,27 reporting on the formation of thrombus and 
subsequent action of thrombolysis in two different experimental models, and that 
of Siegel et al.l~ 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 
chauges found in the culprit lesion of of patients with unstable angina. 

OUf work differs from all these previous studies in several aspects. First, an 
objective approach to evaluation of the visual findings was followed to classity 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.l~ 
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 (I6±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. ll in the very 
early 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 f.'lct rcd thrombus. Thrombus was 
frequently present in spite of relatively prolonged treatment with therapeutic 
doses of intravcnous heparin, in agreement with the work of Badimon et al 
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Figure 3 
A: J11IYdcoronraj ang/meapy ill tl ptltient with ullStrtble tlngintl pectoris showing tl globular white mass 
thaI protrudes ill the lume1l. B: Histological examinfltioll of fl similar mass observed in fl patient 
undergoing «therectomy revealed moderttte/y cel/u/ar fibrous tissue with clJidence a/thrombotic 
organistltion. 

demonstrating that anticoagulation with heparin does not abolish thrombus 
growth,30 In the post-infarction group previous treatment with thrombolytic 
agents did not appear to reduce the prevalence of red thrombus. 

Likewise, we found that white protruding masses are relatively common in 
unstable patients, and occur mainly in patients with primary unstable angina. 
Insight to the pathological nature 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 
underlying substrate was identified as fibrous tissue in association with organising 
thrOJnbus. In prev.ious 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.31.32 It is likely that 
modification of the color of thrombus which occurs during the process of 
organisation,33 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 
performed 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, 
Of 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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Occluding cuff 
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thrombolytic 
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Fiberoptic 
bundle 

Figure 4 
A: Corondry tl1Jgioscopy ctln be 
med tiS tl11 effictiIJc method for 
thrombolytic drug delivelY in 
selected patients. By inflating the 
proxiJJJdi occluding cuffo/the 
angioscope, which is normally 
wed to imampt tf11tegrttde blood 
flow dud flci/iftlte visualisation, 
thrombolytic agents Ctlll be 
delivered ttl the site of occlusion, 
retTching high local COl1cenlrtttiom 

thnt may focilitate thrombolysis. 

B: This technique UJIlS slIccessfiil/y 
npplied ill tt mid rig" rorondlY 
occlusion by red material. 
suggestive offtesh thrombus. 

During thrombolysis, dngioseap} demoJl5trdted marked remodelling of the occluding red material. A 
mobile, whitish core (arrows) which was underlying the origi11lt! occluding 11Ims beettme evident find 
remained ullchanged dllring the rfsf of the o;flmillflfion. 
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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 in£·uction. The presence of red material and 
xantomatotls 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 accord~nce with previous 
postmortem studies, extrusion and dispersion of plaque material secondary to 
plaque rupture had preceded the episode of thrombosis .. '·4." (Fig. 2). 
Xantholnatous plaques appeared as discrete, raised plaques where a thin, 
transparent fibrous cap is assumed since the underlying yellow lipid material can 
be seen. These observations support current views on the genesis of myocardial 
inf.'lrction, precipitated by rupture of lipid-rich plaques~'-U that promote thrombus 
formation. J339 

\Vhich is the main cause of persistent luminal 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 460/0 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 patients. 
Interestingly, in this study the only angiographic characteristic of lesions showing 
a significant obliteration of the lumen by red material was the presence of 
significantly greater stenosis severity by quantitative angiographic analysis. This 
finding may provide an unexpected explanation of the findings reported by De 
Zwaan et a1. 4u 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 thronlbus 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 perfornl a more 
selective use of thrombolytic agents. 

This applies also to patients with unstable postinf.'lrction 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 
better clinical outcome than patients not receiving thrombolysis, Of in whom 
coronary repcrfusion was not achieved. \Y/e 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. lu 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 agentsY 

It has been emphasized that in the acute coronary syndromes thrOlnbosis is a 
dynamic processl .. M,4.~ 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 itself44 

Likewise,the resulting increase in shear stress may lead to new episodes of 
thrombosis if internlittent fissuring or exposure of its core to the bloodstream 
occurs later during thrombus organisation, where thrombin remains protected 
from circulating antithrombill.J~ 

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 
geometry 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 agentsY Alternatively, and since resolution and 
organisation of a thrombotic episode seems to be associated with enhanced 
smooth muscle cell proliferation4S and development of neointimal hyperplasia,4(o--4S 
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 atherectonlY, 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 playa 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 phar~acological 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 
a 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 percutaneous intervention. 

LimitatiollS 
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 limitation. No studies on 
the intraohserver 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. \'Ve attempted to reduce 
such variability by panel review of the images, a 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 all our patients were suitable for 
percutaneous recanalisation and clearly had already survived the early 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 clearly feasible. Thus, it is clear that we 
can anticipate furrher and rapid progress in this resistant and difficult area. 
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Abstract 

Bnckgrolllld 
Allgiography hils lilllited ,,"ltlf ill the idflltifiClltioli of endoirlllliliit/ chllllges sllch as plaqlle fissllrillg 
find corollary thromhosis. By prol,;ding direct lJ;slIfliizafioll rtnd aI/owing detailed chroJllatic 
discrimiJltlfioll between the comtitllfllts of the flfherolHatOlf5 plaque, tlnginseo!} 111tlY prollide new 
imights 011 the (harr/cffrfs/irs and JIIbstnlfe of rlmte tlnd stable corotlary syndromes. 

Objectives 
The flim of ollr study UNls fa i1wfStigate in-w'w the Illmind/ chtlrtlctaistirs off/eno/ie lesiollS in stdble 
(Wgitlfi (md acute eOrOl1d'} syndromes settings ming corol/tlfy dngioscopy. 

Methods 
Ptlfil'Jlf popll/tltion consisted of 78 comfClltillf fatlmts undergoing StlcceJsjiti dngio.fco/ic impection 
prior to percutflneotIJ corolldry rCMJeu/ayiZlltioJ1. 7illfnty jillf patients prnented stable angiJ1a (group 
AJ, 36 patients IIl1Stilble aligilill (grollp Ii), alld 17 post-illfarctioll l/llgillil (group Lj. Allgioscopic 
",,,illbies recorded illeluded IUllleIl shllpe (roulld or ellipticil/, slit-like or complex sbllpe); /lfSsel 
intimal JtlJfoce (smooth / trregl/ltty or ulcertfted); (lIJd the preselJce o/Xtlmh0111tlfOtlS pltlques or 
thrombi (lIIuIIIl1 protrudillg IIlld red I white). All estimlltioll oftbe tbrombotic burden present lit Mc/; 
lesion was obfflined ming tll1 ttngioscopic thrombotic scorf which takes ill considertltioll the type lind 
(',\1ent a/thrombus find the !lumber ofsllbsegment it1llo/t'ftl. 

Results 
11 Jere was 110 corre/ation between dllgiogmphicdlly find angiostopicttlly defined complex lesion 
(kllppa=O, 10), With flllgio.reopy, a cOlllplex IUllleli shllpe WIIS 1II0re iequfllt ill ulIStilMe sYlldromes 
(20%, 39% IIlId 65 %, respectir,ely grollps A, Ii or q Vlcelilted /fessel !llfoce 1lIi/1 also more iequent 
ill ullstllble sYlldromes lis compllred llIitb strlMe tlllgillti (12%, 47% alld 53%, respecti/fely grollps A, 
li or C; p<O, 05 betllleen groups A IIlld Ii IIlId A alld C). Xlllltbollliltous plilques IlIm presfllt ill two
thirds of plltifllts alld equlllly di.rtrillllted IIIIIOlig the clillical sYlldromes. 7/" preM/fllcc of red 
tbrolllbi IlII1S sigllifier/lltly diffirent ill the 3 clilliCilI sYlldromes (16%, 69%, 82 %, ill groups A, Ii or 
C respecti/fely), Tbe tbrombotic burdm //filS higber ill plilques II'itb yellow mllterilt! present 
(thrombotic score 3,08 ± 2,07 POilltS, 110 yel/ow plaque IfS, 5,87 ± 3.93 POillts, yelloUf plaque, 
p<0,05), 

COllelusiolls 
CorOmlty Ill/gimeopy appears tiS tl more sensifil1e technique for detection of intra/umilltll changes than 
IIllgiogetlpby. Corollilry thrombus was detected ill botl; stllble IIlId IIcute corollary sYlldromes, IIltbougb 
with tl higher pr{'/lft/fIler ([nd grftlfer exteJ1t in the !tltter. Xdlltho1JlrltollS pltlques were found ill d 
simi!'lr proportion in sfflb/e tllld tlfutc syndromes, fllld were msociated with marl' larger thrombus 
whl'll serlling as the p!tlque subst1'llfe for fOrOntlry thromhosis. Tbese OhSetlltlfi011S prollide imigbfs 
obttlil1ed in-l,h,o 011 the role of thrombus in tbe lulfur,d history o/(OrOl1(lry tlthf'rosderoJis, tlnd 
support the potmtia! app!iCfltiol1 a/coromlry tlllgio.fCopy tls rl researcb tool ill this tlrea. 
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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 at rest 
constitutes the accepted mechanism underlying the majoriry of the cases of acute 
myocardial infarction and a significant proportion of those presenting with 
unstable angina 1-3, Conversely to the sudden onset of myocardial ischemia in 
acute coronary syndromes, ~table 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 playa role in the 
progression of this latter type of stenosis, and in that case which are the 
characteristics and the factors colHributing 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 plaque 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 6, However, the persistence of such angiographic 
patterns during months and even years of follow-up, well beyond the expected 
time of resolution of thrombus or vessel wall disruption " and the frequent lack of 
modification under the effect of thrombolytic agents' cast doubts as to the 
sensitiviry 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 9·13 

since it is superior to angiography in the detection of coronary thrombosis and 
vessel wall disruption 14.16. 

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 pariellls 
Out of 83 consecutive patients undergoing percutaneous catheter 
revascularization with vessel anatomy suitable for angioscopic inspection, 5 
patients wete excluded because of inadequate images (n=2) or lesion not crossed 
(n=3). The remaining 78 patients constitute the study population. Twenty five 
patients (32%) presented stable angina (group A), 36 (46%) patients unstable 
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angina (group B)(c1ass II B, III B, in the Braunwald classification) ", and 17 
(22%) post-infarction angina (group C) (class III 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 patients were studied only after 
giving informed consent. 

Selection of iscbemia-related lesioll 
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 aspmn (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 con1parison between angioscopic and 
angiographic images, and provides information as the location of the angioscope 
tip in the vessel during imaging. 

Corol/my al/giograpby 
Prior to the performance of angiography, control of coronary vason1otion 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 nun films using the latest 
version of the Cardiovascular Angiography Analysis System II (CAAS II, Pie 
Medical, The Netherlands) which has been described in detail elsewhere I'. 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 6. Lesions were considered to have a 
complex angiographic morphology when at least in one angiographic projection 
they presented either ragged or overhanging edges, an intraluminal filling defect 
with convex borders of persisting staining. 

Fiberoptic illtracorol/my allgioscopy 
Before and after coronary interventions an intracoronary angioscope (ImageCathJ 
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 Pr 
(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 bundle with an extension range of 5 cm. The 
imaging bundle is composed of 3.000 individual optical fibres of 2 11m 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 flm of 
diameter, coupled to a light source located at the base of the catheter and with an 
illuminating power of 100.000 lux, although only an eflcctive 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 mllmin. Once the crystalloid solution has cleared the 
image field from blood, the tip of the catheter is advanced to explore the lesion 
under study. 

A1llttysis of lt1lgioscopic imltges 
Target lesion was classified using the previously validated classification designed 
by the European working group of angioscopy IOJ. Lumen shape was classified in: 
round or elliptical, slit-like or complex sbape (disruption of the plaque or the 
presence of thrombus). Vessel intimal surface was classified as smooth / irregultlr 
(rough surf.~ce with wall integrity preserved) or u/cernted (loss of continuity of 
arterial wall). Additionally, the presence of yellow plaques was recorded (areas of 
homogeneous yellow colour clearly 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 Jnass acUlered 
to the vessel surf.'1ce. Occlusive thrombus when a red intraluminal mass occluded 
completely the lumen. \'(lhite thrombus was defined for red thrombus but with 
white colour. 

I1ltel'obsel'vel' vltl'iltbility of Itngioscopic dlttll 
In a random sample of 30 patients the interobserver variability of the angioscopic 
images yielded a kappa value of 1.0 for rhe presence of thrombus, 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. 

A1lgioscopie fh"ombus 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 obtained 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. 

Mural 
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thrombus 
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Squemtltic representdtiol1 offhe angioscopic thrombus score, By ITdding the point [lft/UCi derived Fom the 
morphology alld ex/el1f o/thrombus prest'nt Itt ('(feb stenosis slIbsegmmt fl fintl! semi-qul1lltittltilfc 
estimation o/tlle thrombotic burr/en present at the ischemitt-relttted lesion tlIllS obtained. [11 this exttmple 
tl find! score 0[6 points IVaf obtained (J point for the proximal mum! thrombus, 3 points for the mid 
protruding thrombus tlm/2 points for the dis/It! multiple mum! thrombi). 

Statistical a1lalysis 
All continuous variables were expressed as mean ± SD. The two-tailed Student's t 
test was used for analysis .of continuous data. A chi-square tcst and Fisher's exact 
test were used to compare differences between proportions. The Mann-Whitney 
and the KruskaI-\xr.'lllis 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 restoration 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 outcome 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 I' value 

Age (mean ± SO) 
Sex 

Male 
Ischemia-related lesion 

LAD 
LCX 
RCA 
SVG 

Multivcsscl disease 
Premedication 

Heparinl Aspirin 
Systemic thrombolysis 

Onset instability (days) 
Complex bion 

MLO (mm) 
Reference diameter 

(n~25) (n~36) (n~ 17) 

56±8 59±IO 59±9 

20 (80%) 32 (89%) 14 (82%) 

6.(24%) 9 (25%) 10 (59%) 
15 (56%) 18 (50%) 4 (23%) 
4 (16%) 7 (19%) 2 (12%) 
I (4%) 2 (6%) I (6%) 

7 12 10 

0/8 36/22 17f11 
none none 7 

15±11 12±8 
11 (44%) 14 (39%) 7(41%) 
1.14±o.55 1.08±o.43 1.04±o.41 
3.2±O65 3.12±.58 3.13±o.64 

ns 

ns 

ns 
ns 
ns 
ns 

ns 

l.AD ~ left anterior descending, LCX ~ left circunflex, RCA ~ right coronary 
artery, SVG ~ saphenous vein graft. 

was no correlation between an angiographically-derived complex lesion and a 
complex lesion by angioscopy (kappa~O.1 0). The positivc predictive value lor an 
angiographic complex lesion to predicted an ulcerated plaque with or without 
thrombus was 63% and the negative predictive value was 48%. The angioscopic 
characteristics of the culprit lesion is shown in 'lable 2. Figure 2 shows examples 
of various vessel slirraccs. 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 ulcerated 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. 

Thl'01l1bl/s evall/atioll 
Although red thrombi could be documented in patients belonging to the thtee 
clinical syndromes, a significant difference in its prevalence in the three groups 
was noted (16%, 69%, 82 %, respectively groups A, B or C, pdJ.05 between 
groups A and B and A and C). There was also a trend towards a latger thrombotic 
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Table 2. Angioscopic lesion characteristics. 

SAP(Il~25) VAP (1l~36) Post-MI (Il~ 17) ..... 1'.,:~1 ~.e __ . 
Lumen shape 

round 19 (76%) 20 (56%) 5 (29%) <0.05 
slit-like 1 (4%) 2 (6%) 1 (6%) llS 

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

ulcerated 3*.¥ (12%) 17* (47%) 9 ¥ (53%) *¥ < 0.05 
Red thrombus 4*¥ (16%) 25* (69%) 14 ¥ (82%) *¥ < 0.05 

protuding/mural 113 (25%) 10/15 (40%) 717 (50%) 
\Vhite thrombus 2 (8%) 14 (39%) 6 (35%) <0.05 
Yellow plaque 18 (72%) 22 (61%) 12(71%) llS 

burden from patients with stable angina to post-myocardial inf."uction 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 1l10fC 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 xanthomatous plaques 
(p<0.05). \Vhite thrombus were present in all clinical syndromes at 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, Band 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 possibilities of 
studying 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 14·1(' 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 ')0

11 , 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 
filay 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. 
Examplef a/different lumen morphologies with (tJJgiosco/,Y. Top left, 110m/ttl dttjJermU1Cf; Bottom left, 
round shape with smooth SIIrjilce typicd/ ofstttble fmgil1((, Top middle, slit-like shape with (I red thombm 
at the entrance o/the lesion; Bottom middle and right, complex shapes chflrdcterislic ofulIStrtble 
syndromes. 

thrombotic score increased from 3.25±2.22 points in stable to 5.86±4.66 points 
in post-m),ocardial 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 In, 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 stud),. Xanthomatous plaques visualized b)' angioscop), are likely to 
represent cholesterol-rich lesions (with yellow coloration secondary to its contents 
of carotenoids) Furthermore, its visualization by angioscopy suggest that lipid 
deposits separated from the arterial lumen by a thin, transparent fibrous cap. 
We believe that these observations are relevant to the growing evidence suggesting 
that subintimal lipid deposits and necrotic core playa role not ani), 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 II t:"lVouring plaque 
fissuring under the effect of tensile stress 11-23. which is unevenly distributed in 
these lesions due to the different mechanical properties of lipid and fibrous tissue 
". 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, sllch 
as coHagen matrix 2\ Macrophages located in lipid-containing lesions express more 
tissue factor than those in other locations u,. In addition, the occurrence of an 
intense thrombotic response callses significant protrusion of thrombus in the 
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Prc/lltlence o!xtl11fh011latollS plaques in the three groups o/patients (left panel). 111 the presence of lin 
Jet/ow p/aqlle, the amount a/thrombus /ormatioJJ as tlsscssed by the thrombotic score IVtfS about the double 
as compflred to lesions witholfl identifiable yel/ow 1J/flteritd (right pttne/). 

arterial lmnen, introducing significant modifications in the haemorrheological 
conditions of the stenosis. This combination of ['Ictol'S has recently been shown 
to be a potent stimulus of thrombus growth, which may explain why thrombosis 
in this context becomes rapidly occlusive" (Figure 5). \Ve did not disclose 
significant 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 plaques 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 coronary 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 Of 

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 thron1bosis in asymptomatic patients with coronary artery disease 2,). 

Even the development of acute coronary syndromes may be preceded by silent 
episodes of thrombosis, as suggested by the presence of well organized thrombi in 
the culprit lesion of patients with acute myocardial ischemia .'IlI, 

Coronary thrombosis may be an important factor for plaque progression. The 
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Figure 4. 
left, occlusive red thrombus occuriJJg il1 the .mbacufe pbflSe of myocardial inforctioll. Right, mixed 
thrombus (ret! and white) ocCltrillg l1ear II yellow plaque ill tl patient presenting with unstable (wgilltl. 

increase in plaque size may be larger than that of the thrombotic 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 neointimal hyperplasia .", a fact that may explain why 
patients with unstable angina often present an important component of fibrous 
neointimal hyperplasia 31, 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 aI. 11, who noted a 
higher prevalence of thrombus in unstable angina than in acute myocardial 
inf."lfction, 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 percutaneolls rcvascularization. 
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 ollr 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 0 the temporal 
changes occurring during the disease process. Differences in the total amount of 
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Figure 5. 
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mot/mile tlJrombogenicilY (smill/+), SItch tIS col/lfgen, Iff tl result o/plaque j];Sltrillg. frigga! the 
t/el!elopmenl of1Jumd IhrombosiJ, ul/Jich CtlfmS slight modifrmlio1l ill the hemorrheoloyy o/the slenosiJ. B, 
011 the contmry, rupture of plaques with sltpojlcitl//ipitl deposits tl1II/ Ihil1 mp!, which is highly 
thrombogenic (IHrge +), promole the &I!e/opment of protrurliug thrombus. The concomitalJt modijlcntioJl 
ofhemorrheologiml condili01ls by protnu/ing thrombotic NUW comlilllt{'J lUI intoue stimulus for Jitrther 
thrombolic d('l!elopmeut, kllding 10 complete occlusion or dOUlmb"MllI progrosioll. 

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 underestimated 
by angioscopy when covered by extensive thrombosis. 

Conclusions 

Coronary angioscopy appears as a more senSitive technique for detection of 
intraluminal changes than angiography. COtDllary thrombus was detected in both 
stable and acute coronaty syndromes, although with a higher prevalence and 
greater extent in the latter. 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. The..~e 
observations provide insights obtained in-vivo on the role of thrombus in the 
natural history of coronary atherosclerosis, and support 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 shadowgranl 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. \Vhereas 
severe stenoses frequently progress to total occlusions without causing myocardial 
necrosis, coronary lesions with mild or unnoticed angiographic irregularities arc 
oftcn associated with future cardiac events such as myocardial infarction or 
unstable angina l-S. Plaque rupture and associated thrombus formation may occur 
in small angiographic lesions resulting in acute changes in lumen dinlensions 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 associated with high shear stresses, such as plaque thickness, plaque 
stiffness and the strength of the fibrous cap 7-H makes these lesions prone to 

rupture. w10st of the plaque volume responsible for lumen encroachnlent, on the 
contrary, is constituted by dense collagenous tissue (hard), that is biologically 
stable ~_\lJ. 
The existence of extensive atherosclerotic disease in vessel segments with a normal 
angiographic appearance has been noted by several authors It·'" (Figure I). This 
phenomenon is the result of compensatory vessel wall enlargement which is part 
of the natural history of coronary artery disease 14, yielding an underestimation of 
the atherosclerotic process when angiography is used as the investigational 
technique 13. 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 illtracoronary 
ultrasound (IeUS), a technique with the potential to quanti£)' plaque size as well 
as to investigate its composition l~-l~ has been accepted as a new gold standard for 
the study of coronary artery disease l~. 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 ultrasound in clinical usc. One type is 
based on the nlechanical rotation of a transducer or mirror (mechanical system). 
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Figure 1. 
Three-dimemioJ1tll recollStrtfctiolJ of fln dngiogmphic !lomlfll cortJJ1foy segment betwcm poiJJts A find B. 
Ultmsoulld imaging itlentifhs all cccfmric plaque ill fbt' tomographic lJiew, NOfe thtlt ill the fongitudinal 
dlU/ three-dimemiollrll recoIlS/ruction ttlocalized Glagoll phenomemf is idCl1fiJied (external bulging o/the 
dr/erial/lld/O fa preserve lumen dimemio11S. 

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: 

Mecha1lical 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 artif.1.ct. However, because the motor 
unit is external, building a driving mechanism while maintaining a flexible and 
steerable catheter is difficult. 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 

NOl'IIlillwIlll st1'1lctlll'e 
'{\vo basic types of arteries can be differentiated by ICUS. In the study of 
Gussenhoven et al l

\ ultrasonic appearance of human arteries was related to their 
histological composition. It was found that muscular arteries such as adult 
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 Pts. Vessel "r" SEE lvLDif. % 
Dif. 
Davidson el alY 21 Femoroiliac arteries 0.97 1.83 
Sheikh et al.14 15 Femoral arteries 0.95 0.91 
The et al.H 8 Femoroiliac arteries 0.% 0.47 
Bartorclli ct a!.M 8 Femoral arteries 0.96 0.3 mm 4% 
T obis et al.17 27 Normal segments 0.26 2.1 mm 30% 

Stenosis post-PTCA 0.18 1.7mm 51% 
Nissen et al. l

.'> 8 Normal corol1arie,~ 0.92 0.21 -0.05 mm 1% 

43 CAD patients 0.86 0.43 0.06 mJl1 2% 
Werner et aLl') 14 Normal segments 0.86 

Stenosis post-PTCA 0.48 
St.Goar et a\.3') 20 Normal coronaries 0.86 0.07 0.04 mm 12% 

Transpantcd patients 
Jain ct a!Y 6 SVG pre/post-PTCA 0.96 
Hodgson et al. 11 34 Reference segment 0.77 

Stenosis posr-PTCA 0.63 
De Scheerder et aI.·u 48 46 normal seg. 0.92 

80 coronary stenosis 0.47 
48 seg. post-PTCA 0.28 

Haase Ct al.·13 20 Stenosis post-PTCA 0.53 2.3 111m 

CAD, coronary artery diseasciDif., difference; lYLDif., mean difference; Pcs, patients; 
PTCA, percutaneous transluminal coronary angiopbstYi SEE, standard error of the 
estimate; SVG, saphenous vein bypass graft. 

Fortunately, Jnost intervented vessels are either muscular (coronary, 
transitional arteries (iliac), facilitating plaque area delineation. 

femoral) or 
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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) 1r..t

H
, Dense fibrous tissue produces bright echoes, 

whereas calcific plaques produce bright echoes with acoustic shadowing 16, There 
arc several similar classifications in clinical use. Based on our own previolls work 
and work from others 15,20.21, we classifY plaque composition according to their 
ultrasonic appearance as illustrated in Figure 2. Soft plaques. more than 75% of 
plaque area is composed of tissue with an echodensity less than that of the 
reference adventitia. Fibrous plaques: 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. DiJjilSe CIIlciflc plaques: bright echoes 
within a plaque with acoustic shadowing and occupying> 180 degrees of vessel 
wall circumference. Mixed: This pJaque consits of a combination of types of 
plaque tissue. 

Ultrasound dimensions 

Figure 2. 
E\'dmples o/p/ltque composition with 
ultrmoltlul. Top left, 0 soft pltlqlle. Top 
right, It calcific plaque. Bottom left d 

fJord plaque. Boffom right 0 mixed 
pftt'lue. 

From ultrasound images it is possible to derive the following dimensions 21: 

Lumina! Ilretl, integrated area central to the leading edge of the intimal echo; 
externlll elrlStic membrane area, integrated area central to media-adventitia 
interface; plaque pIlls media area, difference between external clastic membrane 
area and luminal area; and stretching, difference between external elastic 
membrane area before and after intervention. 
Several validation studies of reus measurements have been performed. Table I 
summarizes the results of 10 clinical studies It.n.n and our own experience 33 in 
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which quantitative angiography and intravascular ultrasound were compared. 
Results of initial studies have demonstrated that intravascular ultrasound provides 
accurate lumen 21.2H6.2~·3n and plaque measurements both in vitro and in vivo 
(I5,17). Studies in vitro have compared the ultrasound determined cross sectional 
area 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 clearly influences the measurements made by 
both techniques. 

Effect of lumen size a1ld shape 
Quantitative angiography has reduced SOllle 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 3i or that have 
undergone percutaneous interventions .'0;..3

6
• 

Nissen et a1 2~37 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 (1' :::: 
0.92 for lumen diameter). However, moderate correlation lr~~3~lS or poor correlation 
U." has been found after balloon angioplasty. These studies suggest that ICUS may 
be superior to eonrrast 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 (I' = 0.99) 
between ultrasound measurements and the actual luminal dimensions and also a 
good interobserver variability (I' = 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 (1' :::: 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 overestilnation of lumen area induced by 
non-coaxial positions of the catheter, as the lumen eccentricity increases 41lAt. In 
the same study there was no clear advantage of Ieus 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. 

Plaque 11l0lphology alld the cOl'relatjoll with the clillicn/ syndrome 
Although plaque rupture has been reported as the major pathophysiological 
mechanism underlying acute ischemic syndromes, most fissures are clinically 
silent. Angiographic 42·44 and angioscopic studies 4~·4(, 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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Table 2. Ultrasonic determined plaque composition in unstable vs stable 
angina (%). 

Invest_ig~_~?_~_~ _____ Patients Soft Fibrous Calcific Mixed Ca++present 

Hodgson et al " 22/43 74/41* 010 9123 16/36 16/45* 
Baptista et aI.' 72169 41151 7/2 12/6 41140 28/36 

* p<O.OI 
, unpublished data 

occlusions, whereas others do not. It appears that the depth of the vessel injury is 
determinant in the amount of thrombus formation -17, 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 angiograph)' and angioscopy may identif), plaque rupture, 
they arc unable to identif)r these sites before rupture occurs. Because reus is able 
to identifY different plaque compositions, this technique may be used in an effort 
to identif}r plaques prone to rupture. 
Table 2 summarizes the only study published to date and ollr own experience 
(unpublished dara) with ultrasonic determined plaque composition in patients 
with unstable angina. In a recent work, Hodgson et aI. 21 fonnd that in patients 
with unstable angina, soft plaques were signincantly more frequent (74% vs. 
41 %) 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 usc, 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) Plllqlle compression: Dotter and Judkins '" 
initially attributed lumen enlargement after balloon angioplasty to a compression 
of the atherosclerotic plaque. Although this mechanism may operate in vitro 4,).SI, 

the magnitude of this phenomenon in vivo is uncertain SH\ 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 u.sJ. Recently, it has been suggested from three-dimensional 
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Figure 3. 
lumen qualltification by qUf1ntittttiJJe tlJJgiogmphy tlm/ intrncoroJltlJy ultmwllJlt! following balloon 
dilation. AngiogrttphJ underestimates lumen tim!, since it dir/ 110t itlentifj the contribution of the 
dissected IU1JJm, tIS opposed to u/trrtsolllltl 

Table 3. Mechanisms of lumen enlargement following balloon 
angioplasty. 

Jnvestigators Pts. Vessel LA Gain Plaq Red Strctc. Diss % Diss 
Losordo et al.f.l. 40 iliac 13.9 (112%) 11.3 (81 %) 2.5 (18%) 10.0 100% 

The ct a!·M 16 femoral 8.6 (85%) 1.98 (23%) 6.6 (77%) 43% 
Suneja et al.(.(o 25 coron 3.07 (126%) 2.90 (94%) 0.18 (6%) 

Braden et a1/'7) 30 coron 2.80 (108%) 0.54 (19%) 2.26 (81 %) ---

Baptista et a1. 63 (orans 3.0 (166%) 1.52 (51 % 1.48 (49%) --- 28% 

Diss ~ Dissections, LA Gain ~ Lumen area gain, Plaque Red ~ plaque 
reduction, Pts = Patients, Strer. :::::: Stretching (total area pre-intervention minus 
total area post-intervention), 

ultrasound reconstruction S.j that axial plaque redistribution may occur during 
balloon dilation. Mintz et a1., analyzed 18 segments from 11 patients after 
angioplasty. A vohunetric analysis based on the three-dimensional reconstruction 
of the target segments showed that rather than plaque compression there is axial 
plaque redistribution along the stenotic segment. (2) P1aqlle finctllre and medial 
dissection: Necropsy studies after angioplasty suggest that the major mechanism of 
lumen enlargement is due to plaque rupture and medial dissection ~2.s\ 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 ~3. failure to achieve a 
permanent wall deformation by plaque dissection may result in a higher elastic 
recoil and consequent early restenosis after a initially successful dilation 52.57.SS 
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Nobuyoshi et al ", evaluated 229 patients using prospective angiographic follow
up at day 1 and then at 1, 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 restcnosis are the result of elastic recoil, and do 
not involve an intimal hyperplastic response. (3) \¥fall 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 balloon 
dilation (,3. 

Table 3 shows the relative contribution of the different mechanisms of lumen 
enlargement after PTCA in our own experience, and in published studies M·67 

where reus was performed before and after intervention. Discrepancies are 
clearly seen with regard to the relative contribution of the different mechanisms 
among the studies. At one extreme, Braden et al (,7 suggest that wall stretch 
accounted for 81 % of the gain in luminal arca as compared to 6 % in the study of 
Suneja et al ". Arterial wall dissections are a frequent finding after PTCA '-'-'''. 
However, because lVUS catheter can "stene' 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 ce. In their study, plaque 
rupture was responsible for 10.0 mm2 of the 13.9 tnm2 increase in luminal area 
after intervention. In another study, Potkin et at ~J examined 29 patients using 
ICUS before or after successfully balloon dilation. After dilation, dissections were 
seen in 270/0 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, 
occurred 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(,S-6'J. 
Soft lesions may be more prone to elastic recoil. whereas large calcific lesions may 
predispose to more severe dissections aftcr balloon dilation, or rcsult in a lower 
luminal gain after directional atherectomy. Thereforc, 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, localized thrombi or coronary dissections in 
the majority of the patients '" alld are difficult to predict by contrast angiography. 
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Figure 4. 
After a mcesifid a/heree/omy, [GUS identifies fl sigllijic{wt residlla! plaque bllnlm. Note the presence of d 
cut (arrows) 1ft the ellt! of {( Cdlcifle 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! Of calcification, the use of intravascular ultrasound 
may help in predicting and avoiding these complications. In cases of very 
eccentric lesions, directional atherectomy Of 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 dissection may begin, avoiding the use of high 
pressures in lesions of presumed high risk morphology". After dilation, 
quantification of residual plaque burden may help in the choice of alternative 
strategies for improved final results. 

AtherectolllY 
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 73. 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 74-7S, increasing the extent of plaque removal and 
luinimizing deep vessel wall injury. 
Among the angiographic predictors of failed atherectomy, the presence of calcium, 
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mainly in a superficial location, is one of the most important. In our experience, 
IeUS is more sensitive in detecting plaque calcification than angiography. Similar 
results have been reported by other groups (,1.71. Leso et al I,') reported the usc 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' 
motphologic featutes (echolucent and echogenic plaques). Mean ultrasound 
estimation of plaque reduction was higher in the echolucent group (72 ± 21 %) as 
compared with the echogenic plaque gtollp. 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 highet lipid 

Figure 5. 
Ultrrlsolf11d imaging 
immediat/y lifter steJJf 
(Ieplayment (AJ and after 
an adjuJJcthle bal/ooll 
di/(ttioll (BJ. Immediat/y 
after stellf deploymellt tbere 
is ({Jl illadequate stmt 
expallSioll, identified also by 
the OV(t! Illmen shape. After 
at/ditioll(t/ bal/oon dilation 
tbere is all jncreased lumen 
arM and fl Jlearly firmlflr 
lumen COllfigUrrltioll. 

and cellular content. 
Also, in selecting patients 

for rotablator therapy, additional infotmation abour 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 77. 

Stellt 
Because of the circular cross sectional area of these devices and their echogenicity, 
these low 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 waU71!, reus guidance 
duril,lg 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 ~II. It was demonstrated that even after a final good angiographic result, 
IeUS 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 7'l. Based on intravascular ultrasound guided stent 
deployment the same group of investigators ~l have optimized stent expansion 
achieving a negative diameter stenosis. \'(Iith this approach, patients were 
discharged without anticoagulation, and did ,veIl 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 (,.1. Because this plaque 
morphology is associated with higher clastic recoil of the vessel wall, the 
alternative use of a stent may decrease the associated clastic recoil. 
During phase [ of the GUIDE trial (guidance by Ultrasound Imaging for 
Decision Endpoints), 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 480/0 
of these patients. This modification was based on the presence of unsuspected 
dissections, heavy calcification prior to directional atherectomy and large residual 
plaque burden after athercctomy leading to an upsizing of the atherectomy 
deviceHl

• 

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 
long term limitation is not yet fully understood, but factors sllch as plaque 
composition, the amount of endothelial and medial damage s.l, elastic recoil 'i\ and 
residual stenosis after balloon dilation s4 may have a role in the development of 
clinical restenosis. 
Although angiography can quantifY elastic recoil and indirectly derive vessel wall 
damage from the acute gain after intervention W,M,~\ the influence of plaque 
composition or the mechanism of lumen enlargement in the restenotic process 
can not be accurately determined. Several studies ('l,H(. suggest that Ieus can 
identifY patients with increased risk of subsequent cardiac adverse events after 
balloon dilation. In the pioneer studyof 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 non calcific lesions. These studies 
suggest that ultrasound imaging may predict the likelihood of restenosis more 
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accurately than angiography, based on the morphological plaque patterns after 
balloon angioplasty. Recent data ~7 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/uminal area during the 6 months follow
up period. No restenotic lesions are associated with a smaller residual plaque 
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 data, a prospective multicenter triaC the Post 
Intracoronary Treatment Ultrasonic Result Evaluation has been started in 
Netherlands with the purpose of relating I CUS 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 
Ieus measurements to guide inrerventional 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 S4,8~,~Il.')I. 

This may assist in improved device selection for a particular lesion S4. Combined 
echo-atherectoluy 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 clinical 
practice for a better understanding of coronary artery disease. 
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Introduction 

Although coronary angiography is srill 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. Coronary angioscopy, which can be used during 
percutaneous coronary interventions and provides a more accurate picture of the 
luminal aspect of the vessel, has been shown to be complementary to 
angiography,l We review some of the contributions that coronary 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 
syndromes 

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 thrombosis2~~ 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. 4 found that coronary thrombus 
is common in patients with 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 culprit lesion has 
facilitated further progress in this field." Differences in the yisual characteristics 
of thrombus have been reported in unstable angina and myocardial infarction. 
Mizuno et ai.' reported that 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. Conclusions on the pathological substrate giving 
origin to thrombosis have also been drawn from angioscopic examination. 
Xantomatous plaques have been identified particularly in patients with myocardial 
inf."ction,' providing additional support to the hypothesis that plaque rupture 
leading to myocardial infarction often happens in weakened lipid-rich plaques." 

Although coronar), angioscopy has pla),ed 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 b)' the cardiologist, without the 
assistance of a cardiovascular pathologist. As discussed above, the sensitivity of 
angioscopy in detecting thrombus probably relics on the existence of substantial 
chromatic differences between red thrombus and the arterial wall (Fig. I). 
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Figure 1 
Allgioscopy 0/ {{ stenosis ill the mid/eft ({maior descmding coront1Jy tlTtery ill tt patient wi,h post
injflrrtioIJ Ilngina pectoris. A//bough the ttllgiogmphk morphology of the Inion (A) does 1101 sug~est the 
presence O/l'Orollflry thrombus, fwgioscopy (8) rCllm!s Il/arge area aiu/art/lion mit/thrombus which C(t1/ 

be clet1r/y dij]ereJJti(tted from the wbile INunda,. wall Note the heterogeneity of the thrombm, with white 
arens thtlt may correspond 10 jhlgmenff ofth,'jibrolls Ctlp, deposits o/plttte/et-rith thrombus or arMS of 
thrombotic organisation. 

Figure 2 
Jmmcorollttly imaging ;11 fl pafiem with rmstrtb/e l111gi1/(( peaoris. A g/obular mass Ihllf resembles tl 
platelet rich thrombus was (,llident during fllJgioscopic t;\'amiufltioIJ (A). HOIlle/lcr, amcommitanf 
eXllmindtioll with imYtlllflSwlar u/trrtSOf{l1r1wK,(eSfS tbtlt this structure harlll modertltely b~'(b ecbogenicity, 
SIlg,gmiJJg tbtlt l!iSUfl/iw/ struc/ttre Wits more likely to hlwe It fibrol'lllciftc SUbSt1"llfe (B). 
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Figure 3 
Corollmy tlngioscopy during intrtlCOroHIUY 

thrombolysis. During (Orolldry (wgimcopy of 
tl major ob/lISc marginal brlll1ch il1 tl pdtiellt 
presenting with UIISttlble dngilla, the lIessel 
lumen was found to be obstructed by It red 
thrombus (AJ. All il1jilSiol1 a/urokinase (lidS 
sfrtrted through the flushing port of the 
dllgiosmpc fllld regular visllalisation a/the 
lesion /lJdS performed. After 250.000 
urokilltlSc units lUere gitlell, tl mbSfIlJltial" 
reductioJ} in the amount of red materitll 
present became fllidenf (B). Further 
administrtttioll of 100.000 ullits yielded 
complete dissappetmmce of red thrombus (C) 

tlml marked ttJJgiogmphk improvement. The underlyillg lesioll WIlS t1 grayish lesioll with irregular 
borders SIIggesting plaque ulceration (Courtesy o/Dr Amon; Serra, Hospi/ft! Clillil~ BnrcelOltd, SplliJl). 

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 byangioscopy 
in animal models.3.,) 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 significantly in colour from other structures. In addition 
to this, it is weH 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.lJ,14 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 srudy (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 f.,ilure 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), I~,I(, multiple randomized trials have ['tiled in showing any clinical 
benefit of thrombolytic treatment. I? 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,9.lx will be more 
frequently used in the catheterisation laboratOlY in the near future. This might 
facilitate not only the selection of candidates for thrombolysis based on a nlore 
specific detection of thrombus, but also a luore objective assessment of the success 
or failure of thrombolytic therapy. In a recent v;,rork, Inoue et al. 19 have reported 
on the success of systemic thrombolysis based on angiogl'aphic and angioscopic 
criteria. Residual thrombus was disclosed by angioscopy in 50% and 100% cases 
with TIMI reperfusion grades III and II respectively. In addition to the assessment 
of its efficacy, angioscopy may playa more participative role in coronary 
thrombolysis, facilitating the delivery of high concentrations of thrombolytic 
agents through the flushing port of the angioscope while assessing lysis (Fig. 3). 
Likewise, the effect of novel non-pharmacological thrombolysis such as that 
performed with ultrasonic devices, ll! 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 percutaneous 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.2

1.22 

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. V 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 rccanalisation 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 angioplastyl~,6-27 and new interventional devices.l~.21\-Jn 
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 
disruption, thrombus and subintimal hemorrhages. 31 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 dehiscence 
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. J2 Several reports based on experill1entajtx~u and clinicap~3s 
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 arc scarce,2~,U it is likely that this 
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Figure 4 
Vessellllft// dismptiol1 after ballooll 
dildttltiol1. (A) Corm/my flllgioscopy rel'ett/ed 
a large plaque splif from which (111 et(r;c of 
lifted plaque extends Ollt o/the field Ofl1isioll 
of the dl1giosrope. (B) TIme chdnges 
corresponded to tl !ttrge cirClfmfirential 
dissection tbtlt /lifTS widen! during 
intrtwt{sm/ar uftmso{{lld imaging (arroUls) of 
the same vessel, find clmr/y resemble those 
found ;11 rt dijfirent pdlil'lJ! who died afirr 
bltl/OOIl di/flft1tioll, showi1lg split dm! 
cirmm/ercntial dehiscence oJthe 
atheromatotfs plaque tiS tl (omeqtlence of the 
procedure (e). 

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 llsed 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 that may explain why the 
reliability of quantitative coronary angiography decreases significantly after 
percutaneous interventions.Kt) 

A proportional relation between the extent of vessel wall InjUry and the 
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subsequent loss of luminal dimensions has been suggested . .fll • .fl 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. 21I

,zr..3
11 The relation between wall injury and 

lining coronary thrombosis has also been proposed as a key factor in the 
development of neointimal proliferation,43 and has been suggested as the cause for 
the high restenosis restenosis rate associated to percutaneous interventions 
performed in unstable patients. 4i As shown by den Heijer et a1./9 angioscopy 
demonstrates coronary 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 
QUrt11tiMtitle ,mgiogrttphic mudysis (A) after 
deplo),cmmt oj a Palwar-Schatz simt in thc 
mid left IInterior descending lesion, showing 11 

large discrepmuy (arrow) bctwem luminal 
amI obtained with edge detection (upper 
Cf{l'lle) lind llit/eodemitometric analysis (lower 
wrve), During al1gioscopy a good result WIts 
noted il1 the disMI subunit oJthe sient (B). 
HOUlcver, a large area oj disl'IIpted vessel wall 
(C, I1rfOfw) wtts cvidmt (11 the poillt where 
the two subunits oJthe stmf are articulated 
by a single strut, fidling to provitle adequate 
SCtljfoldi ng. 
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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 
lmuinal size. Preliminary results with the use of a light \vire have recently been 
reported by Spears et al." Other authors have proposed a semi-quantitative 
approach, using the width of the guidcwire 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 angioscopc 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 performed with a 1.8 mm thick fiber optic 
angioscope and reported by Spears et al. in 1983, the technique has undergone 
major changes. Today's angioscopes arc 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 flow. 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 arrhythmogenic potential. Oxygen
carrying solutions may facilitate longer visualization times during 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 ainled 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 obtained 
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 fibers 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.4S·47 

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 (omposition OlI the remits and 1nuhtlllisms of 
ballooll allgioplnslY, IIlillg qllanlilnlive angiography IIl1d illtrneoronill] IIllrnsolllld. 

BaC/lgl'01t1ld 
Limited illformatioll is provided by nngiography cOllcernillg Ihe plaqlle morphology alld compolilioll 
before balloon aligioplnslY, Idelltificatioll of plllqlle; nssocillied lVith redllced Illmillill gllill or high 
complicrttioll rate may provide the rational for using alternatil!e relJflSCUfari:z.atioll delJices. 

Methods 
Sixty-three plltielltl lVere IllIdied lVith qllalltilnlive IIl1giogrnphy (llid il1lraeorolillry IIltrnsolllld before 
IIl1d fljier ballooll dilatioll. Angiogmphy Will llsed to mMillre trnlilient lVllllltretch IIl1d elnslic recoil. 
JlltmcorOllrlry u!trmound wm med to hWfstigate the mechanisms of lumen enlargement allIong 
difforenl plaqlle compolitions alld ill the presence ofll diletlle-free wall (millimlll thickness ~ o. 6 111m) 

Rest/lts 
Angiography IIndereslimllted the prelellce of IlCssel CIIlcifiCillioll, (I7% "I. 76%) IlIlI1ell eccenlricity 
(38% vs. 65%) alld wall dilieClioli (37% vs. 56%) as comp"red wilh lIitrnlolllld. Bllllooll 
allgioplnsty illcrellsed Illmell IIrM frOIl1 1.81 ± 0.491111112 to 4.81 ± 1.39 m1l12. Lnmen enlllrgemellt 
lVrlS the result of the combined eflect of ({Jl inaeme il1 the totrtl cross-sectio1Jal aret{ of the vessel (fUll!! 
IlrelChillg, 43%) alld of II redllction of the IIreil oCCllpied by the plllqlle (plllqlle comprellioll or 
redillriblliioll, 57%). VelieiS lVilh a dilMse free willi hlld Imaller IlIlI1ell gllill liS compllred with other 
type; of plaqllel (2.16 ±1.23 1111112 "s. 3.57 ± 1.50 1111112 mpecli"eiy, p < 0.01). \'(Iall Itretchillg IVIII 
the most importtlllt mechanism of lumen enlargement in lItsse!s with tl disemeJree wall (65% lIS. 

39% ill Ihe other ensel). Allgiogrflphy revetllet! a direct correlillioll belween tempornry slrete/; alld 
elastic recoillhat Will responsible for 25% oflhe lOIS of the potentialllllllell gllill. 

COl1cillsiOllS 
Lllmen mlargemellt nfler ballooll IIl1gioplllll)' il the coli/billed resllil of lVall slreteh IIlId plaqlle 
compression or redistribution. ImYdCOrOl1rlry ultrasound indicates that plaques with fl remnant arc of 
diletlle-free willi lire dilated IIIl1illly by wallilretchilig as colllpilred wilh other type,- ofplaqllel alld lire 
llisocillted with a Imaller IIIII/illill gllill. COllleqllelitly, idelllificiltioll of thil partimlar plllqlle 
1II00phoiogy IIIlIy provide the fIlliolllll for I/;e lIIe of IIltemative devices Illeh liS directional atherectomy 
or stellls. 
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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'·'. 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 walp-4, the magnitude of the 
elastic recoiP and chronic vessel wall remodeling(, and can not be accurately 
predicted by angiography7. 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')·]U, interventions aimed to increase 
the acute minimal lumen diameter, may result in a larger long-term vessel 
dimensions W

-
12

, 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 alternative devices for a particular lesion. 
Intracoronary ultrasound provides a unique opportunity not only to igentifY 
different plaques composition lH

\ but also different mechanisms of lumen 
enlargement during balloon angioplasty'. 
The aim of our study was to evaluate the influence of plaque morphology and 
COfllposition on the mechanisms of lumen enlargement following balloon 
angioplasty, using quantitative angiography and intracoronary ultrasound. 

Methods 

Study patiellts 
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 II B, III B and II C and III C in the Braunwald 
classification)l\ 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 corollary tlIlgiogl'tlpby 
All 35 mm films were analyzed using the Cardiovascular Angiography Analysis 
System II (CAAS II, Pie Medical, The Netherlands). The automated edge 
detection of this system have been validated and described in detail elsewherc1{>-lx. 
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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 symmetricallesiol1 has a value of 1 and a severely eccentric lesion 
has a value of zerol~. 

Dissectiolls, wall stretch alld elastic recoil 
Dissections were evaluated according to the modified classification of the Blood, 
Lung and Heart Institutes l<J.2(]. 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 atltegrade 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 lumen diameter after balloon 
dilation, normalized for vessel size. Elastic rceoil l

] was defined as the difference in 
minimal balloon diameter and the minimal lumen diameter following coronary 
angioplasty, normalized for vessel size. 

Ult1'flsouud study 
Before and after coronary interventions a 4.3 Fr mechanical 30-MHz intravascular 
ultrasound catheter (INSIGHT "3" ultrasound system, CYIS, Sunnyvale, Cali£) 
was introduced along a 0.014 inch high torque floppy guide wire. The catheter 
was advanced distal to the stenosis and a slow manual pullback or (last 22 
patients) motorized mechanical pullback at 1mmls 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-YHS videotape. 10 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 pullback manoeuvre along the 
stenotic segment was used to dassif)r plaque composition according to their 
ultrasonic appearance13,22-2J as follows: 
Plaques with 101(} echogenicity {"Soft plaques''}: More than 75% of the plaque area is 
composed of tissue with echo density less than the reference adventitia. 
Plaques with high echogfllecity ("Hard plaque/): More than 75% of the plaque area 
is composed of bright echoes, as bright or brighter than the reference adventitia, 
but without acoustic shadowing. 
DiJ!ilse calcific plaques. Bright echoes within a plaque with acoustic shadowing and 
occupying more than 180 degrees of vessel wall circumference. 
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Plaques witl! a mixed echogenicity. When there occurs a combination of difterent 
types of plaque composition. 
Additionally, vessel dimensions were rneasurcd as follows13

: Lumina! area (LA), 
integrated area central to the leading edge of the intimal echo; External elastic 
membrane ared (EEM-A), integrated area central to media-adventitia imcrf.'lcc; 
Plaque plus media area (P+M-A), difterence 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 stretch or Amte lIessel dilation (t. HEM-A), diHerence in external 
elastic membrane area before and after intervention; Plaque reduction (t. P+lvI-A), 
difterence in plaque plus media area hefore and after intervention. IVUS 
eccentricity index was obtained dividing the minimal plaque thickness for the 
maximal plaque thickness. A plaque was considered eccentric when the 
eccentricity index calculated as the minor diameter divided by the major diameter 
was"; 0.5. A plaque was classified as having a disease-free wall when the plaque 
minimal thickne .. -'\$ was S 0.6 mm, irre.o;;pectively of its eccentricity (Figure 1) 

Variability Of the IIltrasoulld deterll/illed illmell dimellsiolls 
We have previously reportcd14 the correlation of ultrasound luminal dimensions 

Figure 1. 
Left pil/lel. flll example old Ilay 

cOllcentric ;"[que; Right ptlllel, 
It Ilery (eemlrit-' plaque with tl 

re1l1111111t flrc ofdiS((uejl-ee /lldll, 

with circular phantoms 
and human coronary casts. 
The correlations coef
ficien t and mean 
differences ± so between 
ultrasound measurements 
and coronary luminal areas 
of the casts were 0.90 and 
O.63±0.71 ll1m2 and for 
circular phantoms 0.99 
and -O.OS ± 0.39 mm2, p 

~ 0.012. In 40 patients studied hetore and after balloon angioplasty, we found a 
good correlation (r ~ 0.86, Y ~ 0.37 + O.95x, SEE ~ 1.06) hetween observers for 
the minimal cross sectional area measurernents at the stenotic site1S

. The mean 
diHercnce of the measurements of allicsioll cross sectional areas by hoth observers 
was 0.61±1.05 ll1m2 and was statisticallysigniticant (p < O.O(JOl). 

Tears alld dissectiolls 
Tears or fi'acturcs were def-tned as an demarcated, focaL superficial break in the 
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linear continuity of the plaque that extended only in a radial direction 2~. 
Dissections were defined as demarcated ruptures of the plaque with 
circumferential or longitudinal involvement of the internal elastic membrane n. 

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

Table 1. Patient and target lesion 
characteristics prior to balloon dilation. 

Demographics n~ (%) 
Age (mean ± SO) 5919 years 
Sex 

Male 
Female 

Angina type 
Stable 
Unstable 

Vessel treated 
LAD 
LCX 
RCA 
SVG 

IVUS characteristics 
Soft plaques 
Hard plaques 
Diffuse calcific 
Mixed plaques 
No calcium 
Calcium 

53 (84%) 
10 (16%) 

27 (43%) 
36 (57%) 

27 (43%) 
14 (22%) 
19 (30%) 
3 (5%) 

29 (46%) 
1 (2%) 
4 (6%) 

29 (46%) 
15 (24%) 
48 (76%) 

after the procedure and were 
fully anticoagulated with 
heparin, so that the activated 
clotting time was over 300 
seconds. Selective coronary 
arteriography was performed 
in multiple matched views 
before and after the coronary 
interventions. Mter the passage 
of a 0.014 inches guide wire 
across the target lesion, 
intravascular echocardiography 
was performed with the 
guidance of a fluoroscopic 
window and multiple contrast 
injections. This assured proper 
comparison between 
ultrasound, and angiographic 
images. Coronary angioplasty 
was performed according to 
standard practice. 

Statistical f11lf1lysis 
L.. __________________ ~AIl continuous variables were 
expressed as mean ± so. 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 target 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 
reus concentric 18 6 24 
reus eccentric 
Total 

23 
41 

16 
22 

Angio ~ contrast angiography; reus ~ intracoronary ultrasound. 

39 
63 

at the target lesion as compared with ultrasound (11 patients,17% vs. 48 patients 
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. 

Allgiogrnphic 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 balloon was 1.12 ± 0.25. Transient wall stretch 
during balloon inflation was 0.67 ± 0.25 of reference vessel size. Following 
balloon 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 directly 
correlated with relative elastic recoil (Y ~ 0.281x + 0.064, r2 ~ 0.172, P < 0.005). 

Ulh'llsoll1Jrl1llenSlIl'emeufs 
Table 4 shows ultrasound measurements before arId after angioplasty. After 
balloon dilation there was a significantly increase in lumen area fronl 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 mm2, 43% oflumen gain). Plaque composition did not seem 
to influence the magnitude of lumen gain after balloon dilation (2.73 ± 1.36 
mm2 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 lunlinai gain and the 
mechanisms of lumen enlargement following balloon dilation. The presence of a 
disease-free wall was associated with lower lumen gain following intervention 
(2.16 ± 1.23 mm2, disease-free wall vs. 3.57 ± 1.50 ll1l112, 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 (I.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) 2.86±o.65 2.89±o.61 0.06 ns 
Reference CSA (mm2) 6.75±3.13 6.84±3.32 0.09 ns 
Stenosis MLD (mm) 1.10±o.43 2.0 1±o.47 0.91 <0.0001 
Stenosis CSA (mmm2) 1.09±o.92 3.34±1.60 2.25 <0.0001 
% Diameter stenosis 6l±15 30±13 31 <0.0001 
% CSA stenosis 82±15 49±19 33 <0.0001 
Eccentricity index 0.59±o.25 

CSA, cross-sectional area; tvfLD, minimal lumen diameter; PTCA, 
percutaneous transillminal coronary angioplasty. 

Table 4. Ultrasound dimensional measurements. 

Measurements (mm2) Pre-PTCA Post-PTCA A p value 
Reference LA 8.71±3.46 8.84±3.24 0.13 ns 
Stenosis LA 1.81±o.49 4.81±1.39 3.00 <0.0001 
Stenosis EEM area 16.18±4.92 17.46±4.86 1.28 <0.0001 
Stenosis P+M area 14.36±4.95 12.64±4.55 1.72 <0.0001 
% Plaque area 87.7l±5.06 71.43±8.63 16.28 <0.0001 
Eccentricity index 0.43±o.21 

EEE, external elastic membrane; LA, lumen area; PTCA, percutaneous 
translmninai coronary angioplasty. 

contrastecr,vith- the--In-eclianisms---oT1tiinen--(;nlaiie-ment \vllcn--ihere \vas not a 
preserved arc of normal wall (wall stretch 1.41±1.80, 39% of luminal gain, plaque 
compression or redistribution 2.16 ± \.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 angioplasry as compared with concentric plaques (3.00 ± 1.65 lllm2, 
eccentric plaques vs. 3.02 ± 1.33 mm2, concentric plaques, ns) and comparable 
mechanisms of lumen enlargement (wall stretch 1.36 ± 1.70 mm2, 45% of the 
luminal gain, eccentric plaques vs. wall stretch 1.42 ± 1.69 mm2, 47% of the 
luminal gain, concentric plaques), 

L1Ime1l mOlphology after ballooll dilatioll 
Table 5 shows thc concordance between intracoronary ultrasound and 
angiography for the detection of dissections (Table 5) after balloon dilation. 
Intracoronary ultrasound detected dissections lllore frequcntly than angiography 
(35 patients, 56% vs. 20 patients, 37% respectively, p~O.OI). 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 
A----~=----, 

DFW No·DFW 

ECC CONC 

Figure 2 (top) and 3 (bottom). 

DFW No-DFW 

I ilEEM-A 

o ilP+M-A 

1:: a~li53 ....• · .. ·.f 

60·· • ilEEM-A 

m ilP+M·A 40 

ECC CONC 

Top, influence o/a diserlsefYet' wdll (DF\V) 011 the lumillol gain (top lei}) and ollthe mechanisms of 
lumen enlargement (/op right) after bttllooll dllgiopltlSty. Bottom, influence o/p/aque eccentricity 011 the 
gain dud on the mechanisms a/luminu/gain following ImgiopitlSty. Note thltt its the presence of tl dif(({se
free wall tlnd /Jot plaque eccentricity 'hrtt determines the magnitude of fbe luminal gain following 
bttl/oon dilation. 
(Eee eccentric plaque, CONe: cOJJcentric plnque). 

dilation soft plaques as compared with other morphologic plaque compositions 
were associated with a lower dissection rate (soft plaques 13/29, 37% ys. 22/34, 
63% in other types of plaques, p=O.006). The presence of calcium in the plaque 
was not a predictor of vessel dissection after angioplasty (calcific plaques 28/48, 
58% ys. 7/15, 47% no calcium, ns). Ultrasound determined plaque eccentricity 
was not associated with a higher likelihood of developing dissection after balloon 
dilation (eccentric plaques 24/41, 59% ys. 11122, 50% concentric plaques, ns). 
There was a trend towards a larger luminal gain as evaluated by ultrasound when 
dissections were present after angioplasty (3.27 ± 1.68 mm2, dissection vs. 2.72 ± 
1.35 mm2 no dissection, ns). 
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Table 5 • Concordance between inlracoronary ultrasound and contrast 
angiography for the detection of dissections. 

rcus smooth 
ICUS dissection 
Total 

Angio smooth 
24 
19 
43 

Angio dissection 
4 
16 
20 

Total 
28 
35 
63 

Angio = contrast angiographYi Jeus intracoronary ultrasound, Angio 
dissection = dissection class type B or higher; IeUS dissection:::: tcar Of 

dissection. 

Discussion 

Until recently, the mechanisms of lumen enlargement following balloon 
angioplasty were mainly derived from necropsy. animal models or in-vitro studies 
17-.31, 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 ratc of extensive dissections when compared with survivors. Animal 
studies of induced atherosclerosis, have a preponderance of soft young plaques, 
different from the more heterogeneous plaque composition found in in-vivo 
patients and therefore different mechanisms of lumen enlargement may operate Jl, 

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 l .

1
, 

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·u, Because of the potential impact of undetected vessel calcification and 
eccentricity on the outcome of some revascularization techniques such as laser and 
atherectomyH.3'i ultrasound guidance may be of considerable help in the selection 
of the most appropriate revascularization device, Also importantly the 
angiographic unsuspected residual plaque burden.lr., 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 p1'evious studies 
Although the first described mechanisms of lumen enlargement was plaque 
compressionJ7~J9, necropsy studies identified plaque dissection as the most 
significant mechanism-HAn. Only recently, intravascular ultrasound was used to 
elucidate the mechanisms of lumen enlargement following balloon dilation in 
viV041-4J • In peripheral arteries, dissections were reported in a high percentage and 
were selected as the most important mechanism of vessel enlargement secondary 
to neo-Iumen formation41 , However, the relative contribution of this nlechanism 
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 560/0 of the patients and an irregular lumen contour compatible 
with small intimal tears in more 350/0 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 dilation". It is possible that plaque fracture is an prerequisite to achieve 
acute wall dilation, as it has been suggested by necropsy32 and ultrasound studiesM

• 

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 discern able dissection. respectively 3.27 ± 
1.68 mm2 vs. 2.72 ± 1.35 rnm2. In addition. Honye et aI.' 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:H 

who identified wall stretch as the major responsible (77% of the lumen gain) for 
the lumen gain or those of Suneja et al:i2 who reported plaque reduction as major 
mechanism of angioplasty (94% of the lumen gain). These discrepancies in the 
mechanisms of balloon dilation mal' be in part the result of different plaque 
morphologies. Although permanent wall stretch is an important mechanism of 
lumen enlargement. angiography identified that 25% of the potential lumen gain 
was immediately lost after balloon deAation 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 others4

{,. The poor correlation between angiographic and 
ultrasound lumen dimension after angioplasty47 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 lise 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 fi.uther analysis of recoil as a fi.tnction of plaque composition. 
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Figure 4. 
An example o/a UNtil 

dissection occurring rtf the 
frtlllSitiOJJ of the !lomMI 

lUltl! with the f1therOnld. 

Illjluellce of plnque compositioll nlld tbiclwess Oil the "esults of bnllooll 
diintioll 
Necropsy studies have indicated that eccentric lesionswith a disease-free wall arc 
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 
Jnechanisms of lumen enlargement 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 related 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 phenomcna4

? and higher clastic recoilslI
, 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 vasonlotor tone. These data are in 
disagreement with necropsy data showing larger lumen gains after angioplasty 
were observed in eccentric plaques4H

• It should be pointed out in postmortem 
analysis that balloon 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~l at 
transitions between normal wall and atheroma~.l Of near deposits of calciumH• OUf 

date did not clearly identi~' 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 
fractures is underestimated by ultrasound in the coronary arteries44 , 

Conclusions 

Intracoronary ultrasound provides a more detailed information concerning plaque 
composition and morphology as compared with conttast angiogtaphy 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 stel1ts or directional atherectoffiY may be 
selected on these lesions to improve the immediate and eventually the long ternl 
results of coronary interventions. 
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Abstract 

Objectives 
The purpose of this study was to assess the dual actio II of elliargemellt of the lumen alld dalllage of the 
vessel /Vall following either balloon angioplasty or directional atherectollly, using intracoronary 
ultrasound, and {lIIgioscopy. 

BIlckgl'o1l1zd 
Differences in mechanisms of action of balloon tlugiop/asty find directioJlal alheree/omy JJlay have a 
significant bearing on either the immediate olltcome rllId the 6 months resfenosis. 

Methods 
A total of36 patients were studied before and after either bal/oon angioplllSty (n=18) or directional 
athereclolllY (n=18). Ultrasound lIIeasurelllents illcluded changes in lUlllen area, external elastie 
membrane area and plnque burden. [n addition, the presenee and extent of dissections /Vere assessed to 
derive tl damage score. Angioscopic msessment of the dilllfed or atherectomized stenotic lesions flIflS 

trrms/tlted il1/0 semi-quantitative disseffioll, thrombm find hemorrhage scores. 

Results 
AtherectolllY patients had a larger angiographic /lessel size cOlllpilred with the angioplasty group 
(3.55±0,46 mill /Ii. 3.0o±O.M mill, p<0.05), howe/ler millimallulllen diameter (1. 18±0.96 111111 
/IS. 0.85±0.49 111111) and plaque burden (17.04±3.69 /Ii. 15.23±4.92 1111112) measurelllellIs did not 
differ sigllificantly. Ai a reSilIt of plaque reductioll, at/mectolllY produced a larger illermse in luminal 
area compared to the angioplasty group (5.8o±l]8 1111112 /Ii. 2,44±1.36 IIl1ts2, p<O.OOOI). LumeJl 
increase after augioplasty was the result of "plaque compression" (50%) alld wall stretching (50%). 
Additionally, in both groupi there was illdirect angioscopic widenee of thrombus ',nicroelllbolhlltion" 
as an nrljunetille mechanism of IUllleJl eniargelllent. Allgioscopy identified big flaps in 6 alld small 
intilllal flaps in 11 of the atherectolllized patients as cOlllpared with 5 alld 12 patients in the 
angiop/asty group. Changes ill thrombus score following both coronary in/erven/iollS were identical 
(0]2±3.42 points athereetomy Iii. -0.38±3.27 poillts balloon "ngioplasty, m). 

COl1C/lISiol1S 

Lumen enlargement after directional atberectomy is mainly achieved by plaque rellloval (87%), 
tvhereas balloon dilation is the resull of vessel tvall,tretching (50%) alld pi "que reduetiou (50%). 
Despite the foct that the luminal gain achieved by directiollal nthereetomy is ttvice as linge as tvith 
balloon angioplasty. the extellt oftraulIla induced by both techniques seelll' 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 either balloon angioplasty (PTCA) or 
directional atherectomy (DCA) are derived from necropsy studies 1-') and just a few 
use ultrasound for an in vivo estimation of these mechanisms In-I", Therefore, the 
mechanisms underlying the dual action of enlargement of the lumen and damage 
to the vessel wall in vivo are yet not fully elucidated. 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 restcnotic process is proportional to the amount of 
trauma inflicted to the vessel wall 20_14 therefore it is appealing to identif)r new 
prognostic markers 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 
angioplasry or DCA, on plaque volume and coronary lumen (10-19), as well as 
changes of the intimal surface IS .. U. This previously irretrievable information in 
vivo may facilitate insights into the mechanisms of DCA and balloon angioplast:y. 
The purpose of this study is to assess the mechanisms of balloon angioplast)' 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 patiellts 
The study population consisted of 36 patients ( 31 men and 5 women with a 
mean age of 59±9 years) who underwent elective coronary balloon angioplasry 
(n= 18) or directional atherectomy (n= 18). Fourteen patients presented with 
unstable angina (class II B, III B, II C and III C, in the Braunwald classification) 
33, and 22 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. 

Qualltitative CO/'O'M'Y allgiography 
All 35 mm films were anal)'zed using the Cardiovascular Angiography Analysis 
System II (CAAS II, Pie Medical, The Netherlands). The automated edge 
detection of this system have been validated and is described in detail elsewhere'" 
3~. 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 a value of 1 alld a severely eccentric lesioll 
has a value of zero 
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Allgiogl'flphic detel'mi1led dnlllnge 
Since it has been shown that the relative loss in minimal luminal diameter at 
foHow-up is proportional to the acute relative gain .l~-BJ ,ve 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 44. 

4~, 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 cxtravasion 
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 46 was defined as: (device cross sectional area minus 
lllinimal lumen cross sectional area pre-intervention) divided by reference cross 
sectional area before intervention. Elastic recoil 4(' 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. 

U/t1'l1sollJld device 
Before and after coronary interventions a Inechanical 4.3 Fr intravascular 
ultrasound catheter (INSIGHT "3" ultrasound system, CVIS, Sunnyvale, CAl 
was introduced through a 0.014 inch high torque floppy guide wire. The segment 
comprising the stenotic lesion was examined over its entire length using side 
branches as landmarks and the images were recorded on S-YHS 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 lIsed to classify plaque composition according to their 
ultrasonic appearance 47·~!I as foHows: 
Soft plnques : More than 75% of the plaque area is composed of tissue with 
echodensity less than the reference adventitia. 
Fibrous plnqlfe£ More than 75% of the plaque area is composed of bright echoes, 
as bright or brighter than the reference adventitia, but without acoustic 
shadowing. 
DiffilSe calcific plaques. Bright echoes within a plaque with acoustic shadowing and 
occupying more than 180 degrees of vessel wall circumference. 
Mixed plnqlfe£ :When there occurs a combination of different types of plaque 
composition. 
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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 
interface; Plaqlle pills media area (P+M): difference between external elastic 
membrane area and luminal area; AClIte (Jesse! tlilatioll difference in external elastic 
membrane area before and after intervention. In the presence of calcific plaques, 
the contour of the external clastic 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 1Iltl'flsolmd determi1led //l1JJeIl di1JJellsio1ls 
We have previously reported ~! the correlation of ultrasound luminal dimensions 
with circular phantoms and human coronary casts. The correlations coefficient 
and mean differences ± so between ultrasound measurements and coronary 
luminal areas of the casts were 0.90 and 0.G3±0.7J mm2 and for circular 
phantoms 0.99 and -0.08±o.39 mm2, p~0.012. In 40 patients studied before and 
after balloon angioplasty, we found a good correlation (r~0.8G, Y ~0.37 +0.95x, 
SEE= 1.06) between observers for the minimal cross sectional area measurements 
at the stenotic lesion 52. The mean difference of the measurements of all lesion 
cross sectional areas by both observers was 0.Gl±l.05 mm2 and was statistically 
significant (p<O.OOOl). 

Ultrasollic dalllage scol'e 
Tears were defined as demarcated, focally superficial breaks in the linear 
continuity of the plaque 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 11. 

For the purpose of quantifYing the amount of damage to the internal elastic 
lamina, a ultrasonic damage score was derived: Tears (I point); Dissections 
involving less than 25% of the vessel circumference (2 points); Dissections 
involving more than 25% but less than 50% of the vessel circumference (3 
points); Dissections involving more than 500/0 of the vessel circumference (4 
points). 

Fiberoptic illtracol'ollmy allgioscopy 
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 mllmin. Once the cr),stalloid 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 em. 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 achieve the 
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consenslls of 2 observers. 

Allgioscopic classificlltio1l of vessel trllumtl 
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 
(n=l8) (n~ 18) 

Age (mean ±SD) . ·i;6±ij 58±7 NS 
Sex 

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

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

LAD 7 (39%) 13 (72%) 0.09 
LCX 4 (22%) 2 (11%) NS 
RCA 7 (39%) 3 (I7%) NS 

ICUS characteristics 
Soft plaques !O (56%) 10 (56%) NS 
Fibrous plaques 0 0 NS 
Diffuse calcific I (6%) 0 NS 
Mixed plaques 7 (39%) 8 (44%) NS 
No or focal calcium II (61 %) 11(61%) NS 
Calcium> 25% P+M 7 (39%) 7 (39%) NS 

Angioscopic characteristics. 
Presence ofThronlbus 12 (67%) 5 (28%) 0.05 
Mural Thrombus 10 (56%) I (6%) 0.004 
Protruding thrombus 2 (11%) 4 (22%) NS 

DCA ~ directional atherectomy, ICUS ~ intracoronary ultrasound, LAD ~ 
left an terior descending artery, LCX ~ left circumflex artery, PTCA ~ 
percutaneous 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. \Vall 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 ftequency of disrectiollS detected by ettcb tedmiqllt'. 

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 andlor 
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. 

11lterobserver variability of fIIlgioscopic 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 I 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 Techllique 
During the procedures all patients received aspirin (250 mg) and i.e. 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 result. In this cohort all patients selected for athcrectomy were solely treated 
with atherectomy. 

Histology 
After atherectomy, histological examination of the retrieved specimens was used to 
determine the depth of the wall cut according to the histological identification of 
fragments of the intima, media Of adventitia ~4.~'" 

Statistical al/alysis 
All continuous variables were expressed as mean ± so. The two-tailed Student's t 

Table 2. Quantitative angiographic measurements in the two treatment 
groups 

Measurements PTCA DCA P value 
(n= 18) (n=18) 

Reference MLD- Pre (mm) 3.0010.64 3.5510.46 0.007 
Reference CSA Pre (mm2) 7.40±3.2 1O.06±2.88 <0.05 
Eccentricity index 0.6010.20 0.6610.20 NS 
Stenosis MLD Pre (mm) 0.8510.49 1.1810.96 0.05 
Stenosis MLD Post (mm) 1.9010.58 2.7510.63 0.0002 
Stenosis CSA Pre (mm2) 0.7510.59 1.2510.96 0.07 
Stenosis CSA Post (mm2) 3.09±1.89 6.27±2.70 <0.0001 
% Diameter stenosis Pre 70±18 67±12 NS 
% Diameter stenosis Post 33±17 25±15 NS 

DCA:::: directional atherectomy, CSA :::: cross sectional area, MLD :::: minimal 
lumen diameter, PTCA = percutaneous balloon coronary angioplasty. 

test was lIsed for analysis of continuous data. A chi-square tcst 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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Results 

The demographic characteristics of the patients, the baseline 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 angioplasty group, whereas a higher percentage of left anterior descending 
target stenosis was seen in the atherectomy group. The prevalence 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 significallt difference in the echocardiographic determined 
type of plaque was observed. After intervention, the incidence of thrombus in 
both groups was similar (II patients, balloon angioplast)' vs. 12 patients, 
atherectomy, 11S). 

Table 3. Ultrasound quantitative measurements in the two treatment 
groups. 

Measurements (mm2) PTCA DCA) P value 
(n=18) (n=18 

Reference LA Pre 8.64±2.78 10.31±2.63 0.09 
Stenosis LA Pre 1.73±o.59 1. 96±o.77 NS 
Stenosis LA Post 4.38±1.53 7.57±2.02 <0.0001 
f'.. Stenosis LA 2.44±1.36 5.80±1.78 <0.0001 
Stenosis EEM area Pre 16.96±4.90 19.00±3.78 NS 
Stenosis EEM Post IS.10±4.79 20.28±4.25 NS 
f'.. stenosis EEM area 1.22±2.67 0.73±1.38 NS 
Stenosis P+M area Pre 15.23±4.92 17.04±3.69 NS 
Stenosis P+M area Post 13.n±4.60 12.70±4.17 NS 
f'.. P+M area 1.22±1.78 5.07±2.27 <0.0001 
% Plaque area Pre 89±5 89±4 NS 
% Plaque area Post 74±10 62±9 <0.0001 
Delta % Plaque area 15±S 29±7 <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 angioplast)'. 

Allgiogl'flpbic data 
Quantitative angiographic measurements in both treatment groups are shown in 
Table 2. Patients treated with directional atherectom), had larger reference 
diameters (3.55 ± 0.46 mm atherectol1ly vs. 3.00 ± 0.64 mm balloon angioplasty, 
p<O.Ol,), and larger minimal lumen diarneters at the stenotic sites prior to the 
procedure (1.18 ± 0.46 111m atherectomy vs. 0.85 ± 0.49 mm balloon angioplasty, 
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Figure 2. 
A very eccentric soft plaque before dnd ''.fier tttherectomy. Despite the goorl Imgiogmphic result afier 
intervention, ttlfrttJotmd identified tllJ impor/flJJt residual plaque burt/mlfud (111 If,heree/omy "bite" il1 
the llonJur/ wall. Histology identified components of arlventitia. 

p=O,07), as expected. After intervention, patients in the athcrectomy 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 athcrectomy vs. 0.31 ± 0.20 balloon 
angioplasty, p=O.OI) but a similar residual perccllt diameter stenosis ( 25 ± 15% 
vs. 33 ± 17%, ns). 

Ultrasou1ld data 
Ultrasound derived quantitative measurements in the two groups of patients arc 
given in Table 3. Reference luminal area was also larger with intravascular 
ultrasound in the atherectomy group ( 10.31 ± 2.63 mm2 atherectomy vs. 8.64 ± 
2.78 mm2 balloon angioplasty, p = 0.09). Despite a normal angiographic 
appearance of thc reference segment, thc plaque arca occupied roughly 50% of the 
external elastic membrane area in both groups of patients. After intervention, 
patients treated with directional atherectorny 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 mm2 atherectomy vs. 
4.38 ± 1.53 mm2 balloon angioplasty, p<O.OOOI) and in a smaller perccnt plaque 
area (62 ± 9%, atherectomy vs. 74 ± 10%, balloon angioplasty, p=0.0005). The 
larger lumen gain achieved in the athercctomy group (5.80 ± 1.78 mm2 
atherectomy vs. 2.44 ± 1.36 mm2, balloon angioplasty, p<O.OOOI) was obtained 
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Figure 3. 
Angioscopic appefmmCe 0/(1 plaque facture dnd flt/p, 'Ypimlly occurring after balloon IflIgioplasty. 

by a significantly reduction of plaque (5.07 ± 2.27 mm2 atherectomy vs. 1.22 ± 
2.67 mm2 balloon angioplasty. p<O.OOOI). Thus plaque reduction accounted for 
870/0 of the lumen gain obtained with atherectomy whereas with conventional 
angioplasty lumen gain was achieved in similar proportions (50%) by wall stretch 
(t. EEM) and plaque reduction or redistribution (t. P+M). 
There was a trend towards augmented luminal enlargement and large plaque 
reduction following atherectomy, when the procedure was performed on soft 
plaques rather than on other types of plaques (6.19 ± 1.71 mm2 vs. 5.30 ± 1.87 
1111112, respectively. p=O.34). Plaque composition did not seem to influence the 
outcome of balloon angioplasty. 

Se1lli~qllfllltittttive tlssessmeut of vesselwtlll i1ljury 
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 I 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 II (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, intracoronar), ultrasound detected 
atherectomy "bite" in the obstructing plaque in 15 (83%) patients. Of these 
specimens) histologic examination identified 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. 
rOllr d{ffirem patterns o/dantflge following either btliloon dllgiop/tlsty or directioJlrll o/heree/omy. A :=: 

hemorrhage; B :=: d flltp with ({11 attached red thrombi to its tip; C dnd D :=: disruption of the fibrous Cflp 
with extrusion alyellow 1JItlteria! (lipid) (flU/ thrombus flmlrllioll. 

angioscopic damage score did not disclose any diHerence 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 aftcr 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 paticnts in the balloon group and 6 
patients in the atherectomy group were without thrombus before and after the 
coronary procedures. Plaque composition was not specifically associated with 
development of thrombus or dissections after coronary interventions. 

Discussion 

Mechanisms of action of ballooll fIIlgioplasty alld dil'ectiollal athel'ectomy 
Necropsy srudies after balloon angioplasty suggest that the major mechanism of 
lumen enlargement is plaque rupture and localized medial dissection l.~. This 
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Table 4. Delta damage scores after coronary interventions. 

Scores PTCA DCA P value 

Angiography 
Relative gain (%) 0.3I±o.20 (2) 0.52±o.26 (I) 0.01 

Temporary wall stretch (%) 57.3±24.6 (I) 53.5±13.7 (2) NS 

Recoil (%) 21.0±22.3 (I) 3.5±29.3 (2) 0.05 

ICUS 
Stretch (mm2) 1.22±2.67 (I) 0.73±1.38 (2) NS 

Plaque reduction (mm2) l.22±2.67 (2) 5.07±2.27 (I) <0.0001 

ICUS damage score 2.40±1. 51 (I) 1.30±o.57(2) NS 

Angioscopy 
Dissection score 3.38±2.17 (I) 3.38±1.l9 (I) NS 

Thrombus score -0.38±3.27 (2) 0.72±3.42 (I) NS 

Hemorrhage score 1.47±1.85 (2) 1.77±1.90 (I) NS 

TOTAL 13 points 13 points 

DCA ~ directional atherectomy, ICUS ~ intracoronary ultrasound, PTCA ~ 
percutaneous balloon coronary angioplasty. In brackets are given I or 2 points 
for the comparison of the different damages scores between the two 
interventions (J point ~ higher damage, 2 points ~ lower damage) 

generally occurs at regions of higher shear stress at the thinnest portion of 
atheroma, Of at the junction of atheroma with the normal arterial wall 10-11. 

Although plaque compression may also playa role in vitro S(,.~~, the magnitude of 
this phenomenon in vivo is uncertain 11.(" Nevertheless, three-dinlcnsional 
ultrasound reconstruction ~'.l of human coronary arteries has indicated that axial 
plaque redistribution may occur during balloon dilatation. 
In a effort to overcome some of the limitations of conventional angioplasty, 
directional atherectomy was introduced as a de bulking device with the potential 
of minimizing vessel wall damage, as documented by the s11100th 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 1~.I(,l'l. 

Compariso1l with p,'cviolls studies 
Our data shows that two major mechanisms account for lumen enlargement after 
balloon angioplasty. Acute vessel expansion (L'. EEM) and plaque reduction (L'. 
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 Of redistribution. 
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Figure 5 
Different uftrt1fOtllId patterns o!tmUlnrt to the tJesse/ wtlll following blll/oon dngioplmty. A", telfr (arrow); 
B '" IOdl! r/iJSectiol1 C", thrombi (arrow) 

There are a few published studies addressing the mechanisms of balloon 
angioplasty with quantitative measurements performed before and after 
intervention 13.1(,.(,\ The relative contribution of the different mechanisms yielding 
increased lumen area vary among the different studies. At one extreme, The et al 63 

suggest that wall stretch account for 77% of the luminal gain following balloon 
dilation compared with only 6% in the study of Suneja et al "'. In a previous study 
" 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 lIsed 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. \'\fhether this plaque reduction represents tissue removal or 
plaque redistribution) has not been clarified in this study, since a three 
dimensional reconstruction of the stenotic segment was not routinely performed. 
Nevertheless, other authors M 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 or even disappear after coronary interventions. 
Although we can not exclude multiple instfulnentation of the coronaries as a 
source of microemboli, this is unlikely because angioscopy that 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 supported by necropsy studies {'S. Howevel; 
because thrombus is represented by soft echoes. ultrasound will misinterpret this 
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Figure 6. 
Changes ill the thrombus score with both inttrlfentiollS. Wfhile some pfltiellfs hfWC 1111 incredse in the score 
after interventiollS, others hlllle fl S1Jldl/er thrombotic burden (see text for dismssioll). 

soft plaque reduction as plaque compression. With atherectomy, thrombus 
removal andlor microemholization by dispersion Of dislodgment can explain 
thrombus reduction ~4 Despite the angioscopic presumption of 
microembolization. there were in our patients no clinical symptoms Of 

electrocardiograhic signs suggesting this phenomenon, which has been until now 
rarely reported in the literature 4V". 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 microcmbolization, as suggested by others (,~
m 

Plaque composition seems to have a predominant 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 701

.71. 

Is dil-ectiollal debulltillg less t1'fllllllatic thall dilatioll? 
Sin~e the restenotic process is presumably proportional to the amount of damage 
imparted to the vessel wall 2l.7l-7J, we attempted to quanti£}r vessel wall injury using 
the complementary information derived from different diagnostic techniques. \Y[e 
took advantage of quantitative angiography to determine the relative gain which 
has been established as an unspecific injury index ".43.". 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 nlembrane and media, the intravascular damage score as a measure of the 
trauma inflicted to the internal elastic lamina, and plaque reduction (tl. 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 (,ir 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 .12 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 cincframe 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 
angioscopy. Despite a larger (relative) luminal gain 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 
n7J. However, it should be recalled that thrombus formation is a dynamic process 
evolving over time 7~ and our study only analyzcd 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 arc the result of the cutting mechanism of this 
procedure, evidenced by the fact that dissections were present near identified cuts. 
Mechanical stretching of the media has been associated with smooth muscle cell 
proliferation and change in phenotype 7.1. 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 (UI). Ultrasound damage score 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 2U,76. 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 resrenosis. For instances, restenosis 
following balloon angioplasty may be the result of deep dissections involving the 
media and adventitia inducing vessel remodeling or vessel shrinkage 77-7\ whereas 
after atherectomy cutting into the media with cxposition of deep collagen may 
induce a more aggressive neointimal formation 7." 
Nevertheless, the acute and long ternl outcome of the atherectomy procedure will 

--199--



be dramatically improved once the directional nature can be properly applied by 
ultrasonic guidance incorporated in a single device. 

Limitations 
In this study. the contribution of neD-lumen (intraparietal) formation to the final 
lumen 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 13,14, Due to the small number of patients 
studied so (-u 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 
lumen enlargement by a combination of wall stretch and plaque compression or 
redistribution) directional atherectomy lnainly 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 athcrectomy may be more 
f.wourable than after balloon angioplasty if this debulking technique is fully and 
optimally exploited. 
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Abstract 

Objectives 
The p"rpose of the present stlldy IVliS to lise the cOlliplelllentlll] illfoYIIllltion of angiogrilphy, 
intravascular U/trrlfOIlJIl/ rind illtrflCOrOlf(O)' (l11gios(opy before rlml after directional flfherectomy to 
better characterize the post-atherectomy npperlrtl1lce of the vme/ wall (onform and the mechanism of 
lumen enlargement. 

Backgroulld 
Directiolldl coronary atherectomy lIims lit deblliking IIIther thilll dililting II coronillY artery lesion. The 
seleethle relllovlli of the plaqlle lIIay potentially lIIinilllize the vesse/1V1l1I dlllllilge lind lelld to 
subsequent better late outcome. \flhelha plaque remoVfll ;s the main mechtl11ism of action has only be 
assessed indirectly by angiography and lVanmlts firrther il1IIestigation IIsing detlliled IInalysis of 
luminal chrmges dud lles)'elwall damage by UllrtlSOIlJlr/. fllId dirat visualization with augioscopy. 

Methods 
Twenf)'-six patients hatJe been ilwestigated by qlftl}ltifalilJe rmgiogmph} imrflVtTSm/af ultrnsormd dud 
intraeoronary angioseopy (n=19) before IIlId llfier athmetolllY. In addition allretriellfd spetilllellS 
were microscopically examined. 

Results 
UltrasolllJtI illlaging sholVed 1111 increase inllllllen area ji'O/n 1.95 ± 0.70 1111112 to 7.86 + 2.161/11112 
at IItherectomy. The achieved gain IIIl1inly resllited fi'0lll plaqne rellloval since plllqlle + lIIedill arM 
decreased fi'01ll 18.16 ± 4.471/11/12 to 13.13 ± 3.10 1111112. Vessel /IIal/ stretching (i.e. change in 
external elm/it lamina dren) {fteol/l1lfd for only 15% of lumen area gain. Lumind! gain was IJigher 
in nonCillcified (6.52 ± 2.12 1111112) thall in lesiollS (ontaining deeply located calcilllll (5.19 ± 0.99 
111m2) and 10IVest in sllperficially calcified lesiollS (5.41 + 2.411111112). 
Uitmsolilid imaging identified ilIl IItherectolllY byte in 85% of the cases, /llhile angioscopy ,"vMled 
such r/ aellice in 74%. The comp/elllentmy use o/the 3 techniques rewa/ed till underestimation o/the 
presence of dissection/tMr lind nelV thromblls byallgiogmphy (10% IlIId 4%) and IIltmsollnd imaging 
(12% and 0%) compared /IIith IlIIgioscopy (26% and 21%). 

COllcillsi01JS 
The eOlllbined lise of angiography, IIltrasollnd IIlId allgioscopy reveals thllt the post-athereetolllY 
lumina! /inhzg is not as regt/ltlr and smooth tiS seen by tlngiography. LtfJlziud/ enlmgement with 
atherectomy ;s {{chieved by plaque excision nt/her thon arterial expansion. 
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Introduction 

Directional coronary atherectomy has been introduced as an alternative 
interventional technique aimed at 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) plaque compression. Some of these features of directional atherectomy 
have been assessed in a limited number of angiographic and ultrasound studies 
but a comprehensive appreciation of all mechanisms involved in luminal gain after 
atherectomy has so f.'u 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 14.14. 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 sllccess and late 
outcome. The purpose of this study, therefore, is to lise the complementary 
information of these imaging techniques to describe the vessel wall changes and 
lumen area configuration after directional atherectolllY in order to elucidate the 
mechanism of atherectomy. 

Methods 

Ptltients 
The study group comprised 26 patients who underwent directional atherectomy 
for symptomatic native coronary artery disease (Table I). 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 25, 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 ". All patients had 
a successful procedure defined as an angiographic residual diameter stenosis of 
<500/0 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. 

III tI'flCOI'Ollfll'Y tllt''11S0 tllld 

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, CAl. The catheter was guided 
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by simultaneous fluoroscopic monitoring. Ultrasound gain settings were adjusted 
for optimal visualization of the arterial wall-lumen interf:1.ce 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 "e2.' and comprised (i) plaque composition, (ii) plaque topography, (iii) 

Table 1. Patient and lesion characteristics. 

Age (years) 
Gender (M/F) 
Unstable angina 
Previous infarction 
Previous PTCA 
Lesion location 
LAD 
RCA 
LCX 

AHA! ACC classification 
type a 
type B 
type C 

Angiography 
Eccentric 22 (85%) 
Calcification 0(0%) 
Thrombus 0(0%) 

57±9 
22/4 
14 
4 

17 
6 
3 

3 (12%) 
21 (88%) 

0(0%) 

Ultrasound 
20 (77%)* 
14 (55%) 
0(0%) 

Angioscopy 

** 
** 

7 (37%) 

* eccentricity index ~ 0.5 defined as minin1al luminal diameter/maximal 
luminal 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 1800 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 athercctomy 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 pius media area was defined as the difference between 
external elastic membrane area and luminal area 27, Variability measurements 
including interobserver variability and the correlation between ultrasound 
measurements with circular phantoms and human coronary artery casts have been 
reported previously 2~. 

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

Pre-atherectomy Post-atherectomy p value 
Angiography 

Reference dia (mm) 3.52 ±0.52 3.70 ± 0.59 NS 
Minimal lumen dia (mm) 1.16 ± 0.43 2.85 ±0.62 < 0.0001 
Diameter stenosis (%) 67 ± 11 23 ± 13 < 0.001 
Minimal CSA (mm2) 1.20 ±0.87 6.67±2.70 < 0.0001 
Area stenosis ('Yo) 88 ±8 39±20 < 0.001 

Ultrasound (mm2) 
EEM-A 20.11±4.43 21.00 ±3.91 0.02 
Plaque + media area 18.16±4.47 13.13±3.10 < 0.0001 
Lumen area 1.95 ± 0.70 7.86±2.16 < 0.0001 

CSA, cross sectional areajDia, diameterj EE.M-A, external elastic membrane 
area 

Corollmy flllgioscopy 
In 19 patients the target artery was also evaluated by coronary angioscopy before 
and after atherectomy as previously described 1~.3n.31. Unsuitable lesions for 
angioscopy included (i) proximal stenosis location « 1.5 cm from the left main 
ostium) not allowing effective balloon inflation and (ii) excessive tortuosity not 
allowing visualization of the lumen. Angioscopy was performed with a 4.5 F 
angioscope (Baxter-Edwards, Irvine, CAl. During angioscopy the distal artery 
was, flushed with Ringer lactate solution injected with a flow of 30 to 40 cclmin. 
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 llluraL 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 andlor large mobile or non-mobile 
structures which arc contiguous with the vessel wall and of homogeneous 
appearance with the vessel wall). An atherectoll1Y induced byte was defined as 
deep rectangular crevices extending into the wall in conjunctions with a mobile 
flap. 

Qualltitative corollary allgiogl'llpby 
Quantitative analysis of the coronary segments was performed with the computer 
based Coronary Angiography Analysis System (CAAS), previously described in 
detail (,.732-37. 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 (assuming 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 J4-,V,. 

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 intilna, media and adventitia have been described previously 3~ and are in 
accordance with the recommendations of the AHA Medical/Scientific Statement 

" 

Statistical allalysis 
All values are expressed as mean values ± 1 SD. The paired student's t-test was 
used to detect differences between continllolls variables. Differences between 
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categorical variables were tested with the chi-square and Fisher exact tests as 
appropriate. Dillerences were considered staristically significant where the p-value 
was less than 0.05. 

Results 

Lesioll mOl'phology 
On angiography thc majority of the culptit lesions (88%) were considered type B 
Lesions according to the AHA/ACC c1assitlcation. 85% of the lesions were 
eccentric. None of the lesions were calcified or showed angiographic signs of 
thrombus (discrete filling defect surrounded by contrast in the absence of 
calcitlcations, or persistent contrast staining in the area of the stenosis). The 
intravascular ultrasound catheter could he 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 wirh minimal 
calcific depositions. One lesion was diffusely calcilled with a calcific arch of> 
1800 while 10 patients (38%) exhibited local calcillcations either superllcially 
(n=5) or deeply located (n=5). 
Direct visualization of the vessel wall by angioscopy prior to atherecromy was 
performed in 19 paticnts 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. 

Pl'ocedlll'all'eslIlts 
All 26 patients had successful 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 case..;; and a rnean of 8 ± 
3 cuts were made in multiple directions. Although all atherectomy procedure..;; 
were judged successful on angiography, 4 patients underwent an adjunctive 
balloon dilatation to optimize the final result. No major clinical complications 
(i.e. death, Q-wave myocardial infarction and coronary an-cry bypa.;;s surgery) 
were observed. In one patient a non-Q wave inlarction (max. CPK 600 U/I) 
occurred due to a guiding catheter induced occlusive dissection of the right 
coronary ostium after a sllccessful atherectomy. During coronary angioscopy) the 
majority of the patients experiences chest pain with concomitant 
electrocardiographic changes suggestive for ischemia. 
After halloon deflatioll) these abnormalities subsided and the chest pain 
disappeared. 

Qllalltitative allgiogl'llphy (Table 2) 
The mean vessel size of this patient population was 3.52 ± 0.52 mill. Atherectomy 
induced an increase in minimal luminal diameter Irol11 1.16 ± 0.43 mm to 2.85 ± 
0.62 mm (1'<0.001). After atherectomy. the diameter stenosis and arca stenosis 
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Table 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 Total 

Subendothelium Ca++ 4.13±2.11 none 4.13±2.11 
(n=5) (n=O) (n=5) 

Base of the plaque Ca++ 4.95 ±1.36 3.85 ± 1.49 4.40 ± 1.46 
(n=5) (n=5) (n=lO) 

No calcium 6.21. ±4.75 5.62 ±2.26 5.89 ±3.47 
(n=5) (n=6) (n= 11) 

Total 5.16±3.16 4.88 ±2.10 
(n= 15) (n=ll) 

Lumen area gain (mm2) 

Calcimu No Calcium Total 
Subendothelium Ca++ 5.41±2.41 none 5.41 ± 2.41 

(n=5) (n=O) (n=5) 
Base of the plaque Ca++ 5.19±2.41 5.83 ± 1.57 5.51 ± 1.28 

(n=5) (n=5) (n= 10) 
No calcium 6.34. ±2.725 6.68 ± 1.66 6.52 ± 2.12 

(n=5) (n=6) (n=ll) 
Total 5.69 ±2.13 6.33 ±1.61 

(n=15) (n=ll) 

were 23 ± 13% and 39 ± 20% respectively. Correspondingly, the minimal luminal 
cross sectional area as derived from video densitometry also increased from 1.20 ± 
0.87 mm2 to 6.67 ± 2.70 mm2 (p<O.OO I) 

Quantitative ultrllsou1ld metlstll'emellfs 
External elastic membrane area, lumen area and plaquc+media area at the normal 
reference segment proximal to the stenotic lesion did not change significantly 
during the procedure. 
No difference in external elastic membrane area between the reference and 
stenotic segment (20.94 ±5.39 mm2 "s. 20.11 ±4.43 mm2; p=NS) was found, in 
other words no compensatory enlargement at 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 111m2 (p<O.OOOI) and a decrease in plaque 
pIllS media area from 18.16 ± 4.47 111m2 to 13.13 ± 3.10 mm2 (p<O.OOOI). The 
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Figure 1. 
Left pane! shows lumen morphology prior /0 a/herec/omy_ Note the regular lumen wntotlr both with 
flllgiogrdphy (top) Imd fwgioscopJ (bottom). After iUleruCII/ioJl (right) its is c/mr/y seen (lIith (wgioscopy, 
sellen" (if'S resulting ill/umen irregularity Ilnd wall hemorrh,fge. 

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 srretching 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 mm2 vs 5.51± 
2.41 mm2). Plaque reduction in cross-sectional lumen area was greatest in 
ultrasonic uon-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 plagues containing ultrasound evidence of superficial calcium (11=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~flthel'ectomy lumell tlretl COllfigul'tltioll. 
Angiography after atherectomy revealed a smooth luminal lining in 19 patients, 
persistent haziness in four, a dissection in two and thrombus in one. Ultrasound 
inlaging showed a regular lumen configuration in four of the 26 patients, an 
irregular configuration in 15, a subintimal tear in four (150/0) 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 lumen area was not different in this group compared with 
patients without evidence of dissectionsftears (5.81± 2.82 mm2 vs 5.95 ± 1.68 
mm2; p~NS). 
In 22 (85%) patients evidence of an atherectomy bytes were seen which resulted 
in a non~circu1ar 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 athercctomy bytes were made into the non-diseased 
area next to the plaque. Coronary angioscopy revealed an intracoronary thrombus 
after atherecromy in II 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 atherectoIllY byte was observed 
(Figure I). 

ComplemelltfllY illformtltioll of the three bllngillg 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 330/0 of the dissections observed 
by ultrasound and 9% of the small and 0% 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 permit 
detailed analysis of coronary artery lesion morphology and vessel wall damage in a 
manner not available with angiography, the cOlTIplementary 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 angiugraphy, coronary 
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Angioscopy 
(n~ 16) 

Angiography 
(n~l) 

Figure 2 

Ultrasound 
(n~3) 

VeIlN diflgrtl1l1 to ilm/mll' tbe comjllemeuftlry hd{ml1fllioll obfailled by 11IIgiogmphy. inlmmrolllllY 

u/imsofllld imaging fllld corollary tlllgio.rcopy wilh n'spect 1o the deleefioll oft/imc/jom. A.< shoUJIl, 

,wgiogmj,hy ({lid ultmsolUu/ imaging Iwdtrestimate the incidence of diSJfCliom ffS cOlllpltred with 
llllgioscopy. 

ultrasound imaging and intracoronary angioscopy may he applied safely in 
patients who underwent athcrcctomy t<)r stable and ullstable angina. Second, the 
main mechanism of action of athercctomy appears to be plaque reduction by 
excision rather than vessel wall stretching. Although selective plaque removal 
should in theofY lead to a circular vc-ssclltll11cn, ulrra..'wund imaging in this serie...;; 
detected athcrcctomy bytes olltside the plague area and non-confluent byte.;; in the 
plaque. Subsequent direct visualization by angioscopy confirmed these byte.;; as 
vessel wall trenches. Therefore, the post-atherectomy configuration is not circular 
or Sl1100th as previously demonstrated in angiographic observations -\ \Xlhether 
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 traul11a leading to all irregular post-atherecromy 
lumen configuration with dissections, bytes and thrombi. 

Plaque "eductioll 
The present study offers morc detailed information on the mechanism of plaque 
reduction because, unlike in other studies, all lesions were crossed by the 
ultrasound device before and after athercctomy. Subsequently, plaque reduction 
was found to he the major determinant of the tlnal luminal improvement 
achieved by directional atherectomy. These findings concur with those of other 
groups "-" and clearly differ from those of balloon angioplasty studies. These 
differences in action of devices Inay he of importance when examining the long
term results of various interventions. The present ohservations indicate that 
secondary 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 wnll stl'etchillg 
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 atherectoffiY, was found to a major contributor in the lumen area 
increase which is opposed to findings in previous angiographic studies 12,13, This 
observation underscores the limitations of angiographic studies when assessing the 
mechanism of interventions. 

NOl'l/lnl wnlll'etl'ievnl 
Disease-free 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 coronary artery rupture {O. 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 due to lesion characteristics or device 
underloversizing. 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. 

Compl'essioll tlud remodeling 
\'{!hether 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. 

Dissectioll 
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 obsetvations of the GUIDE I 
trial in which dissections were seen in 40% by ultrasound compared to 19% by 
angiography ~H. 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 clltting 
mechanism of atherectomy, since the dissections were located at the site of the 
atherectomy bytes as visualized by angioscopy. Tenaglia et a!. " 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. 

Thromblls 
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 17.41-lJ. Like dissections, the clinical 
significance of post-atherectomy thrombi resides in the high acute event rate 
associated with this finding 'il and therefore, the prevention or treatment of post
atherectomy thrombi may beneficially influence the short-term and late outcome 
after atherectoffiY. In particular, thrombi resection by atherectomy has been 
associated with less restenosis 'iJ.'i4 while residual intraluminal thrombus is a 
potential stimulus for an augmented proliferative vessel wall response. Although 
angioscopy revealed post-atherectomy thrombi in 330/0 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. 

Atherectowy /01' calcified lesiolls 
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 histological 
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 CtIt through areas 
containing calcium. The combined tIse 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 coronary artery lesions does not playa negative role when 
performing directional coronary atherectomy. 

Post-atvel'ccto1llY lumen arca configuratioll 
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 stich as stenting and atherectomy have 
taught us that the acute procedural result partially determines the late 
angiographic outcome 1.4.U-IIi. However, even when an optimal angiographic 
procedural result after atherectomy or stenting is obtained, restenosis remains the 
major limitation of these procedures 1-11.)(,. \\lith the clinical application of 
ultrasound imaging and angioscopy, more detailed information regarding the 
effect of the disruptive process of an intracoronary intervention on the luminal 
geometry can be obtained. In particular, ultrasound imaging has been shown to be 
superior in detecting dissections than angiography jr..1M while angioscopy is more 
efficient in visualizing thrombus 41-H. Subsequent analyses of such images may 
identif}' predictors for restenosis. Preliminary findings have indeed indicated that 
vessel waH stretching and tearing may lead to an increased fibro-proliferative 
response 44. Also disruption of the internal clastic lamina leads to an enhanced 
luminal renarrowing process in human stented venous grafts 4'i and swine stented 
coronary arteries 46.4H. 

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-artif:'lct may have 
led 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 remodelJi"ng 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 angioscopic 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 andlor 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 angiogtaphy is still considered the gold standard in the 
assessment of epicardial coronary arteries, 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 percutaneous coronary recanalization, with the 
development of athcrcctomy systems, cndoluminal protheses, excimer lasers, ctc. 
has created new demands which cannot be fultliled solely by contrast angiography. 
Appraisal of the nature of the atheromatous plaque (such as the presence of 
calcium deposits), its size and morphology, as weB as on-line assessment of the 
change.." 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 alld rapid overview of the coronary 
circulation. In addition, it may be used to assess the physiological signiHcance of 
single coronary obstructions. These advanragcs justif}' "per se" its continued use in 
the near future despite some limitations when compared with new diagnostic 
imaging techniques. For instance, Ie..<;ion characteristics such as vessel calcification 
and lumen eccentricity arc often misinterpreted by angiography. Because of the 
potential impact of these features on the remits of coronary interventions, these 
plaque characteristics are important to bear in mind when planning coronary 
interventions. Eccentric plaques with a disease-free wall arc associated with 
suboptimal results of balloon angioplasty. Should elastic recoil be the mechanism 
implicated in these lesions, prompt identification might lead to the selection of an 
alternative technique, such as coronary stcnting or directional atherectomy. Vessel 
calcification particularly in subendothclium localization has been associated with a 
smaller luminal gain after directional atherectomy. justifying the alternative usc of 
rotablators. Despite the rational of these strategies corroborated in the GUIDE 
trial and in the experience of the Washington group, the clinical beneHt 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 disease, particularly at a time when there is 
overwhelming evidence that during the natural history of the disease changc,<; in 
the arterial wall happen well before luminal narrowing. A, illustrated in chapter 2 
even computerized analysis of the angiogram Elils to identify disease-tj·ee walloI' 
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reference coronary segments, and causes underestimation of the degree of 
underlying involvement. Therefore, parameters of lumen 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. Futu re 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 plaque 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 succcssntlly 
used to obtain information 011 the cause of luminal obstruction, the extent of 
coronary thrombosis and the characteristics of plaque substrate influencing its 
extent. It is foreseeable that improvements in tissue characterization from 
backscatter analysis with intravascular ultrasound will expand the observations 
outlined in these chapters. Fllrtherrnore. concomitant extraction of tissue during 
percutaneous recanalization may, as illustrated by chapter 5, 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 significantly with the 
severity of the syndrome. This suggests that dit}erent coronary syndromes are the 
expression of a condnuous disease. where certain plaque characteristics may 
suddenly modifY the course of the disease. 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 ro directional atherectomy 
whereas calcitic plaques may be treated with rotablatar 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 after· 
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 ate different among different devices. Lumen 
gain after balloon dilation is the combined result of vessel compression or 
redistribution and wall stretching whereas after atherectolllY 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 he clarified in the present work. For instances cutting deep into the plaque, 
destroying the fibrous cap oflipid 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 
mechanisms in the restenotic process. After balloon dilation restenosis is mainly 
due to chronic vessel remodelling or vessel shrinkage, whereas after atherectolllY 
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 modalities. The EPIC trial showed that it is also possible 
to reduce restenosis by acting in the other mechanism of the restenotic process: 
intimal hyperplasia. By reducing the first stages of thrombus formation through 
the action of an antiplatdet agent directed against the platelets receptors IlIa/lIb, 
it was possible to decrease the amount of subsequent intimal hyperplasia. 
Therefore it is appealing to think that the combined use of such strategie., 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 inforrnatioll 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 slich as ultrasound in stcnts, balloons or athcrotomes and angioscopy with 
lasers wires. Along with the three-dimensional reconstruction, computerized 
analysis of the ve...;;selmorphology may identif)! areas of high shear stress associated 
with a high risk of wall dissection. In the diagnostic Held, angioscopy combined 
with coulored monoclonal agents directed against particular plaque components 
could be used as a guide f')f local pharmacological therapy. Ultimately, new 
imaging modalities like forward looking echo catheterswith the possibility of 
using ultra.<;ound energy to ablatc or modifY plaque componcnts, may make these 
fascinating imaging modalitie..<; even more appealing. 
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