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The use of 2-dimensional intravascular ultrasound (2-D measurements by 2-D and 3-D IVUS (8.32 2 2.50 mm2 
IVUS) to improve the outcome of coronary stenting has and 8.05 2 2.66 mm2) were larger than the values ob- 
gained clinical acceptance, and recently 3-D IVUS has tamed by the quantitative angiographic techniques ED 
been introduced to clinical practice. However, there and VD (7.55 + 2.22 mm2 and 7.27 + 2.21 mm2). Thus, 
have been no comprehensive studies comparing the concordance was seen among all of the 4 techniques, 
measurements of the coronary dimensions after stenting confirming the validity of using IVUS for determination 
obtained by the different approaches of IVUS and quan- of the minimal luminal cross-sectional area after coro- 
titat’ve coronary angiography. We examined the mini- nary stenting. A particularly good correlation was found 
mal luminal cross-sectional area of 38 stents using 2-D between VD and IVUS, perhaps because measurement 
IVUS, 3-D IVUS, and 2 standard methods of quantitative of the luminal area is the basic quantification approach 
coronary angiography, edge detection (ED) and video- of both techniques, whereas the lower correlations of ED 
densitometry (VD). Correlations between 2-D IVUS and with IVUS and VD may be explained by the dependence 
ED (r = 0.72; p <O.OOOl), VD (r = 0.87; p <O.OOOl), of ED on the angiographic projections used, which is 
and 3-D IVUS (r = 0.81; p <O.OOOl) were higher than especially important in eccentric stent configurations. 
the correlations seen between 3-D IVUS and ED (r = (Am J Cardiol 1996;78:520-525) 
0.58; p <0.0005) and VD (r = 0.70; p <O.OOOl). The 

T he use of computerized methods of quantitative 
angiographic evaluation after coronary interven- 

tions has gained wide acceptance.lm4 Edge detection 
(ED) is considered the gold standard, whereas the 
videodensitometry (VD) method, which is indepen- 
dent of luminal shape of the target stenosis but is 
based on the optical density of the lumen, is re- 
stricted to research applications.3,5-8 Intravascular ul- 
trasound (IVUS) is used to guide coronary stent- 
ing,‘,” permitting stenting without anticoagulation. 
Previous studies have demonstrated the potential of 
conventional 2-dimensional(2-D) IVUS, which per- 
mits reliable assessment of vessel and stent geome- 
try, and 3-D IVUS, which allows a comprehensive 
assessment along the entire segment studied, includ- 
ing detection of the site of minimal luminal area and 
evaluation of stent symmetry.9-‘7 However, there are 
no comprehensive studies comparing these tech- 
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niques with ED and VD. As ED, VD, 2-D IVUS, 
and 3-D IVUS are available on-line, information 
concerning the agreement among the 4 diagnostic 
approaches in measuring the minimal luminal cross- 
sectional area after coronary stenting is of notable 
clinical interest. 

METHODS 
Study group and intervention procedure: The study 

group comprised 33 patients (23 men; mean age 61 
+ 9 years). All patients received 250 mg aspirin and 
10,000 U heparin intravenously. We examined 38 
stents, implanted in the left anterior descending (n 
= ll), left circumflex (n = I), or right (n = 19) 
coronary arteries, or saphenous bypass grafts (n = 
7). A predilation of the lesions was performed by 
conventional balloon angioplasty before implanta- 
tion of the stents ( 19 Wallstents [Schneider, Btilach, 
Switzerland] and 19 Palmaz-Schatz stents [Johnson 
& Johnson, Warren, New Jersey]). Delivery bal- 
loons with a diameter corresponding to the interpo- 
lated reference diameter were used to implant the 
Palmaz-Schatz stents. The interpolated angiographic 
reference lumen diameter by quantitative coronary 
angiography, the lesion length, and the presence of 
adjacent side branches were taken into account to 
select an appropriately sized self-expandable Wall- 
stent. Additional balloon inflations were performed 
inside all stents, using a low-compliance balloon 
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catheter with a diameter ~0.25 mm larger than the 
interpolated angiographic lumen reference and a 
pressure of 2 14 atm. Progression to larger balloons 
was permitted to achieve a satisfactory angiographic 
result (maximal nominal diameter 3.88 + 0.55 mm 
with a pressure of 14.9 2 3.2 atm). The procedural 
end point was the angiographic appearance of a 
smooth lumen of the stented segment and a minimal 
intrastent lumen diameter larger than a distal refer- 
ence (s 1 cm distal to stent) at an angiographically 
undiseased site. Subsequently, the stented segment 
was examined angiographically and by IVUS after 
intracoronary administration of nitrates. During the 
entire procedure, the activated clotting time was 
measured hourly, and intravenous heparin was ad- 
ministered if required to maintain an activated clot- 
ting time of >300 seconds. 

Quantitative coronary angiagraphy: The minimal 
instent lumen area was determined on end-diastolic 
frames by ED and VD (Figure 1) using a computer- 
based Coronary Angiography Analysis System 
(CAAS II; Pie Medical, Maastricht, The Nether- 
lands), previously described and validated in de- 
tail.‘* The measurements were performed on-line in 
2 orthogonal angiographic views after intracoronary 
application of nitrates. 

EDGE DETECTION: Based on the weighted sum of 
the first and second derivative functions applied to 
the digitized brightness silhouette, automated detec- 
tion of the coronary artery contours was performed. 
The diameter function of the coronary artery lumen 
was determined by computing the shortest distances 
between the edge points of the right and left con- 
tours. The absolute angiographic diameter of the ste- 
nosis was determined using a contrast-free guiding 
catheter as a scaling device.lg The minimal lumen 
diameter was measured by ED in the stented segment 
of the artery, and the minimal cross-sectional area 
was calculated assuming a circular model (X . r2). 

VIDEODENSITOMETRY: The contours and diameter 
values of the analyzed coronary segment were ob- 
tained from the CAAS II system, described earlier. 
The profile of brightness of multiple scan lines, per- 
pendicular to the local centerline direction of the cor- 
onary artery, was measured, and this brightness pro- 
file was transformed by a logarithmic transfer 
function into an absorption profile (gross absorp- 
tion). By computing the linear regression line 
through the background points directly right and left 
of the contours of the coronary silhouette, we esti- 
mated the background contribution and subtracted it 
from the previous gross absorption profile to obtain 
the net cross-sectional absorption profile within the 
vessel contours. Thus, a luminal cross-sectional area 
function along the analyzed coronary artery segment 
was obtained.3 Calibration of the VD area values was 
performed by comparing reference lumen areas, cal- 
culated from diameter measurements assuming a cir- 
cular lumen configuration, with corresponding den- 
sitometric reference areas. The measurement by VD 
has been validated previously in vitro5 and in vivo.lg 

FIGURE 1. Quantitative coronary angiogra hy by the CAAS II 
system after im 

P 
lantotion of a Wallstent. Ti e site of the instent 

minimal lumina diameter is indicated on the angiogram (arrow, 
left upper panel) of the left anterior descending coronary artery 
[cranial view) and on the edge-detection-based diameter func- 
tion of the coronary artery lumen (verficrrl line, leh lower partell. 
The right lower panel shows the videodensitometric measurement 
of the instent minimum (vertical dotted line) of the luminal cross- 
sectional area function /upper curve), which has been derived 
from subtraction of the background contribution (lower curve] 
from the gross brightness absorption profile. 

Intravascular ultrasound: A 30 MHz single-element 
ultrasound catheter with a 2.9Fr echo-transparent 
distal sheath (MicroView, CVIS, Sunnyvale, Cali- 
fornia) was used to examine the stented segment at 
the end of the angiographically guided procedure. 
The common lumen of the sheath accommodates ei- 
ther the imaging core or the guidewire. The IVUS 
images were acquired during a motorized uniform- 
speed ( 1 mm/s) pullback of the transducer inside the 
stationary imaging sheath, which allowed the trans- 
ducer and the handgrip to move at the same speed 
inside the pullback device, and were recorded on a 
high-resolution videotape for the 2-D analysis. The 
site of conventional manual tracing of the minimal 
intrastent lumen area was determined by scrolling 
the videotape back and forth. 

With acquisition of the images on videotape, 
video signals were transferred simultaneously to a 3- 
D IVUS system (EchoQuant; Indec Systems Inc., 
Capitola, California) that automatically acquires 8.5 
images/s, allowing for on-line reconstruction of con- 
tiguous tomographic IVUS image slices ( 118 pm 
apart) within 2 minutes (Figure 2). The 3-D system, 
operated by a second analyst, provided a longitudi- 
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Statistics: Results are given as 
mean ? 1 SD. Analysis of variance 
was performed, and when differ- 
ences were found, the 2-tailed Stu- 
dent’s t test for paired data analysis 
was used to compare the measure- 
ments provided by the different 
techniques. Linear regression anal- 
ysis was performed to assess the 
strength of the relation between the 
different techniques for determin- 
ing the minimal luminal cross-sec- 
tional area. According to the approach of Bland and 
Altman, 2o between-method agreement was assessed 
by determining mean + SD of the between-method 
differences. A p value <0.05 was considered statis- 
tically significant. 

FIGURE 2. Three-dimensional intravascular ultrasound analysis of a well-expanded 
palmaz-Schatz stent in a coronary segment with an eccentric atherosclerotic plaque. A 
3-dimensional analysis system (EchoQuant) was used to acquire the intravascular ul- 
trasound images automaticall . A Ion itudinally reconstructed view [lower pane/] was 
obtained that could be rotatedlarounjthe long axis of the vessel yment, Automated 
image segmentation was performed by a pattern-recognition algori m (Acoustic 
Quantification), which identified the blood pool inside the lumen. The luminal contours 
were rapidly checked and, if necessary, manual corrections were made on individual 
ultrasonic images. A display of the lumen orea and corresponding diameter measure- 
ments facilitated on-line assessment and quantification of the luminal dimensions [rigfrt 
upper panel]. Mt.D=minimal luminal diameter. 

ferences (Figure 4, right) were -0.50 + 2.28 mm2 
(ED - 3-D IVUS) and -0.79 2 1.93 mm2 (VD - 
3-D IVUS ) . The correlation between ED and VD 
was high (r = 0.84; p <O.OOOl), and the between- 
method difference was 0.28 ? 1.26 mm2 (ED - 
VD) (Figure 4). 

nally reconstructed view that could 
be rotated around the long axis of 
the vessel segment. A cylindrical 
format, which was cut open length- 
wise, was also displayed, permit- 
ting direct inspection of the in- 
ner vascular surface. Automated 
image segmentation, based on 
a pattern-recognition algorithm 
(Acoustic Quantification), I1 pro- 
vided the measurement of lumen 
area on the cross-sectional IVUS 
images of the entire segment. The 
detected contour indicating the lu- 
men-intima boundary was rapidly 
checked. If necessary, manual cor- 
rections outside of the detected 
luminal structure were made. A 
display of the lumen area measure- 
ments (Figure 2) facilitated the 
3-D IVUS assessment. 

RESULTS 
Measurements by 2-D and 3-D IVUS were larger 

than those by the quantitative angiographic tech- 
niques ED and VD (8.32 + 2.50 mm2, 8.05 +- 2.66 
mm’, 7.55 ? 2.22 mm2, and 7.27 + 2.21 mm2, re- 
spectively). The differences between the results of 
2-D IVUS and both ED and VD (p <0.02 and p 
<O.OOOl ) , as well as between 3-D IVUS and VD (p 
<0.02), were statistically significant. 

Significant correlations between 2-D IVUS and 
ED, VD, and 3-D IVUS (Figure 3, left) were ob- 
served (r = 0.72, 0.87, and 0.81, respectively; p 
<O.OOOl for all). The agreement between 2 diag- 
nostic methods also is shown (Figure 3, right); the 
figure shows the mean between-method difference 
and the range between +2 SD and -2 SD. The be- 
tween-method differences were -0.77 ? 1.78 mm2 
(ED - 2-D IVUS), -1.05 2 1.24 mm2 (VD - 2- 
D IVUS), and -0.26 ? 1.58 mm2 (3-D IVUS - 2- 
D IVUS). 

Correlations were also found for 3-D IVUS and 
both ED (r = 0.58; p <0.0005) and VD (r = 0.70; 
p <O.OOOl) (Figure 4, left). Between-method dif- 
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DISCUSSION 
lntmvascular ultrasound versus edge detection: For 

almost 2 decades, angiography has been the standard 
means of examining coronary interventions, 2 despite 
its capacity to display only the opacified luminal sil- 
houette. This limitation can be overcome by IVUS, 
which visualizes the vessel lumen and wall, 21 depicts 
the stent architecture, and permits assessment of 
stent dimensions and apposition to the vessel 
wall. 9~10~15,22 Only the agreement and correlation be- 
tween the techniques can be assessed in humans, as 
the true dimension remains unknown. As in several 
previous studies, 23-25 here the minimal luminal area 
determined by IVUS was consistently larger than 
that by ED, which may be explained in part by the 
dependence of the ultrasonic beam on the angle of 
incidence and a distortion of the IVUS image be- 
cause of a noncentered position of the imaging cath- 
eter in the vessel lumen. In the present study, the 
correlation between 2-D IVUS and ED is compara- 
ble to previous findings in angiographically non- 
diseased coronary segments (r = 0.73 to 0.89),21*23*26 
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2D IVUS vs. ED 
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FIGURE 3. Comparison between the results of 2-dimensional intravascular ultrasound (2-D MIS) and edge detection (ED), videodensi- 
tometty (VD), and 3-D MJS. The results of the linear regression analyses are presented (/ef& Significant correlations were found (p 
<0.0001) and the regression lines are displayed. Right, the between-method difference is plotted against the average of the corre- 
sponding findings obtained from the methods being compared. Dotted horizontrrl lines indicate the mean between-method difference 
and +2 SD and -2 SD. The between-method difference ? 1 SD was -0.77 f 1.78 mm’, - 1.05 + 1.24 mm’, and -0.26 + 1.58 
mm’, respectively. 

which were superior to correlations after balloon an- 
gioplasty (r = 0.28 to 0.69) .23,25,26 A previous report 
on coronary stenting ** showed a lower correlation 
than our study, which may reflect differences in the 
IVUS and quantitative angiographic approaches 
used. In addition, because of high-pressure stenting, 
there is a low probability of insufficient stent expan- 
sion with contrast flow between the stent and vessel 
wall. Matar et al I2 evaluated the correlation of lumen 
volume measurements by ED and 3-D IVUS (r = 
0.7 1) , but our study is the first comparing the min- 
imal luminal cross-sectional area. 

Two- versus three-dimensional intravascular ultra- 
sound: The relatively high variability of manual 
IVUS measurement can be minimized by automated 
boundary detection in 3-D IVUS. 11~15,*7~*8 In the pres- 
ent study, we obtained similar results by 2-D and 3- 
D IVUS, which may be partly explained by the use 
of a motorized pullback device, ensuring that images 
of the entire vascular segment were equally dis- 
played. Automated lumen detection by 3-D IVUS 
was sometimes impaired by the acoustic shadowing 

behind larger deposits of calcium, because the al- 
gorithm may misinterpret the acoustic shadowing as 
lumen. Occasionally, manual correction was re- 
quired because blood speckling near the stent was 
sometimes misinterpreted as tissue, explaining the 
slightly lower measurements by 3-D compared with 
2-D IVUS. 

These limitations and artifacts resulting from the 
systolic-diastolic movement of the imaging cathe- 
ter11%13*15 emphasize the need for careful interpreta- 
tion of the 3-D IVUS measurements by an investi- 
gator experienced in this technique. Refinement of 
the segmentation algorithms will help to improve 3- 
D IVUS approaches in the future. 

Videodensitometry Unlike ED, VD is not depen- 
dent on the geometric stenosis profile; measure- 
ments rely on the optical density of the opacified 
lumen.3*6-8 Measurement of luminal area is the basic 
quantification approach and, as observed in this 
study, a good correlation between IVUS and VD 
may thus be expected. Differences between the re- 
sults obtained by ED and VD are less likely in a 
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3D NUS vs. ED 
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FIGURE 4. Comparison between the measurements obtained from 3chnensional intravascular ultrasound (3-D MJS) and edge detec- 
tion (ED) and videodensitometry (VD), and between the findings of VD and ED. The results of the linear regression analyses are pre- 
sented //em. Right, the between-method diirence is plotted against the averoge of the corresponding findings obtained from the 
methods being compared. Dotted horizond lines indicate the mean between-method difference and +2 SD and -2 SD. The between- 
method difference + 1 SD was -0.50 f 2.28 mm’, -0.79 + 1.93 mm2, and 0.28 -+ 1.26 mm2, respechely. 

circular symmetric lumen, because luminal circu- 
larity is an elementary assumption in calculation of 
the minimal luminal area based on ED.3 Accord- 
ingly, we found a good agreement between ED and 
VD, which confirmed previous observations after 
stenting and rotational atherectomy (r = 0.83 and 
0.70, respectively) .4v7 

In the present study, the minimal luminal cross- 
sectional area, as measured by ED, was on average 
slightly larger than that by VD. This may reflect the 
dependence of ED on the angiographic projections 
used, particularly in relative luminal eccentricity. 
Moreover, side branches or other radiopaque struc- 
tures projected on the reference segments may inter- 
fere with VD by increasing the brightness profile of 
the reference and may result in an underestimated 
minimal luminal cross-sectional area.3 However, a 
previous in vitro study demonstrated a slight over- 
estimation, potentially reflecting a contribution of 
the stent to the densitometrically determined val- 
ues 29 Based on current knowledge, the discordance 
between these observations and the results of the 
present study cannot be clarified. This unanswered 
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question and the lack of comprehensive information 
about the correlation between IVUS and VD under- 
line the necessity to define further the role of VD in 
the assessment of coronary interventions. The effort 
is certainly justified, as the effect of the new, highly 
radiopaque stents on VD measurements has yet to 
be determined. Our results clearly indicate a poten- 
tial for VD in the assessment of luminal dimensions 
after coronary stenting. 
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