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Background Volumetric intravascular ultrasound (IVUS)
assessment provides complementary information on
atherosclerotic plaques. The volumes can be calculated
by applying Simpson's rule to cross-sectional area data
of multiple IVUS images, acquired with a fixed sample
spacing, which is the distance (along the vessel's axis)
between two images.

Objective To evaluate the effect of different sample
spacings on the results of volumetric IVUS
measurements.

Methods A stepwise electrocardiographically gated
IVUS image-acquisition and automated three-dimensional
analysis approach was applied to 26 patients. Twenty-
eight coronary segments with mild-to-moderate
coronary atherosclerosis were examined. Volumetric
measurements of five images per mm (i.e. sample
spacing 0.2 mm), representing a complete scanning of
the coronary segment, were considered the optimal
standard, against which volumetric measurements of
three, one, and one-half images per mm (i.e. larger
sample spacings) were compared.

Results The lumen, total vessel, and plaque volumes
obtained with five images per mm were 183.3 £ 2.8,
350.6 = 141.6, and 167.3 £ 89.2 mm?3. There was an
excellent correlation (r=0.99, P<0.001) between these
data and volumetric measurements with larger sample
spacings. The volumetric measurements with larger
sample spacings differed on average only by a little

(< 0.7%) from the optimal standard measurements.
However, a relatively small, but significant, increase in
SD of these differences was associated with the wider
sample spacings (< 3.6%, P < 0.05).

Conclusions The width of the sample spacing has a
relatively small but significant impact on the variability of
volumetric intravascular ultrasound measurements. This
should be considered when designing future volumetric
studies. The electrocardiographically gated acquisition of
five IVUS images per mm axial length during a stepwise
transducer pull-back is an ideal approach, particularly
when addressing with IVUS volumetric changes that are
assumed small, such as those expected in studies of the
progression and regression of atherosclerosis.
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Introduction

Intravascular ultrasound (IVUS) imaging depicts the coro-
narv lumen and vessel wall, and permits the evaluation
of atherosclerosis m eico [1-3). Volumetric data can be
obtained with the use of motorized devices for controlled
pull-back of the IVUS transducer [6]. and allow a more
comprehensive assessment of the distnbution and therapy
of coronary plaques [7-10]. The pioneers of volumetric
IVUS assessment performed the volume calculation by
applying Simpson’s rule to the results of laborious manual
analyses of cross-sectional IVUS images (one image per
mm), acquired during a uniform transducer pull-back
[8-10].

Three-dimensional IVUS and automated analysis systems
have recentdy been developed [11-20]. Such approaches
permit the automated analysis of a larger number of
images. Accordingly, volumetric measurements can be
performed on a larger number of IVUS images, acquired
at a smaller sample spacing, which is the distance (along
the vessel's axis) between two IVUS images used for
volume calculation. However, the effect of different
sample  spacings on the results of volumetric IVUS
measurements was not known. In the present study we
cvaluated this problem, using three-dimensional sets of
IVUS images acquired with an clectrocardiographically
gated approach [21-23] for 28 atherosclerotic coronary
segments of 26 patients. Volumetric measurements of five
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images per mm (e sample spacing 0.2 mm), acquired at
the same phase of the cardiae eyele, were considered the
optimal standard, insofar as they represented a complete
scanning of the coromary segment. T'he purpose of this
study was o evaluate the difterence between the volu-
metric measurements obtained vusing the optimal standard
method (hive images per mm) and those with three, one,
and one-halt images per mm.

Methods

Study population

We examined 26 patients [of whom 21 (81%) were men)
aged 549 1 9.1 vears durning diagnostic (n = 19; 73%) and
tollow-up  cathetenzation  procedures  after  previous
catherer-based interventions (n=7; 27%) with IVUS,
using an clectrocardiographically gated three-dimensional
image-acquisition  station and  a  dedicated  pull-back
device {21-23]. In wtal 28 atherosclerotic  coronary
scgments  with  mild-to-moderate  atherosclerosis  were
studied. These segments were relatively straight on at
least two angiograms from opposite angiographic projec-
tons. Segments with severe caleification were excluded
from the scudy. The investigation was approved by the
Medical Ecdhies Committee of the University Hospital
Dijkzigt. All of the patients gave their written informed
consent to participate in the study.

IVUS image acquisition

The coronary segments were examined with a mechan-
ical IVUS system (ClearView; CardioVascular Imaging
Systems Inc., Sunnvvale, California, USA) after stand-
ard intravenous premedication with 10 000 U heparin
and 250 mg aspirin, and intracoronary administration of
nitrates.  Sheath-based IVUS  catheters with 30 MHz
single-element transducers (MicroView: CardioVascular
Imaging Systems Inc.) were used. This catheter design is
cquipped with a 29Fr 15cm long cransparent distal
shcath, which has a common distal lumen that houses the
gutde wire during catheter introduction and the trans-
ducer during imaging when the guide wire has been
pulled back [24]. Electrocardiographically gated image
acquisition was performed by using a three-dimenstonal
image-acquisition station (EchoScan; Tom'T'ee, Munich,
Germany), which also steered the dedicated pull-back
device (stepping motor) to withdraw the IVUS transducer
through the stattionary imaging sheath {21]. After cach
0.2 mm step, one IVUS image was acquired 40 ms after
the peak of the R wave, assuring a complete scanning of
the vascular segment. If the length of the R-R interval
fell within the preset range, which was checked retro-
spectively by the acquisition station, the image was stored
in the computer memory of the IVUS image-acquisition
station. After an image had been stored, the following
cardiac cycle was used to automatically move the trans-
ducer to the adjucent image-acquisition site, where the
same procedure was repeated.

Automated contour analysis .
T'he gated three-dimensional IVUS acquisition tcchnqu.C
allowed measurements  without systolic and diastolic
artifacts and thus without gaps and overlaps between
adjacent images. The IVUS analysis was performed
off-linc using a computerized contour-detection system
[18,19,21,23.25] that permits the digitization of a maxi-
mum of 200 IVUS images and the automated detection
of the luminal and external vascular boundaries (Fig. 1).
It operates on the basis of the concept that longitudinal
contours facilitate automated contour detection on the
tomographic cross-sectional IVUS images by defining the
center and the range of the boundary-detection process
(Fig. 2). An analyst checked cach detected contour and
performed corrections, when this was required. The algo-
rithm (the minimum-cost algorithm) has previously been
described, and both its validation and its reproducibility
have been reported [18,19,21,22,25).

In the present study, the entire contour-detection process
(aiming at maximum accuracy) required 25 = 5 min for five
image samples per mm; ac this sampling of five images
per mm the “interactive” component accounted for approx-
imately 20 min of the overall analysis ume. The different
sample spacings did not affect the analysis time required
for the automatic steps, but they did affect the time
required for editing and visual checking of the contours.
By increasing the sample spacing, the latter component
could gradually be reduced to approximately 5 min
(at one-half image per mm); the detection of the longi-
tudinal contours appeared less feasible with a very
large sample spacing (one-half image per mm). We expe-
rienced no adverse cffects of the plaque morphology
{e.g. calcium) on the computerized analvsis, using wider
sample spacings.

Compansons between volumetric measurements in three-
dimensional IVUS /n ¢irro and measurements on the

Fig. 1
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Principle of the intravascular ultrasound (IVUS) analysis system
used. The stack of cross-sectional IVUS images is stored in the
computer memory and sliced to provide two perpendicular
longitudinal sections (I and Il). Automated detection both of the
luminal and of the external vascular contours is performed on these
sections (A). The longitudinal contours are represented as individual
edge points on the entire stack of cross-sectional IVUS images (B)
They define the center and range of the final automatic contour-

detection step, which is then performed -secti
IVUS images (C). p ed on the cross-sectional
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Example of a coronary segment analyzed by the automated intravascular ultrasound analysis system. The arrowhead indicates the position of
the cross-sectional intravascular ultrasound image (lefi-hand panel) on the perpendicular longitudinal sections (X and Y).

corresponding histologic scctions revealed high correla-
tions (r = 0.83-0.98) [18], and thc intra- and inter-observer
differences of volumetric measurements /7 vivo were less
than 1% with SD not exceeding 3.2% [21].

Data analysis

The lumen and total vessel cross-sectional arcas were
measured by the automated analysis system on cach
digital planar IVUS image. ‘The arca within the border
between hypocchoic media and echoreflective adventitia
has been shown to be a reproducible measure of the total
cross-sectional arca of the vessel. Because ultrasound
cannot measure media thicknesses accurately [26], the

plaque plus media dimensions were used as measures of

the plaque burden, just like in many previous studies
using IVUS. T'he plaque cross-sectional arca was caleu-
lated as the total cross-sectiona) area of the vessel
minus the cross-sectional arca of the lumen, Lumen, total
vessel, and plaque volumes were calculated by integrating
all of the cross-sectional arca measurements multiplied by
the slice thickness (Simpson's rule), using the cross-
sectional area measurements of five, three, one, and
one-half images per mm (i.c. sample spacings of 0.2, 0.33,
1.0, and 2.0 mm). Volumetric measurements of five images
per mm (i.e. a sample spacing of (0.2 mm), representing

a complete scanning of the vascular segment, were used
as the optimal standard againse which to evaluate the
effect of Jarger sample spacings on the results of volu-
metric IVUS measurements.

Statistics

Values are expressed as means = SD: qualitative data as
prevalences. The volumetsic measurements of five images
per mm were compared with measurements using three,
one, and onc-half images per mm, using Student’s paired
t test. According to the method of Bland and Altman
[27]. the agreement between these volumetric measure-
ments was assessed by determining the mean and SD of
the between-measurement  differences. The  variances
of these differences were tested against cach other with
Pitman’s test {28]. Lincar regression analvsis was per-
formed to evaluate the strengeh of the relation between
the volumetric measurements of five images per mm and
mcasurements with fewer images per mm. P < 0.05 was
considered statistically significant.

Results

IVUS segment characteristics

The coronary segments examined with three-dimensional
IVUS mcasurements were located in the left anterior
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descending (n = 15), right circumfex (n= 11), and left
arcumtlex coronary arteries (n = 2); they were on average
21.2 2 7.3 mm long. The S per segment of the lumen,
total vessel, and plaque cross-sectional arca measure-
ments were onoaverage 1,52 £ 098, 2,03 + 1.46, and
L8 1 106 mme, and 5.56 £ 3.04 mm?; the corresponding
RIECS per segment (maximum minas minimum values)
were 5.56 1 3.04, 745 £ 446, and 6,94 £ 3.58 mm”, respee-
ovelv. Al of the segmenes exhibited mild-to-moderate
atherosclerotic Jesions and the minimum cross-sectional
area of the lumen was on average 6.7 £ 2.5mm*. The
pereentage of the total vessel cross-sectional arca that
was covered with plaque (the percentage cross-sectional
arca plaque burden) vaned by 30 £ 10% along individual
coronary  segments: at the minimum lumen site the
plaque  burden  was

pereentage  cross-sectional  area

S+ 11%.

Volumetric data and results of linear regression analyses
The lumen, total vessel, and plaque volumes of five IVUS

images/mm  (the optimal standard) were 183.3 ¢ 62.8,
350.6 £+ 141.6, and 167.3 + 89.2 mm?®. Volumetric measure-
ments of fewer images per mm (i.e. larger sample spac-
ings) correlated excellently with these optimal standard
measurements: values of 0.99 for Pearson’s correlation

coefficient were found for the lumen, total vessel. and

plaque volumes of cach sample spacing compared (slopes:

0.99 for all; intercepts: between —0.1 and 1.5 mm?).

However, the increase in sample spacing was often
associated with an increase in the standard error of the
estimate (lumen 0.7, 2.6, and 3.6 mm? total vessel 1.2,
3.0, and 4.6 mm*: plaque 0.9, 3.2, and 4.1 mm?).

Agreement between volume measurements using

different sample spacings
‘The agreement berween volumes of three, one, and one-

half images per mm and the optimal standard volumes
(five images per mm) is shown in Figure 3. The volu-
metric mcasurements of the larger sample spacings
differed on average only by a little (< 0.7%) from the
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SD (%) of the between-measurement differences (five images per
mm as the optimal standard versus three, one, and one-half images
per mm). The SD were relatively low, but increased significantly
(*P<0.05, *P<0.01) coincident with the increase in sample
spacing (i.e. decrease in number of images per mm), which
indicated that there was a larger variability of the agreement with
the optimal standard measurements.

optimal standard. However, a relatively small but signif-
icant increase in SID of these between-measurement
differences (< 3.6%, P <0.05) was associated with the
increased width of the sample spacing (Fig. 4).

Discussion

Although quantitative angiographic techniques  permit
only the interpolated measurement of the diameter
stenosis and plaque dimensions [29], direct cross-sectional
visualization and measurement of the coronary lumen
and plaque can be obtained from IVUS assessment [1-5]).
Initially, most IVUS studies were restricted to the
measurement of diameters and cross-sectional arcas, but
accumulated evidence has shown that volumetric 1VUS
measurements  provide  important  complementary
information [7-10,16,18,19,21].

Volumetric data can be obtained by applying Simpson’s
rule to the cross-sectional arca data of multiple IVUS
images, acquired at a fixed sample spacing, which is the
distance (along the vessel's axis) between two image
samples. Sampling of a huge number of image samples
would theoretically be ideal, but currenty it is not real-
istic, for such an approach is limited by the large computer
memory and increased analysis time required. The
present study was the first to quantify the consequences
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of different sample spacings on volumetric three-dimen-
sional IVUS measurements i vivo. An clectrocardio-
graphically gated stepwise image-acquisition approach
[20] permitted the acquisition of a reliable standard for
the volume measurements: five images per mm (i.c. 2
sample spacing of 0.2 mm), acquired during the same
phase of the cardiac cycle, represented a complete scan-
ning of the arterial segment because the mean width of
the IVUS beam in the long vessel axis (out-of-plane reso-
lution) was known to be 0.2 mm [30].

Our duta demonstrate that the width of the sample
spacing has a significant impact on the variability of
volumetric IVUS mecasurements, cven for lesions with
mild-to-moderate atherosclerotic discase. An increased
sample  spacing width was associated with a higher
variability of the agreement between  these volume
measurements and the optimal standard results. Although
this cffect remained relatively small, 1t should be con-
sidered when designing future volumetric IVUS studies.,
particularly when addressing  volumetric changes that
are assumed small, such as those expected. for instance.
in studies cvaluating the progression and regression of
atherosclerosis,

Previous volumetric IVUS studies

The first clinical volumetric IVUS studies of Matar ef al.
[8] and Weissman ¢ o/ [9] addressed the mechanisms of
the improvement of the lumen after directional coronary
atherectomy, whercas Dussaillant 7 @/, [10] invesngated
plaque ablation by rotational atherectomy of noncalceified
coronary lesions. In these IVUS studies, interesting
mechanistic and pathophysiologic insights were gained by
computing volumes from the cross-sectional area informa-
tion of one end-diastolic image per mm. acquired during
continuous motorized pull-backs (at 0.5 and 1.0 mm/s)
[8-10]. The application of dedicated algorithms  for
automated  boundary three-dimensional
IVUS image sets allowed volume measurements using a
much higher number of IVUS images. A vahdadon of
lumen volume measurements by a threshold-based three-
dimensional IVUS system has been reported by Matar
et al. |16]. Our group has validated a contour-detection-
based three-dimensional IVUS  analvsis  syvstem  that
permits the measurement of lumen and vessel volumes
fIR9]. As performed in the present study, the facter
amalysis system can be used in combination with a
stepwise clectrocardiographically gated image-acquisition
approach [21,22]. The clectrocardiographic gating im-
proved the performance of the algorithm for automated
contour detection, the efhcacy of which had also been
demonstrated by Sonka er 4/ [17] and Dhawale er a/.
[31.32].

detection  n

Limitations and potential sources of error
Curvatures of the transducer pull-back trajectory, as seen
in curved vessel segments, may cause errors in volumetric
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IVUS measurements. ‘Therefore, IVUS volume measure-
ments from linear approaches (by manual as well as
automated methods) actually represent estimates of the
true volumes, To minimize the cnrve-induced  error,
we studied only segments that were straight on angio-
grams obtained from at least two opposite projections,
Consequently, our data can not simply be transferred
to lesions in significantly  curved  vascular segments.
Combined processing of IVUS and biplane angiographic
data [33] has the potential to overcome this problem in
the future, but these approaches are still very Laborious
and onlyv limited data are available [24]. Nevertheless, the
combined approaches are benceticial, insofar as they may
permit one to determine the curve-induced error in volu-
metric measurements. ‘This problem is practically inter-
esting and should be addressed in another study, using
such combined methods. The data of this study were
obtained for atherosclerotic lesions with mild-to-moderate
discase (a ‘progression—regression study population’; the
use of larger sample spacings for more stenotic lesions
(¢c.g. pre-intervention) could result in even more signifi-
cant increases in measurement variabiliey,

Implications for clinical trials

The present study demonstrated the effect of different
sample spacings on the results of volumetric IVU'S
measurements, but no ‘blanket’ recommendanon, vahd
for any volumetric IVUS study, can be given. The choice
of sample spacing must be considered in the light of the
study population examined and the analvsis technique

uscd. The additional variability introduced by the use of

larger sample spacings might be negligible if a study
addresses volumetrie differences that are assumed large.
or uses an analysis approach with a relanvely high
mecasurement variability, or both.

T'he coronary segments evaluated in this study exhibited
mild-to-moderate coronary artery discase, of a degree
tvpical of that in progression—regression studies. In such
studies, potentially small changes in plaque or lumen
volume may occur |7]. "‘Theretore we may consider the
use of automated analysis systems that permic both a rapid
analysis of a large number of IVUS images at inherendly
low measurement variability, and volumetrnic measure-

ments at a very low sample spacing. The acquisition of

five images per mmoaxiul length during clectrocardio-
graphically gated image acquisition and  clectrocardio-
graphically triggered stepwise transducer pull-backs is
ideal, and allows complete scanning ot an entire arterial
scgment without any ‘gap’ or ‘blind spot’. When other,
nongated methods are used, complete scanning of the
vessel segment cannot be guaranteed with five images per
mm Gind even with more images per mm). Te was not the
objective of this study to address the complex problems
arising, from nongated image acquisition, but it has been
our experience that at least 10 images per mm (ideally
c¢ven more) should then be acquired.

In conclusion, the width of the sample spacing has 4 rela-
tively small but significant impact on the variability of
volumetric intravascular ultrasound measurements. This
should be considered when designing future volumetric
studies. ‘T'he clectrocardiographically gated acquisition of
five IVUS images per mm axial length during a stepwise
transducer pull-back is an ideal approach, particularly
when addressing with IVUS volumetric changes that are
assumed small, such as those expected in studies of the
progression and regression of atherosclerosis.
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