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Introduction

Introduction and Oatline of the Thesis

Since the introduction of coronary balloon angio-
plasty in the clinical arena, percutaneous cathe-
ter-based interventions are performed with coro-
nary angiographic guidance, depicting the lumen
of an entire coronary artery in certain angiogra-
phic views,

Subsequently, quantitative coronary angiogra-
phy was developed as an instrument for off-line
quantitative analysis of the acute and long-term
effects of catheter-based and phanmacologicat
approaches on atherosclerotic lesions and on le-
sion recurrence following angioplasty. Despite
some inherent limitations, this analysis method
became generally accepted for on-line guidance
of batloon angioplasty and altemafive catheter-
based techniques.

Thereafter, intravascular uftrasound (IVUS)
was introduced as a new imaging method {hat
provided deeper insights into the pathology of
coronary artery disease by defining vessel wall
geometry and the major components of the athe-
rosclerotic plaque. Although invasive, IVUS is
safe and allows in vivo a more comprehensive
assessment of the plaque than the ‘luminal sil-
houette’ fumished by coronary angiography, as it
provides transmural cross-sectional imaging of
coronary arleries and allows diameter and area
measurements of both lumen and atherosclerotic
plaque. These measurements can be used for
guidance of interventional procedures and for re-
search purposes.

Nevertheless, conventional IVUS is a planar
fechnique, which displays only a single site of
the coronary vessel at a time. However, three-
dimensional {3D) reconstruction of sequences of
IVUS images, acquired with defined sample
spacing, allows to overcome this limitation.

The 3D IVUS systems were initially used
visually to assess the configuration of plaques,

dissections, and stents and to perform basic
measurements. Comparable with the progress in
quantitative angiographic methods, which started
with manual caliper assessment and finally
reached computerized detection of the opacified
Iumen, 3D TVUS systems have recently included
approaches for automated quantitative analysis
of the entire stack of images. Such 3D analysis
tools reduce the subjectivity of manual boundary
tracing, as they apply compufer algorithms to
detect the vascular structures.

At the catheterization laboratory of the Thorax-
center Rofterdam two quantitative 3D IVUS
systems were clinically applied: first, an acoustic
quantification system, which allows the detection
of the lumen based on statistical paltemn recogni-
tiorr, and secondly, a comtour detection system.
The latter was developed at the Thoraxcenter and
Erasmus University Rotterdam and detects both
juminai and external vascular boundaries based
on the application of a minimum cost atgorithm.
The present thesis sheds a light on numcrous
aspects of quantitative 3D IVUS.

The subject of the firsf part of this thesis is the
validation of the Thoraxcenter contour detection
system, both in vitro and in vivo. Histomorpho-
metric measurements were perforimed to validate
computerized 3D IVUS cross-sectional and volu-
metric measurements of lumen and plaque in hu-
man atherosclerotic coronary arfery specimen
(Chapter 1). In Chapter 2, the contour detection
algorithm was tested in tubular phantoms. This
section also reports the feasibility and reproduci-
bility of analyzing clinical 3D image sets, ac-
quired during continuous motorized transducer
pullbacks.

As the systolic-diastolic changes in vascular di-
mensions and the movement of the IVUS cathe-
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Introduction

ter relative to the vessel wall may cause cyclic
iraging artifacts, a dedicated ECG-triggered
pullback device with a stepping motor was
developed at the Thoraxcenter. A work station
for 3D image acquisition, previously used for 3D
reconstruction of cardiac nltrasound, was utilized
fo steer the pullback device and fo perform an
electrocardiogram-gated acquisition of a 3D im-
age set, The feasibility of ECG-gated IVUS
image acquisition in humans and the reproduci-
bility of 3D analyses with this methodology are
reported in Chapter 3. The work presented in
Chapter 4 evaluates the impact of different sam-
ple spacings (distance along the vessel’s axis be-
tween two images} on volumetric data, caleufat-
ed by the application of Simpson’s rule.

The second part of the thesis reporis on the
clinical experience with quantitative 3D IVUS
and on the practice, potential, and limitations of
this approach in clinical research. The first chap-
ters of this part focus on the application of the
acoustic quantification system (Chapters 5 and 6}
and the 3D contour detection system (Chapters 7
and 8} in the context of coronary stenting.

Chapter 5 provides a comparison of 3D IVUS
(acoustic quantification system) with conven-
tional IVUS and quantitative angiographic tech-
niques in measuring the minimal stent cross-
sectional area. Insights with IVUS into the acute
result of coronary stenting showed evidence of
significant differences between the IVUS resulis
after implantation of the short, balloon-expand-
able Palmaz-Schatz stents and long, self-expand-
able Wallstents (Chapter 6).

In combination with the ECG-gated image ac-
quisition method, the Thoraxcenter 3D IVUS
system can be used online. Chapter 7 addresses
the feasibility of analyzing the luminal dimen-
sions along an entire stenfed segment with 3D
IVUS and evaluates the reliability and repro-
ducibitity of this approach.

in Chapter 8, neointima formation in self
expandable Wallstents was quantified with 3D
IVUS at follow-up. In addition, the relation be-
tween the amount of neointima and late post-
procedural expansion of the stent as well as other
details of the intervention was assessed.

Chapfer 9 reporis on the first 3D IVUS exami-
nation of a fesion with inadequate compensatory
enlargement (i.e. “reverse Glagovian modeling*
or paradoxical arterial wall shrinkage) ever
published, In a series of 35 patients, treafed by
catheter-based coronary interventions, plaque
and vessel volumes of lesions with inadequate
compensatory enfargement were compared with
those of lesions without inadequacy of adaptive
remodeling (Chapter 10),

Whether differences in the remodeling state
have implications on the long-term success of
catheter-based interventions was unknown. Ac-
cordingly, in Chapter 11 the exient of angiogra-
phic lumen renarrowing after successful directio-
11al atherectomny was evaluated for both, lesions
with and without inadequate vascular enfarge-
ment prior to the intervention.

Chapter 12 discusses the limitations of angio-
graphic measures for the assessment of structural
changes of the atherosclerotic vessel wall during
progression/regression of coronary atherosclero-
sis and reviews the potential of 3D IVUS in this
context,

Chapter 13 reviews the main technical aspects
of the 3D IVUS systems applied in this thesis. In
addition, the limitations of these methods and the
potential of future technical refinements and de-
velopments are discussed.

Finally, in some settings 3D IVUS may not be
required or may be even useless. Chapter 14
gives an example of a study, in which conventio-
nal planar IVUS was sufficient to gain novel in-
sights into vascular remodeling in respense to
atherosclerotic plaque accumulation in left main
coronary areries,
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3D IVUS vs. histomorphometry

Computerized Assessment of Coronary
Lumen and Afherosclerotic Plague
Dimensions in Three-Bimensional

infravascular Ultrasound Correlated
With Histomorphometry

Clemens von Birgelen, MD, Aad van der Lugt, MD, Antanino Nicosia, MD,
Gary S. Mintz, MD, Elma J. Gussenhoven, PhD, Evelyn de Vrey, MD,
Maria Teresa Mallus, Mp, Jos R.T.C. Roelandt, phD,

Patrick W. Serruys, PhD, and Pim J. de Feyter, PhD

fntravascular ulfrasound (IVUS), which depicts both lu-
men and plaque, offers the potential lo improve on the
limitations of angiography for the assessment of the nat-
ural history of atheroscleresis and progression or re-
gression of the disease, To facilitate measurements and
increase the reproducibility of quantitative IVUS analy-
ses, a compulerized conlour delection system was de-
veloped that detects both the luminal and external vessel
boundaries in 3-dimensionat sets of IVUS images. To val-
idale this system, otherosclerotic human coronary seg-
ments [n = 13) with an area obstruction =40% [40% to
61%) were studied in vitro by IVUS, The computerized
IVUS measurements {areas and volumes) of the lumen,
total vessel, plaque-medic complex, and percent ob-
struclion were compared with findings by monual frac-
ing of the IVUS images and of the corresponding histo-
legic cross sections oblained at 2-mm Increments [n =
100}, Both area and volume meosurements by the con-

tour detection system agreed well with the resulls ob-
tained by manudl tracing, showing low mean between-
methed differences (—3.7% to 0.3%] with $Ds not
exceeding 6% and high <orrelation coefficients {r = 0.97
lo 0.99). Measurements of the lumen, fotal vessel,
plaque~media complex, and percent obstruction by the
contour detection system correlated well with histomor-
phometry of areas {r = 0.94, 0.88, 0.80, and 0.88) and
volumes [r = 0.98, 0,91, 0.83, and 0,91}, Systematic dif-
ferences between the results by the contour detection sys-
tem and histomorphomerr{ (29%, 13%, —9%, and
—~22%, respectively) were found, most likely resulting
from shrinkage during Bssue fixation. The resulls of this
study indicate that this computerized IVUS analysis sys-
tem is reliable for the assessment of corenary atheroscle-
rosis in vivo, © 1996 by Excerpta Medica, Inc.

{Am J Cardiol 1996,78:1202-1209)

he natural history and progression or regression

of coronary atherosclerosis after pharmacologic
and nonpharmacologic interventions have most often
been assessed by quantitative coronary angiogra-
phy.’~* However, the quantitative angiographic ap-
proach permits only the assessment of the luminal
silhouette’ and indirect estimation of plaque burden.
As a result of vessel remodeling, early atheroscle-
rosis remains angiographically undetected untit lu-
minal encroachment staris and plaque occupies ap-
proximately 40% of the internal elastic membrane
arca.’ Intravascular ultrasound (IVUS) depicts both
coronary lumen and vessel wall; measurements can
be obtained by manually tracing the luminal and ex-

from the Thoraxcenter, University Hospital RotierdamDijkzigt, Eras:
mus University Rotterdam, and the lnteruniversity Co:diofogy?nsmute,
Rotterdam, The MNetherlands; ond the Washinglon Hospital Center,
Woshinglon, DC. This project wos porlly supported by the Durch
Heort foundation (Grants 94.016 and 94.008}, Dr. von Birge'en
wos suppotted by a lellowship of the German Research Society
[Bonn, Germany). Monusciipl teceived March 21, 1996; revised
manuscripl seceived and accepled June 14, 1996,

Address for teprints: Pim |. de Feyler, MD, PhD, Depantiment of
Coronony Imaging ond Intecvention, Thorancenter, Bd 381, P O Box
1738, Universify Hospita! RoterdemDijkzigh, 3000 DR Roterdom,
The Nethedonds.

ternal vascular boundaries.5® Fo reduce the time and
subjectivity of manual tracing,’ automated systenis
for quantitative analysis in 3-dimensional [IVUS im-
age sets have been developed.'® ' As the available
systems detect only the [umen, we developed a con-
tour detection algorithm that detects both the luminal
and external vascular boundarics of atherosclerotic
coronary arleries in 3-dimensional [VUS image
sets.*1® This approach allows the quantification of
all IVUS images and permits even volumetric as-
sessment which has recently been advocated as a
valuable concept in research and clinical prac-
tice.'"* To validate this contour detection algo-
rithm, atherosclerotic human coronary explants
obtained postmortem or from heart transplant re-
cipients al transplantation were studied with IVUS.
Results by the ITVUS contour detection system
were compared with measurements obtained from
manual tracing of the IVUS images and of the cor-
responding histologic sections.

METHODS

Human coronary specimens: Thirteen coronary ar-
feries {6 right coronary [RCAL, 6 left anterior de-
scending {LAD], and [ left circumilex [LLCX]) with
segments of mild to moderate atherosclerosis were

19



Chapter 1

b

explanted postmorten (n = 6) and
post-transplantation (n = 4) from the
hearts of 10 patients (7 men, 3 women)
with a median age of 51 years {range
39 to 53). Segments with <1 major
side branch were included in the study.
The investigation was approved by the
Local Council on Human Research.
In vitro study protocol: For in vitro
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vascular specimen

studies the side branches of the cor-
onary specimen were ligated and the
proximal and distal ends were con-
nected to sheaths fixed in a water-
bath at 20°C. A distal reference seg-
ment was indicated using a needle.

!
pressure
100 mmHg

FIGURE 1. The in vilro setup. The ultrasound catheter is advanced through the
catheter displacement-sensing device toword the pressurized coronary specimen.
A needle attached distolly to the artery is vsed as a reference. The pesition of the

catheter tip in relation to the needle is measured [step size 0.1 mm).
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FIGURE 2. Computerized Intravascular vltrosound [IVUS) contour
detection. Two perpendicular planes running fongitudinatly along
the axis of the ortery are used to reconstruct 2 longitydinal sec-
tions from the entire sequence of digitized IVUS images. The po-
sition ond rofation angle of the 2 cut planes can be infecactively
changed to obtain en oplimal representalion of the coronary
segment. Conseculively, the longitudinal contours are avtemali-
cally defected in these 2 sections and, if required, interactive cor-
rectons may be performed. The longitudina! contours Intersecting
the planes of the lransverse images are represented as edge
points, guiding the fine! automated contour deteckion in the
ross-sectional IVUS images by defining the center and the range
of the boundary-searching process.
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The arteries were pressurized at 100
mm Hg by a water reservoir con-
nected to the sidearm of the proximal
_sheath (Figure 1). The IVUS exam-
ination of the pressurized specimen
was performed with a mechanical
30-MHz imaging system (Du-MED,
Rotterdam, The Nethertands). The IVUS catheter
displacement-sensing device of the Thoraxcenter
Rotterdam, which was previously described and
applied,?' was used to monitor the displacement
of the ultrasound catheter tip in steps of 0.1 mm,
using the distal needle as the reference. Distance
information and IVUS images were automatically
mixed and recorded on videotape, This was used
as the source for further analyses by the IVUS
contour detection system and by manual tracing.

Histologic preparation: The coronary arteries
were fixed under pressure (106 mm Hg) in 10%
buffered formalin for 2 hours and subsequently
decalcified in a standard RDO solution (Apex
Inc., Plainfield, Ilinois) for 5 hours, The arteries
were then processed for routine paraffin embed-
ding. The site of the reference needle was marked
using india ink. The 5-um-thick transverse sec-
tions were cut at 2-mm intervals perpendicular to
the long axis of each specimen, resulting in z total
of 100 histologic sections, Staining of the histo-
logic sections was performed with the elastic van
Gieson technique. Matching between the IVUS
images and the histologic sections was achieved
by use of the distance information provided by the
displacement-sensing device. Anatomic markers
such as side branches or spots of calcium were
used to confirm precise matching.

Computerized infravascular vltrasound contour detec-
tion system: The analysis program uses the Micro-
soft Windows operaling system on a Pentium (60
MHz} personal computer with 16 Mbytes of inter-
nal RAM. A frame-grabber (DT-3852; resolution:
800 x 600 X 8 bits) digitizes a user-defined region
of interest from a maximum of 200 IVUS images.
While a version for clinicat application makes use
of a motorized pull-back device and digilizes the
IVUS images automatically,' seleclion and digi-
tization of the present in vitro [VUS images was
performed by manually choosing the appropriate
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FIGURE 3. Example of the computerized intravascular ulirasound (IYUS) confour detettion
in vitro. A horizental cursor can be moved through the perpendicular fongitudinal IVUS
sections A and B {A, midpanels to check the quu%ig of Iherﬁundury detection on the
eross-sectional IVUS images (feft ponel). A spotiol display of the coronary specimen can
be obtained {A, right paned); however, this is not required to quantify the vascular dimen-
sions. A histologic secion (8], showing eccentric plaque formalion, corresponds with the
VU5 image displayed in the ccoss-sectional view [A, left panel), The measureménts are
displayed In an illuskative way (CJ: The area values of the fumen {lower line] and total
vessel fupper line} form the boundaries of o hatched rone, which represents the plaque-
media complex, and a single line below ihis zone depichs the absolute area value of the
plaque-media complex.

images using the distance information provided by
the catheter displacement-sensing device. Images
were selected and digitized every 0.2 mm, The al-

gorithm is based on the concept that fongitudinal lated as:

contours facilitate the automated
contour detection on the cross-
sectional IVUS images by defin-
ing the center and the range of
the boundary-searching process
(Figure 2). The position of an in-
dividual cross-sectional IVUS
image in the longitudinal sec-
tions is indicated by a horizontal
cursor line which can be used to
scroll through the entire series of
transverse IVUS images. The de-
tected contours are checked by
the analyst, and corrections can
be performed by simply pointing
with the computer mouse on the
correct site and redeteciing the
contours, using this additional
edge information. Correclions
are required particularly in im-
ages of lower quality and in rapid
contour (ransitions. Whenever
the contour of a single slice has
been correcied and redetected,
the entire data set is updated. As
the analysis is performed in a 3-
dimensional image sef, coronary
segments can be displayed in a
cylindrical format (Figure 3}, al-
though this option is not required
for the purpose of quantification.

MINIMUM-COST ALGORITHM: De-
tection of the intimat leading
edge and external boundary of
the vessel within each image
stice is accomplished with the ap-
plication of a minimum-cost al-
gorithm, previously applied® to
single cross-sectional TVUS im-
ages. With this approach the di-
gitized TVUS images are resam-
pled aceording to a radial image
reconstruction (64 radii in the

‘cross-sectional images). A cost

malrix that represents the cdge
strength is calculated from the
image data. For contour detection
of the boundary between lumen
and plaque, the cost value is de-
fined by the spatial first deriva-
tive. To detect the external
boundary contour of tlie vessel, a
pattern  matching process by
cross correlation is adopted for
the cost calculations. Through
the cost mairixes a path-with the
smallest accumulated vatue is de-
termined by dynamic program-

ming techniques.'
VOLUME CALCULATION: Volumes of Tumen, total
vessel, and plaque—media complex were calcu-
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Chapter 1

TABLE ¢ Measurements ond Batweendethod Differences*
WUS [CD) VU5 [MA) HISTO A {CD-MA) A {COHISTO)
Asea
Lumen {mm?} 134236 13437 10.0 = 2.4° 0.1 0.3 (03 = 2.5%) 3.4 +1.6(28.6=9.5%
Total vessel {mm?} 2102 46 213+ 471 82300 -03x04([-1.1=2.0% 2.8+24(13.5=10.2%)
Plague—media [mm?] 7620 7g+213 8219 —04=x05([-31=62% -046=1.2(-86=18.0%)
% area obstruction 368276 37.6 80! 45381 —08x1.8[-20=48% -85=4.1(-22.1=125%
Volume
Lymen {rm?] 2059 2704 2055694 153124677 05x19(0.2=0.9%) 52.8 262 (283 = 7.2%)
Total vessel {mm?) 32282924 3225+ 948" 2792 +71.8' —48x58(-1.4=15% 435355107 x9.2%)
Plague—media mm®) 1148 2288 1221 +33.3" 1261 £ 341 53 +65[-3.7 = 4.3%] -9.3 2 14248+ 14.2%)
% volume obstruction  36.9 + 6.4 37.8 £ 671 45374 0911 [-24=29% -84x31[-205=*7.6%
* Al volues ate mean values = 5D,
! p <0.05; tp <0.0001, for comparison with he results obained by €D,
CO = contour detection; HISTO = histology; IVUS = intravascular ulrowund; MA = mancal; A = batween-method difference.

V=3 ArH

i=1

where ¥V = volume; A = area of lumen, tofal vessel,
or plaque in a certain digitized cross-sectional ultra-
sound image; H = thickness of the coronary artery
slice represented by this digital cross-sectional IVUS
image:; and # = number of digitized cross-sectional
IVUS images encompassing the volume to be mea-
sured.

Manval intravascular ultrasound analysis: On the
cross-sectional IVUS images that correspond to the
histologic sections, a manual tracing of the lumen
and the external vessel borders was performed by
another independent investigator. This individual
was experienced in the manual IVUS analysis, but
did not have knowledge of the results of the com-
puterized analysis. Volumetric data were obtained by
Simpson's rule,

Histomorphometric analysis: The histomorphome-
try was performed with an IBAS 2000 image anal-
ysis system (Koniron, Eching, Germany} that al-
lowed manual contour tracing of the luminal contour
and the external clastic membrane on digitized mi-
croscopic images (magnification X12.5; pixel size:
0.8262 X 107* mm) and provided area measure-
ments. Yolumeiric data were obtained using Simp-
son’s rule.

Data analysis: The gquantitative results by all 3
methods included:

* Cross-sectional area of the lumen (mm?)

* Cross-sectional area of the total vessel (mm?)

¢ Cross-sectional area of the plaque—media com-
plex (total vessel area — lumien area) (mm?)
Percent area obstruction (plaque—media com-
plex area =+ total vessel area) (%)

* Volume of the lumen (mm?)

+ Volume of the total vessel {mm®)

Volume of the plaque—media complex (total
vessel volame — lumen volume) {(mm?)

¢ Percent volume obstruction (plaque—media

complex velume + total vessel volume) {(%).

Stafistical analysis: Results are given as mean *
[ SD. According to Bland and Altman,?* the agree-
ment between the computerized IVUS contour de-
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tection and the manual IVUS measuremenis and
between the computerized IVUS analysis and the
histomorphometric measurements were assessed
by determining the mean + SD of the between-
method differences. Differences were analyzed
with the 2-tailed Student ¢ test for paired data anal-
ysis. Linear regression analysis was performed to
assess the strength of the relation between the
methods, p values <{(.05 were considered statis-
tically significant.

RESULTS

The coronary segments included in the study
were 15.4 = 2.8 mm long (14 to 22 mm) and all
specimens had a maximum percent area obstruction
>40% (47% + 7%; range 40% to 61%) as measured
by the computerized IVUS analysis system. The
minimum percent area obstruction was 29% * 5%
(range 21% to 35%). Complete volumetric analysis
by the computerized contour detecton system (77 +
14 images) required significantly less time compared
with pure manual contour tracing {19 * 4 minutes
vs 121 # 26 minutes; p <0.0001). The results of the
computerized IVUS contour detection, manual trac-
ing on the IVUS images, and histomorphometry are
presented in Table 1.

Contour detection versus manual tracing: The mea-
surements of the lumen, total vessel, plaque—media
complex, and percent obstruction by the computer-
ized TVUS contour detection system differed little
from the results obtained by manual tracing: The be-
tween-method differences {contour detection—man-
ual tracing) were 0.3% * 2.5%, —1.1% + 2.0%,
-31% * 6,2%, and —2.0% * 4.8% for the arca
measurements, and 0.2% + 0.85%, —1.4% + 1.5%,
—3.7% + 4.3%, and —2.4% + 2.9% for the volume
measurements, respectively. Correlations between
the area {r = 0.97 to 0.99} and volume {r = 0.99)
measurements obtained by both methods were high
(Figures 4 and 5).

Confour detection versus histomorphometry: Mea-
surements of the plague—media complex and percent
obstruction by the contour detection system were
lower {p <0.0001) than by histomorphometry (Table
I), whereas the measurements of the lumen and total
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vessel dimensions by the [VUS contour defection
systemy were significantly higher than the histomor-
phometric results (p <0.0001). The between-method
differences (contour detection vs histomorphometry)
of the lumen, total vessel, plaque—media complex,
and percent obstruction were 29% + 10%, 14% =+
10%, —9% + 18%, and —22% * 13% for area mea-
surements, and 28% * 7%, 14% + 9%, —7% *
14%, and —21% = 8% for volumetric measure-
ments, respectively. High correlations (Figures 4 and
5) were found for the area (r = 0.80 to 0.94) and
volume {r = 0.83 to 0.98) measvrements by both
methods.

DISCUSSION
In the present study histomorphometric vali-
dation of a computerized IVUS analysis system

was performed by comparing the results obtained
by the computerized IVUS analysis system both
with the measurements made by manual contour
tracing of the IVUS images and with the corre-
sponding histomorphometric results. The key
findings of this study are that (1) the compulterized
IVUS measurements of areas and volumes are in
excellent agreement with the measurements ob-
tained by manual tracing on the IVUS images, and
(2) there is a good correlation betweeen measure-
ments obtained from the computerized IVUS
analysis and histomorphometry. The good corre-
tation between the results provided by the IVUS
contour analysis system and histomorphometry
demonstrates the reliability of the computerized
approach in performing both area and volume
measurements.
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on the histologic sections {feft panels).

Previous siudies: The high correlations between
measurements on the cross-sectional IVUS im-
ages and the corresponding histologic sections
observed in the present study are in concordance
with previous observations of Potkin et al,** who
found correlation coefficients of 0.94, 0.85, and
0.84 for total vessel area, lumen area, and percent
area obstruction. The measurements by IVUS
were smaller for the lumen and larger for the total
vessel area.?® The effect of tissue shrinkage?” and
different modalities of tissue fixation and pres-
surization may account for the differcnces from
previous observations®'? which showed a larger
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ultrasound (IVUS} images {right ponels), ond morphometry

lumen- area by IVUS than by histomorphomeiry.
To date only 1 study comparing true volumeiric
IVUS measurements and histomorphometry has
been reported.’® Excellent correlations between
the computerized threshold-based [VUS analysis
of the lumen velume in vivo and measurements
based on both manual tracing and histomorphomn-
eiry were found (r = 0.97 for both), confirming
the results of the present study (r = 0.99 and 0.98,
respectively). Comparable data on the total vessel
and plagque—media volume were not available, as
this threshold-based method was able to detect
only the lumen.
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Sonka et al”’ devised an altemative approach of

contour detection that performs a compwterized de-
tection of both the intimal leading edge and the ex-
ternal vessel boundary in IVUS image sequences.
In contrast to our analysis system, the automated
contour detection on the cross-sectional images is
performed without guidance from the additional in-
formation provided by contour datection on longi-
tudinally reconstructed IVUS images.”® In their
study, the correlation between automatic and manual
contour {racing on the IVUS images in vitro was
good? (r = 0.51 and 0.83 for lumen and plaque area,
respecuvely), but slightly lower than the correlation
observed in our study.

Study limitations: On IVUS images the external
vessel boundary cannot be detected behind calcium
owing to acoustic shadowing. The IVUS contour
analysis system, however, allows better interpolation
of the vessel boundary behind calcivm and thus may
be more reliable than conventional manual tracing of
a single cross-sectional IVUS image. Finatly, be-
cause there are differences in the velocities of ultra-
sound in water and blood, the use of water instead
of blood in our experimental setup may partly ac-
count for an overestimation of the vascular dimen-
sions by IVUS.

Clintcal implications: The examination of the cor-
onary arteries by IVUS allows the assessment of
atherosclerotic changes®’* and the quantification
of the progression or regression of atherosclero-
sis.”” To determine the latter, anatomic landmarks
such as side branches or spots of calcium can be
used to define corresponding IVUS images in se-
rial studies. Our automated approach using the spa-
tial information of the IVUS images acquired dur-
ing defined transducer pull-back facilitates this
process and permits the volumetric asscssment of
hamen andfor plaque without need for laborious
manual analyses.!'s! The proposed quantatatwe
IVUS analysis system allows the reproducible’®
and reliable identification of both the luminal and
external vessel boundaries and may thus be used
for the routine analysis of IVUS studies, although
wedging of the IVUS catheter may slightly in-
crease the variability of preintervention analyses.
Cyeclic artifacts can be avoided by electrocardio-
graphic-gated image acquisition,®® which is a
prerequisite for on-line application of this analysis
system, currently performed in our catheterization
laboratory.
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In vitro and in vivo study

Morphometric analysis in three-dimensional
intracoronary ultrasound: An in vitro and in vivo
study performed with a novel system for the contour
detection of lumen and plaque

Clemens von Birgelen, MD, Carlo Di Mario, MD, PhD, Wenguang Li, MSc, Johan C.H. Schuurbiers, BSe,
Cornelis J. Slager, MSe, Pim J. de Feyter, MD, PhD, Jos R.T.C. Roelandt, MB), PhD, and
Patrick W. Serruys, MD, PhD Ro#erdam, The Netherlands

Currenlly, automated sysiems {or quantitalive analysis by
inlracoronary ullrasound (ICUS} are resliicted 1o the detee-
tion of the lumen, The alm of this study was to determine the
accuracy and reproducibllity of a new semlautomated con-
{our detection method, providing off-line Identificalion of the
inllmal leading edge and external contour of the vessel in
three-dimenslonal ICUS. The system allows cross-sectional
and volumetric quantification of lumen and of plaque. It ap-
plies a minimum-cost algorithm and the concept that edge
points derived from previously detected longitudinal con-
tours gulde and facllitate the contour delection in the cross-
sectional Images. A tubular phantom wilth segments of var-
ious luminal dimenslons was examined In vilro during flve
catheter pull-backs {1 mm/sec), and subsequenlly 20 dis-
eased human coronary arteries were studied in vivo with
2.9F 30 MHz mechanical ullrasound catheters {200 images
per 20 mm segment). The ICUS nieasurements of phantom
fumen area and volume revealed a high correfation with the
irue phantom areas and volumes (r= 0.99); relative mean
differences were -0.65% to 3.86% for the areas and 0.25% to
1.72% for the volumes of the varlous segments. Intraob-
server and fnterohserver comparisons showed high corre-
lations {r= 0.95 to 0.98 for area and r = 0.99 for volums) and
small mean relative differences (-0.87% to 1,08%)}, with SD
of lumen, plaque, and total vesset measurements not ox-
ceeding 7.28%, 10.81%, and 4.44% (area) and 2.66%, 2.81%,
and 0.67% (volume), respectively. Thus the proposed anal-
ysls system provided accurate measurements of phantom
dimensions and can be used {o perform highly reproduclble
area and volume measurements in three-dimensional IGUS
in vivo, {Am Heart J 1996;132:616-27.}
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Intracoronary ultrasound (ICUS) provides arterial
cross-sectional images and aHows diameter and area
measurements of coronary lumen and plague.l-2
These measurements have usually been limited to
manual contour fracing of cross-sectional images at
the site of the reference segment and the targef
stenosis. In parallel with the progress in quantita-
tive angiography techniques, which started with
manual caliper assessment and finally reached com-
puter-assisted methods,? 4 fully automated methods
of quantitative analysis of ICUS have been devel-
oped to reduce the time of analysis and the subjec-
tivity of manual tracing.® These automated systems
can be rapidly applied on-line and provide a survey
of vascular structure for clinical decision-mak-
ing_ﬁ, 1,8

Because the automated quantitative analysis of
these programs is restricted to the detection of the
Tumen and because their sueccess rate frequently is
limited,® a semiautomated system for off-line ICUS
analysis of atherosclerotic coronary segments was
developed to detect the intimal leading edge and the
external vessel contour on all of the individual cross-
sectional images, with use of the complete three-di-
mensional data set obtained during a motorized
pull-back of the ICUS transducer.}? This method
permits volumetric quantification of vessel dimen-
stons by compiling information obtained from the in-
dividual cross-sectional images.

The present study was performed to determine
the accuracy of this contour detection method in
tubular phantoms of known dimensions in vitre and
toevaluate intrachserver and interohserver variabil-
ities of area and volume measurements in diseased
human corenary arteries in vivo.
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Table I. Characteristics of patients and coronary artery
segments

Patientis (n) 20
Age (yr) 52x94
Men (n) 18 {80%)
Vessels (n)
LAD 16 {75%)
LCX 1{5%)
RCA 4{20%)
Segments (n)
Proximal 11 {55%)
Middle 8 (40%)
Distal 1{6%)

Intervention status (r)

Before intervention 3(15%)
Control after HTX 1(6%)

After PTCA 2(10%)
Follow-up PTCA 3(15%)
After DCA 3(16%)
Follow.up DCA 5 (25%)
After stenting 3(15%)

BDCA, Directional coronary atherectomy; HTX, heart transplantation: LAD,
left anterior descending coronary artery; LCX, efl circurnflex coronary ar-
tery; PTCA, percutanequs translumina) coronary angioplasty; RCA, right
coronary artery.

METHODS

Phantom study in vitro. A tubular paraffin phantom
was constructed and fixed inside an acrylate tube. The
phantom has & circular lumen with a stepwise increase in
diameter (2, 3, 4, and 5 mm) defining four segments (S2,
83, 84, and S5, respectively) each 6 mm in length (Fig. 1).
A paraffin phantom was used because its properties with
regard to the reflection and absorption of ultrasound are
similar to those of vessel tissue. An optical calibration was
performed with a calibrated sterecomicroscope with 40-fold
magnification for the 2 mm segment and sixteenfold mag-
nification for atl of the remaining segments. The mean dif-
ference between measurements and the true Jumen diam-
eter was ~15 * 41 pm at 20° C, the temperature at which
the experiments were performed. Temperature depen-
dency of the paraffin phantom was assessed by comyparing
measurements obtained at 2° and 87° C (range 35° C). This
temperature increment resulted in an increase in luminal
dimensions of 2%,

Five motorized uniform pull-backs (1 mm/sec) of the ul-
trasound imaging transducer through the paraffin phan-
tom were performed in water (20° C) and recorded on vid-
eotape. A mechanical rotating ICUS catheter (Microview,
Cardiovascular Imaging Systems, Ine,, Sunnyvale, Calif.)
with a distal external dinmeter of 2.9F was used for both
in vitro and in vivo studies. This ICUS imaging catheter is
equipped with a distal transparent sleeve that covers the
rotating imaging core. With a motorized pull-back system
the imaging core is withdrawn inside this sleeve, The de-
sign of the catheter and pull-back system minimizes the
risk of catheter rotation and facilitates several pull-backs
of the echo transducer without increasing the risk of ves-
sel damage, because the echo-transparent distal sleeve
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Fig. 1. Model of paraffin phantom used in in viiro study.
Phantom has cireular lumen and consists of four segments
with stepwise increase in diameter (2, 3, 4, and § mm).

prevents the ICUS transducer from coming inte direct
contact with the vessel wall,

Study in vivo. Intracbserver and interobserver variabil-
ities of the quantification method were studied in 20 ICUS
examinations of diseased, nonwedged human caronary
segments in vivo, Segments with short calcifications or
single major side branches were included in the study;
ICUS studies with excessive systelic-diastolic movement
were not considered for analysis. The maximum and aver-
age cross-sectional area cbstructions were 65.6% %
8.8% (range 83% to 49%) and 49.2% * 6,6% (range 83% to
17%), respectively. The composition of the study popula-
tion reflects the current clinical application of ICUS imag-
ing in our center. Characteristies of the patients and ana-
Iyzed coronary arfery seginents are shown in Table I

ICUS imaging was performed during moforized pull-
backs (T mmvsec) of a 2.9F TCUS catheter. Because the im-
aping core is straightened during the first seconds of with-
drawal, care was taken to start the pull-back 1 cm distal
to the segment analyzed, The ICHS examinations were re-
corded on videotape, and analysis was performed off-line
by a new quantitative ultrasound analysis system set al a
digitization frame rate of 10 images/sec. Thus 20 mm-long
coronary artery segments were reconstructed and mea-
sured using the system's maximum memory capacity,
which is currently 200 images.

The quantitative ICUS analysis system. The analysis
program uses the Microsoft (Redmond, Wash.) Windows
operating system on a Pentium (Intel}-based 60 MHz per-
sonal computer with 16 Mb internal random-access mem-
ory. A frame-grabber is installed (DT-3852, Data Transla-
tion, Inc., Malboro, Mass.; resolution 800 x 600 x 8 bits),
digitizing a user-defined region of interest from the video
images. A maximum of 200 ICUS images can be digitized
at a user-defined digitization frame rate {(maximuwm 20
images/sec). The reconstructed segment length is thus de-
fined by the speed of the motorized pull-back during the
basic irmage acquisition and by the digitization frame tate.
In the present study a pull-back speed of 1.0 mm/sec and
a digitization frame rate of 8 images/sec (in vitro) and 10
images/sec (in vivo) were used, resulting in reconstructed
segment lengths of 25 and 20 mm, respectively. The pixel
size, which depends on the magnification applied by the
basic ICUS imaging system, ranged from 26 to 36 pm,
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Fig. 2. Morphometric analysis by contour detection in three-dimensional ICUS. With this method, edge

points derived from lengitudinel contours previously detected on two longitudinally reconstructed images
guide and facilitate final contour detection on transverse ICUS images. ICUS images, obtained during
motorized pull-back, are stored in voxel space. Two perpendicular cut planes (A and B} that are placed in-
teractively are used to reconstruct two longitudinal sections from 1CUS image data located at intersections.
Automated contour detection is performed in these longitudinal sections on basis of application of mini-
mum-cost algorithm. User then Is free to set some markers on longitudinal images to force contours topass
through these sites, and optimal path is redefined by dynamic programming techniques. Longitudinal
contours are updated during entire interactive procedure and are represented as individual edge points
in transverse images; these points guide contour detection on basis of application of minimum-cost algo-
rithra. Position of an individual transverse plane in longitudinal sections is indicated by horizontal curser
line, which ean be used to scroll through whole series of transverse images. Finally, detected contours are

checked in all of transverse images, and manual correction of contours can be performed.

Minimum-cost algorithm. The contour detection of the
intimal leading edge and the external boundary of the to-
tal vessel applies a minimum-cost-algorithm, previouslty
applied! and described!? in cross-sectional ICUS images.
By this approach the digitized ICUS images are resampled
according to a radial image reconstruction (64 radii in the
cross-sectional images; 200 rows in the longitudinal sec-
tions). A cost matrix that represents the edge strength is
calculated from the image data. For the detection of the
boundary between lumen and plague, the cost value is de-
fined by the spatial first derivative. To detect the external
boundary of the total vessel a pattern-matching process by
cross correlation is adopted for the cost calculations.
Through the cost matrixes a path with the smallest accu-

mulated value is determined by dynamic programming
techniques.11

Automated contour detection. For contour detection of
the intimal leading edge and the external boundary of the
total vessel, three steps must be performed because, in this
system, edge points, derived from previously detected lon-
gitudinal contours, guide and facilitate the final contour
detection in the cross-sectionat ICUS images.

Firat, a sequence of digitized ICUS images obtained from
the motorized pull-back of the ulirasound transducer is
stored in a voxel space.”® Ringdown artifacts around the
ICUS catheter, potentially interfering with the contour
detection step, can be removed from all of the ICUS images
with an automated function. Two perpendicular cut planes

3t
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Fig. 3. Standard display of results, This clinical example shows results of quantitative analysis performed
at §-month follow-ugp after divectional coronary atherectomy performed in proximal left anterior descend-
ing coronary artery. The intimal leading edge and external vessel contours are shawn in fwo longitudinally
recenstructed sections (A and B, left and mid fop), which stand perpendicular to each other as demonstrated
in the transverse image (right fop). Left middle and left boltom, Area and mean diameter measurements
of lumen, total vessel, and plague, Gray areas represent coronary plague, and site of maximal plague bur-
den can thus be easily identified. Upper and lower boundaries of gray zone correspond to dimensions of
coronary lumen and total vessel, Absolute value of plaque dimensicn is given as single function in display
of area and in diameter measurements. Right middle, Functions of relative diameter obstruction and area
chstruction. Right bottern, Symmetry ratios of both contours and plaque eccentricity ratio.

running along the long axis of the artery are used to recon-
struct two longitudinal sections (Fig. 2). This longitudinal
reconstruction uses the ICUS image data, located at the
intersection of the cut planes with the voxel space. The po-
sitlon and the rotation angle of the two cut planes can be
changed interactively by the user to obtain an optimal
representation of the reconstructed coronary segment in
the longitudinal sections.

Becond, the longitudinal contours are detected in these
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two longitudinal images. A first boundary detection is per-
formed automatically on the basis of the application of the
minimum-cost algorithm. Then the user is free to set some
markers in the longitudinal images and to force the
confours to pass through these sites. This step is achieved
by setting the cost matrix of the manually defined sites at
a very low value. By applying dynamic programming tech-
niques, the optimal path is then redefined for the modified
cost matrix. During the entire user-interactive procedure
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Fig. 4. Intraobserver variability of area measurements in vivo. Left, Results of linear regression analy-
ses, comparing lumen, total vessel, and plaque measurements by first (Ia) and second (Ib) observations.
Right, Relative intraobserver differences plofied against mean of two measurements. Confinuous lines,
Relative mean signed difference and 2 SD; dofted line, line of identity.

the longitudinal contours are visible and updated in the
longitudinal sections. In the transverse images the longi-
tudinal contours intersecting this plane are represented as
points,

These individual edge points guide the third step, which
is the final contour detection in the transverse images, by
defining the center and range of the boundary searching
process on the hasis of the application of the minimum-cost
algorithm, The position of an individval transverse plane
in the longitudinal sections is indicated by a horizontal
cursor line, which can be used to seroll threugh the whole
series of transverse images, The detected contours are
checked by the analyst in all of the transverse images, and
manual correction of the contours can be performed.

Calculation and display of results. The quantitative re-
sults, including diameter and area measurements of lu-
men, total vessel, and plaque; percentage diameter ob-

struction; and percentage area obstructien are displayed
(Fig. 3). Plague area is calculated by subtracting the lumen
area from the iotal vessel area, thus representing the
plaque—media complex. Volumes of Iumen, total vessel, or
plaque are calculated as

H
V=3 A;-H
i=1

where ¥ =volume; A =area of lumen, total vessel, or
plaque in a given digitized eross-sectional ultrascund im-
age; H = the thickness of the coronary artery slice, which
is represented by this digital eross-sectional ICUS image;
and n = the number of digitized cross-sectional images en-
compassing the volume {o be measured,

Mean values, SDis, and minimum and maximum values
of arca and volume measurements are presented. The data
of the current transverse image ars constantly displayed
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and serially updated if manual corrections of the contours
are performed. The analyzed artery segment can be dis-
played in a three-dimensional, eylindrical format; how-
ever, this format is not required for the quantification pro-
cess that uses the three-dimensicnal data set (see Discus-
sion section).

Data analysis. At the transition batween two phantom
segments the circular contours of the two adjacent seg-
ments are simultanecusly visualized by ICUS because of
the limited out-of-plane resolution of the current ultra-
sound transducers.’ In this study, when the uvltrasound
transducer was withdrawn from the segment with the
smaller dimension to the segment with the larger dimen-
sien, the transition to the larger segment was defined as
the first image in which the contour of the larger segment
expressed a higher intensity than the contour of the
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smaller segment. This definition was used to calculate the
volumes of the phantom segments. For validation of the
area measuremeénts, images from the mid.portion of each
segment were used.

ICUS imaging systems are calibrated for application in
bleed, but the in vitro experiments of the present study
were performed in water, Accordingly, a correction factor
{0.953) determined on the basis of the differing velocities
of ultrasound in blood (1570 mfsec) and water (1497
nvsec)'® was applied.

The same digitized in vivo [CUS images were anaiyzed
off-line by two independent observers, who had had com-
mon training in the use of the semiautomated contour de-
tection system. After 2 to 3 weeks the analysis was
repeated by the blind, first observer, The measurements by
two independent observers {Ia and II) and the repeated
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Table H. Coronary artery lumen, total vessel, and plague velume in vivo: Results of the intrachbserver and

intercbserver studies

Lumen (mm}

Total vessel {mm3)

Plogue (mm?)

Patient fa Fi:] " Ia Ik i la I Ir
1 168.3 169.0 157.8 3389 3360 33286 1806 177.0 174.8
2 185.56 193.4 197.6 427.9 4307 4306 242.4 2323 233.0
3 169.5 163.4 160.1 3353 337.4 337.1 175.8 174.0 177.0
4 208.4 203.0 207.7 436.9 439.0 £41.3 2315 235.0 233.6
5 2078 214.1 200.3 400.5 407.9 4006 192.7 193.8 200.3
G 2020 199.2 206.0 446.2 447.2 445.4 2442 248.0 2354
7 2048 2113 2043 404.9 4118 406.1 200.1 200.5 201.8
B 216.6 2142 2049 375.8 376.0 321 9.2 161.8 167.2
] 231.1 233.6 2317 431.6 4318 4277 2005 198.2 196.0

10 2627 261.0 2650 456.3 454.8 4529 1936 193.7 191.9

11 145.2 153.6 154.1 292.8 2946 2803 14786 1412 136.2

12 168.7 168.6 1724 3410 3422 3432 2.3 1736 170.8

13 129.0 131.8 1329 271.1 2726 2704 142.1 1408 13756

14 130.8 128.3 130.3 360.5 3623 360.6 229.7 233.0 230.2

15 107.6 105.8 109.6 2154 2162 2148 107.8 1104 1652

16 211.2 2134 2144 444.0 4472 443.8 2328 233.8 229.4

17 160.2 1918 190.4 418.2 421.8 422.8 229.0 230.0 232.8

18 2044 205.2 2050 363.8 3666 3622 1594 1614 167.2

19 193.0 1934 1936 293.2 2928 2928 1002 99.4 99.2

20 275.2 275.2 2762 443.6 4456 4426 1654 1704 166.4

Mean 189.8 181.0 1906 376.1 316.7 3745 1855 185.7 184.0

8D 429 4286 419 68.4 688 68.7 42.3 429 428

1, First observer (o, first observation; b, second observation); H, second chserver.

measurements by the same cbserver (Ia and Ib) were
studied to obtain information on the intraobserver and in-
terobserver variabilities of the new analysis method.

Statistics. Results are given as mean + 3D, The mean
difference and 8D of the differences were calculated for
each phantom segment (ICUS measurements minus true
phantom dimensions) and for repeated measurements by
the same observer and for measurements by two obsery-
ers.'® Analysis of variance and linear regression analysis
were performed to compare the results of the infraobserver
study and the resulis of the interobserver study.

RESULTS

Phantom study in vitre. The lumen area measure-
ments were compared with the true values by linear
regression analysis. The measurements (n = 600)
and true phantom values showed a high correlation
(r=099; y=0.99x + 0.11; SEE =0.12 mm?. The
mean difference between measurements and true
phantom areas ranged from -0.656% to 1.24% with
the exception of the smallest segment, in which a
small overestimation (3.86%) was found. Correlation
between the volume measurements (n=20) and
the true phantom volumes was high (r=0.99;
y = 1.02x - 0.42; SEE = 1.17 mun?). The measured
volumes showed a slight overestimation; the mean
difference ranged from 0.25% to 1.72%. A deerease in

phantom dimensions was associated with a slight
increase in the relative SD of the difference of area
and volume measurements (0.66%, 0.95%, 0.895%,
and 2.655% for area and 1.40%, 2.69%, 2.78%, and
3.75% for volume measurements in the segments
with lumen diameters of 6, 4, 3, and 2 mm, respec-
tively).

Area measurementin vive, The lime required for the
complete analysis was 1.16 = 0.31 hours. The corre-
lation of repeated area measurements of coronary
lumen, total vessel, and plague was high, with cor-
relation coefficients of 0.98, 0.98, and (.96 respec-
tively (Fig. 4, left). The mean relative differences
between repeated area measurements by the same
observer were <1% for lumen, total vessel, and
plaque areas (Fig, 4, right), The SD of the differences
was higher for the plaque area than for lumen and
total vessel areas (9.61% vs 6.67% and 4.01%, re-
spectively). The interobserver correlation coefficients
were high {r = 0,95, 0.98, and 0.95 for lumen, total
vessel, and plaque, respectively) (Fig. 5, left), but for
lumen and plaque area measurements they were
slightly lower than the corresponding intraobserver
correlation coefficients. The interobserver SEEs of
fumen, total vessel, and plaque areas((.63,0.84, and
0.95 mm?, respectively} also were higher than the
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Fig. 6. Intracbserver variability of volume measurements in vivo, Left, Results of linear regression anal-
yses, comparing lumen, total vessel, and plagque measurements of first (Ia} and second {Ib) observations.
Right, Relative intrachserver differences plotied against mean of two measurements. Continuous lines,
Relative mean signed difference and 2 8D; dotfed line, line of identity.

corresponding intrachserver SEEs. The SD of the
relative differences were slightly higher for interob-
server differences (Fig. 6, right) than for intrach-
server differences. The data poeints for smaller di-
mensions of lumen and plaque areas showed a larger
relative dispersion.

Volume measurement In vivo. The results of the lu-
men, total vessel, and plaque volume measurements
are shown in Table IT. A high correlation between the
intraobserver measurements was found, with a cor-
relation coefficient of 0.99 for coronary Jumen, total
vessel, and plaque (Fig. 6, left), The correlation coef-
ficients also were high for the comparisen of the
measurements by two independent observers
(r = 0.99 for lumen, total vessel, and plaque velumes)
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(Fig. 7, left). The SEE and the SD of the differences
were higher for the interobserver than for the in-
traohserver comparison {Figs. 6, right, and 7, right).

DISCUSSION

The application of high-frequency ICUS permits
assessment of catheter-based interventionsi™2? and
visualization (Fig. 8) and quantification of coronary
artery atherosclerosis,??! Serjal ICUS studies also
permit assessment of the progression or regression of
atherosclerosis and of the mechanisms of coronary
restenosis.?®

The main limitation in the comparison of serial
ultrasound studies is the virtual impossibility of ex-
amining exactly the same ultrasonic cross section in
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Fig. 7. Interobserver variability of veleme measuremenis in vive. Left, Results of linear regression anal-
yses, comparing lumen, total vessel, and plaque measurements of first (Ia) and second (IT) observers, Right,
Relative interobserver differences plotted against mean of two measurements. Confinuous lines, Relative
mean signed difference and 2 SD; dotted line, line of identity.

each study. In previous studies, anatomic landmarks
such as side branches or deep calcifications were
used to define corresponding images in serial stud-
ies. The application of the proposed analysis system
offers a mere reliable selution to this problem,
because a long arterial segment can be examined.
Minimal differences in the start and end points of
repeated studies are unlikely to impair the accuracy
of the changes in lumen and plaque volume mea-
surements, assessed for an entire arterial segment.
Because the aim of this study was to determine the
aceuraey and reproducibility of the analysis methed,
the same set of digitized images from a single pull-
back per patient was used for repeated analysis.

The results of the in vitro study suggest that the
automated analysis system operates accurately, and
the in vivo study demonstrates high reproducibility.
The 3Ds of the intraobserver and interobserver dif-
ferences in detecting the total vessel contours were
particularly low, reflecting the regular shape of the
external boundary of the total vessel, The lumen
contours, however, demonstrafed slightly higher
vartability, which can be explained by irregularities
in the shape of the lumen area, especially after cor-
onary interventions. The larger variability of plaque
area measurements, derived from measurements of
lumen and total vessel contours, reflect the combined
variability of these two contours. The volumetric
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measurements in vivo showed a lower SD of the dif-
ferences than did the area measurements, reflecting
an averaging of the differences of the area measure-
ments,

The ability to display the cross-sectional plus two
longitudinal views simultaneously facilitates the de-
tection of the boundary of the vessel, The reason for
first performing contour detection on the longitudi-
nal images is that the edge information obtained
from this step is subsequently used to guide the final
contour detection on the transverse images,

Previous studles. A different approach o contour
detection, providing autemated tracking of the coro-
nary wall and lumen in ICUS image sequences, has
been developed by Sonka et al.?® The border tracking
is performed only in the cross-sectional images,
without the assistance of an additional contour
detection step in longitudinally reconstructed im-
ages. The feasibility of this system in analyzing in
vive examinations remains to be confirmed because
the movement of the ICUS catheter or the poor de-
piction of the plaque in single ICUS images may im-
pair the application of this algorithm, but the first
resulis in vascular specimen in vitro are promising.

Data on the variability and reproducibility of
ICUS measurements are limited to the assessment
of selected individual cross sections in in vitro and in
vivo studies and, in general, address different ques-
tions. A recent systematic study® on the variability of
measurements in 120 cross-sectionat ICUS images
in vivo demonstrated relatively high variability of
the manual contour tracing.?? In agreement with the
present study, the 8D of the differences was higher
for plaque than for vessel Jumen or total area mea-
surement. However, the variability of repeated man-
ual contour tracing® was indeed higher than the
variability of the proposed analysis system in the
present study. This difference may be explained in
part by the use of larger ultrasound catheters in the
previous study?”, which show strut artifacts, ohscur-
ing a portion of the vessel wall, and the use of single
digitized frames without the option of scrolling the
videotape back or forth,

Information about the reproducibility of volumet-
ric measurements is limited, and it is difficult to
compare results provided by different quantitative
analysis systems. Matar et al.?® recently reported an
intrachserver study that yielded a correlation coeffi-
cient of 0.98 for automated threshold-based mea-
surement of lumen velume in vivo, a result confirmed
by the high reproducibility of volumetric measure-
ment observed in the present study.

Approaches toward volumetric quantification. Three-
dimensional ICUS was first used clinically to assess

38

T4,

Fig. 8. Three-dimensional display of coronary segment at
follow-up after directional coronary atherectomy. This dis-
play uses cylindrical format; it is not required for quanti-
fication from three-dimensional data set. Nevertheless, it
may provide additional insight into plaque geometric fea.
tures.

visually the spatial configuration of plaques.®
The morphologic features of dissections®® 3l and
stents®® 33 were examined, and their length or di-
ameter was measured. However, the three-dimen-
sional data set can also be processed by various
technical approaches to quantify lumen or plaque
volumes. These systems differ in terms of image seg-
mentation, which is the algorithm for identification
of the structures of interest in the digitized ICUS
images. Distinction befween vessel lumen and wall
can be achieved by various (semi)automated systems
on-line with binary threshold-based algorithms, 2% 2%
voxel-based segmentation algorithms,® or algo-
rithms for statistical pattern recognition.5® The ap-
plicability of these approaches depends considerably
on image quality and is restricted to the automated
detection of the lumen. The proposed guantitative
analysis system, however, combines automatic con-
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tour deteetion and user interaction and is therefore
able partly to compensate for limitations in ICUS
image quality. The system is capable of identifying
the intimal leading edge and the external contour of
the vessel, thus permitting automated gquantifica-
tion of plaque volume.

The possibility of examining the vascular segment
at the same time in a transverse and two longitudi-
nal views and the concept of applying an automated
contour detectien in the cross-sectional ICUS im-
ages, guided by edge points derived from previously
detfected longitudinal contours, are the key factors
explaining the high repreducibility of this ICUS
analysis method in vive.

Contradictory results have been observed in pre-
vious progression-regression trials using quantita-
tive corenary angiography. ICUS directly visualizes
the vessel wall and therefore may better refiect the
changes of the plaque, but in progression—regression
studies small changes can be expected despite the
long study period, and a high reproducibility of mea-
surements is imporfant, On the basis of the results
of the present study, which demonstrates high re-
producibility of the volumetric ICUS measurement,
volumetric ICUS measures may be considered.3

Limltatlons. Behind deposits of calcium the exter-
nal vessel boundary cannot be traced. In addition,
depending on the type of stent, the metallic struts
may oceasionally render the external contour detec-
tion difficult. The proposed analysis system, how-
ever, allows reliable interpolation between preceding
and following images on the longitudinal sections.
The edge information finally permits reproducible
interpolated contour tracing on the cross-sectional
ICUS images. Artifacts in the longitudinally recon-
structed views, caused by the movement of the
ultrasound catheter during the cardiac cycle and
systolic-diastolic changes in vessel dimensions5?
may in the future be avoided by etectrocardiograph-
ically (ECG) gated®®37 ICUS image acquisition or
even the combination of ECG-gated ICUS and an-
giographic data.®® 3 Application of these combined
approachesis still restricted, but the analysis system
used in the present study is now used clinically for
on-line and off-line analyses, and evaluation of tape-
recorded ulirasound studies from multicenter trials
has recently been started.

Conelusion, The proposed analysis system provides
accurate measurements of phantom dimensions and
can be used to perform highly reproducible area and
volume measurements in three-dimensional ICUS
in vivo.

We thank Elliz van de Leur, Bart van der Zalm, and Jurgen
Ligthart for technical support.
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ECG-Gated Three-dimensional

Intravascular Ultrasound
Feasibility and Reproducibility of the Antomated Analysis of

Coronary Lumen and Atherosclerotic Plaque Dimensions
in Humans

Clemens von Birgelen, MD; Evelyn A. de Vrey, MD; Gary 8. Mintz, MD; Antenine Nicosia, MDy;
Nico Bruining, BSc; Wenguang Li, MS¢; Comelis J. Slager, MSc; Jos R.T.C. Roelandt, MD, PhD;
Patrick W, Serruys, MD, PhD; Pim 1. de Feyter, MD, PhD

Background Aulomated systems for the quantitative analy-
sis of three-dimensional (3D) sets of intravascufar vitrasound
(IVUS) images have been developed lo reduce the time
required to perform volumetric analyses; howsver, 3D image
reconstruction by these nongated systems is frequently ham-
pered by cyclic artifacts.

Methods and Results We used an ECG-gated 3D IVUS
image acquisition workstalion and a dedicated pullback device
in atherosclerotic coronary segments of 30 patients to evaluate
(1) the feasibility of this approach of image acquisition, (2} the
reproducibility of an automated contour detection algorithm in
measusing lumen, external elastic membrape, and
plaque+media cross-sectional areas {CSAs) and volumes and
the cross-sectional and volumelric plaque+media burden, and
(3} the agreement between the automated area measurements
and the tesulls of manual tracing. The gated image acquisition
took 3.9+ 1.5 minutes. The length of the segments analyzed was

9.6 to 40.0 mm, with 2.3*+1.5 side branches per segment. The
minimum lumen CSA measured 6417 mm?, and the maxi-
mum and average CSA plaquetmedia burden measured
60.5+10.2% and 46.5£9.9%, respectively. The avtomated con-
tour-detection required 34.3:+7.3 minutes per segment. The
differences between these measurements and manual tracing
did not exceed 1,69 (SD<6.8%). Intraobserver and interob-
server differences in area measurements {r=3421, r=.97 10,99)
were <<1.6% (SD<7.2%); inteacbserver and inferobserver dif
ferences in volemetric measurements (n=30; r=.399) were
<0.4% (SD<3129%).

Conclusions ECG-gated acquisition of 3D IVUS image sets
is feasible and permils the application of automated contour
detection to provide reproducible measurements of the fumen
and atherosclerotic plague CSA and volume in a relatively
short analysis time, {Circulation. 1997;96:2944.2952.)

Key Words e ultrasonics s coronary disease e imaging

graphic imaging of coroaary arteries in humans in

vivo and provides insights into the pathology of
coronary artery disease by defining vessel wall geometry
and the major components of the atherosclerotic
plaque.’7 Although invasive, IVUS is safe3? and allows a
nlore comprehensive assessment of the atherosclerotic
plague than the “luminal silhouette™ fumished by coro-
nary angiography.'®14 Nevertheless, conventional 1IVUS
analysis is a planar technique. Volumetric analysis of
conventionally obfained IVUS images using Simpson’s
rule and planar analysis of multiple image slices is
possible and may yield additional information, although
it is time-consuming. To reduce the time for velumetric
anelysis®> of IVUS images, automated 3D image recon-

Intravascuiar vitrasound allows transmural, tomo-

Received January 8, 1997; revision received May 8, 1997; ac-
cepted May 28, 1997,

From the Thoraxcenter, Division of Cardiology, University Hos-
pital Rotterdam-Dijkzigt and Erasmus University, Rotterdam (C.
von B., E. de V, AN, NB, WL, CIS, LRT.CR,PWS, PL
de F.), and the Interunivessity Cardiology Institute {W.L., P,W.5.),
Netherlands; and the Washington (DC) Hospital Ceater (G.5.h4).
Dir von Birgelen is now at the Department of Cardiclogy, Univer-
sity Hospital Essen, Germany.

Corgespondence to Pim J. de Feyter, MD, PhD, Thoraxcenter,
Bd 381, PO Box 1738, 3000 DR Roterdam, Netherlands.

© 1997 American Heart Association, [nc.

struction systems have been developed.'s2? However,
these systems have limitations, including (1) an incon-
sistent ability to detect the external arterial boundary
and (2} imaging artifacts produced by cyclic changes in
vascular dimensions and by movement of the IVUS
catheter relative to the vessel.20.2224

As a consequence, we have developed an analysis
system that (1) uses 3D IVUS image sets acquired with
an ECG-pated image acquisition workstation and pull-
back device to limit cyclic artifacts?® and (2) detects both
the luminal and external vascular boundaries of athero-
sclerotic coronary arteries {0 permit plaque velume
measurement. 231 We report the feasibility of IVUS
image acquisition and the reproducibility of analysis with
this methedology.

Methods

Patient Pepulation

Between August 1, 1995, and February 29, 1996, we exam-
ined 28 patients with ECG-gated 3D [VUS, which represented
a consecutive series of patients investigated with this approach.
There were 23 men and 5 women who ranged in age from 38 to
72 years (mean, 55.3*8.9 yzars}), All but 3 of them, studied at
routine folfow-up after previous catheter-based interventions,
were symptomatic and/or had revealed signs of myocardial
ischemia during noninvasive functional testing. Reasons for
cardiac catheterization were either for diagnostic evaluation

43



Chapter 3

Selected Abbreviations and Acronyms
CSA = CSA
3D = three-dimensional
EEM = external elastic membrane
IVUS = intravascular ultrasound

(n=20) or for follow-up study after a previous angioplasty
procedure (n=8). Of the 20 patients examined during diagnos-
lic catheterizations, 6 had one-vessel, 8 had nva-vessel, and 1
had three-vessel disease, All patients with one- and two-vessel
disease subsequertly underwent successful catheter-based in-
terventions (baloon angioplasty, n=3; directional atherec-
tomy, n=2; slenting, n=9). Bypass surgery was performed in
the patient with three-vesscl disease. OF the § patieats investi-
gated at follow-up after previous interventions (after balloon
angioplasty, n=5; directicnal atherectomy, n=3}, 3 patients
showed a significant restenosis and were successfully treated by
repeal balleon angioplasty.

Thirty atherosclerotic coranary segments located in the left
anterjor descending corenary artery (n=15), right coronary
artery (n=12}, and left circumflex corenary artery (n=3) were
analyzed; 13 segments were proximal, 15 mid, ard 2 distal. As
2 condition for inclusion, segments had te be angiographicaily
relatively straight (in at least two angiographic views from
opposite projections). An exclusion crilerion was calcification
encompassing >180° of the arterial circumference over a
z5-mm-long axial segment, This study was approved by the
Local Council on Humar Research. All patients signed a
written infermed coasent form approved by the Medical Eth-
ical Committee of the University Hospital Rotterdam-Dijkaigt.

IVUS Imaging

All patienis received 250 mg aspirin and 10000 U heparin
IV. If the duration of the entire catheterization proceduse
exceeded 1 hour, the activated clotting time was measured, and
infravenous kieparin was administered 10 maintain an activated
clotting time of 300 seconds. After intracoronrary injection of
02 mg nitroglycerin, the atherosclerotic coropary segment to
be reconstrucled was examined with 1 mechanical IVUS system
{ClearView, CardioVascular Irtaging Systems Inc} and a
sheath-based FVUS catheter incorporating a J0-hMiz beveled,

A

single-element transducer rotating at 1830 pm (MicraView,
CardioVascular Imaging Systems Inc). This catheter is
equipped with a 2.9F 15-cm-fong sonolucent distal sheath with
a common lumen that alternatively houses the guidewire
{during catheter intraduction) or the transducer (during imag-
ing after the guidewire has been pulled back), but not both.
This design avoids direct contact of the IVUS imaging core
with the vessel wall. The 1VUS transducer was withdrawn
through the stationary imaging sheath by an ECG-triggered
puliback device with a stepping smotor developed at the Tho-
raxcentier Rotterdam. 8

ECG-Gafed 30 IVUS Image Acquisition

The ECG-gated Image acquisition and image digitization
was performed by a workstation initialiy desipned for the 3D
reconstruction of echocardiographic images® (Echoscan,
TomTec). This workstation received input from the [VUS
maching (video) and the patient (ECG signal) and on the other
hand, centrolled the motorized transducer pullback device.

The steering logic of the workslation considered the heart
rate variability and checked for the preseace of extrasystoles
during image acquisition and digitizalion (Fig 1), First, the RR
intervals were measured over a 2-minute period to define the
upper and fower Jimits of the range of acceptable RR intervals
(mean valuex 50 ms), TVUS images were acquired 40 ms after
the peak of the R wave. When the length of the RR iaterval
met the preset range, the IVUS image was stored in the
compuier memory. Consecutively, the 1VUS transducer was
withdrawn 200 pm 1o acquire the next image. Although the
longitudinal resolution available with this technical setup is
100 pm, jn the present study enly one IVUS image per
200 pm axial arterial length was acquired. Fhus, an average of
114 images per segment were digitized and analyzed {range, 48
to 200 images per sepment: corresponding segment length, 3.6
to 40.0 mm).

IVUS Analysis Protocol

Each set of digitized IVUS images was analyzed off-line by
two independent observers using an automated, computerized
contour detection algorithm -3 These measurements (Ia and
II}) were compared to study the interabserver variability.
Blinded analyses were repeated by the first observer after an

-
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Fia 1. IMUS images were acquired 40 ms after paak of R wave and slored {accepted) in computer memory only if RR intervals met
predefined range {top). Conseculively, ransducer was withdrawn 200 m 1o adjacent acquisition site (step) Lo acguire next image. If an
RRAintervat did not meet range, image was not stored {rejected), and transducer was kept at that site uniit an image was acquired. Image
acquisition and molorized prliback were conlrolled by steeding logic of Image acquisition workstation. Automated detection of intimal
and medial boundaries was firsl performed on two perpendicular loagitudinal sections X, Y) reconstructed from image data of entire 30
stack of images (boftom); edge information of ihese longitudinat contours was represented as points on planar images, defining there
the center and range of final automated contour detection process,
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interval of at least 6 weeks. These measurements {[a and 1b)
were compared to study the intrachserver varisbility.

Two huadred planar images were randomly selected for
“manual” apalysis by 2 third investipator (MA-II) who was
experienced in IVUS image analysis but blinded to the (above)
automated contour detection results. This analyst could review
the videotape to enswre a maximum accuracy of contour
tracing, performed within an average of 4.1 minutes per image.
Validation of manuat CSA measurements by IVUS has been
reported previously323¢ These measurements were compared
with ihlc automated contour detection analysis made by ob-
server 1.

Data Analysis

The CSA measurements included the lumen and EEM CSA.
Plague+media CSA was calculated as EEM minus lumen CSA,
and the CSA plaque+media burden was calculated as
plague+media CSA divided by EEM CSA. The EEM CSA
(which represents the area within the border between the
hypoechoic media and the echoreflective adventitia) has been
shown to be a reproducible measure of the total arterial CSA.
As in many previous studies using IVUS, plaque+media CSA
was used as a measure of atherosclerolic plaque, because
ultrasound cannot measure media thickness accurately.?s Lu-
men, EEM, and plaque+media volumes were caiculated as

Volume= ZCSAixH

i=l

where H is the thickness of a coronary artery slice, represented
by & single tomographic 1VUS image, and n is the aumber of
IVUS images in the 3D data set. The wvolumetric
plague+media burden was caleuiated as plague+media vol-
ume divided by EEM volume.

Plzque composition was assessed visually to identify lesion
calcium. Calcium produced bright echoes (brighter than the
reference adventitia), with acoustic shadowing of deeper arte-
rial structures. ‘The largest arc(s) of target lesion calcium was
identified and measured in degrees wish a protractor centered
on {he jumen. The overall length (in ma) of lesion calcium was
measured by use of the length measwrements provided by the
3D reconstnzclion.

Computerized Contour Detection in ECG-Gated
3D IVUS

Steps Involved in Inoge Analysis

Two longitudinal sections were consizucied, and contours
corresponding to the lumen-tissue and media-adventilia inter-
faces were automatically identified (Fig 1). The necessity to
manually cdit these contours was significantly reduced, because
eyelic “saw-shaped'' image artifacts that can hamper the auto-
mated detection in nongated image sets were virlually abol-
ished (Fig 2. The sufficiency of the contour detection was
visually checked, requiring an average of 5 minutes. If neces-
sary, these longitudinal contours were edited with compuler
assistance {see below) within <1 minute. The longitudinal
contours were transformed to individual edge points on the
pianat images, defining center and range of the automated
boundary search on the planar images.

Subsequently, contour detection of the planar images was
performed. The axial location of an individual planar image
was indicated by a cursor, which was used to seroll through the
entire set of plapar images while the detected contours were
visually checked. Correct detection of the fongitudinal contours
minimized the need for computer-assisted editing of the cross-
sectional contouss. Careful checking and editiag of the con-
touss of the planar images was performed within an average of
25 minutes, Finally, the contour data of the planar images were
used for the computaticn of the results.

Fia 2. Example of automated 3D contour detection analysls in
diseased left anterior descending coronary artery, Range of
14.6-mm-long IVUS reconstruction and analysis is indicated by
arrowheads in anglograms {top) taken frem opposite angio-
graphic projections. Cut planes of two recenstructed lengitudi-
nal sections (X, ¥; lower left) are ingicated on planar IVUS image
lower rght), depleting cakification {Ca) of atheroscleroilc
plague. Horzontal cursor on loagitudinal sections can be used
to scroll from distal (dist} to proximal {prox.) through planar
images. Thickness of that cursor Is arificially increased to
improve visibitity {lrue thickness=ha'l a scan fine). 30 approach
pemitted interpretation in longitudinal dimension and facilitated
tracing of estimated extemat vascular contour ir acoustic shad-
awing betind calcium. Angiegrams {top) and radiographic image
of ultrasound catheter during image acquisilton (insert, top left)
illustrate that analyzed arterial segment was relatively stralght
and showed no more than mild vessel curvatures. As linear 3D
analysls systems do net account for vascular curvalures, this
premise was Imporant becauss it limlts cuwve distention-in-
duced deviztion of velumelic measurements,

Minimum-Cost Algorithn and Compuler-Assisted
Contour Editing

A minimum-cost algorithm was used to detect the luminal
and extemal vessel boundaries.® Each digitized IVUS image
was resampled in a radiat format (64 radii per image); a cost
matrix representing the edge strenpth was caleulated from the
image data, For the houndary between jumen and plague, the
cost value was defined by the spatial first derivative.* For the
external vessel boundary, a cross-correlation pattern matching
process was used for the cost calculations. The path with the
smallest accumulated value was determined by dynamic pro-
gramming techniques.?? The computer-assisied editing differed
considerably from conventienal nxanual contour tracing. The
compuler mouse was pointed on the correct boundary (o give
that site a vegy low value in the cost matrix, and subsequently
the automated delection of the miaimum cost path was up-
dated within <1 second. Editing the contour of a single slice
caused the entire data sct to be updated {dynamic
programming}.

Handling of Side Branches and Calcification

Side branches with a relatively small ostivm were generally
ignored by the algorithm as a result of its robustness, which
means {hat the autemated confour detection did not follow
every abrupt change in the cost path. However, in branches
with a large ostium, the centour did follow the lumen and
vessel boundaries of the side branch. This was corrected by
displaying the side branch in one of the longitudinal sections
and interpolating the longitudinal vessel contours as straight
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TaBLE 1. Feasibility and Processing Time

EGCG fmage  Images/ Acquisition Acquisition Analysis Analysls
Seg Gating  Quality Seq, n TimeiSeq, min Time/lmage, s Time/Seg, min Time/lmage, mfn
1 +4 4 ++ 123 4.2 29 34.6 03
2 4+ ++ 66 21 1.9 22.4 03
3 it +++ 146 4.7 1.9 36.9 03
4 +H+ +++ 200 69 2.1 423 0.2
5 +++ + Fas 27 2.3 3.2 0.5
6 +++ ++ 194 6.8 2.1 47.8 0.3
T +4+4 444 84 29 20 286 03
8 +4+ 4 ++ 74 27 22 29.7 0.4
9 4 +++ 150 47 1.9 313 03
10 +++ ++ 94 31 29 31.7 0.3
i1 +4++ ++ 48 1.5 9 213 04
12 ++ + 129 4.9 2.3 48.4 0.4
i3 +++ ++ 127 4.3 29 35.0 0.3
14 +44+ + 147 57 23 464 0.3
i5 ++4 +4+ 194 6.6 2.9 39.4 n2
16 44 ++ 106 35 20 38.9 0.4
17 +++ ++ 123 4.6 2.2 44.8 0.4
18 +++ ++ 150 5.4 22 373 03
19 +++ +++ 148 4.5 1.8 KY S 0.3
20 +++ +++ 152 5.2 24 375 0.3
21 +++ ++ as 29 29 31 0.4
22 4+ ++ 110 al L7 333 03
23 44 ++ 94 34 2.2 3y 0.3
24 t+t tt 100 35 241 331 0.3
25 +++ ++ 5 26 2.0 298 0.4
26 +++ +++ 126 4.2 29 RLR 0.3
27 +4+ +H+ 7@ 2.7 20 27.1 03
28 +++ +++ 689 24 2.1 238 0.3
29 ++4 ++ 4 75 2.4 1.9 25.8 0.3
30 +He LR 73 2.5 2.0 24,4 0.3
Kean PN PN §34.0 38 20 343 03
SD 459 1.5 0.1 7.3 0.1
n . . 30 30 30 30 30

Seq ingicates segment. ECG gating: +++, easy pedormance without image artifacts; + +, easy performance with a few
cyolic image arifacts, [mage quality: ++ +, excellenl; + +, good; +, mediocrg.

lines, As a result, the side branch was outside the region of
interest on the planar images. Similarly, small calcific portions
of the plaque did not affect the detection of the external vessel
boundary because of the robustness of the algoerithm. In case of
marked vessel wall calcification, the automated approach fails
to detect the extermal vessel boundary. However, the 3D
approach of the analysis system allowed interpretation of the
external vessel boundary in the longiludinat dimension and
facilitated tracing of a straight contour line behind the calejum.

Previous Validation In Vitro and In Vive

In vitro, the algorithm has been validated in a tubular
phantom consisting of several segments. The aulomated mea-
surernents revealed a high correlation with the true phantom
areas and volumes (r=.%9); mean differences were --0.7% to
3.9 (8D <2.695) for the arcas and 0.3% to 1.7% (SD<1.8%)
for the volumes of the vatious sepmeats™ A comparison
between antomated 3D IVUS measutements in 13 atheroscle-
rotic corenary specimen (area plaguetmedia burden <40%)
in vitro and morphometric measuremenis on the correspending
histological sections revealed good correlations for measure-
ments of lumen, EEM, plaque+media, and plaque+media
burden (r=.94,.88,.80, and.88 for arcas and.98,.91,.83, and.91
for volumes).® [n vitro, both area and volume measurements
by the automated system agreed well with results obtained by
manual tracing of 1VUIS images, showing low {—3.7% 10 0.3%)
mean between-method differences with SD <6% and high
correlation coefficients (r=.97 for areas and r=299 for vo!-
umes).? In vivo, using 3D IVUS image sets acquired during
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nengated continuzous pullbacks threugh 20 diseased coronary
segments, intraobserver and intercbserver comparisons re-
vealed high correlations (r=.95 €0.98 for area and r=.99 for
volume)® and small mean differences {~0.9% to 1.195), with
SD of lumen, EEM, and plaque+media not exceeding 7.3%,
4565, and 10.9% for areas and 2.7%, 0.7%, and 2.8% for
volumes. The time of (automated) analysis in that study was
9219 minutes, Importantly, that study did not include seg-
ments with more than focal calcification, more than one side
branch, or extensive systolic-diastolic movement ariifacts in the
longitudinally constructed images.

Statistical Analysis

Quantitative data were given as mean*SD; qualitative data
were presenled as frequencies. According to Bland and Altman,”
the intraobserver and interobsesver agreement (reproducibility)
of the contour detection method was assessed by determining the
mean and SD of the between-observation and between-observer
differences, respectively. The results of the repeated contour
analyses {fa versus Ib), the independent contour detection analy-
ses {Ta versus 11}, and the manval versus the centour analyses
(I11-MA versus Ta) were compared by the two-tailed Student’s £
test for paired data analysis and linear regression analysis; values
of P<.05 were considered statisticaily significant.

Results

Feasibility and Acquisition and Processing Time

The gated IVUS image acquisition required 3.9%+1.5
minutes (1.5 to 6.9 minutes) per coronary segment,
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TABLE 2. Characteristics of Coronary Segments

MLCSA, CSA P+M Burden, % Sids Calcium

Seg Vessel mm? Max Mean Branches, n  Presence Max Arc,®  Length, mm

1 Prox LAD 66 542 470 2 Muitiple BQ <

2 Mid LAD 6.4 44.8 356 3 .

3 Prox LCx T4 7i4 659 1 Single 180 1.6

4 Dislal RCA 5.7 iz 61,1 3 .

5 Prox LCx 8.1 ng 228 0

6 Prox LCx 6.2 62.1 513 1

7 id LAD 5.8 435 288 4 e . .

8 Mid LAD a5 519 401 b Sing'e 95 <1

9 Mid RCA 4.1 69.5 44.6 3 [ i e
10 Prox LAD 55 66.0 50.6 4 Single 180 1.6
1 Prox LAD 96 60.2 481 1 Single 100 4.4
i2 Prox RCA 43 65.4 493 1 Muftiple 180 1.4
13 hiid RCA 4.7 ir? 586 2 Muttipla 160 <t
14 Mid RCA 42 65.4 50.8 1 Multipla 180 <1
18 Mid RCA 6.4 68.4 589 1 Mualtiple 125 =i
16 Prox LAD 43 £0.4 360 2 o
17 Prox LAD 53 64.8 511 1 e
18 Mid RCA 5.7 65.3 545.2 3 Muttiple 50 <1
19 Mid RCA 6.4 66.7 47.9 [ -
20 Mid RCA 7.2 68.1 53.0 3
21 Prox RCA 9.7 56.9 3.2 1} Single 60 <1
22 Prox LAD 35 67.3 49.6 ] . rer
23 Prox 1LAD 68 59.1 51.0 2 Single F{t] 4.6
24 Distal LAD 74 500 356 5 KMultipta 106 <1
25 hig LAD 79 57.0 3986 2 Single 95 <1
26 Mid RCA 54 519 381 4 Single a0 <1
27 Mid RCA 59 49.3 39.2 3 ren N e
28 Prox, LAD 9.7 594 458 2 Single 85 <y
29 Mid LAD 8.0 57.9 46.1 4 e e
30 Mid LAD 5.8 756 589 2 Single 83 4.8
Mean —ee 6.4 60.5 46.5 2.3 e 113.8
SD 1.7 10.2 2.9 5 es 488
n 30 ae 30 30 .o 17

Seq indicates segmenl; MLCSA, minimal lumina! CSA; P+M, plaque+media; Prox, proximal; LAD, left anteder

descending coronary artery; LCx, lefl ¢ircumbfiex coronary artery; and RCA, right coronary artery,

which corresponds to 2.0x0.1 seconds (1.7 to 2.3 sec-
onds) per image {Table 1)}. Al scgments could be
analyzed by the computerized contour detection system
during an analysis time of 34.3x7.3 minutes per segment
(21.3 to 48.4 minutes), corresponding to 0.3x0.1 min-
utes (0.2 to 0.5 minutes) per computerized 1VUS image
analysis.

1VUS Segment Characteristics

All but ewo of the segments (93%) contained at feast
one side branch {Table 2), The average number of side
branches per segment was 2.3x1.5 (range, 0 to 6).
Calcification was present in 17 segments (57%), 11
(37%) showed a single calcium deposit, and 6 (20%)
contaired muliple calcium deposits. The maximum arc
of calcium was 114+49° (50° to 190°); in 6 segments, the
length of the calcified portion exceeded 1 mm.

The minimal lumen CSA as measured by the contour
detection system was 6.4+ 1.7 mm?® {3.5t0 9,7 mm?). The
maximum and average CSA plaque+media burden were
60.5+10.2% (31.7% 1o 77.7%) and 46.5%9.9% (22.8%
1o 65.9%).

Manual Tracing Versus Automated
Contour Detection

In the 200 randomly sefected image slices, the measure-
menls of the fumen, EEM, and plaque+media CSAs and

the CSA plague+media burden obtained with the auto-
mated contour detection system (9.37+3.09 mm?
18.33%6.70 mm?, 8.9525.16 mm?, and 46.03+13.46%, re-
spectively) were similar to the results obtained by manual
tracing (9.35::3,18 mm?, 18.3726.62 mm?, 9.02+5.08 mm®,
and 46.53*13.41%; n=200}. Between-method differences
were (4x43%, —04+36%, —1.6291%, and —1.2%
6.8%, respectively (all P=NS). The correlations between
the measurements provided by both methods were high
(r=.98; Fig 3).

Reproducibility of the Contour Deteciion Analysis

For measurements of lumen, EEM, and plaque+
media CSA and the CSA plaque+media burden
{n=3421}, both intraobserver (—0.4x2.7%, —04=*
1.8%, —0.4+5.1%, and —0.0+4.2%) and intercbserver
(0.4+52%, —0.9+2.7%, —1.5£7.2%, and —1.5%6.9%;
all P<.001) differences were low. Correlation coefli-
cients were high for repeated measurements by the same
observer (r=.9%) and measurements by the two observ-
ers (r=.97; Fig 4). For the corresponding volumetric
measurements {n=30), the intracbserver {(—0.4+1.1%,
—0.420.6%, —0.3x1.0%, and 0.0+0.4%) and interob-
server {0.6+2.9%, —0.8+1.0%, —2.5+3.2%, and
0.8+1.5%; P<.05) differences were also low, and high
correlations were -found for both intraobserver and
intercbserver comparisons (r=.99; Fig 5).
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automated contour detection (1a) and conventional manuat trac-
ing (MA-1I1).

Discussion

The present study demonstrates that () ECG-gated
acquisition of 3D IVUS images is feasible, (2) there is a
good agreement between the resulis provided by the
automalted contour detection method and manual bor-
der tracing, and (3} the automated contour detection
analysis can be performed in 2 relatively short analysis
time with a high degree of reproducibility.

3D reconstruction of TVUS images was first used 1o
visually assess the spatial configuration of plagues, dis-
sections, and stents and to perform basic measure-
ments.'%173% More recently, the 3D reconstruclion sys-
tems have included algorithms for automated
quantification of lumen dimensions.'&212%27 The con-
tour detection system used in the present study can be
used for the detection of both the tissue-lumen boundary
and the media-adventitia (EEM) boundary, and there-
fore plague volume can be measured.

Feasihility

Non-ECG-gated image acquisition is frequently
marred by cardiac cycle-linked coronary artery vasomo-
tion and IVUS catheter motion, which produce sawtcoth
artifacts in the reconstructed 3D images that can inter-
fere with automated contour detection (both the case of
use and, presumably, reproducibility). Conversely, in the
present ECG-gated image sets, the longitudinal contours
were smooth and without such artifacts. Therefore,
there was much less need to manually edit the automat-
ically detected longitudinal contours. Moreover, the
accuracy of the derived edge information improved the
performance of the second automated contour detection
step on the planar IVUS images. This reduction in
manual editing {ime on both longitudinal and planar
images accounts for the low time of analysis compared
with a previous study using nongated image acquisition*®
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{34 minutes and 69 minutes, respectively). Indeed, this
represents a significant reduction in analysis lime and as
a consequence reduces the cost of the analysis. However,
the BCG-gated 3D IVUS acquisition in the present
study required a longer acquisition time than conven-
tional motorized puliback {eg, non-ECG-triggered puil-
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automated contour detection analysls system.

back at 0.5 mavs). On average, only a 6-mm-long
coronary segment could be imaged in 1 minute.
Reproducibility of the Contour Deteclion

In the present study, the measurement of the lumen,
EEM, and plague+media CSA differed little from the

results obtained by manual confour tracing of these
borders; there were only small interobscrver and in-
traobserver differences in both the planar and volumelt-
ric analyses. However, the reproducibility of the
plaque+media measurements was lower than for the
other measures, which may reflect the combined vari-
ability of both the luminal and the EEM contours,
confirming previous in vitro® and in vivo data (nongated
patient data)*® and findings of others.*® The reproduc.
ibility of the volumetric measurements was higher than
for the CSA measurements, which may be a result of an
averaging of the differences between the individual CSA
measurements,

Although the segments in this ECG-gated contour
detection study were nonselected and included calcified
segments with some side branches, the reproducibility of
the CSA measurements was consistently better than
observed in a previous study using nongated contour
detection.® We believe that the key factors explaining
the overall high reproducibility of automated contour
detection observed in this study are (I} the integrated
analyses of the conventional cross-sectional image slices
with two longitudinal sections and (2) the faciiitated and
improved detection as a result of the smoothness of the
contours on the ECG-gated longitudinal IVUS sections.

Reproducibility of Alternative Methods of
Quantitative 3D IVUS

There is very litile information on the reproducibility
of 3D IVUS measurements using other measurement
systems and algorithms. Matar and colleagues?! reported
a Pearson’s correlation coefficient of .98 for an intrach-
server study of lumen volume measurement by an auto-
mated threshold-based 1VUS analysis system, conifirm-
ing the Tow variability of the volumetric measurements
observed in the present study, Another acoustic quanti-
fication system?® performs measurements of lumen CSA
and volume, based on the automated detection of the
biood pool in singte IVUS images acquired at random
during the cardiac cycle.?'#5 Because the measurements
are based on single-framie analysis, ECG-gated image
acquisition may not influence the reproducibility of such
systcms.

Conversely, 3D contour defection—based analysis ap-
proaches benefit from an ECG-gated image acquisi-
tien.20 Sonka and associates?®* developed an alternative
3D contour detection system that performs computer-
ized detection of the luminal and external vascular
boundaries in 3D sets of planar IVUS images without
the additional information provided by the longitudinal
contours. In their study,® the correlation between auto-
mated and manually tzaced CSA measurements was
quite good (=291 and.83 for lumen and plaque CSA,
respectively). Using ECG-gated 3D IVUS, they found
significanily improved results (7=.98 and.94 for lumen
and plaque+media CSA, respectively),* underlining the
significance of ECG-gated IVUS image acquisition.
Most likely, other promising contour detection algo-
rithms*-%2 for 3D analyses may- also benefit from an
ECG-gated image acquisition.

Potential Sources of Error and Study Limitations

Problems related to IVUS in gereral®® and to 3D
reconstruction in particelar®® may influence the con-
tour detection process. The quality of the basic IVUS
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images is crucial to both planar and 3D image analysis.>
Incomplete visualization of the vessel wall, for example
as caused by acoustic shadowing® from lesion-associated
calcium, hampers conventional planar IVUS analyses;
however, 3D IVUS allows inlerpretation in the axial
dimension and estimated contour tracing of the external
vascular boundary, Image distortion caused by nonuni-
form transducer rotalion or noncoaxial [VUS catheter
position in the lumen may create arlifacts both in planar
images and in 3D reconstruction.??

Vessel curvatures may cause differences between the
movement of the distal transducer tip and the proximal
part of the catheter (although the use of sheath-based
IVUS catheters reduces the latter problem) and a
significant distortion of the 3D image reconstruction.

Most importantly, linear 3D systems such as used in this
study can provide only approximate values of the volumet-
ric parameters* because they do not account for vascular
curvatures and the real spatial geometry. In curved vascular
segments, this results in an overestimation of plaque vol-
ume at the inner side {expansion) and an underestimation
of plaque velume at the outer side {compression} of the
curve,2 Approaches combining data obtained from an-
giography and TVUS*~¢ can provide information on the
real spatial geometry of the vessel. Unquestionably, the
combined approaches have a unique potential, but cur-
rently these sophisticated techniques are still laborious,
restricted to research applications, and not yet usefol for
routine off-line analysis of clinical IVUS examinations. In
the present study, only relatively straight coronary seg-
ments, showing no maore than mild vessel curvatuees, were
included. We felt that this premise was impostant to lmit
cugve distortion—induced deviation of volumetric measure-
ment,H because linear 35 analysis systems do not account
for vascular curvatures.

Compared with conventional motorized transducer
puliback at a uniform speed, ECG-gated image acquisi-
tion takes longer, which may limit its use before inter-
vention, especially in patients with very severe coronary
stenoses, Therefore, we currently perform ECG-gated
IVUS examinations during diagnostic or follow-up cath-
eterizations and at the presumed end point of coronary
interventions.

Clinical Implications

The examination of corenary arteries by IVUS per-
miils the comprehensive assessment of atherosclerosis?
sszs0 and the evaluation of the jnstantaneous?#9 and
long-term effects of catheter-based interventions on the
coronary lumen and plaque. To guantify these chaages,
anatentic landmarks such as side branches or spofs of
calcium can be used to define specific anatomic image
slices for comparative analysis in serial studies.

The proposed 3D IVUS method, which permits re-
producible and reliable contour detection of both lumen
and plaque, may facilitate volumetric measure-
ments®¥3 angd cbviate the need for laborious analyses
based on Simpson’s rule.’s Furthermore, the use of
ECG-gated image acquisition?s increases the applicabil-
ity of the contour detection algorithm by shortening the
analysis time*? and increasing the reproducibility of the
method. These advantages may be most significant in
studies that are expected to show oaly small changes in
placue andfor Jumen over time {eg, in trials evaluating
the progression or regression of atherosclerosis during
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pharmacological therapy!'?). In addition, becavse the
time from the peak of the R wave to image acquisition
can be varied, this method can be used to study the cyelic
(systole versus diastole) changes in vessel dimensions.

Conclusions

ECG-gated acquisition of 3D IVUS image sels is
feasible and permits the application of automated con-
tour detection to provide reproducible measurements of
the lumen and atheroscierotic plaque CSA and volume
in a relatively short analysis time.
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Simpson’s rule for the volumetric ultrasound assessment
of atherosclerotic coronary arteries: a study with ECG-gated
three-dimensional intravascular ultrasound

Clemens von Birgelen®, Pim J. de Feyter, Evelyn A. de Vrey,
Wenguang Li, Nico Bruining, Antonino Nicosia, Jos RT.C. Roelandt

and Patrick W. Serruys

Background Volumetric intravascular ulirasound (IVUS}
assessment provides complementary infarmation on
atherosclerotic plaques. The velumes can be calculated
by applying Simpson's rule to cross-sectiona! area data
of multiple IVUS images, acquired with a fixed sample
spacing, which is the distance {along the vessel's axis}
belween two images.

Objective To evaluate the effect of different sample
spaciags 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-
eighl ceronary segments with mild-to-moderate
coronary atherosclerosis were examined. Volumelric
measurements of five images per mm {i.e. sample
spacing 0.2 mm), representing a complets scanning of
the corenary segment, were considered the optimal
standard, against which volumetric measurements of
three, one, and one-hall images per mm (i.e. larger
sample spacings) were corpared.

Results The tumen, total vesset, and plaque volumes
obtained with five images per mm were 183.3 £2.8,
350.6 & 141.,6, and 167.3 £ 89.2 mm®. 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 lijtle

(<0 0.7%) from the optimal standard measurements.
However, a relatively small, but sigafficant, increase in
SO of these differences was associated with the wider
sample spacings {<3.6%, £ < 0.05).

Conclusions The width of the sample spacing has 2
relatively small but significant impact on the variabiity 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 fength during a stepwise
transducer pull-back is an ideal approzch, pariculary
when addressing with IVUS volumetric changes that are
assumed small, such as those expected ia studies of the
pregression and regression of atherosclerosis.
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Intraduction

Intravascudar ultrasound (IVUS) imaging depicts the coro-
nary lemen and vessel wall, and permies the evaluation
of atherosclerosis f7 vive {1-5]. 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 distribution and therapy
of coronary plaques [7-10). The pioncers of volumetric
IVUS assessment performed the volume calculation by
applying Simpson’s rule 10 the resubts of laborious manual
analyses of cross-sectional IVUS images {onc image per
mm), acquited dwiing a uniform transducer puil-back
{8-10).

Three-dimensional 1VUS and automated analysis systems
have recently been developed [11-20]. Such approaches
permit the automated analysis of a larger number of
images. Accordingly, volumetric measurements can be
peeformed on 2 larger number of [VUS images, acquited
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
measurcments was not known. In the present study we
evaluated chis problem, using three-dimensional sets of
IVUS images acquired with an electrocardiographically
gated approach [21-23] for 28 atherosclesotic coronary
segments of 26 patients. Volumetric measurements of five
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tneages per mm (ie. sample spacing 0.2 mm), acguired ac
the same phase of the vardiae cycle, were considered the
aptimal standard, insofar as they representted a complete
scanning of the coronary segment. The purpose of this
study was to evaluate the difference between the volu-
metric measurements obtained using the optinmal scardard
method (five images per mm) and those with theee, one,
and one-half images per mm.

Methods

Study population

We examined 26 patienes [of whom 21 (819) were men])
aged 54.9 + 9.1 yeass during diagnostic {n = 19; 73%) and
follow-up catheterization  procedwres  after  previous
catheter-based interventions (n=7; 27%) with IVUS,
using an electrocardiographically gated chree-dimensional
image-acquisition station and a dedicated putl-back
device [21-23]. In wocwal 28 atherosclerotic coranary
scgnents with mild-to-moderate  atherosclerosis were
studied. These segments were relatively straight on ac
least two angiograms from opposite angivgraphic projec-
tions. Segments with severe caleification were exciuded
from the study. The investigation was approved by the
Medical Ethics Committee of the University Hospital
Drijkzigt. All of the patients gave their written infornsed
consent to participate in the snedy,

VU5 image acqulsition

The coronary segments were examined with a mechan-
ical IVUS system (ClearView; CardioVascubar Tmaging
Systems Inc., Sunnyvale, California, USA) after stand-
ard intravenous premedication with 100060 U heparin
and 250 mg aspifin, and intracorenary administration of
nitrates. Sheath-based IVUS catheters with 30 MHz
singfe-element transducers (MicroView; CardioVascular
Imaging Systems Ine.) were used. This catheter design is
equipped with a 2.9Fr i5cm long wanspacent distal
sheath, which has a common distal lumen that houses the
guide wire during catheter introduction and the trans-
ducer during imaging when the guide wire has been
pulted back [24]. Electrocardiographically gated image
acquisition was performed by using a chree-dimensional
tmage-acquisition station (EchoScan; TomTee, Munich,
Germany), which also steered the dedicated pull-back
device (stepping motor) to withdraw the IVUS transducer
throngh the stationary imaging sheath [2E]. After cach
0.2 mm step, ons 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 presetr ranpe, which was checked retro-
spectively by the acquisition station, the image was stored
in the computes memory of the IVUS image-zcquisition
station. After an image had been stwred, the following
cardiac cycle was used to automaticalty move the trans-
ducer to the adjacent image-acquisition site, where the
same procedure was sepeated.

36

Autoemated contour analysis

The gated three-dimensional IVUS acquisition technigue
allowed measuzements withour systolic and diastolic
artifacts and chus without gaps and ovedlaps between
adjacent images. The IVUS apalysis was performed
off-line using 2 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 luminzl and external vascular boundaries (Fig. 1),
It operates on the basis of the cencepr that lengitudinal
contours facilitate avtomated contour detection on the
tomographic cross-sectiona) IVUS images by defining the
center and the range of the boundary-detection process
{Fig. 2). An analyst checked each 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 fts reproducibility
have been reporced [18,19,21,22,25).

In the present study, the entire contour-detection process
(aiming at maximum accwracy) required 25 £ 5 min for five
image samples per mm; at this sampling of five images
per mm the ‘interactive’ component accounted ferapprox-
imately 20 min of the overall analysis time. The different
sample spacings did not affect the analysis time required
for the automatic steps, but they did affece the time
required for editing and visual checking of the coatours.
By increasing the sample spacing, the latter compencnt
could gradually be reduced o approximately 5 min
(at one-half image per mm); the detection of the longi-
wdinal contours appeared less feasible with a2 very
large sample spacing (onc-half image per mm). We expe-
rienced no adverse effects of the plaque mosphology
{e.g. calcivm} on the computerized analysis, using wider
sample spacings.

Comparisons between volumetric measurements in three-
dimensional IVUS j» vitro and measutements on the

Fig. 1

I

Principle of the intravascular Witrasound (IVUS) analysis system
used. The slack of cross-sectional IYUS images is stored in the
computer memory and sliced to provide two perpeadicuar
longitudina! sections {I and 11}, Automated detection both of the
luminal and of the edemal vascular contours is performed on these
sections (A), Tha longitudinal contours are represented as individual
edge poinls on the enlire stack of cross-sectional IVUS images (B).
They define tha center and range of the final automatic. contour-
detection step, which is then performed on the cross-sectional
VUS images (C),




Simpson's rule

Example of a coronary segment analyzed by the automated intravascular ultrasound analysis system. The arrowhead indicates the position of
the cross-seclional intravascular uftrasound image {left-hand panel) on the perpendicufar longitudinal sections (X and Y).

corresponding histologic sections revealed high correla-
tions {r = 0.83-0.98) [18}, and the intra- and inter-cbserver
differences of volumetric measurements fv vive were less
than §% with 8D not cxeceding 3.2% [21].

BData analysls

The lumen and totat vessel cross-sectional areas were
measured by the auntomated analysis system on each
digital planar IVUS image. The area within the border
between hypoechoic media and echoreflecrive adventitia
has been shown to be a repraducible measure of the total
cross-sectional area of the vessel. Because ultrasound
cannot measure media thicknesses accurately [26], the
plague plus media dimensions were used as measures of
the plaque burden, just like in many previous studics
using IVUS. The plague cross-sectional arca was calen-
lated as the total cross-sectional area of the wvessel
minws the cross-sectienal arez of the lumen. Lumen, totl
vessel, and plaque volumes were calcubated by integrating
all of the cross-sectivnal area measurements multiplied by
the slice thickness (Simpson’s rule), using the cross-
sectional area measuremcnts of Ave, three, one, and
one-half images per mm (i.c. sample spacings of 0.2, 0.33,
.0, and 2.0 mm). Velumetric measucements of five rmages
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 against which 1o evaluate the
effect of larger sampie spacings on the results of volu-
metsic 1VUS measurements.

Statistics

Values are cxpressed as means £ SD; qualitative data as
prevalences. The volumetric measurements of five images
per mm were compared with measurements using theee,
one, and one-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 S0 of
the berween-measurement differences, The variances
of these differences were tested against each other with
Pitman's test [2B]. Linear regression analysis was per-
formed to evaluate the suength of the relation berween
the volumetric measurements of five images per mm and
measurements with fewer images per mm, P <0.05 was
considered swatistically significant.

Resulls

IVUS segment characteristics

‘The coronary segments examined with three-dimensional
I¥US roecasurements were Iocated in the left anterior
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descending (0 = 15), right ciccumBex (n=11), and left
ciccumiflex coronary areries {n = 2); they werc on average
21.2 + 7.3 mm long. The 5D per segment of the lumen,
wial vessel, and plague cross-sectional arca measure-
ments were on average 15220098, 2.03 « 146, and
1.81 = 1.06 mm?, and 5.56 + 3.04 mm? the corresponding
ranges per segment {maximum minus minimum vatues)
wese 5.56 = 3.04, 7.45 £ 4.46, and 6.94 + 3.58 mm?, respec-
tively, All of the segments cxhibited mild-to-mederate
atherosclerotic lesions and the minimum cross-seetional
area of the lumen was on average 6.7 + 2.5mm? The
percentage of the toal vessel cross-sectional area that
was covered with plague (the percentage cross-sectional
area plaque burden) varied by 30 + 10% along individval
coronary scgments; at the minimum lumen sice the
percentage  cross-sectional area plaque  bucden  was
56+ 11%.

Volumetric data and resvlts of linear regressien anatyses
The hzmen, total vessel, and plague volumes of five IVUS

images/mm {the optimal standard) were 1833 1 62,8,
350.6 = 141.6, and 167.3 £ 89.2 mm*, Volumetric measure-
mems of fewer images per mm (ie. larger sample spac-
ings) vorrelated exceilently with these optimal standacd
measurements: values of 099 for Pearson's correlation
coefficient were found for the fumen, toral vessel, and
plague volumes of cach sample spacing compared (slopes:
0.99 for al; intercepts: between -0.0 and 1.5 mm3).
However, the increase in sample spacing was often
associated with an increase in the standard eror 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 bebween volume measurements using
different sample spacings

The agreement bherween volumes of thiee, one, and one-
half images per mm and the optimal standard volumes
(five images per mm} is shown in Figure 3. The volu-
metric measurements of he larger sample spacings
differed on average only by a litte (< 0.79%) from the

Fig 3
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Volumelric measurements of three, ono, and one-half images per mm compared with the optimal standard of five images per mm.
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sampfe spacings. Unbroken lines indicate the mean tetween-dfference and the range £28D. Mean values of the between-measurement
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LUMEN
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SD (30) of the between-measurement differences {fwg images per
mm as the oplimal slandard versus three, one, and one-half images
per mm). The 5D were relatively low, but increased signif.cantly
{*F < 0.05, *F < 0.01) coincidenl with the inctease in sample
spacing {Le. decrease in number of images per mm), which
indicated thal there was a larger variability of the agreement with
the ¢ptimal standard measurements.

optimal standard. However, a relatively small but signif-
icant increase in SD of these berween-measurement
diffcrences (< 3,6%, P «<0,05) was associated with the
increased width of the sample spacing (Fig. 4}

Discussion

Ahthough quantitative angiographic techniques permit
only the interpolated measurement of the dimmeler
stenosis and plaque dimenstons [29], ditect cross-secrional
visualization and mecasurement of the ceronary lumen
and plaque can be obtained from IVUS assessment [1-5].
Enitially, most IVUS studies were restricted 1o the
measurcment of diameters and cross-sectional areas, but
accumulated evidence has shown that volumetric IVUS
measurements  provide  important  complementary
information {7-10,i6,18,19,21].

Volumeiric data can be obtained by applying Simpson’s
rale 10 the cross-sectional area daa of muoldple IVUS
images, acquired art a fixed sample spacing, which is the
distance (zlong the vessel’s axis) berween two image
samples. Sampling of a huge number of image samples
would theoretically be ideal, but curcently ic is not real-
istic, for such an approach is limited by the large computer
memory and increased analysis time required. The
present stedy was the first 1o guantify the consequences

of different sample spacings on volunsetrie three-dimen-
siopal IVUS measurements v wiew. An electrocerdio-
graphically gated stepwise image-acquisition approach
[20} permitted the acquisition of a reliable standard fur
the volume measurements: fve images per mm (e,
sample spacing of 0.2 mm}, acquired during the same
phase of che cardiac cyele, represented 2 complete scan-
ning of the arterial segment because che mean width of
the 1VLIS beam in the long vessel axis {out-of-plane resu-
fution) was known to be 0.2 mm {30].

Our data demonstrate that the width of the sample
spacing has a significant impact en the vadability of
valumetric [VUS measurements, even for lesions with
mild-to-moderate atherosclerotic disease. An increased
sample spacing width was associated with a higher
varabitity of the agreement between these volume
measurements and the optimal standard results. Alchough
this effect remained relatively small, it 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 evaluating the progression and regression of
atherosclerosis.

Previous volumetric IVUS studles

‘The frst clinical volumetric IVUS studies of Matar ¢ of.
[8] and Weissman ¢ af. 19] addiessed the mechanisms of
the improvement of the lumen after directional coronary
atherectomy, whereas Dussaillant ¢/ 4/, [10] investigated
plaque ablation by rotational atherectomy of noncalcified
cotenary lesions. En these IVUS swudies, interesting
mechanistic and pathophysiologic insights were gained by
computing volumes from the csoss-scetional area informa-
tion of one end-diastolic image per mm, acquired dwring
continzous motorized pull-backs (at 0.5 and 1.0 mm/s)
[8-10). The application of dedicated algorithms for
automated boundary detection in  three-dimensional
IVUS image sets allowed velume measurements using a
much higher number of 1VUS images. A validation of
lumen volume measurements by a threshold-based three-
dimensional [VUS system has been reported by Martar
et af. [16], Our group has validated a contour-detection-
based three-dimensional 1VUS analysis system thac
permits the measurement of lumen and vessel volumes
f18,19]. As performed in the present study, the lauer
analysis system c¢an be used in combination with a
stepwise electrocardiographically gated image-acquisition
approach [21,22]. The electrocardiographic gating im-
proved the performance of the algorithm for amomated
contour detection, the cfficacy of which had also been
demonstrated by Sonka & 2/ {17] and Dhawale ¢ of
[31,32].

Limitations and potential sources of error

Curvatures of the transducer puli-back trajectory, as secn
in curved vessel segments, may cause errors in volumetric
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IVU'S measurements. Therefore, VDS volume measurc-
ments from lnear approaches (by manual as well as
automated methods) actually represent estimates of the
true volumes. ‘o minimize the cwrve-induced error,
we studied only segments that were straight on angio-
grams abrained from at least two opposite projections.
Conscquendy, our daa can not simply be transferred
to lesions in significantly curved vascular segments.
Combined processing of 1VUS aad biplane angiographic
dara [33] has the potential 1o overcome this problem in
the furure, but these approaches are stfl very laborious
and anly limited data are available [24], Nevertheless, the
combined approaches are beneficind, 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 addiessed in another scudy, using
sich combined methods. The dam of this study were
obained for atherosclerotic lesions with mild-to-moderate
discase (a ‘progression—segression study population’); the
use of Jarger sample spacings for more stenotic lesions
{c.g. pre-intervention) could resule in cven more signifi-
cane increases in measarement varizbiticy,

Implications for clinlcal trials

The present study demonstrated the effect of differeat
sample spacings on the results of volumetde IVUS
measurements, bur ne *blanket’ recommendation, valid
for any velumetric IVUS study, can be given. The choice
of sample spacing must be considered in the light of the
study population examined and the analysis technique
used. The additional variability intseduced by the use of
larger sample spacings might be neglipible if a study
addresses volumetric differences that are assumed large,
or uses an analysis appsoach with a refatively high
measurement variability, or both.

The coranary segments evaluated in this study exhibited
mild-te-moderate coronary anery disease, of a degree
typical of that in progressien—regression studies. In such
studies, potentially small changes in plague or lumen
volume may occur [7]. Therefore we may consider the
use of automated analysis systems that permit both a rapid
analysis of a large number of IVUS images at inherently
low measurement variability, and volumettic measure-
ments at a very low sample spacing, The acquisition of
five images per mm axial leagth during clectrocardio-
graphically gated image acquisition and clectrocardio-
graphically triggered stepwise rtransducer pull-backs is
ideal, and allows complete scanning of an entire arterial
segment without any “gap’ or “blind spot’. When other,
nongated methods are used, complete scanning of the
vessel segment cannot be guarartced with five images per
mm (and even with mere images per mm). It was not the
objective of this study to address the complex problems
arising from nengated image acquisition, but it has been
our experience thac ac least 1) images per mm (ideally
even more) should then be acquired.
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In conclusion, the width of the sample spacing has a rela-
tively small but significant impact on the variabitine of
volumersic intravascidar wltrasound measurements, This
should be considered when designing future volumetrie
studics. The clectrocardiographically gated acquisition of
five IVUS images per mm axial length during a stepwise
transducer pull-back is an ideal approach, particularky
when addressing with TVHS volumesric changes thar are
assumet smalf, such as those expected in studies of the
progression and tegression of atherosclerosis.
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IVUS vs. QCA after stenting

Quantification of the Minimal Luminal
Cross=Sectional Area After Coronary
Stenting by Two- and Three-Dimensional
Infravascular Ulirasound Versus Edge
Detection and Videodensitomefry
Clemens von Birgelen, mb, Michael J.B. Kulryk, MD, PhD, Robert Gil, mp,

Yukio Ozaki, MD, PhD, Carle Di Mario, MD, PhD, Jos R.T.C. Roelandt, Mp, phb,
Pim J. de Feyter, MD, Phi>, and Palrick W. Serruys, MD, PhD

The use of 2-dimensiona! intravasculor ultrasound (2-D
IYUS) to intprove the outcome of coronary stenting has
gained clinical acceptance, and recently 3-D WUS has
been infroduced to clinical practice. However, there
have been no comprehensive studies comparing the
measurements of the coronary dimensions offer stentfing
obtuined by the different approachas of IVUS and quan-
titative coronary anglography. We examined the mini-
mal luminal cross-sectional area of 38 stents using 2-D
IVUS, 3-D IVUS, and 2 standard methods of quaniitative
coronury angiography, edge detection (ED) and video-
densitometry (VD). Correlations between 2-D IVUS and
ED [r = 0.72; p <0,0001), VD {r = 0.87; p <0.0001},
and 3-D IVUS {r = 0.81; p <0.0007} were higher than
the correlations seen between 3-D IVUS and ED [r =
0.58; p <0.0005) and VD ir = 0.70; p <0.0001). The

measurements by 2-D and 3-D IVUS (8,32 + 2.50 mm?
and 8,05 + 2,66 mm?] were larger than the values ob-
tained by the quantiletive anglographic techniques ED
and VD {7.55 £ 2.22mm?and 7.27 = 2,21 mm?), Thus,
concordance was seen among oll of the 4 techniques,
confirming the validity of using IVUS for determination
of the minimal luminal ccoss-sectional area after coro-
nary stenting. A particularly good correlation was found
between VD and IVUS, perhaps because measurement
of the luminel area is the basic quantification approach
of both techniques, whereas the lower correlations of ED
with IVUS and VD may be explained by the dependence
of ED on the angiographic projections used, which is
ospecially impertant in eccentric stent configurations.
{Am J Cardiol 1996,78:520-525)

The use of computerized methods of quantitative
angiographic evaluation after coronary interven-
tions has gained wide acceptance.!~* 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.>*® Intravascular ul-
trasound {IVUS) is used to guide coronary stent-
ing,*" permitting stenting without anticoagulation.
Previous studies have demonstrated the potential of
conventional 2-dimensionat {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 laminal area and
evatiation of stent symmetry °~'" However, there are
no comprehensive studies comparing these tech-

From the Thotaxcenter, Division of Cardiclogy, University Hospital
RotterdamDifkzigl, Erasmus University Roﬁeﬁym, The Netherkands.
Dr. von Birgelen 15 the recipient of o fellowship of the German Re-
search Seciety {DFG, Bonn, Germany]. Dr. Kutryk is the secipieat of
a Clinician Scientist Award of the ical Reseorch Council of Can-
oda [Citawa, Conadal, Manuscript received December 11, 1995;
tevised monuscript recetved and occepled March 19, 1996

Addiess for repiints: Patiick W. Serruys, MD, PhD, Division of
Interventionol Cardiclegy, Thotoxcenter, Erasmus University Rotter
dam, Cardicc Cothelerization ond Intracorenary Imaging labortatory,
P.Q. Box 1738, 3000 DR Rotterdam, The Nethedands.

nigues with ED and VD. As ED, VD, 2-D IVUS,
and 3-D IVUS are available on-fine, information
concerming the agreement among the 4 diagnostic
approaches in measuring the minimal furninal 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 myg aspirin and
10,000 U heparin intravenously. We examined 38
stents, implanted in the left anterior descending (n
= 11), left circumflex (n = 1), or right (n = 19)
coronary arteries, or saphenous bypass grafis (n =
7%. A predilation of the lesions was performed by
conventional bailoon angioplasty before implanta-
tion of the stents (19 Wallstents { Schneider, Bilach,
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 Iesion length, and the presence of
adjacent side branches were taken into account o
sefect 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 =14 atm. Progression to larger balloons
was permnitted to achieve a satisfactory angiographic
result {maximal nominal diameter 3.88 = 0.55 mm
with a pressure of 14.9 + 3.2 atm). The procedural
end point was the angiographic appearance of a
smooth tumen of the stented segment and a minimal
intrastent lamen diameter larger than a distal refer-
ence (=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 angiegraphy: 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 1I; 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 10
the digitized brightness silhouette, automated detec-
tion of the coronary artery contours was performed.
The diameter funciion 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 wvsing a contrast-free guiding
catheter as a scaling device.'” The minimal fumen
diameter was measured by ED in the stented segment
of the artery, and the minimal cross-sectional area
was calculated assuming a circular model (7 - r?).

VIDEODENSITOMETRY: The contours and diameter
values of the analyzed coonary segment were ob-
tained from the CAAS TI systein, deseribed 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 ftransformed by a logarithmic transfer
function into an absorption profile (gross absorp-
tion). By computing the linear regression line
through the background points directly nght and left
of the contours of the coronary silhouette, we esti-
mated the background contribution and subtracted it
from the previous gross absorption profile o 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.* Calibration of the VD area values was
performed by comparing reference lumen areas, cal-
cuiated from diameter measurements assuming a cir-
cular lumen configuration, with corresponding den-
sitometric reference areas. The measurement by VD
has been validated previousty in vitro® and in vivo.”
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FIGURE 1. Quanltitative coronary onglegraphy by the CAAS 1l

system after implantation of a Wallstent. The site of the instent
minimal luminel diameter is indicated on the angiogrom farrow,
left upper panel} of the left anterior descending coronary artery
{eranial view) ond on the edge-delection-hased diameter func-
tion of the coronary artery lumen {vertical lins, leff lower ponel).
The right fower panel shows the videodensitomelric measurement
of the instent minimum (vertical dofted fine} of the luminal ¢ross”
sectional area function Ltfper curve), which has been derived
from sublraction of the background contribution [ffower eurve]
from the gross brighiness absorplion profile.

Inkravascular vlfrasound: A 30 MHz single-element
ulrasound catheter with a 2.9Fr echo-transparent
distal sheath (MicroView, CVIS, Sunnyvale, Cali-
fornia) was used fo examine the stented segment at
the end of the angiographically guided procedure.
The common lumen of the sheath accommodales ei-
ther the imaging core or the guidewire. The IVUS
images were acquired during a motorized uniform-
speed (| 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
insides the pullback device, and were recorded on a
high-resofution videotape for the 2-D analysis. The
site of conventional manual tracing of the minimal
intrasient lmnen area was determined by scrolling
the videotape back and forth.

With acqguisition of the images on videotape,
video signals were transferred stimuitaneously to a 3-
D IVUS system {EchoQuant; Indec Systems Inc,,
Capitota, 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 anatyst, provided a longitudi-
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nally reconstructed view that could
be rolated 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),"" pro-
vided the measurement of lumen
area on the cross-sectional IVUS
images of the entire segment. The
detected contour indicating the iu-
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,

Stalistics: Results are given as
mean £ | SD. Analysis of variance
was performed, and when differ-
ences were found, the 2-tailed Stu-
dent’s ¢ test for paired data analysis
was used to compare the measure-
ments provided by the differcnt
techniques. Linear regression anal-
ysis was performed to assess the
strength of the relation between the

FIGURE 2. Thrce-dimensional infravascular vlivasound snalysis of o well-expanded
Palmaz-Schatz stent in a coronary segment with an eccentric atherosclerotic plague, A
3-dimensional analysis system [EchoQuant} was used fo acquire the intravascular ol
trasound images automatically. A fongitudinelly reconstructed view flower panel) was
obtained that could be rotat orounjlhe long axis of the vessel segment. Automated
imoge segmentation was performed by a pattern-recognition algorithm (Acoustic
Quantificotion), which identified the blood poot inside the femen. The fumino! contours
were rapidly checked and, if necessary, manual correclions were made on individual
vltrosonic images. A display of the fumen area and comesponding divmeter measure-
ments facilitated on-line assessment and quantification of the luminal dimensions {righ!
upper panel), MiD=minimal luminc] diameter.

different techniques for determin-

ing the minimat luminal cross-sec-

tional area. According to the approach of Bland and
Aluman, ® between-method agreeinent was assesséd
by determining mean *+ SD of the between-method
differences. A p value <0.05 was considered statis-
tically significant.

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 mm?, 8.05 * 2.66
mm?, 7.55 + 2,22 mm?, and 7.27. = 2.21.mun?, re-
spectively ). The differences between the results, of
2-D 1VUS and both ED and VD (p <0.02 and p
<0.0001), 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
<0.0001 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 mm?
(ED — 2-D IVUS), —1.05 + 1.24 mm® (VD — 2-
D IVUS), and —0.26 + [.58 mm?® (3-D 1VUS — 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 <0,0001) (Figure 4, left). Between-method dif-

ferences {Figure 4, right) were —0,50 = 2,28 mm?
(ED — 3.DIVUS) and —0.79 + 1,93 mm? (VD —
3-D IVUS). The correlation between ED and VD
was high (r = 0.84; p <0.0001), and the between-
method difference was 0,28 = 1,26 mm? (ED -
VD) (Figure 4).

DISCUSSION

Intravascular ulirasound versus edge detection: For
almost 2 decades, angiography has been the standard
means of examining coronary interventions,? despite
its capacity to display only the opacified luminal sil-
houette. This limitation can be overcome bgl,_IVUS,
which visualizes the vessel lumen and wall,™ depicts
the stent architecture, and permits assessment of
stent dimensions and -apposition to the vessel
wall. #2822 Oply the agreement and correlation be-
tween the techniques can be assessed in humans, as
the true dimension remains unknown, As in several
previous studies,™ > here the minimal fuminal 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 (.89),"52%
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FIGURE 3. Comparison between the results of 2-dimensional intravasculor virasgund {2-D VUS| ond edge detection [ED), videodensi-
fomatry (VDJ, and 3-D IVUS. The results of the linear regression analyses oro presented flefif, Significant correfations 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 Rndings obluined from the methods being compared. Dotted horizontal lines indicate the mean between-method difference
and +2 5D and —2 $D. The between-method difference + 1 §D was —0.77 £ L.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).%%% A previous report
on coronary stenling?? 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 " evaluated the correlation of lumen
volume measurements by ED and 3-D [VUS (r =
(.71}, but our study is the first comparing the min-
imal luminal cross-secticnal area.

Two- versus three-dimensional infravascular ultra-
sound: The relatively high varabilicy of manual
IVUS measurement can be minimized by automated
boundary detection in 3-D IVUS. 1152725 [y (he pres-
ent study, we obtained similar results by 2-D and 3-
D IVUS, which may be partly explained by the use
of a2 motorized puliback 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

70

behind larger deposits of calcium, because the al-
gorithm may misinterpret the acoustic shadowing as
lumen. Occasionally, manua! correction was Te-
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-
ter'"1* 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-
> IVUS approaches in the future.

Videodensitometry: Unlike ED, VD is not depen-
dent on the geomelric stenosis profile; measure-
ments rely on the optical density of the opacified
lumen.**~® 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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the corresponding findings obtained from the
between-method difference and +2 50 and —2 SD. The between-

method difference > 1 5D was —0.50 + 2.28 mm?, ~0.79 + 1,93 mm?, and 0.28 + 1,26 mm?, respeciively.

circular symmetric lumen, because luminal circu-
larity is an elementary assumption in caleulation of
the minimal fuminal area based on ED.? 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, respectivety).*’

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 eccemtricity.
Moreover, side branches or other radiopaque strue-
tures projected on the reference segmends may infer-
fere with VD by increasing the brghtness profile of
the reference and may result in an underestimated
minimal luminal cross-sectional area.’ However, a
previous in vitro study demonstrated a slight over-
estimation, potentially reflecting a coatribution of
the stent to the densitometrically detenmined val-
ues.?? Based on current knowledge, the discordance
between these observations and the results of the
present study cannot be clarified. This unanswered

question and the lack of comprehensive information
about the correlation between IVUS and VD under-
ling 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
radiopague 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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Wallstent vs. Palmaz-Schatz stent

Optimized expansion of the Wallstent compared with the
Palmaz-Schatz stent: On-line observations with two- and
three-dimensional intracoronary ultrasound after

angiographic guidance

Clemens von Birgelen, MD, Robert Gil, MDD}, Peter Ruygrok, MD3, Francesco Prati, MD,
Carlo Di Marie, MD, PhDD, Wim J. van der Giessen, MD, PhD, Pim J. de Feyter, MD, PhD, and
Patrick W. Serruys, MD, PhD Rotferdam, The Netherlands

Optimized stent expansion by high-pressure Intiations of
oversized balloons has inltially been derived from experi-
ence oblalned with the Palmaz-Schalz stent, whereas there
Is lilite experience with this sirategy In the Wallstent. By us-
Ing this appreach wilh quantitative coronary anglographic
guidance, 20 Wallstenls and 20 Palmaz-Schatz stents were
implanled in 34 patients and conseculively examined by
conventional (wo-dimensfonal (2D) Inlracoronary ulira-
sound {(ICUS) and three-dimensional (3D} ICUS on the basis
of lhe appiication of a paltern recognltion algorithm. Ultra-
sound criteria of adequate stent expanston were delined as
a complete apposition of the stent to the vessel wall, a stent
symmelry lndex (SS| = minmum/maximum lWmen diameter)
=0.7, and a stent-reference lumen area ratio (SRR = Minl-
mum intrastent lumen area/Average of proximal and dlsial
reference lumen area) =0.8. In all cases a smooth anglo-
graphic lumen and a negative diameter stenosls, on the ba-
sts of a distal reference, was achleved. For the Wallstents
ICUS showed a higher S$S1 (2D, 0,95 + 0.04 vs 0.85 * 0.09;
p<0.001; 3D, 090+ 0.09 vs 0,82 + 0.1, p <005} and &
lower SRR (2D, 0.66 + 0.12 vs 0.81 + 0.13, p < 0.005; 3D,
0.63 = 0.14 vs 0.74 * 6.15, p < 0.05) than for the Palmaz-
Schalz stents, Ninety percent of failure Inmeeting these cri-
teria resulled from a low SRA. The incidence of incomplete
stent apposition (one ln both stents) or $51.<0,7 was low and
generally assoclated with an SRR <0.8. The Wallstents met
the{CUS criteria less often (20, 2 (10%} vs 10 {50%), p < 0.0%;
3D, 3 {15%) vs 9 (45%), p < 0,05), were significantly longer
(35.1 £ 7.7mmand 14.3 = 3.3 mm, p < 0.0001}, and generally
demonslraled a larger vessel tapering, measured as proxi-
mal minus distal ICUS reference lumen area {1.33 + 2.91
mm? vs 0.44 = 1,97 mm?, not slgnificant). Wallstents meet-
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ing the ICUS criterla, however, showed less vessel tapering
{0.18 = 1.64 mm?), Thus oplimized stenl expansion was fol-
lowed by exceltent anglegraphic results fer both Palmaz-
Schatz and Wallsteni. Although anglegraphlc results and
visual assessment of the ICUS examination suggested a
good ouicome, few Wallstents mel the ICUS crlteria In con-
trast {o the Paimaz-Schatz slenls. The low value of the SRR
in the Wallstents is likely to be caused by vessel tapering,
suggesting that this criterion may be unsuitable In assess-
ing the adequacy of lhe expansion of relatively long stents
stich as the Wallstent. {Am Heart J 1996;131:1067-75.)

Until recently coronary stenting has in many centers
been performed only for acute or threatening vessel
occlusion after balloon angioplasty.® The initial en-
thusiasm for corenary stenting® had been tempered
by the high incidence of subacute thrombesis, which
now appears to be significantly reduced by many
factors, including coating the stent with heparin,?®
Optimization of the results of stenting, first pro-
moted by the Milano group,’"® which performed
high-pressure inflations of oversized balloons inside
stents with intracoronary ultrasound (ICUS) guid-
ance, is an alternative approach to meet the chal-
lenge of subacute stent thrombosis. Initial experi-
ence suggests! that this approach may even reduce
the incidence of restenosis after coronary stent-
ing.)%1% By changing the technique of corenary
stenting from a more restrained to this vigorous ap-
proach, the problem of subacute occlusion?® could be
minimized, permitting stenting without anticoagu-
lation and the inherent risk of bleeding.!! The
reduced incidence of subacute thrombosis by opti-
mized stent deployment is achieved at the expense of
a small but not insignificant risk of coronary dissec-
tion and rupture,!? 17 emphasizing the necessity of
defining certain criteria for safe and effective guid-
ance of the intervention,
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Table |. Characteristics of the population and stenting
procedures

Palmaz-Schotz

Wallstent slent

Stents 26 20

Patients 18 16

Patients with mulliple 2(I5%) 4{25%)
stents

Age (yzs) 605 + 8.8 60.9 + B4

Male sex 13(72%) 11 (69%)

Vessels
LAD 3 (15%) 9 (45%}
LCX 0 1(6%)
RCA B {45%) 10 (50%)
SVG 8(40%) 0

Nominal stent length 351277 14333 p<0.00001
(mim)

Eargest balloan {mm} 42+ 06 36804 p <0005

Maximum pressure® 147 3.7 15,1 = 26 N§
(atm)

Bakloon:artery ratio 14+03 1.3+ 0.2NS

LAD, Left anterier descending coronary artery; LCX, left circumnllex coro-
nary artery; RCA, right coronary artery; SVG, saphenous vein graft.
*Maximum pressure in the largest balloon

Because the new concept has initially been applied
with Palmaz-Schatz stents (Johnson & Johnson,
Warren, N.J.), the ICUS criteria for optimized stent
deployment!?!3 were primarily made on the basis of
this stent with little experience in high-pressure
expansion of the Wallstent (Schneider, Bulach,
Switzerland), which has a charaeteristic structural
design, length, and clinical application’®?? that dif-
fers considerably from the Palmaz-Schatz stent 25 24
This cbservational study compares the practice
and results of the optimized deployment of 20 Wall-
stents and 20 Palmaz-Schatz stents with quantita-
tive angiography for guiding the procedure and
ICUS for assessing the result. Because the potential
of two- (2D) and three-dimensional (3D) ICUS in as-
sessing the vessel wall?52? and stent?® 3! geometry
and the adequacy of stent deployment!1-13.3236 hag
recently been demonstrated, both conventional 2D
and on-line reconstructed 3D ICUS were applied.

METHODS

Siudy population. The resulis of implantation of 20
Wallstents and 20 Palmate-Schatz stents in American
College of Cardiology/American Heart Association type B
or C lesions®™ 3 without angiographic evidence of major
ealcification were examined on-line by quantitative coro-
nary angicgraphy and ICUS. The Wallstents were im-
planted in 18 patients and the Palmaz-Schatz stents in 18
patients aged 60.7 *+ 8.5 years (range 46 to 73 years). The
Wallstents were significantly longer than the Palmaz-
Schatz stents (p < 0.0001). Table T gives further details.
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interventional procedure. All patients received 250 mg
aspirin and 10,000 U heparin intravenously. During the
entire procedure the activated clotting time was measured
hourly and intravenous heparin was administered if re-
quired to maintain an activated clotting time of >300 sec-
onds. After intracoronary injection of isosorbide dinitrate,
the initial on-line quantitative coronary angiography
(QCA) was performed, Predilation of the lesion by conven-
{ional balloon angicplasty was performed. The interpo-
lated angjographic reference lumen diameter provided by
QCA, the lesion length, and the presence of adjacent side
branches were taken inte account to select an apprepri-
ately sized self-expandable Wallstent. The neminal Wall-
stent diameter chosen was generally 1.5 mm larger than
the interpolated reference diameter. A delivery balloon
with a diameter corresponrding to the interpolated refer-
ence lumen diameter was used to implant the Palmaz-
Schalz stents.

Additional batloon inflations were performed inside ail
stents with a low-compliance balloen catheter with at least
an 0.26 mm larger diameter than the interpolated angio-
graphic lumen reference and a pressure of at least 14 atm,
Progression fo larger balloons was permitted to achieve a
satisfactory angiographic result. Thus halloons with a
maximum Size of 4.2 £ 0.6 mm for the Wallstent and
3.6 * (.4 mun for the Palmaz-Schaiz stent (o < 0.005) were
inflated with maximum pressures of 14.7 + 3.7 atm and
16.1 + 2.6 atm {nof, significant, NS}, respectively {(Table I},
The balloon/arfery ratio was 14 + 0.3 and 1.3 = 0.2, re-
spectively (NS}, In the relatively long Wallstents the larg-
est balloon size and the maximum pressure were fre-
quently applied to only the proximal part of the stented
segment. An angiographic appearance of a smooth lumnen
of the stented segment and a negative distal reference-
based diameter stenosis were considered to be the proce-
dural end points on the basis of QCA. After administration
of intracorenary nitrates, the stented segment was exam-
ined by JCUS,

Quantllalive coronary anglography. The computer-
based Coronary Angiography Analysis System (CAAS 11,
Pie Medical Data, Maastricht, The Netherlands), previ-
ously described and validated in detail,® 1 was used to
perform a geometric guantitative analysis. The boundaries
of a selected coronary segment were detected by using a
weighted sum of the first and second derivative functions
of the brightness profile of each vessel scan. The absolute
angiographic diameter of the stenosis was determined by
using a contrast-free gutding catheter as a scaling device
The measurements were performed on-line after intracor-
onary nitrates in two orthogonal views. Before stenting,
the diameter function was used {o determine the minimal
fumen diameter, a computer-derived estimation of an in-
terpolated reference diameter at the site of the lesion, and
the obstruction length (Fig. 1). The interpolated dianeter
stenosis before stenting was calculated as (Intrastent min-
imal lumen diameter/Interpolated reference diameter)
x 100%.

Because the segments directly adjacent to the stent are
involved in the process of luminal enlargement after opti-
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Fig. 1. Quantilative coronary. angiography before {left} and after implantation of Wallstent (righ#) by
CAAS I analysis system. On angiograms site of minimum lumen diameter is indicated by fire. Arrowhead
indicates site of reference measurement. Before stenting (7ef2} interpolated reference at site of minimal lu-
men diameter was used to measure interpolated diameter stenosis. To caleulate diameter stenosis after
stenting (right) angiographically undiseased site up to 1 em distal to stent was used as reference, showing
diameter simtilar to interpolated reference hefore stenting.

mized stenting, the interpolated reference diameter was
not used to caleulate the percent diameter stenosis after
stenting but the lumen diameter of an angiographically
undiseased reference up fo 1 cin distal 1o the stent without
mejor side branches between the stent and the reference
site (Fig. 1). The minimal lumen diameter was measured
in the stented segment of the artery and the distal refer-
ence-based diameler stenssis after stenting was caleulated
as {(Infrastent minimum lumen diameter/Distal reference
lumen diameter) x 100%.

Image acquisition of ICUS. A 30-MHz single-element
long-monorail wtrasound catheter with a 2,9F echotrans-
parent distal sheath was used (MicraView, CVIS, Sunny-
vale, Calif.). The common lumen of the sheath accomodates
the imtaging core and the guide wire but never both simul-
taneously. ICUS imaging was performed during a motor-
ized uniform speed (1 mm/sec) pultback of the transducer
inside the stationary imaging sheath, which aflowed the
transducer to move at the same speed as the ICUS hand-
grip inside the pullback device, The video signal was
recorded on a high-reselution super VHS tape for conven-
tional ICUS analysis.

Assessment by {CUS. After the puliback of the ultra-

sound catheter was completed, the videotape was used to
obtain lumen area measurements of the ICUS references
that were by definition 3 to 5 mm proximeal and distal tothe
stented segment. Stent apposition {o the vessel walt was
reviewed over the entire stented segment. The ICUS im-
age with the minimal intrastent lumen avea was found Ly
serotling the videotape back and forth, On this cross-
section, the umen area was manually traced and the stent
symmetry was assessed by measuring the minimum and
maximum lumen diameter.

30 reconstruction of ICUS. Simultanesusty with the
video recording on s-VHS tape, video signals were also
transferred Lo a 3D ICUS system {EchoQuant, Indec Sys-
tems Inc., Capitola, Calif) that automatically acquires 8.5
images per second so that contiguous tomographic 1CUS
image slices, 118 pm apaxt, could be reconstructed on-line.
The memory capacity of the 3D system operated by a see-
ond analyst allowed the acquisition and processing of a
maximurn of 255 images within 2 minutes; thus segments
up fo 30 tam long could be reconstructed, If Wallstents
were longer than 30 mm, TCUS images recorded on video-
tape were used to reconstruct the proximal part of these
stents,
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Fig. 2. Wallstent after implantation in left anterior de-
scending coronary artery. Arrowheads indicate proximat
and distal ends of stent on radiographic image (upper pan-
el). Location of 20 ICUS image (insert) is indicated by
small arrowhead. Cross-sectional image is derived from 313
analysis system, performing semiautomated detection of
blood pool on basis of application of pattern recognition al-
gorithm. Longitudinal view (Jower panel) is reconstructed,
showing smoeth tapering of luminal dimensions (rom
proximal (right) to distal {feft). Besides 3D, cenventional
2D analysis was performed in this study on basis of review
of videotape and manual contour tracing.

Assessment by 3D ICUS. The 3D system pravided a
longitudinally reconstructed view (Fig. 2) that could be ro-
tated around the longitudinal axis of the vessel segment.
Furthermore, a ¢ylindrical format was displayed cut open
lenpthwise and tilted back. The cylindrical view and more
frequently the lengitudinal display were used to evaluate
the adequacy of stent strut apposition to the vessel wall.
Automated image segmentation, on the basis of a pattern
recognition elgorithm (Acoustic Quantiftcationy®S that has
previously been validated,®! provided on the cross-sec-
tional ICLIS images of the entire reconstructed segment
the measurement of the lumen area and the minimwm and
maxvimuin diameters. The detected contour, indicating the
[umen-intima boundary, was rapidly checked and manual
correction could be performed on individual TCUS cross-
sections. A display of the lJumen area and corresponding
diameter measurements facilitated the assessment. The
minirum lumen area and the minimum and maximum
lumen diamelers were measured.

Adequate stent expansion by ICUS, During the uitra-
sound examination of the entire segment, criteria on the
basis of our previous experience and stightly modified cri-
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teria of the [talian group?! were applied to define adequate
stent deployment. First, good apposition fo the vessel weall
had to be found at all sites of the stented segment. More-
over, the stent symmetry index {(88I), defined as ratio of
minimal divided by maximal intrastent diameter, had to
be =0.7 at the site of the minimal intrastent lumen area.
The adequacy of the intrastent lumen area finally achieved
was assossed by thestent-reference fumen area ratio (SRR),
a ratio of the minimum intrastent divided by reference Iu-
men area, which had to be =0.8. The reference lumen area
was defined as the mean of the proximal and distal refer-
ence measurements; however, if only a single reference
could be measured (e.g., ostial lesion), this measurement
was used alone to caleulate the SRR. During both 2D and
3D ICUS examinations, these criteria were applied to de-
fine an adequate result after the stenting procedure, After
this examination was completed, each operator was frec to
perform additional ballgon inflations inside the stent on
the basis of the clinical situation and the angiographic or
ICUS findings.

Statistics. Measurements of continuous parameters are
given a5 mean * 1 SD. The two-tailed student’s ¢ test for
unpaired data analysis was used fo compare the Wallstent
group with the Palmaz-Schatz stent group, and a p value
of <0.05 was considered statistically significant. Categor-
ical variables were assessed using chi-square statistics.

RESULYS

initial QCA. In the Wallstent and Palmaz-Schatz
stent groups the minimal lumen diameter was
1.26 + 0.48 mm and 1.04 * 0.23 mm (NS) before
stenting, and the obstructionlength was 12.24 + 4.26
mm and 8,18 + 8,21 mm (p < 0.005), respectively.
The interpolated reference diameter was 8.04 = 0.76
mm and 2.86 + 0.55 mm (NS}, and the interpolated
diameter stenosis was 58.1% *+ 12.6% and 60.9% =
9.2% (NS), respectively.

Anglographle results and clinical outcome. After
stenting, a smooth lumen of the stented segment was
obtained in all angiographic views and the QCA
analysis revealed a negative distal reference-based
diameter stenosis in all Wallstents and Palmaz-
Schatz stents. The QCA resulis after the Wallstent
and Palmaz-Schatz stent implantation did not differ
significantly. In both the Wallstent and Palmaz-
Schatz stent groups, a significant increase in the
minimal lumen diameter and reduction of the per-
cent diameter stenosis (Fig, 3) was observed {p <
0.0001 for both). The minimal lumen diameter after
stenting was 2.95 * .39 mm for the Wallstent and
3.19 = 0.61 mm for the Palmaz-Schatz stent (NS},
and the distal reference-based diameter stenosis was
~18.0% * 11.2% and -17.3% + 10.0% (NS), respec-
tively. The interpolated reference diameter obtained
before stenting and the distal reference diameter af-
ter stenting (2.84 £ 0.33 mm and 2.95 = 0.45 mm
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QCA: VLD {mm) PRE va. FOST

GCA: DS{%) PRE vs. POST

tBRe3382 %88

Fig. 3. QCAmeasurementsbefore(PRE}and after (POST)
imgplantation of Wallstent (WS} or Palmaz-Schatz stent
(P3). In both stent groups minimal lumen dinmeter (MLD)
increased significantly after stenting (Teft panel), Diameter
stenosis (DS), derived from interpolated reference before
and distal reference measurement after stenting, was sig-
nificanttly reduced by intervention. Between Wallstents
and Palmatz-Schatz stents ne significant difference was
observed.

(NS) for the Wallstent group and Palmaz-Schatz
stent group, respectively) did not differ significantly.
On the basis of QCA criteria of a smooth stented
segment lumen and the realization of a negative
percent diameter stenosis, all Wallstents and Pal-
maz-Schatz stents were successfully implanted. An-
ticoagulation was performed with aspirin and cou-
madine or ticlopidine at the operator’s discretion, No
procedural or post-procedural complications were
encountered in either group before discharge.

{CUS assessment after stenting. The stent symmetry
index (SSI) was significantly higher in the Wallstent
than Palmaz-Schatz stent group (Table I1). This dif-
ference was even more pronounced in the 2D
{p <0.001) than the 3D ICUS results (p <0.05),
demonstrating an S8I0f0.95 = 0.04 and 0.90 + 0.09
for the Wallstent group and 0.85 x 0.09 and
(.82 = 0.11 for the Palmaz-Schatz stent group, re-
spectively. A significantly lower value of the stent-
reference lumen area ratio (SRR) was measured in
the Wallstent group compared with the Palmaz-
Schatz stent group with both 2D (0.66 + 0,12 vs
0.81 = 0.13, p < 0.005) and 3D ICUS (0.63 + 0.14 vs
0.74 + 0.15, p < 0.05). The minimal lumen area of
the Wallstents was slightly lower (NS) than the
minimal lumen area of the Palmaz-Schatz stents
(7.65 = 2,05 mm? vs 8.98 + 2,78 mm? by 2D ICUS
and 7.62 * 2.01 mm? vs 8.49 £ 3,18 mm? by 3D
ICUS). No significant difference between the results
of 2D and 3D ICUS measurements for the different
parameters was found (Table IT).

Two(10%) Wallstents and 10(60%) Palmaz-Schatz
stents (p < 0.01) met the ICUS criteria of adequate
stenting by 2D ICUS (Fig. 4). By using 3D ICUS, 3
(159) Wallstents and 9 (46%) Palmaz-Schatz stents

WS PS
2-:0 3

cus

cus

Fig. 4. ICUS criteria of adequate stent expansion met
(white bars) or not met {black bars). Both conventional 2D
and 3D analysis of FOUS images demonstrated that Wall-
stents (WS) met ICUS criteria less frequently than the
Palmaz-Schatz stents (P5),

were found to meet the ICUS criteria of adequate
stent expansion (p < 0.05). A low SRR was the main
reason for >90% of the failures in meeting the crite-
ria. The incidence of an incomplete stent apposition
to the vessel wall or an S5 <0.7 was low and mostly
associated with a low SRR (Table HI). The average
ICUS reference lumen area was 12,50 + 3.41 mm?
proximally and 11.17 + 3.07 mm? distally for the
Wallstent group and 11.84 * 2,68 mm? proximally
and 10.89 = 3.13 mm? distally for the Palmaz-Schatz
stent group. Consequently, the tapering of the lumen
area along the entire stented segment was higher
(N8} in the Wallstent group (1.33 * 291 mm?) com-
pared with the Palmaz-Schatz stent group
(0.44 x 1,97 mm?). The Wallstents, which met the
ultraseund criteria by 2D or 3D ICUS, had an aver-
age tapering of the lumen area of 0.18 % 1.64 mm?,
and all but ene were implanted in bypass grafis,

DISCUSSION

Procedure and anglographic assessment. On the ini-
tial angiogram the minimal stenosis lumen diame-
ter, the reference lumen diameter, and the balloon-
artery ratio were slightly higher for the Wallstent
group, whereas the diameter of the maximum size
balloon was significantly higher for these cases when
compared with the Palmaz-Schatz stent group. This
finding may reflect the fact that 40% of Wallstents
were implanted in saphenous vein grafts, which
usually show larger luminal dimensions than native
coronary arteries. Indeed, the relatively long Wall-
stent is frequently implanted in vein graftsi®1° or
mid-right coronary arteries withouf concern for side
branches.

Recently, the effect of “conventional” nonopti-
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Table Il. 2D and 3D ICUS parameters after stenting

Table |l Adequacy of stent expansion by ICUS

Palmaz-Schatz Pabinaz-Schats
Wailstert stent B Wallstent stent
2D 881 0985+ 0.04 0.85 + 0,09 <0.001 2D ICUS
a0 sSt 0.90 £ 0,09 0.82 = .11* <0.05 ICUS criteria fulfiled 2(10%)y  10(50%)
2D MLA (mm?%)  7.65 + 2.05 898278 NS [CUS criteriz not fulfilled 18490%)  10(50%)
3D MLA (mm?)  7.62 + 2.01 8.49 + 3.18* NS SRR <80% 18 9
213 SRR 0.66 £ 0.12 0.81 + 0.13 <0.005 831 <0.7 or incomplete appesitien 0 1
3D SRR 0.63 +0.14 0.74 + 0.15% <0.05 SRR <80% and SSI <0.7 0 1]
— 3D CUS
MLA, Minimum fumen area [CUS criteria fulfitled 3 (15%) 9 (45%)
*No significant difference between measurements by 2D and 3D intracer- ICUS coiteria not flfilled 17 (85%) 11 (55%)
snery ltrasound SRR <80% 16 3
331 <0.7 or incomplete appesitien 0 i
SRR <80% and 85I <0.7 i 2

mized deployment of self-expandable and balloon-
expandable stents on the stenosis geometry have
been examined by our group on the basis of QCA,
which demonstrated a similar improvement in steno-
sis geometry despite major differences in design and
mechanical characteristics of the two stent types, 12
Also after angiographie optimization of the Palmaz-
Schatz and Wallstent expansion in this study, the
residual minimal lumen diameter did not show a
statistically significant difference, although the min-
imal lumen diameter was slightly higher in the Pal-
maz-Schatz stent group. Nevertheless a smooth
lumen contour with a negative distal reference.
based diameter stenosis was observed in all stents.
Thus no difference between the Palmaz-Schatz and
Wallstents was observed in accomplishing an angio-
graphic success,

ICUS assessment. For almost 2 decades angiogra-
phy has been the standard method of examining the
adequacy of coronary interventions.’® However, it
displays only the opacified luminal silhouette of the
vessel. ICUS imaging visualizes the lumen and ves-
sel wall*®% and depicts the stent architecture, per-
mitting careful examination of its dimensions and
apposition to the vessel wall11-1% 3235, 4648 Thg pqn-
prehensive insight into vessel and stent geometry
provided by ICUS has played an important educa-
tional role in {riggering and developing the concept
of optimized stent deplayment.1*1 In this study the
minimal lumen area of the Wallstent group and Pal-
maz-Schatz stent group did not differ significantly
after stent implantation; however, a tendeney to-
wards a smaller minimal luminal dimension was
found for the Wallstent group in accord with the an-
giographic findings.

Adequacy of stent expansion by ICUS. The ICUS cri-
teria for safe and effective guidance to optimize stent
expansion were developed on the basis of experience
with Palmaz-Schatz stents,!1-13 although there has
been little experience with the Wallstent with its
characteristic design, length, and application 1822 In
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this study ICUS criteria employed in our center, de-
rived from the experience with Palmaz-Schatz stents,
were applied to both Palmaz-Schatz stenis and
Wallstents to help assess the criteria’s value in eval-
uating optimized Wallstent expansion and to com-
pare the application in the two different types of
stents.

No difference in stent apposition to the vessel wall
was observed between Palmaz-Schatz stents and
Wallstents, but the 85I of both groups differed
significantly and demonstrated a more symmetrical
lumen shape in the Wallstent. Differences in stent
design and mechanical properties between the tubu-
lar-slotted Palmaz-Schatz stent and the self-expand-
able wire-mesh Wallstent, which continues to exert
active radial force on the vessel wall after deploy-
ment, may explain this finding.

A result that fulfilled the criteria for optimized
stenting was achieved in 10% to 15% of the Wall-
stents compared with 456% to 50% of the Palmaz-
Sehatz stents. Incomplete stent apposition or an 85I
<0.7 were infrequently observed and not signifi-
canily different between the Palmaz-Schatz and
Wallstent groups. However, an SRR <0.8 despite an
optimal angiographic result was responsible for the
frequent ICUS-based judgment of inadequate stent
deployment and accounted for the differences in ful-
fillment of the criteria of adequate stent expansion
between Palmaz-Schatz stents and Wallstents.

The extent of vessel tapering*? along the stented
segment appears to be crucial for the SRR and may
explain the significant difference between the SRR of
Palinaz-Schatz and Wallstents despite good results
by angiography and visual assessment of the ICUS
images for both stent types (Fig. 5). In this study,
segments treated by Wallstents, which were signif-
icantly longer than Palmaz-Schatz stents, showed
relatively more pronounced vessel tapering, demon-
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strated by the difference between the ICUS-mea-
sured proximal and distal reference lumen area that
for the Wallstent was almost threefold greater than
for the Palmaz-Schatz stent. Indeed, it is evident
that a minimal lumen area at the distal end of a ta-
pering stent may not meet the criterion of an SRR
=0.8 if the difference between the distal and proxi-
mal reference lumen area is great, resulting in a rel-
atively large mean reference lumen area. This is
supported by the finding that the difference between
proximal and distal reference lumen area of the
Wallstents that met the SRR criterion was particu-
larly low. The ICUS adequacy of the Palmaz-Schatz
stent group supperts previous observations report-
ing a 40% incidence of inadequate results after
angiographically optimized stent expansion,'! but
data for the Wallstent have yet to be reported.

2D and 3D ICUS, Similar results for the various pa-
rameters were obtained by 2D and 3D ICUS. Mea-
surements of the minimal lumen area by 3D ICUS
were almost identical to those of 2D ICUS for the
Wallstents. For the Palmaz-Schatz stents, a nonsig-
nificant overestimation by the 2D ICUS was ob-
served, but it remains unclear why this skight differ-
ence between 20 and 38D measurements was only
observed in the relatively shorter Palmaz-Schatz
stents and not in Wallstents, An overestimation of
the minimal lumen area measurements by 2D ICUS
may be expected because some sites of the vessel
segment may be missed by visual examination and
conventional 2D asgessment. The differences be-
tween 2D and 3D measurements in this study may
be small for two reasons. First, a motorized pullback
of the ICUS transducer was performed, ensuring
that 2D ICUS images of all sites of the enfire vascu-
lar segment were equally displayed. This view may
not always be guaranteed if the ICUS catheter is
manipulated by hand, Second, the experience of the
analysts who had previously performed more than
100 3D ICUS examinations enabled them o men-
tally obtain an approximate spatial picture of the
vessel segment by 2D ICUS information.

Limitatlons. This study provides an insight into the
clinical practice of the optimized expansion of the
Palmaz-Schatz stent and Wallstent. The patient
population was unselected and included a number of
Wallstents in vein grafts. Because vein grafts show
less vessel tapering than native coronary arteries
and most Wallstents with adequate stent expansion
by ICUS were placed in bypass gralts, differences
between the ICUS findings of Palmaz-Schatz and
Wallstents observed in this study are likely to be
even more pronounced in a series of native coronary
arteries. Further trials should try to address the is-

Proximal Minimum  Distal
Refarence Intrasten!  Reference
Lumen Area Lumen Area  Lumen Area
WWallstent
SAR < 0.8

Palmaz-Schalz Sien!

@

Minimum inirastent Lumen Area

SRR >0.8

—Ave:age of Proximal and Distal Reference Lumen Area

Fig. 5. Possible explanation for difficulty in achieving
SRR =0.8 after Wallstent implantation. In this scheme
Wallstent clearly tapers and does not fulfill SRR eriferion
because minimal lumen area is located near distal refer-
ence sile, with lumen dimensions significantly smaller
than proximal reference. Example of Palmaz-Schatz stent,
however, shows little vessel tapering and is much more
likely to fulfill SRR criterion.

sues raised by this study in homogeneous popula-
tions of either native coronary arteries or venous by-
pass grafts. Coronary angiography displays only the
sithouette of the opacified lumen and provides no di-
rect information on the apposition of the stent to the
vessel wall. In clinical practice quantitative angiog-
raphy®® is further limited by foreshortening and
overlapping vessels. The use of a distal reference di-
ameter to calculate the percent diameter stenosis af-
ter stenting intreduces certain subjectivity; however,
this on-line QCA approach is feasible for the analy-
sis after optimized stent deployment and takes the
frequently fusiform angiographicshapeof thestented
vessel into account.

ICUS consistently yields larger values of the
luminal dimensions compared with guantitative an-
giography™ and has some inherent limitations, such
as the dependence on the angle of incidence of the
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ultrasound beam and the relatively high variability
of measurements on the basis of manual tracing.®!
The variability of measurements can be minimized
by semiautormated boundary deteclion in 3D recon-
structed ICUS.25 2945625 Ty this 3D ICUS study,
the automated lumen detection was sometimes im-
paired by the echoe shade behind larger deposits of
calcium, and the quality of the 3D reconstruction was
occasionally limited by artifacts resulting from the
cyclic movement, of the ICUS catheter and systolic-
diastolic changes of the lumen dimensions.?5 27,29
The latter problem will be solved in the future by
ECG-gated 3D reconstruction.?® Because the 3D re-
constructed view does not depict the true spatial ori-
entation of the vessel segment,?® careful interpreta-
tion by an experienced investigator was required.

Conclusions, Optimized stent expansion by high-
pressure inflations of oversized balloons previded
excellent angiographic results for both Palmaz-
Schatz stents and Wallstents. 2D and 3D ICUS pro-
vided on-line valuable additional information with-
out significant differences between the two ap-
proaches, The ultrasound criteria for adequate stent
expansion, which evolved from the use of ICUS in
Palmaz-Schatz stents, indicated a good result in half
of the Palmaz-Schatz stents but few Wallstents, al-
though the angiographic findings and visual assess-
ment of the ICUS images suggested a good outcome.
Stent symmetry index and apposition to the vessel
wall could be well examined in the Wallstents,
whereas the stent-reference lumen area ratio (SRR)
infrequently fulfilled the ICUS criteria for adequate
stent expansion. Wesuggest that this is likely caused
by vessel tapering and differences between the prox-
imel and distal reference lumen dimensions. Thus
the standard SRR criterion appears to be unsuitable
in assessing relatively long stents such as the Wall-
stent.
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after coronary stent deployment facilitates on-line three-dimensional
recoustruction and automated lumen quantification
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ECG-gated 3D IVUS in stents

Electrocardiogram-Gated Intravascular Ultrasound Image
Acquisition After Coronary Stent Deployment Facilitates
On-Line Three-Dimensional Reconstruction and Automated

Lumen Quantification

CLEMENS von BIRGELEN, MD,* GARY §. MINTZ, MD, FACC,T ANTONINO NICOSIA, MD,
DAVID P. FOLEY, MB, MRCPI, PuD, WIM J. van pEr GIESSEN, MD, PaD, NICO BRUINING, BSc,
SERGEI G. AIRIIAN, MD, JOS R. T. C. ROELANDT, MD, PuD, FACC,

PIM J. pE FEYTER, MD, PuD, FACC, PATRICK W. SERRUYS, MD, PuD}, FACC

Rotterdam, The Netherlands and Washington, D.C.

Objectives. This study cvaluates the feasibility, reliability and
repreducibility of electrocardiogram (ECG)-gated intravascular
ultrasound (IVUS) image acquisition during automated frans-
ducer withdrawal and automated three-dimensional (31} bound-
ary detection for assessing on-line the resulf of coronary slenting,

Background. Systolic-diastolic image aviifacts frequently limit
the ctinical applicability of such aulomated analysls systems,

Methiods, In 30 patients, after successful anglography-guided
iraplantation of 34 stents in 30 target lesions, we careied out IVUS
examinations on-line with the use of ECG-galed automated 3D
analyses and conventional manual analyses of two-dimensional
images from continuous pultbacks, These on-line measurements
were compared with off-llne 3D reanalyses, The adequacy of stent
deployment was determined by using ultrasound criteria for stent
apposition, symmetry and expansion.

Results, Gated Emage acquisition was successfully performed in
all patients to allow on-tine 3D anabysis within 8.7 + 0.6 min
(mean % SD). Measurements by on-line and off-line 31} analyses

correlated closely (r = 0.95), aud the minimal stent lumen difered
only mintmally (8.6 + 2.8 mm? s, 8.5 + 2.8 mm?, p = NS), The
conventfonal analysis significanily overestimated the minimal
stent Jumen (9.0 = 2.7 mm?, p < 0.005) in comparison with results
of both 3D analyses, Fourteen stents (41%) failed (o meet the
criteria by both 3D analyses, all of these not reaching optimal
expansion, but only 7 (21%) were detected by conventionat anal-
ysis {p < 0,02}, Intraobserver and interobserver comparison of
stent jumen measurements by the automated approach revealed
minimat differences (6.0 £ 0.2 mm? and 6.0 + 0.3 mm? and
excellent correlations {r = 0.9% and 0.98, respectively).
Conclusions. FCG-gated imape acquisition after coronary stent
deployment is feasible, permits on-line automafed 31 reconstruc-
tion and analysis and provides reliable and reproducible measure-
meils; these factors facilitate detection of the minimal lumen site.
(¥ Am Coli Cardio} 1997;30:436-43)
©1997 by the American Coblege of Cardiology

Intravascular ultrasound {1YUS) pemnits detailed, high quality
cross-sectional imaging of the coronary asteries i vivo. The
normal coronary artery architecture, the major components of
the atherosclerotic plaque and, in particular, changes that
occlr in coronary artery dinensions and anatomy during and
after transcatheter therapy can be studied in vivo in a manner
othenwise nof possible (1-4). This includes direct visuatization

From the TFhoraxcenter, Division of Cardiology, University Hospital
Rotterdam-[iikzigt and Erasmos University, Rotterdam, The Netherdands; and
{Washington Hospital Center, Washington, D.C. Dr, von Birgelen is the
recipient of a {ellowship of the German Rescarch Socicty {DFG, Boan,
Gemmany).
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25, 1997, accepled Aprl 16, 1997,

‘Pigsent_zddress: Department of Cardiotogy, Unbversity Hospital Essen,
Hufelandstrasse 55, 45122 Essen, Germany.

Address for corespondence: Patrick W. Serruys, Thorawenter, Unvendiy
Hospital Dijkzig?, P.O. Box 1738, 3000 DR Rotterdam, The Netherlznds.

of intensely echoreflective (but radiolucent) stainless sieel
steat struts (5-11). In an altempt 1o reduce beth the analysis
time and the variability involved in planar IVUS measure-
ments, automated three-dimensional (3D) image reconsiruc-
tion and analysis systems have been developed (30-20). How-
ever, cyelic changes in coronary dimensions and the niovement
of the IVUS catheter relative to the coronary vessel wall
frequently cause image artifacts (Fig. 1) that generally repre-
seat an important limitation to the applicability of 3D systems
for quantitative analysis (17,21,22).

One method of limiting cyclic arlifacis combines clectro-
cardiogram (ECG)-pated intage acquisition (22) and a previ-
ously validated program for automated 3D [VUS boundary
detection (18,19). We applied 1his technique to the analysis of
34 coronary stents after successful angiography-guided implan-
tation to determine the feasibility, reliability and reproducibil-
ity of this approach to assessing on-line procedural results,
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Abbreviations and Acronyms
CSA = cross-sectionat area
ECG = electrocandiogrem, clectrocardiographic

WUS = inizavascular ulizasound
D = thee-dimensional
D = twe-dimensional

Methods

Study patients. The study was approved by the Medical
Ethical Committes of the Erasmus University Hospital, Rot-
terdam. All patients provided written informed consent. The
study group consisted of 30 patients {24 mex, 6 women, mean
age * 8D 59.1 & 8.4 years) who had 34 stents implanted in 30
target lesions. To simplify the ECG-gated acquisition proce-
dure, we chose for the study only patients who had ) sinus
thythm, 2} =10 extrasysioles/min, and 3) no permanent or
temporary pacemaker implantation,

Intervention procedures and coronary angiography. All
patients received intravenous aspirin (250 mg) and heparin
(10,000 U}, and subsequent heparin was administered hourly
to maintain an activated clotting time >300 s, The percutane-
ous transluminal angioplasty procedures were performed by
using 8F femoral artery sheaths and 8F guiding catheters. All
patients were undergoing elective slent implantation for stable
{n = 14) or unstable (n = 16) angina; therefore, conservative
baltoon predilation was performied to enable stent placement
but avoid unnecessary dissection. The stents were placed in the
tight {n = 20), left anterior descending {n = 9) and [eft
circurflex (n = 5) coronary arteries. The following stents were
used: Palmaz-Schalz stent (Johnson & Johnson Interventional
Systems, n = E5); Waklstent (Schneider, Bulach, Switzerland,
n = f1} Cordis balloon expandable coiled stent {Cordis
Corporation, n = 4), Multilink stent {Advanced Cardiovascu-
lar Systems, n = 2); AVE Microstent {Applied Vascular
Enginecring, Edmonton, Alberta, Canada, n = 1}; and NIR
stent (Medinol, Ltd., Tel Aviv, Iscael, n = 1). After the
procedure, all patients were treated with an antiplatelet regi-
men of aspirin and ticlopidine,

Oa-line quantitative coronary angiography was performed
with the CAAS II system {Pie Medical, Maastricht, The
Netherlands) according to previously described methodology
(10,11}. The maximal diameter of the target segment and the

Figure L. Cyctic artifact in 3D FVUS image
set of stented coronary segment. Center and
right panels, Saw-shaped atifacts in two per-
pendicular [ongiludinal sections afier non-
gated image acquisition, resulting from the
eyclic movement of the echo-transducer refa-
tive to the coronary wall, may limit the on-
line applicability of systems for automated
contour detection. Left panel, Cross-sectional
image corresponding to the horizontal curser
in the longitudinal sections.
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interpolated reference diameter were used to select the diam-
eter of the balloon-expandable stents, The interpolazed refer-
ence diameter of the stented coronary segments ranged from
2.5 to 47 mm. The proximal and distal vessel diameter,
interpolated reference diameter and lesion length were taken
into account to select an appropriately sized self-expanding
Wallstent (11). Adjunct balleon angioplasty was petformed by
using low compliance balloon catheters with a maximal nom-
inal size of 3.74 *+ 0.44 mm (balloon/preintervention refer-
ence = L24 * 0.21; balloon/postintervention reference =
1.04 + 0.14) at a maximal pressure of 16.4 £ 1.7 atm,

After IVUS imaging was performed, any further treatment
was left 10 the discretion of the operator. Although additional
1VUS examirations were not part of the protocol, and were, in
fact, not performed, the operator was free to perform them, if
he or she considered them necessary.

Angiographic end points. All procedures had achieved
angiographic success before 1VUS examtinations were per-
formed. A procedure was cansidered angiographically success-
ful if ail of the following three criteria were met: 1) smooth
contour of the lumen sithouetie in the steated segment, 2)
diameter stenosis inside the stent in the “worst™ {of at least two
orthogenal) views <15% by quantitative on-line analysis, and
3} no inflow or outflow obstruction, 1VUS examination was
then performed,

IVUS imaging. 1VUS imaging was performed alter bolus
injection of intracororary nitroglycerin with use of a commer-
clafly available mechanical sector scapner (CardioVascular
Imaging Systems) and 2.9F sheath-based IVUS catheters
{MicroView, CardioVascular Imaging Systems). This catheter
incorporates a 15-cm long sonolucent distal imaging sheath
that altemnatively houses the guide wire (during catheter
introduction) or, after the guide wire has been pulled back, the
30-MHz beveled single-clement transducer {during imaging),

First, a continizous motorized pullback of the IVUS irans-
ducer at & pullback speed of 0.5 mm/s (within the imaging
sheath} was performed for conventional on-line two-
dimensional (2D} cross-sectional IVUS analysis. Next, the
transducer was readvanced for ECG-gated image acquisition.
The basic settings of the IVUS machine remained unchanged
to ensure an equal image quality during beth pulloacks.
Between both pullbacks there were no significant changes in
the paticnts’ heart rate and no differences in the occwrrence of
archythmias, The ECG-triggered pullback device uses a step-
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Figure 2. Principle of ECG-gated
image acquisition znd stepwise pull-
back. Images were acquired 40 ms
after the peak of the R wave and only
accepied for computer storage {ar-
rows) if the time imemval between
twa successive R waves met a pre-
defined range. This range was based
or data (mean RR interval + 50 ms),

i |
3 H i

1000 ms grams | 1H0ms H 1000 ms 1230 ms i taken before imaging was performed.

. : H If an RR interval was 100 long or

‘ : . short, images were rejected, and the

Accepted Step Rejecled Accepled Step teansducer remained at this site until

ping motor to withdraw the transducer in 0.2-mm axial incre-
mems through the stationary imaging sheath. The ECG-
triggered pullback device is controlled by a 3D ultrasound
work station (23) (EchoScan, TomTec, Munich, Germany).
The work slation receives a video input from the IVUS
machine and an ECG signal from the patient. It measures the
RR intervals over a 2.min period preceding the imaging
sequence to define the upper and lower limits of acceptable
RR intervals (mean value + 50 ms). During the imaging
sequence it considers heart rate variability and checks for the
presence of extrasystoles, I£ the RR interval meets the preset
range, images are 1} acquired 4¢ ms after the peak of the R
wave, 2) digitized (by the work station}, and 3) stored in the
computer memory. After an image is acquired, the FVUS
transducer is withdrawn 0.2 mm to acquire the next image at
that site (Fip. 2).

IVUS analysis profacel, All 34 stented lesions were ana-
lyzed on-ine by two experierced IVUS analysis who had no
knowledge of each other's results. One analyst {called the “2D
analyst”} performed coaventional manual tracing of the cross-
sectional IVUS images. The second analyst (called the “3D
analyst™} analyzed the ECG-gated 3D IVUS images (18,19).
The senior interventional cardiologists of the department
decided that, to be clinically useful, alt oa-line analyses should
be completed within =10 min,

After an interval of =4 weeks, the 3D apalyst performed a
blinded off-line reanalysis of the storcd ECG-gated image set
from all 34 stents. This off-line reanalysis had no time limit.
Fach image was carefully checked, the videatape was used to
confirm the automated measurements, even small deviations
were corrected, and the resulfs were approved by two indepen-
dent cardiologists, experienced in the use and analysis of IVUS
imaging. The off-line reanalysis was performed within 28.7 +
5.9 min and represented the maximal coafidence measure-
ments.

Intraobserver and interobserver varability of on-line 3D mea-
surements of the stent crosssectional area were determined
from §0 randomly selected digitized stent image data sets (for

the image could be acquired during a
heart cy¢le with an appropriate RR
interval length. During the following
heart cycle, the transducer was with-
drawn 200 pm (Step) to the adjacent
image aequisition site.

a total of 1,112 cross-sectional EVUS images), Because actual
on-line conditions cannot be reproduced, this comparison was
obiained from simulated on-line conditions, especially a max-
imal analysis time of 10 min. Infraobserver varability was
determined from repeated measurements performed by the
3D analyst; interobserver variability was determined by com-
paring the measurenients of the 3D analyst and those of a third
analyst who had no knowledge of previous data.

2D quantitative IVUS analysis. By using previously vali-
dated miamual contour (racing techniques (24), the minimal
lumen cross-sectional arca {CSA) withia the stented segment
was measured and compared with the proximal and distal
reference lumen CSA. These reference measurements were
obtained from the most normal-lecking cross-seclions within
5 mm proximal and distal to the stent edges. In addition, the
stent symmelry index {minimal/maximai stent diameter) was
measured at the minimal limien CSA site.

3D quantitative IVUS analysis. Quantitative 3D IVUS
analysis was performed by using a comtour detection program
(Fig. 3) developed at the Thoraxcenter, Rotterdam. This
system allows the automated analysis of up to 200 IVUS
images. Two longitudinal sections are constructed in which
contour detection is performed to identify regions of interest
(center and range for boundary searching) on planar images.
This procedure facilitates automated detection of the lumen
boundary on the planar images with use of the minimum cost
algorithm (18,19). The axial location of an individual planar
image is indicated by a cursor that is used to scroll through the
enlire set of planar IVUS images o review the detected
contaurs (Fig. 3). Corrections may be performed by “forcing”
the contour through a visuatly identified point (minimum cost},
which causes the entire dala set to be updated (dynamic
programming). This algorithm has been validated with use of a
tubufar phantom {I8) and in histologic studies {1%). Further-
more, the intracbserver and iaterobserver repreducibility of
invivo CSA measurements after nongated acquisition of IVUS
images from nonstented atheroscleratic coronary arteries have
been reported {18).
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Figure 3, 3D quantitative IVUS analysis. Up-
per pangl, Principle of automated lumen
contour detection. Twe perpendicular longi-
tudinal sections (A, B) were reconstructed

from jmage daia of the entire 3D “stack” of
images. The lumen contours were detected
(1) by use of a minimum cost algorithm. Edge
information of these longitudinal contouss

SR

was represented as points on ihe planar

images (H) and defined regions of interest
(center and range of the boundary searching)
that guided the final automated contour de-
tection of the lumen boundary on the planar
images. Lewer panet, Clinical example of
contour analysis in a stented coronary seg.
ment. A herizonial cursor (arrow) could be
used te scroll through the entire set of planar
images (feft), This cursor indicated on the
two perpendicular longitudinal sections (A,
B) the site corresponding to the planar image
displayed, On the longitudinal sections, note
the relative smoothness of both Jumen and
external vascular boundaries.

Althouph the algorithm can also be used to detect the exter-
nal vessel boundary (18,19}, only the measurement of the [umen
CSA (inside the echo-reflective struts of the metallic stents) and
the stent symmetry ratio (.., minimal divided by maximal
stent diameter) were used in the current study. Relerence
tfumen CSA measurements were obtained at minimatly dis-
cased sites 5 mm proxintal and distal 1o the stented segment.

IVUS criterin for optimal stent deployment. Three EVUS
criteria, based on the experience of the Milan growp (5,6) and
our own data {11}, were used to define optimal stent deploy-
ment: [) apposition = complete stent apposition to vessel wall
along the eatire stented segment; 2} symmetry = ratio of
minimal/maximal stent diameter (stent symmetry index) =0.7;

3) expansion = ratio of minimal stent CSA/mean reference
Jumen CSA =0.8; or, ratio of minimal stent CSA/distal refer-
ence lumen CSA =0.8 (if the site of the minimal stent CSA was
in the distal third of the stent).

Statisticat analysis. Quantitative data were given as mean
value * | SD; qualitative data were presented as frequencies.
Continuous variahles were compared by using a two-tailed
Student ¢ test and linear regression analysis; categoric variables
were compared by the chi-square test or Fisher exact fest. As
proposed by Bland and Altman (25), the agreement of the
different approaches was assessed by determining the mean
value = SD of the between-method differences. A p
value < 0.05 was considered statistically significant.

Table 1. Comparisen of On-Line and Off-Line Intravascular Ulirasound Analyses

On-Line On-Line Of-Line 3 On-Ling 2D s A Gn-Line 20 vs. A On-Line 3D s,
b D On-Ling 3D Off-Line 3D Off-Line 3D

Stent

Minima! lumen CSA {mm?} M2 §6+28 85228 04 208" 04 % 6T7F 01=02

Symmelry index 083 049 988+ 0.07 081 =003 ag? £ 007 002 & 603 6=002
Reference

Prosimal lumen CSA {mm?) 127£38 12§+38 124 42 06223 0322 -03213

Distal Jumen CSA {mm?) 10128 105 £ 38 161 +37 o+18 021 0+09
Suboptimal stent deployment T{21%} 14 {414%) H(41%) -T{-0%)}t -1~ 2%} Q

*p < 0005 tp < 000%; $p < 002 a1t other differences were not significant. Values ate expressed as mean value + 1 8D or number () of steats. CSA =
crass-sectional area; A = between-methed difference; 3D, 2D = three- and twe-dimensionat intrasascular ultrasound (IVUS) measutements, respectivaly.
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Figure 4. Resulis of linear regression analyses, comparing the lumen
CSA measurements of the minimal steat {upper panels), proximal
reference (PROX REF, center panels) and distal reference (DIST
REF, lower panels), as obtained from or-line 2D and both on-line and
off-line 3D [VUS analyses. Comelatiens were excellent, especiaily
between on-line and off-line 3D IVUS measurements (the oftline 3D
reanalysis tepresents the maximal confidence approach).

Results

Quantitative angiographic data. Before intervention, the
minimal lumen diameter was 087 * (042 mm, and the
diameter stenosis 70,6 * 13.7%. After stenting, a smooth
angiographic lumen was achieved in aff cases, with absence of
inflow or outflow obstruction. The final minimal lumen diam-

OFF-LINE 3D

10 15 bol

ON-LINE 3D

eter was 320 = 041 mm with a corsesponding diameter
stenosis of 84 * 3.4% (range 1% 10 14%), According to the
quantitative angiographic criteria, all stents were implanted
successfully.

Feasibility of ECG-gated 3D IVUS image acquisition and
analysis. After angiopraphically successful stent deployment,
ECG-gated image acquisition was successfully performed in afl
patients with excellent tolerance. No subjective comiplaints of
the patients were reported, and continuous ECG menitoring
showed no evidence of ST segment aleration or increased
frequency of arrhythmias during both gated and noagated
IVUS imaging runs, The ECG-pated image acquisition re-
quired on average 4.6 = 1.4 min (range 3.6 to 7.8), whereas the
image acquisition during conventional coninuous pullbacks
required 1.7 = 0.3 min {range L5 to 24, p < 0.0000). The
on-fine 3D analysis required 8.7 * 0.6 min (range 7.3 to 10.0),
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30 On-line

20 On-lina 3D OH-line

Figure 5. Detection of suboplimal stent deployment based on defined
IVUS criteria. After angiography-guided stent implantation, off-line
3D analysis (providing the maximal confidence results) as well as
on-line 3D apalysis demonstrated that 14 stents (4155) failed to meet
the IVUS criteria of optimal stent deployment, but only 7 (215} of
these stents were 50 lassified by the on-line 2D analysis. Striped
bars = 1VUS crteda fulfilled; sofid bars = 1VUS criteria not fulfilled,

whereas reviewing the videotape and manually tracing the 2D
TVUS images took 5.8 * 0.7 min (range 4.8 to 74, p < 0.001}.

IVUS measurements after stent deployment, The results of
the different IVUS analyses are given in Table 1. There was a
stight bul significant overestimation of the minimal stent lumen
CSA by the online 2D IVUS analysis when results were
compared with those of both on-line and off-line 3D analyses
(p < 0.005 ard p < 0.001, respectively). The other variables
measured (stent symmetry, proximal and distal reference fu-
men CSA) did not differ among analyses.

The between-method nieasurement variability, expressed as
the standard deviation of the between-methods differences,
was consistently higher for the on-line 2Dy measurement versus
both the on-line and the off-line 3D measurements than for the
two 3D measurements (Table ). Nevertheless, the comela-
tions among the CSA measurements obtained from the on-line
2D, on-ling 3D and off-line 3D analyses were excellent (Fig. 4),
Correlations of the stent symmetry measurements ranged from
0.62 (on-line 2D vs. 3D) to 0.98 (on-line 3D vs. off-line 3D).

IVUS criteria of oplimat stent deployment. With the off-
line 3D analysis (which provided the maximal coafidence
results), ¥4 (419%) of the 34 stents failed to nieet the IVUS
ceiteria of optimal stent deployment {Table 1), Only 7 of these
stents were so classified by the on-line 2D analysis (p < 0.02},
whereas all 14 stents were also jdentified by the on-line 3P
analysis {p < 0.02 vs, on-line 2D analysis) (Fig. 5). Inadequate
stent expansion was the constant reason for the failure 1o meet
the deployment criteria (n = 14}. There were no instances of
incomplete stent apposition; the one case of stend asymmetry
(which also had inadequate stent expansion) was revealed by
both on-line 3D and off-line 31> analyses, but not by on-line 2D
analysis.

Procedural ouicome. After completion of the study proto-
col, any further treatment was left 1o the discretion of the
operator. Additional angiography-guided baltoon dilations
were performed in six stents that had not met the criteria by
both 2D and 3D IVUS (n = 2) or by 3D IVUS aloae (n = 4).
Lack of further stent espansion despite high pressure dilation
with oversized balloons was the principal reason for omittiag
further balloon dilations. There were no procedural or post-
procedural in-hospital complicatioas.

Reproducibility of on-line 3D IVUS analysis. The intraob-
scrver and interobseever differences of stent CSA measure-
ments were 0.0 + 0.2 mm?® and 00 = 0.3 mm? {relative SD
2.0% and 3.1%). The correlations were high (Fig. 6).

Discussion

IVUS insights into vessel and stent geometry (5-11} have
played a central role in developing the concept of optimized
stent deployment using adjunct high pressure balloon infia-
tions {5,6,8,11,26). 1VUS-guided stent implanfation has re-
duced the incidence of stent thrombosis and permitted stenting
without anticoagulation (5). These studies used planar IVUS
analysis; however, changes of the stent dimensions observed
during a transducer pullback are frequently smooth and grad-
ual, and thus the minirzal lumes area may be difticult to
reliably identify visually. Automated 31 reconstruction and

Figure 6. Intrachsenver and interobserver mea-
suremtent varisbility of on-line 3D EVUS. Correla- 15
tion between the stent Tamen CSA measurements
{mm?), provided by repeated analyses of the same
observer (left panel, obscervations 1 and 2} and tvo
independent ohservers (right parel, observers |
and 2) using the 3D antemated analysis methed in
ECG-gated EVUS image sets. Because actual on-
{in¢ conditions cannot be reproduced, these data
were obtzined by using simufated on-ine condi- l
tions, especially a maximal analysis time of 10 min. [}
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ECG-gated 3D IVUS in stents

analysis may therefore help 10 resolve this problem, but it puust
be bath reliable and feasible during on-line application.

Previously, 3D reconstruction performed after stent im-
plantation has been marred by cyclic in:age atifacts (18) (Fig.
1) that limited on-line application of automated 3D contour
detection and analysis systems.

In the present study, to overcome this important limitation,
we used ECG-gated IVUS image acquisition {23} and a
validated automated 3D analysis system (18,19,27) on-line
after angiography-guided stent deployment. The importance of
ECG-gated image acquisition for off-line automated 3D 1VUS
measurements has been demonstrated by other groups {16.21)
using alternative 3D contour detection systems. Sonka and
colleagues (16) have slated that the correlation between
observer-defined and awstomated lumen contours by their
system improved as a result of ECG gating (r = 0.9§ and 0.98
for nongated and ECG-gated, respectively) (16). We found
that ECG-gated image acquisition resulted in much smoother
vessel boundaries, readily facilitating the on-line contaur de-
tection process.

The main results of this study were that ECG-gated 1VUS
image acquisition and automated on-linc 3D analysis [} were
feasible to evaluate the procedural results aflter stent deploy-
ment, 2j previded reliable and reproducible measurements of
the lumen dimensions within the stented segment, ard 3)
facifitated the detection of the minimal lumen site. Despite the
high correlation of the minimal lumen area measurements
provided by the on-line 2D and 3D analyses, there was a
significant overestimation of minimal Jumen area with use of
the 2D approach; this was confirmed by the off-line measure-
ment. As a result, there were significant differences between
the on-ling 2D and 3D analyses in judging the adequacy of
stent deployment by using the defined 1IVUS edteria. The high
reliability of the on-line 3D approach in scrutinizing such
criteria was confirmed by the of-ling meassrement. The
on-line 3D analysis time (8.7 + .6 min) of the present study is
acceptably within the 10-min range set by the board of the
Thoraxcenter senior interventionat cardiologists. Nevertheless,
in parallel with the advances in computer technology and
further refinements in the software, further reduction of the
analysis time can be expected.

Clinical implications. Although good clinical and angio-
graphic results have been reporled for coronary stenting
without the use of IVUS (28,29), previous studics using
conventional FVUS techniques (5,6,11) have suggested a con-
siderable frequency of suboptimal results, a finding that is
again confirmed by our methodology. We also found that
conventional 2D FVUS itself underestimated the frequency of
suboptimal stenting.

Numerous interventional cardiologists have praised 1VUS
as helpful in guiding (difficult) stent procedures and in inves-
tigaling ambiguous angiographic resulls, but there is no blan-
ket recommendation concerning the use of IVUS in routine
stenting (26). However, the indication for stenting is currently
broadening to smaller vessels, longer lesions, unfavorable
morphology, muttivessel disease and unstable syndromes, and

the number of different types of stents available is increasing
rapidly (30}. Considering this increasing complexity of stenting
procedures, a feasible and reliable IVUS analysis approach wil:
remain at least extremely valuable, often necessary, and per-
haps cost-effective, depending on long-term clinical results:
this aspect will undoubtedly be an objective of future triak
evaluating the usefulness of IVUS guidance in complex coro-
nary slenting.

Study limitations. Nonusiform transducer rotation of me-
chanical 1VUS catheters, nencoaxial catheter pasition or vas-
cutar curvatures may create imape distortion ard artifacis in
both planar images and 3D reconstructions {17); however.
segments are generally relatively straight after stenting. Al-
though coronary anpiography itselfl has several limitations.
combined approaches using both anglographic and 1VUS data
for 3D reconstruction of the vessel may resolve many of the
problems mentioned, but these techniques are laberious and
stilt restricied to research (22), As 3D reconstructions of IVUS
images generally do not depict the true spatial coronary
geometry, careful interpretation by an experienced investigator
is required.

Our experience suggests that ECG-gated image acquisition
is feasible in 90% to 95% of patients referred for coronary
intervention, but it may be difficalt in patients with arrhythmias
and even impossible in the presence of atral Abrillation, unless
cardiac pacing is performed, ECG-gated image acquisition
(23) requires more lime than conveational moterized pull-
backs at & uniform speed; this longer duration may limit its use
before interventions in patients with critieal coronary sicnoses.
Further miniatuzization of the IVUS catheters and the use of
imaging wires (31,32} may soon help to overcome this limita-
tion.

Conclusions, ECG-gated acquisition of IVUS images dur-
ing awtomated transducer pullbacks is feasible after coronary
stent deployment. The approach is clinically relevant. as it
permits on-line automated 3D reconstruction and analysis,
provides refiable and reproducible measurements of Iumen
dimensions and {acilitates the detection of the mintmal lumen
area, thus guiding optimized stent deployment.
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Coronary Wallstents show significant late, post-procedural expansion
despite implantation with adjunct high-pressure balloon inflations

C von Birgelen, SG Airiian, PJ de Feyter,
DP Foley, WIJ van der Giessen,
PW Serruys

Reprinted with permission from Am J Cardiol 1998;82:129-134
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Coronary Wallstents Show Significant
Late, Postprocedural Expansion Despite
fmplantation With Adjunct High-Pressure
Balloon Inflations
Clemens von Birgelen, Mp,* Segei G. Airiian, mp, Pim J. de Feyter, Mp, pho,

David P. Foley, mB, Mrcal, pho, Wim J. van der Giessen, mp, PhD, and
Patrick W. Serruys, MD, PhD

Adjunct high-pressure balloon inflations following the
delivery of oversized self-expandable Wallstenis may
affect their implied late, postprocedural self-expansion.
Consequently, we examined 15 “Magic” Wallstents,
which were implanted following a sirategy of stent over-
sizing and subsequent adjunct high-pressure balloon
inflatiens {16 = 2 atm; all =12 atm), The excellent
radiographic visibility of this stent permitted refiable
guantitative coronary angiographic measurement of
both fumen and stent dimensions (belore and affer stent-
ing, and af follow-up}. At follow-up, extent and disiri-
bution of in-stent neointimal proliferation were evalu-
ated with volumetric intravascular ulirasound. Between
postintervention and follow-up examinalion, mean steat
diameter increased from 3.7 £ 0.4 10 4,2 + 0.4 mm [p
<0.0001); there was no significant difference in lafe
stent expansion between proximal, mid-, and distal
stent subsegments, Late stent expansion showed a sig-
nificant {reverse} relation to maximum balloon size {r =

—0.56, p <0.04), but not with folfow-up lumen size or
late lumen loss. On average, 52 = 18% of the stent was
filled with neointimal ingrowth; necintimal volume/cm
stent length was 64 & 22 mm®, Both lale stent expan-
sion [r = 0,36, p <0.02} and maximum bolloon pres-
sure {r = 0.41, p <0.001} were related to nesintimal
volume/em stent but not to follow-up fumen size, Thus,
despite high-pressure implantation, Wallstents showed
significant late self-expansion, which resulted in larger
stent dimensions al follow-up that assisted in accommo-
daling in-stent neointimat proliferation. Conversely, lote
stent expansion had « significant relation to the extent of
in-stent neointimat ingrowth, Beneficiol and disadvanta-
geous effects of the late stent expansion appear to be
balanced, because a relalion to late fumen loss or fol-
low-up lumen dimensions was not found to be
present. ©1998 by Excerpta Medico, Inc,

{Am J Cordiol 1998;82:129-134)

Dun‘ng the last decade, implantation of coronary
stents has become a rapidly expanding approach
for percutaneous transtuminal catheter-based therapy
of significant atherosclerotic lesions.!-10 In the shod,
balloon-expandable slotted tube stents, the extent and
mechanisms of late humen renarrowing and in-stent
neointimal proliferation have been carefully evaluated
with quantitative coronary angiography and intravas-
cular ultrasound (VUS4 However, insights
gained in this particular stent design cannot simgply be
transferred to self-expandable stents such as the Wall-
stent,12:13-17 because the deployment characteristics
differ considerably.!®1? Afier high-pressure implanta-
tion of balloon-expandable slotted tube stents, no
change in stent size was observed between the final
postintervention examination and follow-up,16.17.20
However, high-pressure balloon infiation after deliv-
ery of self-expandable Wallstents may have a signif-
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mus University Roterdam, Rotterdom, The Netherands. Dr. von Birge-
len is the recipient of o leliowship of the Germon Research Society
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Address for reprints: Patrick W. Semuys, MD, PhD, Thotoscenter,
University Hospital Dijkzigl, Bd 418, P.O. Box 1738, 3000 DR
Roterdam, The MNetherands.

*Cuirent address: Deparmen! of Cardiclogy, Universty Hospital
Essen, Hufelondstrasse 55, DA45122 Essen, Getmany.

icant effect on the implied late, postprocedural
changes in stent dimensions. Consequently, we exam-
ined [5 oversized, self-expandable “Magic” Wall-
stents (Schneider, Biilach, Switzerland), which have
an excellent radiographic visibility that pemmits reli-
able guantitative coronary angiographic (QCA) mea-
surement of stent dimensions after stent implantation,
and at 6-month follow-up (Figure ). In addition,
extent and distribution of neointimal ingrowth were

evaluated with a volumetrc IVUS analysis sys-
tem, 14.21-24

METHODS

Palient group: The study group consisted of 15
patients {£2 men and 3 women, aged 61 * 9 years)
with symptomatic {-vessel (n = 9) or 2-vessel disease
(n = 6), who had Magic Wallstents (n = 15) im-
planted. All lesions were nonostial and located in right
coronary arteries. The study was approved by the
medical ethical committee of the Erasmus University
Hospital, Rotterdam; ail patients provided written in-
formed consent.

latervention procedures: All patients received 250
mg of aspirin and 10,000 U of heparin intravenously,
and subsequent heparin was administered hourly to
maintain an activated clotting time of =300 seconds.
Balloon angioplasty and stent deployment were per-
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FIGURE 1. "Magic” Wallstent at 6-month follow-up. Nete the
excellent definition of the stent boundaries outside the opacified
lumen {A). The high radiographic visibility on confrast-free an-
giofrom}es {B} permits reliable QCA analysis of the stent dimen-
sions (C).

formed according to standard clinical practice at the
Thoraxcenter Rotterdam!” using the femoral approach
and 8Fr femoral arterial sheaths, The percutancous
transluminal angioplasty procedures were performed
with 8Fr guiding catheters. All patients were under-
going elective stent implantation, so conservative bal-
loon predilatation was performed to enable stent
placement but avoid unnecessary dissection.

The proximal, distal, and maximum lumen diame-
ter, the interpolated reference diameter, and the lesion
length as provided by on-line quantitative coronary
angiography were taken into account to setec the stent
size. Stents had a nominal diameter of 5.1 * 0.7 mm
and a length of 33 = 7 mm. Following a strategy of
stent oversizing, the Walistents had a nominal diam-
eter that was on average 1.5 mm larger than the
maximum lumen diameter of the segment 1o be
stented, as measured by on-line QCA. Adjunct balloon
dilatation was performed inside all stents, using low-
compliance balloon catheters at maximum pressures
of at least {2 atm. Balloon sizing was left fo the
discretion of the operator. The largest balloon was
frequently sized according to the (rounded-up) proxi-
mal reference diameter, In long Wallstents the largest
balloon was often used in the proximal and midportion
of the stent only, whereas the distal portion was di-
lated by a balloon sized according to the distal or the
mean {proximal and distal} reference. In addition,
angiographic signs of reference segment disease were
considered when sizing balloons. After the procedure,
all patients were treated with an antiplatelet regimen
of aspirin and ticlopidine. Follow-up cardiac catheter-
ization, angiography, and IVUS examination were
performed according to a standard protocol.

Quantilative coronary anglography: The QCA anal-
ysis was perforrned with the CAAS II system (Pie
Medical, Maastricht, The Netherlands) according to
previously described methedology.!™25 Measurements

98

were performed in multiple (22) matched angio-
graphic views after intracoronary nitrates were admin-
istered, they included analysis of proximal, mid-, and
distal subsegments (equal length) of the stented seg-
ment (Figure 2). The boundaries of a selected coro-
nary segment were detected using a weighted sum of
the first and second derivative functions of the bright-
ness profile of each vessel scan. The absolute angio-
graphic diameter of the stenosis was determined using
a conlrast-free guiding catheter as a scaling device. As
in many previcus QCA studies using the CAAS sys-
tem,5-%16-18 the diameter function was used {o deter-
mine the minimal lumen diameter and a computer-
derived estimation of an interpolated reference diam-
eter at the minimal lumen site. The interpolated
diameter stenosis was calculated as [{reference
diameter — minimal lumen diameter)/reference diam-
eter] X 1060,

The excellent radiographic visibility of the Magic
Wallstent {Figure 1} permitted measurement of the
stent dimensions on contrast-free image frames both
after the procedure and at follow-up,

Intravasculor uitrasound imaging: The IVUS imag-
ing at follow-up was performed after intracoronary
nitroglycerin bolus injection using a commercially
available mechanical sector scanner {CardioVascular
Imaging Systems, Sunnyvale, California) and 2.9Fr
sheath-based IVUS catheters (MicroView, Cardio-
Vascular Tmaging Systems). This catheter incorpo-
rated a 15-cm-long sonolucent distal imaging sheath
that afternatively housed the guidewire (during cath-
gter introduction) or, after the guidewire had been
pulled back, the 30-MHz beveled single-element
transducer (during imaging). A continuous motorized
pullback of the IVUS transducer at 2 pullback speed of
0.5 ma's (within the imaging sheath) was performed.
The entire IVUS imaging run was recorded on video-
tape for off-line analysis.

Volumetric measurement of neoinfimal ingrowth:
The measurement of in-slent neointimal ingrowth was
performed with a validated computerized volumetric
IVUS analysis system {Figure 3), which performs a
boundary detection based on the application of a min-
imum-cost algorithm and has previously been de-
scribed in detail.'*21-2* n brief, this sysfem altowed
reconstruction of 2 perpendicular longitudinal sections
in which contour detection of the echo-reflective stent
and the lumen-neointimal boundary was performed to
identify regions of interest for the boundary search on
the planar IVUS images. On the planar images, the
regions of interest guided the automated detection of
the lumen and stent contours, which were used for the
volumetric measurement of neointimal ingrowth
based on Simpson’s rule (neointimal volume = stent
volume — lumen volume). To compensate for differ-
ences in stent length, the neointimal volume/cm stent
length was calculated from the absolute values of
neointimal volume and steat length.

In vitro, the algorithm has been validated in a
tubular phantom consisting of severat segments.?! The
autormated measuremnents revealed a high correlation
with the true phantem volumes (r = 0.99) mean
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FGURE 2. Example of QCA lumen analysis. lumen dimensions were measured before intervention (A, after intervention (8, and at
follow-up {C}, Note of follow-up the relatively focal lumen cbstruction at the transition between the distal end midsegment of the stent

(see Figure 3 for corresponding IVUS images),

FIGURE 3. Volumetric IVUS analysis of in-stent neolntimal proliferation, On 2 perpendicular fongitudine! images {A and B), recon-
structed from the 3-dimensional dota sey, corenary lumen, stont struts, and necintimal in?rowih {arrowheads} can be well distin-

vished, The origin of the planar IVUS image flefi-hond side} is indicated by a horizonta

ocal neointimal proliferation (smaller arrowheads}.

differences were <1.8% (SD <3.8%) for volurmnes of
the various segments.2! A comparison between auto-
mated 3-dimensional IVUS measurements in coronary
specimens in vitro and morphometric measurements
on the coresponding histologic sections revealed
good corelations for volumetric measurements {f =
0.83 to 0.98}.22 In vitro, volume measurements by the
automated sysiem agreed well with results obtained by
manuat tracing of IVUS images, showing low be-

cursor on the longitudinal images; it shows

tween-method differences with the SD not exceeding
4.3%, and high carrelation coefficients {r == 0.99).2? In
vivo, Intra- and interobserver comparisons of volu-
metric measurements revealed high correlations {r =
0.99) and small mean differences (<1.2%), with SD
=329, 2824

Statisfical analysis; Quantitative data were given as
mean * | 8D, qualitative data were presented as
frequencies. Continuous variables were compared by
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TABLE 1 Minimal Lumen Diameter [mm) in Proximal, Mid-,
and Distal Stent Segments

FRE POSE Fu?
Proximal segment 1.9+08 3.4+ 041 23207
Midsegment 1.5+04" 32204 24206
Distal segment 20x05 31204 22207

*p = 0.01 versus distol subtegments.

'p <0.01 versus mid and distel subsegments.

FUP = loflowup; POST = final result after the intervenkion; FRE = before
inkervention.

analysis of variance, 2-failed Student's ! test, and
linear regression analysis, A p value <0.05 was con-
sidered statisticatly significant.

RESULTS

Procedural details: All 15 Wallstents were success-
fully deployed. The stents were oversized by 1.6 %
0.5 mm relative fo the maximum lumen diameter,
Adjunct balloon dilatation was performed using low-
compliance balloon catheters with a maximum diam-
eter of 4.0 *+ 0,6 mm at an inflation pressure of 16 *
2 atm. The balloon-to-artery ratio was 1.1 * 0.1 using
the postinterventional reference diameter as a refer-
ence,

Quanfitative coronary angiography before and after
stenting: During the intervention, overall the minimal
lumen diameter increased from 1.0 £ 0.5t0 3.1 £ 04
mm (p <<0.0001), the reference diameter increased
from 3.1 * 0.6 to 3.4 * 0.4 mm (p = 0.01), and the
diameter stenosis decreased from 66 * 16% to 1§ *
4% (p <<0.00C1). Analysis of the proximal, mid-, and
distal subsegments (Table I) demonstrated that before
intervention the minimal lumen diameter was smallest
in the midsegments.

Quantitalive coronary angiography a? follow-up: At
follow-up, 5 paticnts had symptoms of angina and a
diameter stenosis =50%. Overall, the minimal lumen
and reference diameters decreased to 1.9 + 0.6 mm (p
<{.0001) and 3.0 = 0.8 mm (p = 0.01}, respectively,
corresponding to a diameter stenosis of 35 * 14% (p
<0.0001). There was no significant difference in fol-
low-up minimal lumen diameter between the subseg-
ments (Table I},

Between postintervention examination and follow-
up, a late self-expansion of the Wallstenls was noted
{Figure 4); the mean stent diameter increased from
3.7 £ 0.4104.2 * 0.4 mm (p <0.0001}, There was no
significant difference in late stent expansion between
subsegments (Table I1). Late stent expansion showed
a reverse relation to the maximum balloon size used
for postdifatation (r = —0.56; y = —1.2x + 43; p
<0.04), but not to the follow-up lumen dimensions or
late lumen loss,

Volumetric infravascular ulfrasound et follow-up: On
average, 32 * 18% of the stent was filled with neo-
intimal ingrowth (52 + 20%, 54 * 19%, and 50 *
23% in the proximal, mid-, and distal subsegment), as
demonstrated by IVUS; the neointimal volume/cm
stent length was 64 % 22 mm® (68 = 28 mm?, 68 +
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FIGURE 4. £xample of late, postprocedural self-expansion of
Wallstent. Between postintervention {inserj and follow-up, on
evident increase in stent diameter was observed [controst-free
images correspond with Figure 2, B and ().

TABLE I Mean $tent Diameter {mm) After Intervention and at
FollowUp

POST FUp p Value
Proximal segment 386 + 041 436 £ 045 <0.000)
Midsegment 3692036 430036 <0000
Distol segment 3461 +0.37 406+036 <0.0005
Al segmenks 372039 424x041 <0.0001

Abbreviations as in Tabla 1.

25 mm?®, and 59 * 26 mm” in the subsegments; p=
NS). Both late stent expansion (r = .36, y = 30x +
49; p <0.02) and maximum balloon pressure {r =
0.41; y = 5% — 11; p <0.001) showed a significant
comelation to neoimtimat volume/em stent length (Fig-
ure 5).

DISCUSSION

The characteristic design of the Wallstent accounts
for the self-expandable feature of this steni.!215-18
Initially, the sclf-expanding force of the Wallstent was
thought to be sufficient for further gradual expansion
after stent delivery. However, adjunct baltoon dilata-
tions were required to achieve stent dimensions that
were sufficientty large to minimize the rate of sub-
acule stent thrombosis. Recently, high-pressure bal-
loon inflations after Wallstent delivery have been sug-
gested,!? but the presence and extent of late postpro-
cedural stent expansion after such high-pressure
inflations inside the Wallstent have not been reported.
Because most other stent designs are radiolucent after
deployment and difficult o perceive on the angio-
gram, [VUS has frequently been used for the direct
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cross-sectional assessment of stent struts'92023 and
in-stent neointimal proliferation at follow-up.''-14
However, the excetlent radiographic visibility of the
new Magic Wallstent, consisting of round wire struts
of a cobali-based alloy with an inner platinum core,
was ideal for refiable QCA analysis of late expansion
of the Watlstent.

Late self-expansion of the Wallstenk We compared
the stent dimensions after infervention and at fol-
low-up and demonsirated that the self-expandable
Wallstent showed a significant late expansion despite
high-pressure (12 o 18 atm) in-stent bailoon inflation
after stent delivery. Late stent expansion was not only
found to be present in the proximal and distal stented
segments but also in the midporiion, which frequently
covered the highest burden of atherosclerotic plaque.
The exient of late self-expansion was higher if balloon
inflation after Wallstent delivery was performed with
smaller balloons; conversely, lacger balloons partly
anticipated the late self-expansion of stents, Recent
preliminary QCA data of a nitinol coronary stent also
describe a late expansion of that self-expandable stent
after implantation with balloon pressures of 10 to 14
atm,26

In our study we followed a strategy of substantial
stent oversizing. The Wallstents had a nominal diam-
eter that was on average 1.5 mum larger than the
maximum lumen diameter of the segment o be
stented, whereas currently oversizing Walistents by |
mm is suggested.!” The concept of substantially over-
sizing stents, applied in this particular series of pa-
tients, may partly account for the relatively high ex-
tent of late stent expansion observed and may contrib-
ute to the procedure-related increase in reference
diameter, On average, late stent expansion was com-
parable to the extent of oversizing the Wallstents
above the current suggestion of 1 mm. We believe that
the stents, as examined after 6 months, may have
reached a state of final expansion; nevertheless, our
data do not exclude the possibility that this process
may continue even beyond 6 months.

Lote stent expansion and neointimal profiferation:
Late sclf-expansion of the oversized Wallstents re-
sulted in larger stent dimensions at follow-up, which
helped to accommodate the in-stent neointimal prolif-
eration, In contrast, late stent expansion may be a
parameter of potential vascular injury,?"28 showing a
significant relation to the extent of in-sient neointimal
ingrowth, The beneficial and disadvantageous effects
of late stent self-expansion appear to be balanced,
because a-significant relation between lafe sient ex-
pansion and beth late lumen loss and follow-up lumen
dimensions was not found to be present.

The neointimal ingrowth in Wallstents, as mea-
sured by IVUS, was significantly larger than that
previously reported for short slotted be stents!i-13;
hotvever, the dimensions of the Wallstent in itself
(diameter after intervention: 3.7 % 04 mm) were
significantly larger than those reported for slotted tube
stents.Fi-13 A¢ follow-up, this contrast was even
higher, as the Wallstent diameter increased to 4.2 *
0.4 mm.

Study limitations and potenkial sources of error: (1}
The degree of late stent expansion with a more con-
servative stent selection strategy is not krown from
the current data, (2) The number of stents examined
does not permit calculation of an actual restenosis
rate; however, this was not the intention of this study.
{3} Coronary angiography and QCA delincate the
vessel lumen as a silhouette and foreshorten vessel
segments depending on the projection used 25 (4) Lin-
ear 3-dimensional IVUS approaches, as used in this
study, do not account for vessel curvatures and pro-
vide approximate values of volumetric parameters®¥;
nevertheless, coronary segments are relatively straight
after stent implantation,?

Clinica! implications; High-pressure implantation of
substantially oversized coronary Wallstents resulted in
late self-expansion of the stents, which helped to ac-
commadate neoinlimal ingrowth. But a relation be-
tween late stent expansion and follow-up lumen di-
mensions was not found (o be present, because the
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increase in stent dimensions is cumrendly balanced by
an increased neointimal proliferation. Our data sug-
gest that al this time excessive oversizing of the Wall-
stent or application of extremely high baltoon pres-
sures during adjunct ballcon inflations may not help to
further improve the follow-up lumen dimensions.
However, with the advent of clinically effective anti-
proliferative strategies {e.g., radiation or pharmaco-
logic approaches), the mechanical properties of the
Wallstent may offer a chance to achieve particularly
large tong-term lumen dimensions after coronary stent
implantation.
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A compensatory enargement of the coronary arterial wall
a3 plague increases has been described by Glagov et al.,!
whereas a paradoxical shrinkage of the arterial wall at the
site of vascular stenoses was observed by Pasterkamp et
al? in femoral arteries. We report a case of a “reverse
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Glagovian modeling” in a coronary artery delected during
the comprehensive assessment of an intermediate lesion
with intraceronary wtrasound and Doppler.

A 60-year-old woman complaining of chest pain at rest
and during exercise for I year, despite treatment with a
beta blecker, displayed a slowly ascending depression of
the ST segment of 1.5 mm in leads Vs and Vg at maximum
effort during a bicycle stress test. Coronary angiography
revealed no luminal obstruction of the right and left
circumflex corenary arteries, The teft anterior descending
coronary artery {LATH had a stenosis in the proximal seg-
ment and minor luminal irregularities in the midsegment.
After intracoronary injection of nitrates, quantitative cor-
onary angiography of the proximal lesion was performed
online (CAAS, PieMedical, Maastricht, The Netherlands)
and revealed a minimat luwninal diameter of 1.92 mm with
a 42% diameter stenosis (Fig. 1). The vatue of this quan-
titative angiographic analysis, however, was in all projec-
tions limited by the superimposition of an intermediate
and a septal branch. Subsequently, a 0.014-inch 15-MHz
Doppler guide wire (FioWire, Cardiometrics, Mountain
View, Calif.) was advanced into the LAD distal to the
lesien, Coronary flow velocity was measured at baseling
angd after intracoronary injection of a bolus of I8 pg of
adenosine. Coronary [low reserve, caleulated as the ratio
between hyperemic and baseline average peak velocity,
was 3.3 (Fig. 1). After a new intracoronary injection of 3
mg isosorbide dinitrate, a 2.9F 30-MHz mechanical infra-
coronary ultrasound (ICUS) catheter (Microview, CVIS,
Sunnyvale, Calif.) was advanced distal to the lesien, and
a slow, continuous withdrawal of the ICUS catheter was
performed with a motorized pullback device at a speed of
0.5 mm/sec. The reference site distal to the plaque showed
a mild concentric intimat thickening with a 21% cross-sec-
tional area stenosis. At the site of the angiographic lumi-
nal narrowing, a focal noncaleified highly eccentric plaque
was found showing a 68% cross-sectional area stenosis and
& minimal luminal diameter of 2.0 mm (Fig. 2. A custom-
designed analysis system, developed at the Thoraxcenter,
was used to obtain a computerized assessment of luminal
and plague dimensions of the entire vascular segment vi-
sualized with ICUS3 4 Reduction of the total vessel area
from the distal reference segment to the proximal LAD
stenosis was observed (Fig. 2). On the basis of the infor-
mation provided by ICUS imaging and Doppler, no coro-
nary intervention was performed. The absence of inducible
ischemia in the myocardial territory subtended by the L.AD
was confirmed by a dobutamine stress-echocardiography
test, which demonstrated a normal thickening and moticn
of the anterior wall and the interventricular septum at a
maximurmn levetof dobutamine (40 pg/kg/min plus 2 mg in-
travenous atropine).

New intracoronary ultrasound techniques permit a mor-
phologic and functional assessment of coronary stenoses,
which may be particularly helpful in patients with angio-
graphically intermediate stenoses™ % when the presence of
myocardial ischemia has not been unequivecally demon-
strated with noninvasive tests before the cardiac catheter-
ization, Measurement of eoronary flow reserve with the
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Fig. 1. Quantitative coronary angiography {eff upper panel) of intermediate lesion in proximal segment
of left anterior descending coronary artery. A 42% diameter stenosis was found but angiographic analysis
was limited by sidebranches and overlapping vessels in all projections. Assessment of coronary flow ve-
fecity with Doppler guide wire distal to stenosis revealed normal coronary flow reserve of 3.3, calculated
as ratio between average peak flow velocity at bazeline (left lower panel) and hyperemia (right lower pan-
el). Arrowhead indicates position of Doppler tip during flow velocity measuremeant. BAS, Baseline; CFR,
coronary flow reserve; HYP, hyperemia; MLD, minimal luminal diameter.

Doppler guide wire is well correlated with the results of
radioisotope perfusion tests and permits a reliable assess-
ment ofthe hemodynamicsignificance of coronary stenoses.
The safety of deferring corenary interventions in nensig-
nificant leslons on the basis of results of flow velocity mea-
surements has recently been demonstrated ® In this case
a normal coronary flow reserve was found in the LAT dis-
tal to the lesion, excluding a significant hemodynamic im-
pairment. ICUS permits direct inspection and measure-
ment of the plaque burden and is not affected by vessel
overlapping or other causes of insufficient angiographic
visualization, The feasibility and clinical value of ICUS for
decision making in intermediate coronary lesions have re-
cently been reported.® In this case the lesicn fulfilled the
ICUS eriteria for deferral of corenary interventions (min-
imal luminal diameter <2 mm) proposed by Mintz et al.Son
the basis of their clinical experience.

Enlargemeni of the total vessel dimension is a wel
known mmechanism of the vascular wall to preserve the di-
mension of the lumen during the early stage of atheroscle-
rosis.! 7 This mechanism can compensate for an increase
of plaque burden until it occupies 40% of the internal elas-
tic membrane area.! However, the vessel wall does not
uniforraly respond to progreasive plaque accumulation be-
cause the mechanism depends on the integrity of the en-
dothelium-mediated response to the increase in shear
stress as luminal narrowing starts to develop. When this
compensatory mechanism fails, a “reverse modeling” may
occur as described in atheroscleretic human fermoral ar-
teries showing a paradoxical shrinkage of the total vessel

106

area at the site of the target stenosis.? The ICUS findings
of this case suggest that a reverse modeling can also occur
in coronary lesiens. The complementary information ob-
tained with EGUS imaging and Doppler can be valuable in
the process of clinical decision making in patients with in-
termediate lesions, The question whether coronary lesions
with “reverse Glagovian modeling” have a specific progno-
sis or a different response to treatment is of interest but
requires further clinical inveatigation.
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“"Reverse Glagovian modeling”

Flg, 2, Proximal stenosis of left anterior descending coronary artery (LAD) (feft upper panel) assessed by
new system for quantitative analysis of three-dimensional intracorenary ulirasound images.® * Cross-sec-
tional ultrasound images were reconstructed in two perpendicular longitudinal sections (I and IT, right up-
per panels) and computerized contour detection was performed providing a three-dimensional view (Tef
lower panel) and dimensions of lumen, plaque, and total vessel, caleulated from area measurements, Mean
diameter measurements (mm)of 200 consecutive ultrasound frames (right lower panel) are displayed, with
plaque shown as white area between tetal vessel and lumen diameter, Note reduction of total vessel di-
ameter from distal reference (mid-LAT) to target stenosis. Arrowheads in three-dimensional view and an-
giogram indicate site of stenosis, which is also displayed in cross-sectional ultrasound view (mid-left upper
panel). LM, Left main coronary ariery; PROX, proximal,
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Atherosclerotic coronary lesions with inadequate
compensatory enlargement have smaller plaque
and vessel volumes: observations with three
dimensional intravascular ultrasound in vivo

C von Birgelen, G S Mintz, E A de Vrey, T Kimura, ] J Popma, 8 G Airifan, M B Leon,

M Wobuyoshi, P W Serruys, I J de Teyter

Abstract
Objective—To compare vessel, lumen, and
plague  volumes in  atherosclerotic

coronary lesions with inadequate com-
pensatory enfargement versus lesions with
adequate compensatory enlargement.
Design—35 angiographically significant
coronary lesions were examined by intra-
vascular ultrasound (IVUS) during mo-
torised transducer puliback, Segments
20 mim in length were analysed using a
validated automated three dimensional
analysis system. IVUS was used to classify
lesions as having inadequate (group I) or
adequate {group II) compensatory en-
largement,

Resulis—There was no significant differ-
ence in quantitative anglographic meas-
urements and the IVUS minfmum fumen
cross sectional area between groups I
(n = 15} and II (ix = 20). In group I, the ves-
sel cross sectonal area was 13.3 (3.0) mm’
at the lesion site and 14.4 (3.6) mam’ at the
distal reference (p < 0.01), whereas in
group IE it was 17.5 {5.6) mm at the lesion
site and 14,0 (6.0) mm’® at the distal refer-
ence (p < 0.001). Vessel and plague cross
sectonal areas were significantly smaller
in group I than in group II (13.3 (3.0) v
17,5 (5.6) mm’, p < 0.01; and 10.9 (2.8) v
15,2 (4.9) mm’, p < 0.005), Simifarly, vessel
and plaque volume were smaller in group I
(291.0 (61,9 v 353.7 {110.0) mm’, and
177.5 {48.4) v 228.0 (92.8) mm’, p < 0.05 for
both). Lumien areas and volumes were
similar,

Conclusions—In lesions with inadequate
compensatory enlargement, both vessel
and piaque volume appear to be smaller
than in lesions with adequate compensa-
tory enfargement.

(Heart 1998;79:137-142)

Keywords: intravascular ulrrasound; ultrasonics;
remodelling; coronary artery disease

Intravascular uftrasound provides wransmural
images of coronary arteries in vivo. The
coronary vascular wall, the cross sectional area
of the atherosclerotic plaque, the consequences
of plaque accumulatien, and the mechanisms
of lesion formation can be studied in humans
in a manner previcusly not possible.'”?

Atheroscleratic arteries tend 10 undergo
compensatory vascular enfargement to accom-
modate increasing plaque burden during the
early stages of plague accumulation.*" Be-
cause of this adaptation, lumen dimensions are
preserved and an anglographic underestima-
tion of coronary atherosclerosis often occurs."”
This concept was initially derived from ana-
tomical and histopathological studies in
vitre."™'? It has been confirmed using intravas-
cular and epicardial ultrasound studies in
vivo,!*! Recently, Clarkson «f a'* suggested
that failure of adaptive remodelling may be an
important factor for the development of
significant atherosclerotic lesions. The histo-
pathological and intravascular ultrasound data
of Pasterkamp ¢t ol ™ in peripheral arteries,
and intravascular ultrasound observations of
\Wong e af,” Nishioka et al,” and Mintz et af
have also shown evidence of inadequate
compensatory enlargement,

In the present study, we examined 35
atherosclerotic coronary lesions which were
classified as having inadequate (group I} or
adequate compensatory enlargement (group
N, Automated three dimensional intravascular
ultrasound analysis of the lumen, vessel, and
plaque dimensions was petformed™™ to gain
insight into the volumetric characteristics® of
these lesions.

Methods

PATIENT POPULATION

The study population consisted of 35 patients
with primary (not restenotic) atheresclerotic
lesions examined using preintervention intra-
vascular vitrasound. Inclusion criteria were:
angiography documented non-curved lesion
segments; limited plague calcification through-
out a lesion length of 20 mm; absence of a
complete occlusion of the stenotic lumen dur-
ing the witrasound imaging run; and absence of
major side branches. Thirry rwo men and three
women (mean {SD) age 61 {9) years) were
examined. Lesions were located in the left
anterior descending coronary artery (n = 2Q),
right coronary artery (n = 103, and left circum-
flex coronary artery (n = 5); 32 were proximal
and three were in the mid-portion. 'The study
was approved by the Local Councit on Hurnan
Research. All patients signed a written in-
formed consent form, approved by the local
medical ethics committees,
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INTERVENTIONAL PROCEDURE AND
INTRAVASCULAR ULTRASOUND IMAGING

The patients received 250 mg aspirin and
10 000 U heparin intravenously. If the dura-
tion of the entire catheterisation procedure
exceeded one hour, the activated clotting time
was measured, and intravenous heparin was
given in order to maintain a clotting time of
more than 300 s, Intravascular ultrasound
imaging was performed after intracoronary
injection of 0.2 mg glyceryl winitrate, starting
at least 10 mm distal 1o the lesion segment. A
mechanical indravascular ulrasound system
(ClearView, CardioVascular Imaging Systems,
Sunnyvale, California, USA) and a sheath
based imaging catheter were used, The cath-
eter incorporated a 30 MHz bevelled, single
element wansducer rotating at 1800 rpm (Mi-
croView, CardioVascular Imaging Systems).
This catheter is equipped with a 2.9 F 15 em
Iong sonolucent distal sheath that has a
common lumen that either houses the guide
wire (during catheter introduction} or the
wansducer (during imaging after the guide wice
has been pulled back), but not both, This
design avoids direct contact of the imaging core
with the vessel wali.”” The ultrasonic trans-
ducer was withdrawn through the stationary
imaging sheath using a motorised pullback
device at a constant speed of 0.5 mmfs, All
intravascular ultrasound examinations were
recorded on high resolution s-VHS videotape
for Fater offline quantilative analysis. After the
inavascular ultrasound examination, all pa-
tients were successfully treated by batloon
angioplasty, coronary stent implantation, or
directional coronary atherectomy; there were
no procedural or postprocedural in hospital
complications,

INTRAVASCULAR ULTRASOUND IMAGE ANALYSIS
Twenty millimeter long lesion segments (10
images/mim axial artedal length), centered on
the target lesion site, were analysed off-line
using a computerised intravascular ultrasownd
analysis system (fig 1).” Reference images
with the smallest plague burden were acquired
no more than 3 mm distal o the lesion
segment., Cross sectional area measurements at
the reference site wete obtained with the com-
puterised analysis system (single frame mode);
care was taken o avoid any major side branch
between the lesion segment and the reference
site,

Cross sectional area measurements {mm®)
included the lumen and vessel cross sectional
area. The vessel cross sectional area was meas—
ured by tracing the border between the hypo-
echoie media and the echoreflective adventitia.
As in many previous studies using intravascular
uktrasound, the cross sectional area (and thick-
ness) of plaque plus media was used as a meas-
ure of atherosclerotic plague area (and thick-
ness) because ultrasound cannot measure
media thickness accurately.”’ Plaque cross sec-
tional area was calculated as wvessel cross
sectional area minus lumea cross sectional
area. The cross sectional area plaque burden
was calculated as plaque cross sectional area
divided by vessel cross sectional area.

e
'
T
'
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I

Figure I Principle of automated three dimensional
intravarcular ultrasound image analysis. Detection of the
contours corresponding to the lumen—tisiue and
media—adieniitia interfaces is first performed o two
perpendicular longitudinal sections (A, B), reconstructed
Srom the image data of the entire three dimeniional “stack™
of images. Edge information of the Iongitudinal contours are
represented as points on the planar images, defining there
the eentre and range of the final contour detestion process.

Compensatory enlargement was considered
inadequate (group I} if the vessel cross sectional
area at the site of the minimum fumen cross
sectional area was smaller than that at the dis-
tal reference site (fig 2).” If the vesse! cross
sectional area art the site of the minimum hewen
cross sectional area was larger than or equal to
the distal reference site (fig 3}, compensatory
enlargement was considered adequate (group
1.

Volume measurements {(mm’} of the lumen,
vessel, and plaque (based on 10 intravascular
ultrasound images/mm axial arterial length)
were caleulated according to Simpson's rule as

n
Volume = 2 cross sectional area, x H
i=1

where H = thickness of a coronary artery slice
represented by a single tomographic intravas-
cular ultrasound image, and n = number of
trmages in the three dimensionzl image set. The
volume plague burden (%)} was calculated as
plague volume divided by vessel volume.

‘The overall plague eccenericity index was
calculated as mean value of the eccentricity
indices of all individueal image stices; these were
derived as previously described {(minimum
plague thickness divided by maximum plzque
thickness).” A higher value of that index
indicated & more concentric plague distribu-
tion {the maximum value 1.0 would indicate
perfecily concentric plaque disiribution along
the entire lesion segment), whereas a lower
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value indicated a more eccentric plaque distri-
bution.

The overall lumen symmetry index was
calculated as mean value of the fumen symme-
try indices {minimum lumen diameter divided

TARGET §
LESION

DISTAL

) 7 Wi (] T

Figure 2 Analysis of a 20 mm long mid-right coronary regnient soith inadequate
compersatory vascalar enlavgement (group I). The vessel cross seerional area is smallest at
the targe lesion sice. Markers indicare thar site on the Longitudival sections (vight upper
panelsy and the display of the cross sectional area ameasurenients (right lotoer panel). Linear
Sunctions of the vessel and fumen cross sectional area form the upper and lower boundaries
of the greyish area, echick represents the p!aque cross sectional area, Alrernanuely, the values
of plague cross seceional area can be derived directly from a linear function (single black
Ting), wchich here partly overfaps the greyish area.
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Figure 3 Adeguate compensatory vascular enlargement, as obserted in one of the lesion of
group I, The vessel cross sectional area is larger at the target leston site Qupper pavel) than

at the reference site (gft mid panel}, The lower panel itlustrates and undeslines the principle
of compensatory voscular enlargerent.

by maximum lumen diameter) of all individual
image slices. A higher value of that index indi-
cated a meore symmetrical lumen shape (the
maximum value 1.0 would indicate a perfectly
circular lumen along the entire lesion seg-
ment).

COMPUTERISED ENTRAVASCULAR ULTRASOUND
ANALYSIS METHOD

The znalysis was performed offline using a
computerised intravascular ultrasound analysis
system.’* 7* The analysis system used the Win-
dows™ (Microsoft, Redmond, Washington,
TUSA) operating system on a personal compu-
ter. The computerised analysis required the
digitisation of a stack of intravascular vltra-
sound images from videotape. Tivo longitudi-
nal sections were automatically reconstructed
{fig 1), and the contours corresponding te the
Iumen-tissue and media-adventitia interfaces
were automatically identified. The [ongitudinal
contours were visually checked and, if neces-
sary, edited with computer assistance {see
below). The longitudinal contours generated
individual edge points on the planar images
defining the centre and range of the automated
boundary search on the planar images. Subse-
quently, contour detection of the planar images
was performed. The axial location of an
individual planar image {on the longitudinal
contours) was indicated by a cursor; the cursor
was used to scroll through the entire set of pla-
nar images while the planar contours were
visually checked. Finally, the contour data of
the planar images were used for the computa-
tion of the resuits,

Automated contour detection and computer
assisted contour editing were based on the
application of a minimum cost algorithm to
detect the luminal and external vessel
boundaries.”** Each digidsed intravascalar
ultrasound image was resampled in a radial
format (64 radii per image), and a cost matrix
representing the edge strength was calcufated
fromn the image data. For the boundary
between lumen and plaque, the cost value was
defined by the spatial first derivative, For the
external vessel boundary a cross correlation
pattern matching process was used for the cost
calculations. The path with the smallest
accumulated value was determined by dynamic
programming techniques,

The computer assisted editing differed
considerably from conventional manual con-
tour tracing. The computer mouse was used to
indicate the correct boundary. This forced the
contour through the manually entered poine by
assigning this peint a very low value in the cost
matrix. Editing the centour of a single slice
caused the entire dataset to be updated
(dynamic programming). Side branches with
relatively small ostiumn and small caicified por-
tions of the plaque were generally ignored by
the algorithm as a result of its robusiness,
which means that the avtomated contour
detection did not follow every abrupi change in
the cost path.

This algorithm has been validated in tubular
phantoms.” A comparison between autornated
three dimensional intravascular ulirascund

113



Chapter 1}

fable I Quanntanie coronary angographic
measurements

Group 1 Group I
Tanables (n=15) =240
Minimum lumen dizmeter (mm) 103 (0,333 116 (0.33)
Interpalated reference dizmeter
(i) 305 (0.39)  3.31(0.65)
Diameter steaosis (35) £6 (E0) 63 (15)

Vatues at¢ mean (SD); all non-significant.
Groups [ 2ad 11, {esions with 2ad without inadequate compen-
satory vascutar endargement, respectively.

measurements in  atherosclerotic  coronary
specimen in vitro, and morphometric measure-
ments on the corresponding histological sec-
tions revealed goed correlations (r=0.80 10
0.4 for cross sectional area, and = 0.83 10
0.98 for volume measurements).”® Both area
and volume measurements by the automated
system agreed well with resuls obtained by
manual tracing of intravascular ultrascund
images {mean dilferences < 3.7%; areas: r
= 097, and volumes: r=0.99)." In vive,
intraobserver and interobserver comparisons
of the analysis method revealed high correfa-
tions {r = 0.95 t0 0.98 for area and r = 0.99 for
volume) and smaii mean differences (< 1.1%),
with SD of lumen, vessel, and plaque not
exceeding 7.3%, 4.5%, and 10.9% for areas,
and 2.7%, 0.7%, and 2.8% for volumes,
respectively,”

QUANTITATIVE CORONARY ANGIOGRAPHY

Quantitative angiographic analysis was per-
formed off-line as previously described™ * on
end diastolic frames with homogeneous opaci-
fication of the coronary fumen, acquired after
intracoronary application of nitrates. We used a
computer based coronary angiography analysis
system (CAAS, Pie Medical, Maastricht, Neth-
erlands). The measurements were performed
by an experienced analyst in at least two
projections, obtained from opposite (ideally
orthogonal) angiographic views without over-

Table 2 Cross sectional area (CSA) measrements with intravascular uftrsound

Hariadler GroupItm=15 Grupl(n=20) purake
Minimum lumen sizz

Lumen CSA {mm’} 2.4(1.0) 2.3{L.5) NS
Vessel CSA (mm?) 13.3(3.0) 171.5 (5.6} <0.01
Plagqus CSA (mm?) 10.9 (2.8) 15.2 (4.9} < 0.005
CSA plague burden (3) 82 (7) 874{7) <0.05
Reference sive

Lumen CSA {mm’} 1.2{3.6) T.4{4.1) NS
Vessel CSA (mm?) I4.4 (3.6) 140 (6.0} NS
Plague CSA {mm?’) 7.3{25) £.5(3.0) NS
CSA plaque burden (%) 52 (15) 2 (16} NS

Walues are mean (51,

Groups 1 and H, fesions with and without inadequate compensatery vascular enlargement,

respectively.

Reference images were 2cquired no more than 3 mm distal 1o 1he 20 mm long lesion sepments.

Table 3 Iolumerric measurerments by intravaseular wlirasourd

Farabler Groupffn= 15 GruwpHn=200 psche
Lumeno volume (mm?) 113.6 (44.0) [25.7 (19.9) N§
WVessel volume {mm”) 291.0 (51.0) 353.7 (110.0) <0.05
Plaque volume (mm") [77.5 (458.4) 223.0 (92.8) <0.0%
Volumetric plaque burden {%3) 61 (11) &4 (10) N§

Values ate mean {(SD).

Groups 1 and I, lesions with and without inadequate compensatory vascular entargement,
respectively; segment length was 20 mm.
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lapping stde branches or toreshoreenmng.
Briefly, automated detection of the coronary
artery contours was performed on the basis of
the weighted sum of the first and second
decivative functions applied to the digitised
brightness silkouette. The diameter function of
the coronary artery lumen was determined by
computing the shortest distances between the
edge points of the right and left contours. The
absolute angiographic diameter of the stenosis
was determined using the non-tapering part of
the contrast-free guiding catheter as a scaling
device. The minimum Jumen diameter was
measured by edge detection; the interpolated
reference diameter was based on a computer-
ised estimation of the original arterial dimen-
sion at the site of the obstruction, The diameter
stenosis was derived from the measured
minimum luminal diameter and the interpo-
lated reference diameter.

STATISEICAL ANALYSIS
Quantitative data are given as mean values
{SD). Dichotomous variables are expressed as
frequencies. Continuous variables are com-
pared using the two tailed Studeat ¢ test and
linear regression analysis. Probability (p) values
< §,05 are considered statistically significant.

Results

ADAFTIVE REMODELLING STATH

Inadequate compensatory cnlargement was
found in 15 lesions {(group I); in these cases the
vessel cross sectional area at the site of the
minimum lumen area was smaller than at the
distal reference (13.3 {3.0) v 14.4 (3.6) mm’,
p < 0.01). In the other 20 lesions (group I},
the vessel cross sectional area at the minimum
fumen area was larger than that at the distal
reference  (17.5 (5.6) v 14.0 (6.0) mm’,
p < 0,001}

The patients in the two groups did not differ
in age (61 (6) years v 62 (10) years) or sex
{male: 14/15 v 18/20). Lesion location was also
similar for both groups: [eft anterior descend-
ing (15 v L 1720), right (5/15 » 5/20), and left
circumflex coronary arteries (/15 v 4/20}.

PLANAR INTRAVASCULAR ULTRASOUND
Quantitative coronary anglographic measure-
ments were similar in both groups (table 1)

QUANTITATIVE ANGIOGRAPHIC ANALYSES

Reference segment measurements were similar
in both groups (table 2), There was no
difference in miniemum fumen cross sectionzl
area or cross sectional area plaque burden
(table 2); however, both vessel and plaque cross
sectional area were significantly smaller in
group I (lesions with inadequate remodelling).

INTRAVASCULAR ULTRASOUND VOLUMETRIC
ANALYSES

Overall, an average of 62.8(10.8}% of the ves-
sel volume (326.9 (7.0} mm") was filled with
plaque (2064 (80.1} mm?); this defined the
volumetric plaque burden. The residual lumen
volume measured 120.5 (47.2) mm’, Plague
and vessel volumes were smaller in group I than
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in group II (p < (.05 for both} (table 3); there
was no significant difference in lumen volume
or in volumetric plaque burden.

The eccentricity index {minimum plague
thickness divided by maximum plaque thick-
ness) was significantly higher in group I than in
group IT (0.28 (0.07} ¢ 0.21 (0.11), p < 0.05),
indicating a more concentric plaque distribu-
tion in group I The lumen shape was
significantly more symmetrical in group I; this
was shown by the higher lumen symmetry
index (minimum lumen diameter divided by
maximum lumen diameter} in group I (0.86
{0.02) v 0.84 (0.03), p < (.05,

Discussion

Three dimensional intravascular ulirasound
was initially used for visual assessment of the
spratial configuration of plagues and dissection
membranes,”™ ™ whereas contemporary three
dimensional intravascular ultrasound systems
are equipped with algerithms for computer
assisted analysis of the plaque or lumen
volumes and dimensions.® ***°  ** » The three
dimensional intravascular ultrasound analysis
system used in the current study has been
extensively validated; it permits the rapid auto-
mated analysis of lumen and plaque volumes
and dimensions on a large number of planar
image stices. %

We used this three dimensional intravascular
wltrasound analysis system to compare 15
lesions with inadequate compensatory enlarge-
ment to 20 lesions with adequate compensa-
tory enlargement. Compared to lesions with
adequate compensatory enlargement, lesions
with inadequate compensatory enlargenient
had smaller plaque and vessel volumes, more
concentric plague distribution, more sym-
metrical lumnen shapes, and similar lumen vol-
umes and dimensions,

Impottandy, lumen velumes and dimensions
were similar in both groups, whether assessed
by intravascular ulirasound er by quantitative
coronary angiography. This emphasises the
significance of intravascular ultrasound in the
assessment of human atherosclerosis in vivo.

Qur observations corroborate recent studies,
which showed that inadequate compensatory
enfargement may contribute to the develop-
ment of significant luminal narrowing.'** In
these previous studies, despite intracoronary
injection of nitrates before the ultrasound
examinatdion, local vasospastic aciivity could
not be excluded”; and a collapse of the
coronary artery could have resulted from a
decrease in coronary arterial pressure, attribut-
able to subtotal occlusion of the residual lnmen
during the ultrasound imaging run, However,
neither local vasospasm nor collapse of the
coronary artery can explain the significantly
smaller vessel and plaque volumes of fesions
with inadequate compensatory entargement, as
observed in the current study.

LIMITATIONS AND POTENTIAL SOURCES OF ERROR
As all previous studies of the natural history of
coronary atherosclerosis in human were per-
formed at a single point in time, the time

course and magnitude of vascular response to
plague growth remains unknown.

Imaging with intravascular ultrasound can
be hampered by eccentric catheter position,
non-uniform transducer rotation, and non-
coaxial catheter position.

As the external vascular boundary cannot be
seen in the acoustic shadow behind calcium, we
did not include lesions with severe plaque cal-
cification. As in all studies with intravascular
ultrasound, intracoronary injections of nitrates
were performed before the ultrasound examin-
ation to prevent vasospasni; no angiographic
changes before and after the intravascular
vltrasound imaging procedure were cbserved,
bur this dees not exclude local vasospastic
activity,

Linear three dimensional systeins, as used in
the current study, provide approximate volu-
metric indices because they do not account for
the presence of vascular curvatures.™ ** ¥ In the
current study, only relatively straight coronary
segments on the angiogram were included to
mindmise the curve induced error in the
volume calculation, Approaches that combine
data obtained from angiography and intravas-
cular ultraseund can provide information on
the real spatial geometry of the vessel, but these
sophisticated techniques are still subject to
refirement and ongoing research.”

CONCLUSIONS
Planar intravascular ultrasound analysis identi-
fied a population of coronary ariery lesions
with Inadequate compensatory vascular en-
largement, Yolumetric intravascular ultrasound
analysis showed that these lesions have less
atherosclerotic  plague, Serjal intravascular
ulwasound studies will be required to deter-
mine whether the adaptive remodelling state of
atherasclerotic lesions has any implication for
the success of catheter based or pharmacologi-
cal treatment strategies.

CvB i the recipient ef 2 fellowship of the German Research
Society (DFG, Bonn, Germany).
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Successful Directional Atherectomy of De
Nove Coronary Lesions Assessed With
Three-Dimensional Infravascular
Ultrasound and Angiographic Follow-Up

Clemens von Birgelen, Mb, Gary S. Mintz, Mo, Evelyn A. de Vrey, mp,
Pim J. de Feyter, M, pho, Takesht Kimura, Mo, Jeffrey J. Popma, mo,
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Recent histopathologic and intravasculor ultrasound
{WUs) data indicate that inadequate compensatory en-
targement of otherosclerolic lesions contributes 1o the
development of significant arterial stenoses. Such lesions
may contain less plaque, which may have implications
for atherocblative interventions. In this study, we com-
pored lesions with [group A, n = 18] and without inad-
equale compensalory enforgemenl {group B, n = 30} as
determined by IVUS. The acute resulls and the follow-up
lumen dimensions of angiographically successful direc-
tional coronary atherectomy procedures were com-
pared. Inadequate compensalory enlargement was con-
sidered present when the preintervention arterial cross-
sedionarurea at the target lesion sile was smaller han
that at the [distal) reference site. Three-dimensional IVUS
analysis and quantitative ongiography were performed
in 46 palients before and after intervenfion. IVUS mea-
suremenls included the arterial, lumen, and plague {ar-

istopathologic studies in primates and humans

have demonstrated that atherosclerctic arteries
tend to undergo compensatory enlargement o accom-
modate an increasing plaque burden o preserve lumi-
nal dimensions until the progressive accumulation of
plague exceeds the ability of the vessel to compen-
sate.’? Subsequently, Clarkson et al* extended this
concept by suggesting that failure of compensatory
enlargement may be important in the development of
significant arterial sienoses. Intravascular ultrasound
(IVUS) provides transmural images of coronary ves-
sels in vivo. The coronary vascular wall, the cross-
sectional area of the atherosclerotic plaque, accurale
lumen dimensions, and the serial c¢hanges that occur
with the atherosclerotic discase process can be studied
in humnans in a manner previously not possible.*~7 The
initial studies with IVUS and epicardial ultrasound
confirmed the concept of compensatory vascular en-
largement.*~# However, recent hislopathologic and
IVUS data in atherosclerotic peripheral® and coronary
arteries'!! supported the hypothesis of Clarkson et
al? and showed evidence of adequate compensatory

fFrom the Washington Hospita! Center, Washington, OC, Thowox
center, Erasmus University Roverdam, Roterdam, The hlethedonds;
ond Kokuro Memotial Hospital, Kitohyushu, Jopon. AManusciipl re-
ceived ond occepred Seplember 11, 1997

Address for reprints: Gory S Miniz, MD, The Washingon Hospr-
tot Center, Reom 4 B, 110 lving Steet MW, Woshingten, DC
20000

Serruys, Mp, and Martin B. leon, mMp

terial minus lumen) cross-sectional areas at the targe!
fesion site {i.e., smallest lumen site} and the (distal) rel-
erence site. Angiogrophic follow-up was performed in
42 patients, Preintervention and poslintervention angio-
graphic measurements and IVUS fumen cross-seclional
area measurements were similar in both groups, How-
ever, al follow-up, the angiographic mininwm lumen
and reference diomelers were significanlly smaller in
group A compared with group B {1.71 = 0.47 mm vs
2.14 = 0.73 mm, p <0.03, and 2.97 & 0.2¢ mm vs
3.39 & 0.76 mm, p <0.02; group A vs B). The data of
this observaitonal study suggest ﬁmi lesions with inad-
equate compensatory enlargement, os delermined by
VS before intervenlion, may have tess favorable long-
term lumen dimensions aher directional coronary
atherectomy procedures. ©1997 by Excerpla Medica,
lnc.

{Am J Cardicl 1997;80:1540-1545)

vascular enlargement. Lesions with inadequate com-
pensatory enlargement have been shown to contain
less plagque burden; this may have implications for
atheroablative interventions such as directional coro-
nary atherectomy.!’-20 Therefore, we compared le-
sions with and without inadequate compensatory en-
largement, as determined by preintervention IVUS,
with regard to the acute results and follow-up lumen
dimensions following successful directional coronary
atherectomy procedures.

METHODS

Study populotien: The study groups consisted of 46
symptornatic patients who were treated by directional
coronary atherectomy procedures at the Washington
Hospital Center, the Kokura Memorial Hospitat, or the
Thoraxcenter Rotterdam. Patients were included if
they met the following criteria: (1} successful direc-
tional atherectomy {with or without adjunciive ballcon
angioplasty} of a single, primary nonostial lesion with
limited calcification throughout its length, (2) high-
quality IVUS recordings using motorized transducer
pull-back through a stationary imaging sheath both
before and after the intervention, and (3) lack of
complete acclusion of the stenctic lumen during the
initial IVUS imaging run. There were 38 men and 8
women who ranged in age from 37 to 76 years (imean
5% = 9). Lesion location was the left anterior descend-
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ing coronary artery (n = 29), right coronary artery
(n = 12}, and left circumflex coronary artery (n = 5);
37 lesions were proximal and 9 were midvessel.

Lesions were divided inio 2 groups based on pre-
intervention IVUS measurements: {1) lesions with in-
adequate compensatory enlargement (group A) and
(2} lesions with adequate compensatory enlargement
(group B). There was no significant difference be-
tween group A and B with regard to the characteristics
of the patients and lesion location. The study was
approved by the Local Couscils on Human Research.
All patients signed a written informed consent form
approved by the Local Medical Ethics Committees.

Interventional procedure: All patients received
250-mg aspirin and 10,000-U heparin intravenously.
If the duration of the entire catheterization procedure
was >1 hour, the activated clolting time was mea-
sured, and intravenous heparin was administered in
order to maimdain an activated clotting time of >300
seconds. After intracoronary injection of 0.2-mg ni-
troglycerin, the coronary artery was examined with
IVUS. Directional coronary atherectorny (Devices for
Vascular Intervention, Redwood City, California) was
performed according to standard protocols. If re-
quired, predilation before the atherectomy (but after
the initial IVUS run) was performed (n = 3). A final
IVUS imaging run was then performed at the end of
the procedure. In the patients with adjunctive balloon
angioplasty, the final IVUS imaging run was per-
formed afier the balloon dilation. Foltow-up angiog-
raphy was performed after 6 months in 42 patients
{91.4%), using a standard cardiac catheterization and
angiography protocol,

Atherectomy was performed using an average of
23 = 10 cuts and a mean pounds per square inch
(lbsfin®) of 26 * 11. The maxinmm cutter size of the
atherectomy device was 7Fr in 43 patients and 6Fr in
3 patients. In 31 patients (67.4%), adjunctive balloon
angioplasty was performed, using a nominal balloon
size of 3.9 *+ 0.6 mm at a maximum pressure of
10.0 & 4.9 atm, There was no significant difference
between group A and B with regard to the character-
istics of the interventional procedures; adjunctive bal-
loon angioplasty was performed in 68.7% (11 of 16
patients) and 66.7% (20 of 30 patients), respectively.

Intravascular ulirasound imaging: A mechanical
IVUS system (CardioVascular Imaging Systems Inc.,
San Jose, California) and a sheath-based imaging
catheter were used. The catheter incorporated a 30-
MHz beveled, single-element transducer rotating at
1,800 rpm within a stationary echolucent imaging
sheath. Two catheter designs were used: (1) a 3.2Fr
short monerail version or (2} a 2.9Fr long monorail
version. The commeon distal lumen of the lalter ver-
sion alternatively houses the guidewire (during cath-
eter introduction) or the transducer (during imaging
after the guidewire 1s putied back), but not both. These
sheath-based catheter designs avoid direct contact of
the imaging core with the vessel wall. The wltrasonic
transducer was withdrawn through the stationary im-
aging sheath using a motorized pult-back device at a
constant speed of 0.5 mmv/s. The IVUS catheter was
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FIGURE 1. Automated contour defection of the lumina! and arte-
ria] boundaries was first performed on 2 perpendicular longitu-
dinal sections {1, /i that were reconstructed from the image data
of a 3-dimensionial stack of VUS images, The 3-dimensional ap-
proach Permiﬂcd inferprefation in the loagituding! dimension
and factlitated the defection of the contours on the planar im-
ages, Edge information from the longitedinal contours was rep-
resented as points on the planer imeges, defining the center ond
range for the final autemated contour deleciion process, The
contours on the planar images were checked and edited if re-
quired. Meosurements were derived from these canfours,

advanced =10 mm distal to the lesion segment, the
motorized transducer pulf-back device was then acti-
vated, and imaging continued (uninterrupted) unti the
transducer reached the aorto-ostial junction. All IVUS
studies were recorded on high-resolution s-VHS vid-
cotape for off-line quanlitative analysis.

Intravascular  ulirasound contour  detection algo-
rithm: All preintervention and postintervention IVUS
studies were analyzed with a computerized analysis
system operating in either a single-frame mode {fo
analyze a preselected single reference image) or in
3-dimensional mode (fo perform a scgmental analysis
of the entire lesion segment).2!-22 In 3-dimensional
mode, a “stack’’ of IVUS images (10 images/mm of
arierial length) was digitized from videotape. Two
longitedinal sections were autornatically reconstructed
(Figure 1), and the conlours comresponding to the
lumen-tissue and media-adventilia interfaces were au-
tomatically identified. The antomatic contour detec-
tion was tien visually checked; if necessary, the lon-
gitudinal contours were edited.

The longitudinal contours generated 8 individual
points on the corresponding planar images (4 for the
lumen-tissue interface and 4 for the media-adventitia
interface) which defined the range of interest for con-
tour detection on the planar images.?1-23 Automated
detection and compuier-assisted editing of the con-
tours assigned 1o the tissue-lumen and media-adven-



Impact of inadequate remodeling on DCA

T

FIGURE 2. Three-dimensional IVUS analysis of an entire leslon segment {ie., the
treated voscular segmenl) before (PRE, upper panels| and after directional coro-
nary otherectomy with adjunctive balloon angioplasty (POST, lower panels); lesion
localion was the mid-segment of & right coronary arlery. The cut-planes of the
longitudinelly reconstoucted IVUS sechions {mida'% panels] are indicated on the
planar IVUS images {leff panels), which represent the target lesion sites fi.e., mini-
mum lumen sitel. Markers on both, the lengitudinal sechions {whike hotizontal
markers) and the result displays (black verficol markers, right parels] indicate the
sife of the image with the smallest lumen cross-sectional area. The reslts of cross-
sectional area measvrements {in square millimeters) on 200 planar YUS frames
ore displayed in the right ponels, Linear functiens of the arleriaf and lumen cross-
sectional area form the upper and fower boundaries of the grayish ares, which
represents the plaque plus media cross-sectionol areo, Note that before the inter.
vention {right upper panel), he crtericl area wos smollest of the torget lesion site

formed in tubular phantoms,?? A compar-
ison between automated 3-dimensional
IVUS measurements in atherosclerotic
coronary specimen in vitro and morpho-
metric measurements on the correspond-
ing histologic sections revealed good cor-
relations (r = 0.80 to 0.94 for cross-
sectional area measurements)2! The
cross-sectional area measyrements agreed
well with results obtained by manual trac-
ing of IVUS images (mean differences *
3.7%; £ = 0.971.2" In vivo, the intrach-
server and interobserver comparison of
the analysis method revealed a high cor-
relation r = 0.95 to 0.98 for cross-sec-
tional area measurements) and small
mean differences (*1.196), with 8D, for
lumen, arferial, and plague plus media
cross-sectional areas not exceeding 7.3%,
4.5%, and 10.9%.22

Infravascular image analysis: The ar-
terial cross-sectional area was measured
as the area within the border between
the hypocchoic media and the echore-
flective adventitia. As in many previous
studies wsing 1VUS,1%.18.23.24 (he plaque
plus media cross-seclional area was
used as a measure of atherosclerotic
plaque, because ultrasound cannot mea-
sure media thickness accurately.?

{12.9 mm?}, indicating inadequate cempensatory enlargement,

titia interfaces on the planar image slices were based
on the application of a minimum-cost algorithm. Each
digitized IVUS image was resampled in a radial for-
mat {64 radii per image); a cost malnx representing
the edge strength was calculated from the image data.
For the boundary between lumen and plaque, the cost
value was defined by the spatial first derjvative. For
the media-adventitia boundary a cross-correlation pat-
tem matching process was used for the cost calcula-
tions. The path with the smallest accumulated value
was determined by dynamic programming techniques.
Small side branches or small calcified deposits were
generatly ignored by the algorithm as a result of its
robustness.

The axial location of an individua planar image on
the longitudinal presentation was indicated by a cur-
sor; this cursor was used to scroll through the entire
set of planar images to visually check the contours.
Careful checking and editing of the contours of the
planar images was performed. The computer-assisted
editing differed considerably from conventional man-
ual contour tracing. The computer mouse was pointed
on the comrect boundary to give that site a very low
value in the cost matrix, which ‘‘forced”’ the contour
through that point. Editing the conlour of a single slice
caused the entire data sef to be updated. Finally, the
contour data of the planar images were used for the
computation of the results (Figure 2).

Previcus validation of this algorithm has been per-

As in previous 3-dimensional 1VUS
studies,?* the enlire lesion segment (i.e.,
entire region of treatment) was identi-
fied by (1) comparing the ultrasound images before
and after the intervention, noting lumen increase, to-
pographical landmarks (such as side branches and
calcification), and typical postintervention findings of
plaque defects and flaps; and (2) the tape-recorded
comments of the operator. The lesion segments
(19.3 + 4.3 mm) were digitized (193 * 43 images/
segment} and analyzed with the contour detection
system. The target lesion site (i.e., the site of the
smallest lumen cross-sectional arca) was awtomati-
cally identified from the computerized analysis of the
entire lesion segment. The reference site was visually
determined from the preintervention IVUS swdy as
the image slice with the smallest plaque burden within
3 mm distal to the lesion segment, but before any
major side branch (on average 10.2 * 2.9 mm distal to
center of the Iesion site). Measurements at the target
tesion and reference sites included the arterial, lumen,
and plaque plus media (artedial minus Jumen} ¢ross-
sectional area and the cross-sectional area plaque bur-
den (plague plus media divided by arterial cross-
sectional area).

Inadequate compensatory enlargement was deter-
mined from preintervention IVUS imaging, compar-
ing the target esion with the distally located reference
site. Using a definition, initially suggested by Nishi-
oka et ali9; “‘inadequate compensatory enlargement
was considered present when the arterial cross-sec-
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TABLE | Intravasculor Ullresound Dota of Torged Lesion Sites

significantly (p <<0.0001) with a re-
sidual cross-seclional area plaque

Group A Group B p Valve burden of 587 + 6.5% versus
Preinlecvention 61.2 i 8.8% for. groups A and B,
Artecial CSA (mm?) 13.2£3.0 176 2 5. <0.00 respectively. Residual arterial and
;?men CSA szcj:sm . ]g.g £1.0 27215 o 31305 plaque plus media cross-sectional ar-
aque + media mm 8 +28 149+ 4.4 <0, H

CSA plague burden (%) 848 6.5 809 £7.5 NS eas were smaller in group A (p

Postintervention <0.03 fO.l' b?lh) . .
Adterial CSA {mm? 15.4 2 230 18.4 + 6.3 <0.03 Quantitative anglographic mea-
lil.imen CSAgdnm?] \ 6.4 = 1.5 89 =228 NS surements {Table I): During the in-
Plaqua + medio CSA {mm?} @1 1.3 11.5 = 5.1¢ <0.03 tervention, overall the minimal lu-

1 o + & 5t + 8.8 . .

C5A ploque burden {%) 587 £ 4.5 61288 NS men diameter increased significantly

Dolo ate mean volees % 1 5.
Pre-versus postintervention data: *p <0.01; Tp <0.001; 'p <0.0001.
CSA = rosssechional area.

Target lesion sites were determined by the smallest lueen cresssectional area.

from L3 + 035 mm o 2.7 + 0.49
mm (p <0.0001); the reference di-
ameter increased from 3.26 & (.57
mm to 3.44 * 0.51 mm (p <0.002);

tional area at the larget lesion site was smaller than
that ai the reference site.”’

Quanlitative coronary anglography: Quantitative
angiographic analysis was performed offline on end-
diastolic frames with homogeneous opacification of
the coronary lumen acquired after intracoronary ap-
plication of nitrates, as previously described.'d We
used a computer-based Coronary Angiography Anal-
ysis System (CAAS, PieMedical, Maastricht, The
Netherfands). The measurements were performed by
an experienced analyst in 22 angiograms and obtained
from opposite (ideally orthegonal) angiographic views
without overlapping side branches or foreshortening,
The absolute angtographic diameter of the stenosis
was determined using the nomtapering par of the
contrast-free guiding catheter as a scaling device. The
minimal lumen diameter was measured by edge de-
tection; the interpolated reference diameter was based
on a computerized estimation of the original lumen
dimension at the site of the obstruction. The diameter
stenosis was derived from the measured minimal tu-
men diameter and the reference diameter.

Statislical analysis: Quantitative data were given as
mean value * SD. Dichotomous variables were ex-
pressed as frequencies and compared using chi-square
statistics. Continuous variables were compared using
the 2-tailed Student’s / test and linear regression anal-
ysis. A p value <0.05 was considered statistically
significant.

RESULTS

intravascular ulirasound data (Table I): Inherent with
the 1VUS-based classification, in group A the prein-
tervention arterial cross-sectional area was smaller at
the target lesion than at the reference site (13.2 = 3.0
mm® vs 14.4 + 3.5 mm?, p <0.003; difference: —0.1
to —3.2 mm®). In group B the arferial cross-sectional
area was larger at the target fesion site than at the
reference site (17.6 + 5.1 mm?® vs 14.0 £ 53 mm? p
<{.0001; difference: 0.1 to 9.6 mm?). Both the arfe-
rial cross-sectional area and the plague plus media
cross-sectional area of the target lesion site were
smaller in group A than in group B (p <0.001).

During intervention, lumen dimensions increased
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and the diameter stenosis decreased

from 64 = 3% to 21 = 2% (p
<(.0001). When group A was compared with group
B, there was no significant difference in pre- and
postintervention reference diameter, minimal lumen
diameter, or diameter stenosis.

Angiographic follow-up was available in 42 pa-
tients (9 1.4%) (group A, 15 of 16 or 93.7%, and group
B, 27 of 30 or 90%). Overall, the minimal lemen
diameter measured 1.99 * 0.68 mum, the reference
diameter 3.24 * 0.66 mm, and the diameter stenosis
39 * 14%, Both the relerence and minimal lumen
diameters measured at follow-up were significantly
smaller in group A than in group B (Figure 3). Be-
cause the reference diameters at follow-up were sig-
nificantly smaller in group A, there was no differcace
in diameter stenosis (42 £ 15% vs 38 & 14%, p =
0.37); a diameter stenosis of 50% was found in 5
patients of each group (group A, 5 of [5 or 33.3%, and
group B, 5 of 27 or 18.5%, p = 0.28),

DISCUSSION

In the current study inadequaie compensatory en-
largement was present before intervention in 35% of
the de novo coronary lesions treated with directional
coronary atherectomy. The main finding of the present
study is that despite similar postintervention lumen
dimensions of both lesions with and without inade-
quate compensatory cnlargement, the angiographic
minimal lumen and reference diameters at follow-up
were significantly smaller in lesions with inadequate
compensatory enfargement, as determined by IVUS
before intervention.

Quantitative coronary angiography?® and planar
1VUS studies?? have previously shown that the
postintervention lumen dimensions and the residual
cross-sectional area plaque burden at the lesion site
are predictors of the follow-up lumen dimensions. The
findings of this study suggest that the arterial remod-
eling stale before directional atherectomy procedures
could be another faclor that may influence the fol-
low-up lumen dimensions.

As in previous IVUS studies, both plaque ablation
and vessel wall strelch accounted for the procedural
lumen gain in the present study. The residual postin-
tervention cross-sectional area plaque burden at the
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’_T—ABLE Il Quonlitative Angiographic Data

Group A

Group B

p Yalue

Preintervention
Reference diameter [mm) 3.
MID {mm) H
Diameter stenosis {%)

Postintervention
Relerence diamater [mm)

3.32 = 0.60
1.16 = 0,33
s4 > 14

NS
NS

NS
NS$

tomy procedures), no conclusion re-
garding the primary success rate of
directional coronary atherectomy in
lesions with or withowt inadequate °
compensatory enlargement can be
made, (2) Because the external vas-
cular boundary cannot be seen in the
acoustic shadowing behind calcium,
we excluded cases with severe calci-

MO [mm)

Diemeter stenosis (%)
Followvp

Refecance diometer {mm]

HALD [mm)

Diomgter stenosis (%)

NS fication. (3) Intracoronary injections

of nitrales were used to prevent
Zg'gg vasospasm, and no angiographic
NS changes were observed before and

Daota ore mean voleas £ 1 DL
BULD = minimal lumen diameter.

after the IVUS imaging procedure;
nevertheless, local vasospastic acliv-
ity cannot completely be excluded.

{4) The follow-up examination was

performed with angiography only

PRE POST

FUP

(no IVUS follow-up); however, cor-
onary angiography is not able to dis-
tinguish between late unfavorable re-
modeling and intimal hyperplasia,
the principal mechanisms of lesion
recwrence at follow-up. (5) Coro-
nary angiography delineates only the
vessel lumen as a silhouette and fore-
shoriens vessel segments, depending
on the projection used. (6) Electro-
cardiographic gated inage acquisi-
tion can facilitate the automated
quantitative analysis of 3-dimen-

& MLD groupA
O MLD groupB

NS

B RO group A
O RD group B

sional IVUS image sets, 233! but at
the time of the present study, the
electrocardiopraphic gated approach

(mm)

0

was not yet available.

FIGURE 3. Behween groups A and B, there was no significant difference in pre-(PRE}
and postintervention {POST reference diameter {RD) and minimel lumen diometer
raphy. However, al $-month

glographic follow-up (FUP] both minime! fumen and reference diameters were signifi-

{*ALD} as measured by quontitakive coroncry angi

cently smatler in group A.

smaltest lumen site (60%) was comparable to that
of most previous studies using planar IVUS analy-
Ses_l.'kl&?.—t.lﬂ

Three-dimensional IVUS image analysis: Three-di-
mensional reconstruction of the ultrasonic images was
initially used to visually assess the spatial configura-
tion of the lumen and plaque and to perform elemen-
tary measurements.2%39 Recenlly, algorthms for au-
tomated quantification of the lumen dimensions have
been introduced.2'-2331 The automated 3-dimensional
IVUS analysis sysiem applied in the present study
(Figure 2) can be used to detect the tissue-lumen
boundary as well as the media-adventitia (external
clastic membrane) boundary on a rejatively larger
number of TVUS images per millimeter arterial
length.2'-23 In addition, it facilitates the detection of
the target lesion site with the smallest lumen size.™!

Study {imilations and polential sources of error: (1)
Because our data were derived from a nonconsecutive
series of patients (only successful directional atherec-

Clinical impfications: Coronary le-
stons with inadequate compensatory
enlargement, as defined by IVUS,
may have less favorable long-term
lumen dimensions, despite initially
successful directional atherectomy
procedures. Selection of lesions with
more [avorable remodeling before intervention may
help to improve the long-term outcome after direc-
tional coronary atherectomy.,

an-
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Abstract

Quantitative assessmeat of atherosclerosis during its natural history and following therapeutic irterventions is
important, as cardiovascular disease remains the most significant cause of morbidity and mortality in industrial
societies. While coronary angiography defineates the vessel lumen, permitting only the indirect determination of
atheroscleratic wall changes encroaching upon the lumen, intracoronary ultrasound permits direct plaque assessment
and quantification, The angiographic percent diameter stenosis, previously suggested as measure of a maximum
confidence approach, is stil commonly used to quantify stenosis severity, but the reference segments which are
reguired for angiographic interpolation of the normal vessel dimensions are frequently involved in the general process
of atheroscierosis, including progression or regression. Considering also the variability of vaseular remodeling during
the evolution of atherosclerosis, including compensatory enlargement and paradoxical arterial shrinkage, intracoro-
nary ultrasound appears currently to be the only reliable technique to measure plaque burden and progression or
regression of atherosclerosis. However, correct matching of the site of measurement at follow-up with the site of the
initial ulirasound study is often difficult to achieve, but is significantly facilitated by the use of volumetric
intracoronary ulirasound. This approach permits not only area measurement, but also measuremeat of plaque
velume, which appears o be the ideal measure for quantifying the atherosclerotic plaque, as it is highly reproducible
and directly reflects the changes of an entire arterial segmend,

Keywards: Coronary ariery disease; Progression-regression; Vascular remodeling; Intravascular ultrasound; Volu-
metric quantification; Plaque volume; Atherosclerosis; Three-dimensional reconstruction

1. Introduction

* Corresponding author, Thoraxcenter, Bd 432, Cardiac . .
Calhelerization and Tntracoronary Imaging Laboratories, P.O. Coronary artery c:hsea_s? (,CAD) . rcmau}s ,lhe
Box 1738, 300 DR Rotterdam, The Nethedands. Tel: + 31 cause of death and disability in the industrialized

10 436 0511; Fax: + 31 10 436 9154, countries, despite our increased knowledge about
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the pathogenetic mechanisms of atherosclerosis
[1-5] and our subsequently increased awareness
and management of unfavoursble risk factors in-
cluding hypercholesterolemin hypertension, obesi-
tuas, smoking and psychological stress. The search
tor effeciive interventions remains and the reliabte
quantitative assessment of atherosclerosis during its
natural history and various therapeutical interven-
tions is thus of paramount importance and required
in order to define the efficacy of these therapeutical
meusures [6].

During the last two decades, coronary angiogru-
phy has been considered the standard method to
evaluate the coronary anatomy. The development
of semi-automated quantitative angiography in the
lute 1970s [7}and its clinical application to interven-
tional cardiology in the early 19803 [8] allowed the
replacement of visual assessment by a semi-auto-
maied approach (9-11], providing objective and
reproducible measurements of luminal dimensions,
However, coronary angiography delineates only the
vessel lumen as a sithouette, a perspective that is in-
capable of reflecting the irregular nature of the ath-
erosclerolic vesse] wall changes. Thus, plagues may
be present in angiographically normal segments.

A prognostic value of angjographic endpoints has
been demonstrated for both visual assessment and
semi-automated coronary angiography {12,(3], but
the limitations of angiography may explain the
minimal changes in luminal dimensions observed in
farge angiographic studies, atmed at the assessment
of progression or regression of coronary atheroscle-
rosis during pharmacologic or dietary interventions
[14}. Particularly the use of the relative percent
diameter stenosis, recently suggested as the angio-
graphic measure of a maximum confidence ap-
proach to quantify stenosis severity [1 5], nowadays
appears to be doubtful, as the angiopraphic refer-
ence segments themselves are frequently involved in
the general process of atherosclerosis, including
progression or regression, Accordingly, new quin-
titative coronary imaging techniques suci: as intra-
coronary ultrasound, which permits the direct
qualitative and quantitative assessment of the coro-
nary plaque, may provide an important addition to
the understanding of the natural history and prog-
nosis of coranary atherosclerosis as well as the po-
tential of pharmacological interventions [[1,16,17]
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2. Curcent angiographic measures and their
limitations

The distribution of atherosclerosis can be either
focal or ditfuse {18). IT the process of atherosclero-
sis is predominantly diffuse, relative measure-
memts are unable to quantify plague severity,
explaining the findings of several pathologic stud-
ies which indicate that angiography may underes-
timate  the extent and  severity of  the
atherosclerotic changes {19-22). The angiographic
percent diameter stenosis [15] is commonly used
to quantily stenosis severity, but the ‘normal’
reference segments which are required for the
calculation of the relative lumen diameter sienosis
are frequently involved in a general process of
atherosclerosis including progression or regres-
sion, thus suggesting pseudo-progression or
pseudo-regression f11,23-25], Furthermore, a rel-
alive parameter does not accurately reflect the
functional significance of the lesion [26]. since
lesion length and absotute luminal dimensions are
not taken into account. Indeed, such an approach
1o quantily progression or regression of
atherosclerosis appears Lo be far away from ‘a
maximal cenfidence’.

Absolute measurcments such as minimal or
mean Juminal diameter gencrally appear to be
superior indicators of stenosis severity [27-29] or
progression of atherosclerosis [30]. However, the
minimal luminal diameter which is the most im-
portant determinant of the functional significance
of coronary stenoses {26,27] is also crucial, since
an increase of the lumen diameter at the site of
the minimal luminal c¢ross-section can be associ-
ated with an overall reduction of the mean lumen
diameter. Nevertheless, the mean Tumen diamster
is the best angiographic measure lo determine
progression or regression of diffuse atherosclerosis
of entire coronary segments [23].

3. Potential and limitations of two-dimensional
infracoronary ultrasound

Intracoronary ultrasound is a relatively new
method which provides cross-sectional images of
both the vessel lumen and wall. The size of the
ultrasound transducers had graduwally been re-
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duced so that recently introduced ultrasound
cativeters have a distal tip diameter of even less
than [ mm.

The sensitivity of intracoronary ultrasound in
detecting minimal atherosclerosis is superior to
angiography [31-35] and additional qualitative
information on the plaque composition [31,36-40]
is provided., Plaque thickness can be directly
quantified by ultrasound [41], a feature which was
first utitized during epicardial high-lrequency ul-
trasound imaging [42}, a lorerunner of intracoro-
nary ultrasound. Direct measurement of the
vascular dimensions by intracoronary ultrasound
can nowadays be performed with high accuracy
[31). Finally, the safety of the invasive intracoro-
nary ultrasound examination, particutarly if per-
formed during diagnostic catheterization [43],
should be emphasized.

Many problems of the first generation intracoro-
nary ultrasound catheters have been solved or
minimized and the image quality has been signifi-
canily improved, but the angle of incidence of the
ultrasonic beam is still important, since a non-
coaxial position of the transducer may result in a
distortion of the ulirasound image [44]. Plaque
compression by the ultrasound catheter at vessel
curvatures and the lateral or out-of-plane resolu-
tion of current ultrasound transducers remain
fields of future improvement [45].

4, Insights gained from studies of vascular
remoedeling

Coronary angiography detects atherosclerotic
changes in the vessel wall only if the plaque
encroaches the lumen. This does not occur during
the early stage of plaque expansion as demon-
strafed by Armstrong et al, who delected in
monkeys during an atherogenic diet an enlarge-
ment of the coronary artery in response to luminal
encroachment by the coronary plaque {46-48}.
These experimental findings were confirmed by
Glagov et al. [46} in human coronary arteries,
demonstrating in histological sections of the arter-
ies an enlargement of the total vessel area as plaque
area increases. This mechanism appears to be
capable of compensating for an increase of plaque

burden until the plaque occupies 40 percent of the
internal elastic membrane area.

As &t consequence of the compensatory enlarge-
ment of the vessel, luminal area may be preserved,
as seen angiographicaily despite extensive CAD.
Stief e1 #l. confirmed in a study comparing post-
mortem quantitative angiography with morpho-
metric analysis on histologic sections of the cor-
onary arleries that compensatory enfargement of
diseased coronary segments results in 4 significant
angiographic underestimation of coronary ather-
osclerosis during the early stage of the disease [49].

The compensatary enlargement of the coronary
arteries during the early progression of atheroscle-
rosis does not represent any problem for the
quaniitative assessment by intracoronary ultra-
sound, The method itself can even be used to study
the mechanism of the arterial remodeling [50].
Ultrasonic confirmation of the compensatory en-
largement during evolving atherosclerosis was first
performed non-invasively, using epicardial high-
frequency echocardiography {51} and carotid du-
plex seanners [52], and was subsequently
demonstrated by intravascular ultrasound in coro-
nary {53-55} and femoral arteries [56].

Thus, coronary angiography is unable to detect
and quantify the early stage of evolving atheroscle-
rosis, while intracoronary uftrasound permits direct
inspection and measurement of the plaque burden
without need for interpolation or reference seg-
ments, clearly demonstrating its superiority in as-
sessing the early phase of atherosclerosis.

In order 10 correct the angiographic measure-
ment of the percent diameter stenosis during later
stages of atherosclerosis, a correction for the com-
pensatory enlasgement of the artery could theoretl-
ically be performed, if coronary remodeling
occurs in all arteries in the same way. However
there is evidence that some arteries show remodel-
ing while others do not enlarge and even seem to
show a reverse modeling. Such a ‘paradoxical
arterial wall shrinkage® has been described by
Pasterkamp et al. in human atherosclerotic
femoral arteries [57]. It remains unclear in how
many cases this ‘reverse Glagovian medeling’ ac-
counts for or contributes to the luminal narrow-
ing. Cuerent concepts of vascular remodeling are
based on a complex interaction between growih
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faciors, vasoactive substances, pressure, flow, and
shear stress, while the endothelium plays an im-
portant role as the sensor and transducer of sig-
nals {50,58--60). Disturbance of this balance or
the enlargement of the distal post-stenotic refer-
ence segment may result in ‘arterial shrinkage’.
Our experience with Uhree-dimensional intra-
coronary ultrasound (Fig. 1) demonstrates that a
reverse vascular modeling also occurs in coronary
arteries. In this light, a correction of the percent
diameler stenosis, measured by quantitative coro-
nary angiography, appears to be highly question-
able. If there is such a variability of vascular
remodeling and if the plaque may grow inside or
outside of the coronary lumen, intracoronary ul-

trasound appears to be currently the only reliable
technique which permits a direct measurement of
plaque burden and progression or regression of
atherosclerosis.

5. The benefit of the third dimension in
intracoronary ulrasound

After the introduction of intracoronary uitra-
sound in research and clinical use, a substaniial
role of this technique in the assessment of pro-
gression or regression of coronary atherosclerosis
will be expected. Indeed, the accuracy [61] and in
vive feasibility [62,63] of intracoronary ultrascund
has been well demonstrated in experimental stud-

Fig. 1. Primary lesion in the proximal segment of the left anterior descending coronary artery (LAD), assessed by a new system for
quantitative analysis of three-dimensionat intracoronary ultrasound images. The cross-sectional ultrasound images, representting a
segment of round 10 mm length, were recenstructed in two perpendicular longitudinal sections (mid panels). A computerized
contour detection was performed providing a three-dimensioral view (right upper panel; arrowhead indicates target stenosis) and
area measurements (mm?} of the lumen, plaque, and total vessel on 200 consecutive ultrasound frames (lower panel). The values of
the plague area are shown as a white field between two lines, representing the absolute values of the total vessel and lumen areas.
The absolute value of the plaque area can be derived from this white field, but is also displayed as a single white fHoe. The area
stenosis at the site of the mid segment of the LAD was round 20%. According 4o the mechanism described by Glagov, an
enlargement of the total vessel area, partly compensating the plaque burden, may be expected at the site of a refatively focal plaque.
Inn the measurement display of this case, however, a paradoxical reduction of the total vessel area from the distal reference in the
early mid LAD (MID) to the target stenosis in the proximal segment (PROX) was observed. Plaque volume of the entire arterial
segment was 32 mm",
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Fig. 2. Calcified lesion in a mid right coronary artery. Arrow-
heads in the angiogram indicate the segment which was recon-
structed.  The  superficial  calcification is  visible in  the
cross-sectional, longitudinal, and three-dimensionat cylindrical
view {upper mid, lower mid, and low panel respectively). The
longitedinal and cylinddcal displays permit 2 much more
comprefiensive insight into the complex spatial distribution of
the plague.

ies of progression or regression of atherosclerosis,
The principal reason why this technique has not yet
been introduced to major humun progression-re-
gression trials are the difficulties with correctly
matching the sites of measurement in seriaf ultra-
sonic studies {62-70}, but a reliable seriuf evalua-
tion of progression or regression of athero-
sclerosis depends critically on the correct matching
of the images. This limitation resuits from the lack
of the third dimension in conventional two-dimen-
sional ultrasound [67]. This procedure can be
significantly facilitated by the use of three-dimen-
sional reconstruction of intracoronary ultrasound
images, permitting in serial ultrasound studies the
assessment of the same site of the artery.

6. Volumetric infracoronary ultrasound

Three-dimensional reconstruction of intracoro-
nary ultrasound images was first vsed [71} 1o
visuatly assess the spatial configuration of
atherosclerotic plaques (Fig. 2). Examination of
dissections and sfents by this technique has pro-
vided valuable clinical information {72-76|.

The basic cross-sectional intracoronary ultra-
sound images are acquired while the ultrasound
catheter is pulled back through the coronary artery
segment of interest. A continuous pull-back at a
uniform speed resulting in an equidistant spacing
of adjacent images [77} is still the most common
approach. A stepping mwotor, developed at the
Thoraxcenter, performs an electrocardiogram
(ECG)-gated withdrawal of the ultrasound catheter
and can also be used to perform an ECG-pated
image acquisition [78}. This approach allows to
minimize artifacts induced by the cyclic movement
of the ultrasound catheter in the lumen and the
systolic-diastolic pulsation of the vessel wall,

Subsequently, the stack of cross-sectional images
is reconstructed. The reconstruction systems differ
mainly in the image segmentation, a processing step
which performs a distinction between vessel wall
structures and the blood-pool. The semi-automated
detection facilities of commercial analysis systenis
are limited to the distinction between the blood-
pool in the lumen and the vessel wall [71,79-83].
They are based on the definition of grey-level
thresholds or acoustic quantification (Fig. 3).
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Fig. 3. Three-dimensional reconstiuction of a short ecoentric atheroscierotic plaque of relatively low echogenicy in the proximal
segment of a coronary artery, A semi-automated distinction between the blood-pool and the vessel watl was performed by an
acoustic quantification method, based on the recognition of the bload speckle, which shows a quite uniform pattern in the vessel wall
and a varying pattern in flowing blood. Measurement of the lumen area and the mean [uminat diameter are displayed in the left
lower parel. Currently, no automated measurements of plaque area or volume can be performed by this approach.

At the Thoraxcenter, a computerized analysis
system has been developed which performs a con-
tour detection, based on the application of a
minimum cost algorithim, and permits the identifi-
cation of both the boundaries between the lumen
and plaque as well as the plaque-media complex
and adventitia (Fig. 1} using the complete volumet-
ric information of the stack of intracoronary ultra-
sound images [68,84). During the interactive
contour detection on the longitudinal images, dy-
namic programining techniques are used to permit
frequent up-dates of the displays including a cross-
sectional plus two longitudinal views {(Fig. 4). The
visual information from both the cross-sectional
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and the longitudinal views facilitates the detection
of the external boundary of the vesse! wall. The
advantage of this approach is particularly evident
if calcium or stent struts obscure parts of the
underlying vessel wall, rendering the morphomet-
ric measurement on sole cross-sectional images
impossible. Even with short circumferential calcifi-
cations of the plaque, a reliable interpolation of the
external vessel contour can be performed. The
longitudinal contours guide the otherwise auto-
mated contour detection on the cross-sectional
images, which is finally checked and may be man-
ually corrected. Using the whole set of volumetric
information, the analysis system performs a semi-
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Fig. 4, Principle of the contour detection method, developed at the Thoraxcenter {68,84,85]. The intracoronary ultrasound images,
obtained during a motorized pull-back of 1he ultrasound catheier, are used to reconstruct two longitudinal sections from the voxel
space {voxel = valume urit). Aa autemated contour detection of the intimal leading edge and the external boundary of the vessel
is performed, based on the application of a minimem-cest algorithm, dynamic programnting techniques, and user interaction. The
[ongitudiral contours are represented as individual edge points in the whole stack of cross-sectional images. These points define
center and range of the final contour detection process on the cross-sectionaf ultrasound images. Finally, the contouss are checked
and may be corrected. The analysis system provides information abour areas, mean diameters and volumes of the lumen. total vesscl

and plaque {Fig. [},

Fig. 5. Combined use of biplane angiography and three-di-
mensfonal intracoronary uitrasound by ANGUS, a new
method which allows the anaiysis of the true geometry of the
vessel lumen and plaque, taking vessel curvatures and catheter
bends into account [88}. A reconstruction of a diseased right
coronary artery is displayed in a frontal projection. Ultra-
sound data provided by the conteur detection method were
spatially arranged and interpolated, wsing biplane data on
bath the pull-back trajectory and the angiogram.

automated measurement of plaque volume. It
reflects a function of the plaque area over the
length of the reconstructed segment and can be
calculated as the mean plaque area times the length
of the reconstructed segment. Minimal differences

in the start and end in repeated studies are unlikely
to impair the accuracy of the changes in plaque
volume measurements, assessed for an entire coro-
nary arterial segment.

Volumetric measurements by the Thoraxcenter
analysis system have been studied in a phantom in
vitro showing a high accuracy [68]. The volumetric
measurement has a lower intraobserver and inter-
abserver variability than the measurement of areas
on individual cross-sectional images [85], reflecting
an averaging of the differences of the area measure-
ment. Measurement of plaque volume [68-70,86]
is particularly promising to quantify atheroscle-
rotic plaques in progression-regression triaks since
it direcily reflects changes of the plague burden
of an entire arterial segment with a high reproduci-
bility.

7. Perspective of velumetric intracoronary
ultrasound

Some limitations of three-dimensional recon-
struction remain [67], but artifacts resulting from
the movement of the ultrasound catheter during
the cardiac cycle and systolic-diastolic changes in
vessel dimensions can be minimized by the use of
an ECG-gated pull-back system [67,87}.
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Combined use of biplane angiography and
three-ditnensionad intracoronary uitrasound by a
new method (ANGUS) may in the future help to
analyze the true geometry of the vessel lumen and
plaque, taking vessel curvidures and catheter bends
inte aecount [88]. In Fig. 5, a clinical example of
a spatial reconstruction by ANGUS is given, show-
ing a diseased right coronuary artery in frontal
projection. Ultrasound data on the intimal leading
edge and the external boundary of the total vessel,
provided by the contour detection methed, were
spatially arranged and interpolated, using biplane
data on the pull-buck trajectory and on the con-
trast angiogram. The example demonstrates that
the external contour of the vessel provides addi-
tional infoermation which cannot be obtained from
a silhouette of the jumen which is normally pro-
vided by the angiogram [89). This approach may
permit a more distinct assessment of the progres-
sion or regression of atherosclerosis, an issue which
is interesting as plaque progression or regression of
the outer and inner curve of a bended coronary
segment may differ significantly.

8. Conclusions

Coronary angiography depicts the silhouetle of
the vessel lumen permitting only an indirect analy-
sis of the ‘lfocolprints’ induced by the atherosclerosis
of the coronary wall, not reflecting the early stage
and the complex nature of the disease. Intracoro-
nary ultrasound directly assesses and quantifies
atherosclerotic plaques and is currenly the only
reliable lechnique to measure progression or re-
gression of atherosclerosis in the cardiac catheter-
ization [laboratory, The reliability of serial
ulirasound studies can be further improved by
using volumetric intracoronary ultrasound, which
allows reliable and highly reproducible quantifica-
tien of the plague volume of entire arterial seg-
mernts.
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*Washington Hespital Center, Washington DC, U.5.A.

Introduction

Conventional two-dimensional intracoronary witra-
sound enables the extent, distribution, and therapy of
atherosclerotic plaques to be studied as it provides a
unigue tomographic visualization of both the vascular
lumen and walll'?). The most important limitation of
two-dimensional intraceronary ultrasound in pre/post-
studies is the matching of the target sites for serial
measurement. This problem is caused by the lack of a
third dimension in conventional intracoronary ulira-
sound examinations. Three-dimensional reconstruction
of intracoronary ultrasound images®™ '™ permits a more
advanced assessmeni of vessel, lumen and plaque
morphelogy.

Measurement of the plaque area in an entire
coronary segment may provide more detail of the com-
plex plaque architecture and avoids the difficult mental
conceptualization process?'"'*. Moreover, during on-
line three-dimensional reconstruction (Fig. 1) measure-
ments of the target Iesion and the reference segments
may be accessed immediately in a reconstructed longi-
{udinal view. This may facilitate selecting the best type
and sized interventional device or the evaluation of
complications, as the relevant coronary segments can be

Key Words: Intravascular ultrasound, three-dimensional recon-
struction, image processing, corenary artery discase.
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carefully examined before andfor after interventional
procedurest®62t],

Basic processing steps

The basic processing sieps to oblain a three-dimensional
reconstruction from the two-dimensional intracoronary
ulirasound images are similar for all systems currently
available.

Image acquisition

The better the two-dimensional intracoronary ultra-
sound images the better the three-dimensional recon-
structions. Thus machine settings must be optimized
before image acquisition is performed. Starting distal to
the stenosis, the imaging catheter is withdrawn through
the arterial segment to be reconstrucied. The imaging
core of sheath-based intracoronary ultrasound catheters,
which are designed for repeated puil-backs and most
frequently used with threc-dimensional intracoronary
uitrasound, does not have direct contact with the vessel
wall. Such catheters are equipped with a 15cm long
transparent distal sheath which houses the transducer.
There are two catheter designs: a 3-2F short menorail
and a 2-9F common distal lumen catheter. The 2-9F design
has a common distal lomen that houses the guide wire
(during catheter introduction) or the transducer {during
imaging when the guide wire has been pulled back) alter-
nately. These intracoronary ultrasound catheter designs
stabilize the transducer pull-back trajectory and reduce the
tisk of a non-uniform speed in continuous puli-backs, but
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Figure I Short eccentric plaque in a proximal coronary segment. The

2 oem i

longitudinal reconstruction (fower pancl) and the on-line measurement of
the luminat cross-sectional area and minimal diameter (right upper
panel) were obtalned from the acoustic guantification systent (Echo-

Quant).

during the first 5 {0 10's of a continuous puil-back there
may be siraightening of the imaging core inside the
catheter before a constant withdrawal speed is attained.

There are different pull-back approaches which
can be applied. A continuous-speed pull-back resulling
in an equidistant spacing of adjacent images, is stilf
the most common approach. Side-branches or spots of
calciurn are used as topographic landmarks to ensure a
reliable comparison of the same arterial segment in serial
studies. A modified concept of the continuous-speed
pull-back is ECG-triggered video labelling during uni-
form pull-back of the intracoronary ultrasound trans-
ducer. Video frames coinciding with the R-wave of the
ECG are automatically labelled and images acquired at
the same phase of the cardiac cycle are used for off-line
three-dimensional reconstruction. This approach dis-
plays the arterial segment and enables the vascular
dimensions 1o be measured at any time during the
cardiac cycle. H also minimizes the systolic—diastolic
artifacts which are frequently observed in non-triggered
uniform-speed pull-backs (Fig. 2).

By using an ECG-triggered pull-back device in
combination with an BECG-gated image acquisition®”,
the problem of cyclic motion artifacts can be over-
come* 23, A dynamic thres-dimensional reconstruction
system, initially designed for three-dimensional recon-
struction of echocardiographic images (Echoscan,
TomTee, Munich, Germany)*™, can dynamically dis-
play the arterial segment, showing the motion of an
enlire cardiac cycle. Before image acquisition starts, the
upper and [ower [imits of the RR interval are defined.
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A maximum number of 25 intracoronary ultrasound
images per cardiac cycle can be sampled if the length of
the RR interval meets the pre-set range (Fig. 3).

Irnage digitfzation and segmentation

Digitization of the intracoronary ultrasound images can
be performed on- or off-line by sampling the video
frames with a framegrabber at a defined digitization
frame rate, The segmentation step idenlifying structures
of interest in the intracorenary ultrasound images can
be achieved by applying dedicated algorithms, which
discriminate between the bloed-pool inside the lumen
and struciures of the vessel wall*®. The quality of the
final three-dimensional reconstruction and the accuracy
of the quantitative analysis are highly influenced by the
quality of the segmentation algorithm. [a addition to the
threshoid approaches (Fig. 4)'%, segmentation can be
achieved by using ¢ither an acoustic quantification algor-
ithm®" 27 or a conlour detection algorithml! 342828
The acoustic quantification method (Fig. 5) dis-
tinguishes between the blood pool and vessel wall using
an algorithm for statistical pattern recognition {£cho-
Quani, INDEC, CA, U.S.A). Compasing the ultra-
sound speckle pattern of flowing bloed to the pattern of
the vessel wall, there is much more variation it time in
bloodP?. The algorithm is able to distinguish between
these 1wo patterns and to detect the interface between
blood and vessel wail. Finatly, pixels (picture elements)
identified as part of the blood pool are removed.
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Figure 2 Cyelie artifacts in a venous hypass graft. The longitudinalty

reconstructed image of a stented bypass graflt shows enormous saw-
shaped artifacts, resulting from cyclic vessel pulsation and the move-
ment of the intracoronary ulirasound catheter inside (‘eatheter
fluttering’). The artifacts are visible in both the longitudinal display and
the geaph, showing the measurements of thie luminal cross-sectionat area
and the minimum diameter (right upper panel). (Reproduced with

permission!™1)

Another approach is a contour detection systern
{Fig. 6), which has been developed at the Thoraxcenter
Rotterdam. A minimum cost algorithm detects the
intimal leading edge and the external vascular bound-
ary {external clastic lamina)l'>**?%®) Another semi-
automated contour detection sysiem, described by
Sonka er al. detects the luminal contour and the con-
toures of the internal and external elastic laminae. Initial
in vitro studies show a good correfation with lumen
and plaque area measurements obtained by manual

tracing*-3?,

fmage reconstruction and display

Different display formats can be used to present the
three-dimensional image dala sets. The most commoniy
generated is the longitudinal fornat (Fig. 1). A cylindrical
format (Fig. 7). and a lumen cast format are also some-
times used. General programs for three-dimensional pres-
entation can display oblique and tangential cuts through
the reconstructed structures, comparable to the display
options available in magnetic resonance imaging systems.
A dynamic visualization of the artery after ECG-gated
image acquisition is also possible™"],

Current three-dinmensional reconstruction
systems

Dyifferent systems are available. ¥ach has a distinet
technical approach with specific advantages and dis-

advantages in applicability, imaging, and quaatification.
The following systems are used at the Washington
Hospital Center and/or the Thoraxcenter Rotterdam.

Acoustic quantification system

This system (EchoQuant), recently validated in rabbit
aortas®”), can be used either on- or off-line, and it
samples intracoronary ultrasound images with a digi-
tization frame rate of §:5 frames . s~ ', The length of the
reconstructed coronary segment is determined by the
pull-back speed since the image acquisition and digitiz-
ation rafes are fixed. Using a pull-back speed of
[-0mm.s ! images of 8cm long segments can be
acquired. Sepmenltation and reconstruction of a vascular
segment 3 em long can be performed within 3 min. The
quality of the automated detection can be checked and
manually corrected in individual cross-sectional images.
No geometric assumptions of the [umen shape are
required; and the program may therefore provide ac-
curate segmentation of an irrepularly shaped lumen.
Haowever, application of the algorithm may be hampered
by the quality of the basic intracoronary uftrasound
images?’*, Some paramcters determining the auto-
mated identification process can be adjusted by the user;
this is particularly impostant when the intracoronary
ultrasound image quality is not optimal. Since the
reconstruction is performed within a few minutes, it can
be used in the catheterization fboratory!?1L
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Figure 3 The combined vse of an ECG-gated pull-back device and
image acquisilion by the dynamic three-dimensional reconstruction
system (Echoscan, TomTee, Munich, Germany) atlows the problem
of cyclic artifacts to be overcome and a dynamic visualization
obtained, The range of the RR dotervat is defined (here:
1000 + 100 ms) before the image acquisition starts. During the
pull-back procedure, the maximum number of 25 intracoronary
ultrasound images per cardiac cycle for each scanning site is
digitized and sampled in the computer memory, unless the length of
the RR interval fails to meet the pre-set range (here: third cardiac
cycle). Each time a cyele is stored, the foltowing heart beat is
required to perfornt a puil-back step in order to reach the adjacent

scanning site. (Reproduced with permission!*'L)

A selected cross-sectional image, a longitudinally
reconstructed image (Fig. 1), and a cylindrical three-
dimensional view {presenting the segment opened longi-
tudinally} (Fig. 5} are displayed on the moaitor. The
measurements of the automated cross-seclional fuminal
arca are displayed in a diagram. Although the algorithm
is unable 1o detect the extemal contour of the total
vessel, the current version of this program provides an
option which allows manual tracing of the external con-
tour of the vessel in selected two-dimensional images.

Thoraxcenter contour detection system

This analysis system digitizes a user-defined region of
interest with a maximum of 200 tomographic images.
Segments of approximately 2-5 em (uniform pull-back)
or 4cm long {(ECG-gated puli-back) can reliably be
analysed. The method depends less on the image quality
since it operates interactively. Reliable sepmentation and
three-dimensional reconstruclion remain possible even
when the image quality is not optimal. However, user
interaction is required in the presence of irregular lumen
shapes. On-line application of this system has recently
been started using ECG-gated tmage acquisition.

The contour detection procedure (Fig. 6) consists
of three steps!">128]_ First, the intracoronary ultrasound
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images are modelied in a voxel space®); and two per-
pendicular cut planes running parallzl to the longitudi-
nal axis of the vessel are selected. Data located at the
inferception of these cut planes and the voxel volume
are derived to reconstruct two longitudinal images of
the vascular segment. The angle and location of the
cut planes is defined by the user in order to optimize
the representation of the arterial segmeni omn the
longitudinal sections.

In a second siep, the contours of the luminal and
external vascular boundaries (external elastic lamina) are
detected in the longitudinal images. This step is based on
the application of a minimum cost algorithm®3, which
has previously been validated® and applied in two-
dimenstonal intracoronary ultrasound images®’. The
user is free to add markers, forcing the contours to pass
through these sites. The optimal path of the longitudinal
contours is updated serially, using dynamic program-
ming techniques. The contours of the fongitudinal
images are then depicted as points in each cross-sectional
image.

Finally, automated contour delection js per-
formed in all the cross-sectional images, using the four
edge points, derived from the longitudinal contours, as
landmarks to guide the detection, The accuracy of the
final contours can be checked and corrections may be
performed. The system permits the quantitative analysis
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-
Fignre 4 In vifro three-dimensional intracoronary uliraseund reconstruction {left panel}
of a Palmaz-Schatz stent (Johnson & Johason, Warrea, U,S,A.) {right panel) based on
segmentation by thresholding. The articulation of the Palmaz-Schatz stent and the
typical steut pattern can be easily distinguished. (Reproduced with permissiont?®.)

Figure § Complex coronary lesion in a mid cight coronary artery
before intervention. A large superficial calcification (arrowheads) is
visible in the transverse {left upper panel}, the fongitudinally recon-
structed (right upper panel), and the cylindrical view (lower panel),
Segmentation is performed by acoustic quantification {EchoQuant,
Indec, Capitola, CA, U.S.A.} which detects and consccotively removes
the blood-pool (B) from the intracoronary uitrasound images, The length
of the plaque calcification can easily e evaluated in the longitudinal
reconstruction, The cursors {lines) in the (ransverse and longitudinal
view permit the rotation of ile longitudinal reconstruction and the
selection of specific cross-sectional intracoronary ultrasound images.
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Figure 6 The principle of the three-dimensional contour
detection system. The intracoronary ulirasound images,
obtained during a motorized pull-back, are sfored in the
computer meniory as a ‘volumetric space’, The method is
based on the concept that cdge polints, derived lrom
longitudinal contours which were previously detected on
two lengitudinally reconstrucled images, guide and facili-
tate the final confour detection on the fransverse infracoro-
nary ultrasound images, The position of an individual
transverse plane in the fongitudinal sections is indicated by
a horizontal cursor line which can be used to scroll through
the whole series of transverse infracoronary ulirasound
images. (Reproduced with permission'!®,}

of lumen and plaque, and even volumetric data (Fig. 8)
can be obtained, as each cross-sectional image represents
a slice of the reconstructed arterial segmentl!> 1 Area

and mean diameter measuremenis of the total vessel,
lumen, and plague are disptayed in diagrams (Fig. 9).
These diagrams also show diameler-stenosis, area-
obstruction, and lumen symmetry functions!!3-14-281

Dynamic reconstruction system

The three-dimensional reconstruction {ool installed in
each Echoscan system (TomTec) uses a segmentation
which is based on the definition of thresholds in the
scale of gray levels. The applicability of this algorithm
depends upon image quality. However, in instances with
optimal two-dimensional image quality, remarkable
dynamic reconstructions can be obtained (Fig. 10}. As
the ECG-gated three-dimensional reconstruction of a
coronary segment requires sampling and processing of a
large amount of data, the time of analysis is still slighily
longer than for a conventional analysis.

Using volume rendering techniques, the dynamic
reconstruction system alows dynamic visualization of
the reconstructed segment!! with a maximum of 25
frames per cardiac cycle. The reconstruction of various
transverse and longitudinal sections is possible. The
fongitudinal reconstruction of a coronary artery seg-
ment is readily available in the cardiac catheterization
faboralory and similar to computer tomography or
magnetic resonance imaging, these longitudinal sections
can pass tirough the centre of the vesse] or cut the vessel
wall tangentially.

Meanwhile, a version of the contour-detection-
based analysis software of the Thoraxcenter,
Rotterdam, has been customized for use with the Echo-
scan system™>#}. The software package is available for
users of Echoscan systems.

T 2

Figure 7 Spatial view of a co

ronary segment {follow-up affer previous

directional coronary atherectomy}), obtained from image data provided
by the contour detection appreach, This cylindricat display format is not
required for the purpose of quantification, nevertheless additional insight
inte plaque disruption may sometimes be obtained. (Reproduced with

permission''il)
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Figure 8 Inter-ghserver varizbility of volume measurements in-vivo by the contour detection
system. The lunien, total vessel, and plaque volume measurements in 20 coronary segments by twe
independent observers (I and IT} showed a high teproducibitity. Tn the right-hand panels relative
inter-observer differences are plotted against the average of the two measurements. Solid lines
indicate the mean difference and the range of 2 standard deviations (SD}, and detted lines mark the

line of ideutity in all panels. (Reproduced with permission!

Challenges and future directions

Several factors, including problems related specifically
to intracoronary ultrasound?®*® as well as general
limitations of the three-dimensional reconstructiont!],
influence the quality of the reconstruction. Both
lumen and plaque volume measurements showed
minimal short-term biclogical variabifity upon repeated
pull-back of the same coronary artery scgment!®,
The quality of the basic imtracoromary ultrasound
image is crucial, as poor or incomplete visualization
of the lumen-plaque and plague-adventitia boundaries
in the presence of calcification is a problem which

1)

hampers both reconstruction and quantification. Cur-
renlly awvailable intracoronary ultrasound transducers
have a limited lateral resolution™ and image dis-
tortion by non-uniform rotation or non-coaxial pos-
itioning of the intracoropary ultrasound catheter in
the lumen may create complex artifacts in thece-
dimensional reconstructionsi®!). Moreover, motorized
pul-back devices or displacement sensors cannol
always assure an equal distance between adjacent
images, as bends of the ultrasound catheter may induce
a difference between the movement of the distal
transducer and the proximal part of the intracoronary
ultrasound catheter.
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Fignre 9 Standard display of the resulis, by the contour defection method, of the
Thoraxcenter, Rotterdam. The clinical example shows the results of an intracoronary
ultrasonnd analysis performed 6 months after dircctional coronary atherectomy in a
proximal left anterior descending corenary artery, The left mid and lower panels show
ar¢a and mean diameter measurements of lumen, totat vessel, and plaque, The gray
areas represent the coronary plaque and the upper and lower boundaries of the gray
zones correspond with the dimensions of the coronary lumen and the total vessel. The
absolute plaque measuremenis are shown as a single line function for both area and
diameter measurements (Ieft mid and lower panels). Functions of the diameter-stenosis
(%) and area-obstruction (%) are displayed in the mid right panel. The right lower panel
shows (ke symmetry of the lumen and {otal vessel and the eccentricity of the plague.
{Reproduced with permission!L)

The cyclic movement of the intracoronary ul-
trasound catheter and systolic-diastolic changes in ves-
sel dimensions can originate typical saw tooth-shaped
image arlifacts (Fig. 2)*"*, ECG-gated image acqui-
sition and pall-back have the potential to minimize
these cyclic artifacts and to optimize image acquisition,
allowing reliable volumetric measurement?%2*%3, How-
ever, compared 1o continuous pull-back, image acqui-
sition by the ECG-pated approach requires a longer
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acquisition time which may cause problems in patients
with very severe coronary stenoses.

Vessel curvatures with a radius of less than
Scm may cause a significant distortion of the three-
dimensiongl reconstructed image!™®. Over-estimation
and under-¢stimation of certain portions of the plaque
may be caused by vessel curvaturest as a result of
the curved pulk-back trajectory of the intracoronary
ultrasound transducer. The confour detection system
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Figure 18 ECG-pated three-dinienstonal reconstruciion of a proximal
coronary artery with an eccentric plaque formation {on {he right-hand
side}. A custom-designed pull-back device with a stepper motor, devel-
oped at the Thoraxcenter, Rotterdam, and the Echoscan {TomTec
GmbH, Munich, Germany)} were used to obtain this reconstruction,
The plaque is visible on both a longltudinal section {hrough the artery
{right panel) and in a three-dimensionally reconstructed view {lefi

panel),

demonstrates artificial curvatures caused by a localized
eccentric plaque burden. Other three-dimensional recon-
struction systems, as for instance the acoustic guantifi-
cation system, straighten the display of the coronary
segment artificially. The combined use of data obtained

Fignre 11 Combined use of biplane angiography and
three-dimensional intracoronary ultrasound by ANGUS,
This novel method allows the true geometry of the coronary
lumen and plaque to be investigated, taking arterial curva-
tures and catheter bends into account, A reconstruction of
an atherosclerotic right coronary artery is displayed in a
frontal projection. Intracoronary ultrasound data provided
by the contour detection method were spatially arranged
and interpolated, using biplane data on both the pull-back
t{aiccm)ry and the anglogram. (Reproduced with permis-
sion''?l,

from biplane angiography and intracorenary ultrasound
{Fig. I1} may help overcome many of these limitations
10 the provision of information on the real vessel curva-
tures and the orientation of the intracoronary ultra-
sound catheter™*. Using ANGUSM —a technical
approach which has been developed at the Thoraxcenter
Rotterdam — in a peometric vessel phantom of known
dimensians, a high accuracy was observed; and first
applications in humans yielded good results. In the
meantime, our findings have been confirmed by ancther
group using a similar approach®, The use of new
forward looking transducers* may also help to over-
come some of the current limitations but the value of
this device is stilf limited by the low image resolution and
the large dimensions of the ultrasound transducers.

Miniaturization of the imaging catheters and
improvements in the computer technology will also help
to increase [uture applications of three-dimensional
intracoronary ultrasound, which has the potential to
largely replace quantitative coronary angiography in
the future (Fig. 12) and permits volumetric quanti-
fication*13# without need for laborious manual
tracing?® 533,

Conclusion

Until recently, three-dimensional intracoronary ulira-
sound appeared to be restricted to pure research appli-
cations, but we feel that the methed will gain further
importance and become a routine technique, if the
interest, effort and technical developments in the field
are sustained.
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Figure 12 Primary lesion in a proximal left anterior descending
coronary artery (LAD), assessed by the three-dimensional intracoronary
ultrasound contour detection system of the Thoraxcenter, Rotterdam,
An arrowhead indicates the target stenosis in the cylindrical reconstrue-
tion. The measurcments are shown in the lower panel; The white zone
represents he coronary plaque and ihe upper and lower boundarics of
this zone correspond with the values of the coronary lemen and the total
vessel areas (mm?). The absolute values of the plaque area (mm?*) are
also shown as a single line, The area stenosis at the site of the mid
segment of the LAD was approximately 20%. According to the mech-
anisnt described by Glagov, an enlargement of the fotal vessel area,
partly compensating the plague burden, may be expected at the site of
relatively focal plaque formalion, In this case, however, a paradexical
reduction of the tofal vessel area, from the distal reference in the mid

LAD (MID) to the target stenosis in !he'giro,\'imal segment (PROX) was
8}

obscrved. (Reproduced with permission!
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Variations of Remodeling in Response fo
Left Main Atheroscleresis Assessed With
Infravascular Ulirasound In Vive
Clemens von Birgelen, mo,* Sergei G. Airiian, mp, Gary S. Mintz, mp,

Wim J. van der Giessen, Mo, FiD, David P. Foley, M3, MRCPI, PhD,

Jos R.T.C. Roelandt, Mo, pap, Patrick W. Serruys, MD, PhD, and
Pim J. de Feyter, MD, PhD

Histopathologic studies have demonstrated that vessels
enlarge to compensale for an increase in plaque burden;
this has been confirmed in vive using intravascular ul-
frasound {IVUS}. The initial studies suggested a biphasic
course of leston formation with {1} preservalion of lumen
dimensions up te o plaque burden of approximately
40%, and {2] luminal narrowing as plaque burden fur-
ther increases, In this study, we usccrIVUS and anglog-
raphy lo assess the extent of left main {LM] atheroscle-
rosis in 107 palients undergoing catheter-based
?rocedures of the left anterior descending or left circom-
lex caronary arteries, Using IVUS, atherosclerolic
ﬁicques were found in all LM arteries, but only 26 [24%)

ad varying degrees of luminal narrowing on the an-
giogram. Nevertheless, there was on inverse relation

Ir = —0.62, p <0.0001} between the minima! lumen
area and the plaque burden {i.e., plaque + media di-
vided by tolurvessel area] thol was nof restricied to
plaque burden values >40% {or >30%), but persisted at
plaque burden values of 20% to 40%. In addilion, tM
arteries with a plaque burden <40% had a similar total
vessel area as did LM arferies with a plaque burden
=40% [22.9 + 6.1 vs 218 = 4.Bmm?, p = 0.30). These
data suggest that lumen dimensions may nof be pre-
seived even i plaque occupies no more than 20% to
40% of the tolorvessel area. Thus, there is more varia-
tion in remodeling response during earlier stages of
plaque accumulation within the iM artery than is com-
monly suggested. ©1997 by Excerpta Medica, Inc.
{Am J Cardicl 1997;80:1408-1413)

COronary angiography is used to assess lesion for-
mation!; however, carly atherosclerosis is angio-
graphically silent.?-3 Histopathologic studies of dis-
eased arterial segments have demonstrated that com-
pensatory cnlargement of the vascular wall oceurs to
compensate for the accumulation of atherosclerotic
plaque.2é Intravascular ultrasound (IVUS) provides
transmural images of coronary vessels in vivo includ-
ing the coronary vascular wall, the area of atheroscle-
rotic plaque, accurate lumen dimensions, and the se-
rial changes that occur with the atherosclerolic disease
process,” 19 Intravascular and epicardial ultrasound
studies of atherosclerotic coronary33:41-13 and periph-
eral arteries!4-17 have provided insights into the con-
sequences of plaque accumulation and mechanisms of
lesion formation, Earlier studies have confirmed the
initial histopathologic findings of a biphasic course of
lesion formaltion: (1) early preservation of lumen di-
mensions until a plaque burden of approximately 40%
is reached, and (2) luminal narrowing as plague bur-
den further increases. 36 More recent studies have
shown evidence that inadequate or absent compensa-
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tory vascular enlargement may also be imporiant in
the development of arterial stenoses.!%13.15-12 The left
main (LM} coronary artery is one of the most impor-
tant targets of atherosclerotic plague accumula-
tion.5-6-19-25 Tn this study we used IVUS and quanti-
tative coronary angiography to systematically assess
the extent and characteristics of LM atherosclerosis in
107 patients undergoing catheter-based interventions
of significant lesions of the left anterior descending or
left circumflex coronary areries,

METHODS

Palient population; Between August 1, 1995, and
July 31, 1996, a prospective IVUS examination of the
LM artery was performed in 107 patients. There were
84 men {78%) and 23 women (22%) wiho ranged in
age from 32 o 80 years (mean 58 * 11); all of them
were symptomatic {87 had chronic stable angina and
20 unstable angina). This patient population repre-
sented & consecutive scrics of patients with IVUS-
guided coronary Interventions of significant namow-
ings in the left antedor descending or circumflex cor-
onary arteries. Nonc were considered 1o have
significant diseasc of the LM artery. This study was
approved by the local council on human research. All
patiests signed a written informed consent form ap-
proved by the medical ethical committec of the Uni-
versity Hospital Rotterdam-Dijkzigt.

intervention procedures and coronary anglography:
All patients received 250 mg of aspirin and 10,060 U
of heparin intravenousiy. If the duration of the entire
catheterization procedure exceeded | hour, the acti-

155



Chapter 14

FIGURE 1. Examples of plaque formation in left main corenary arferies without (A}
the angiogrem. The ongiograms display the
ploque interpolakon ond minimal fumen detection, os obtained from quantikative <or-
onary angiography. The intravosculor ultrosound imoges finserts} depict the site of
s the contours of he lumen end
tatal vesset boundades as well as the minimum ond moximum dicmeters of fumen

and with {B} luminal norrowing on

minimum fumen cross-sectionol ares; on these im

and plague + media were fraced.

vated clotting time was measured; intravenous heparin
was administered in order to maintain an activated
clotting time of >300 seconds. In all paticents, suc-
cessful catiicter-based interventions of lesions in the
left anterior descending (n = 91) or left circumflex
coronary arteries (n = 16) were performed (63 with
stent placement, 25 with directional atherectomy, and
19 with balloon angioplasty). At the end of the inter-
ventional procedure, intracoronary injection of 2 mg
of isosorbide dinitrate was administered, =2 angio-
grams of the LM were recorded from opposite (ideally
orthogonal) views without overlapping side branches
or foreshortening, and the LM artery was interrogated
using IVUS. There were no procedural or postproce-
dural in-hospital complications in these patienis.

Angiographic analysis: The angiograms were first
interpreted by 3 experenced coronary angiographers
who were blinded to IVUS data. All angiographic
projections were reviewed for the presence of athero-
sclerosis of the LM antery. If durng the visual assess-
ment of the LM artery, an indentation of the opacified
luminal silhouetie or a lumen narrowing of any degree
was noticed, that LM antery was classified as *‘angio-
graphically abnormal.”” Accordingly, only LM arler-
ies without such findings were classified as ‘‘angio-
graphically normal.’” Decisions for classification re-
guired at least 2 votes.

Quantitative coronary angiography of 2 angio-
graphic views (idcally orthogonal views without over-
lapping side branches or foreshortening) was then
performed off-line. End-diastolic frames acquired af-
ter intracoronary application of nitrates and having
homogeneous opacification of the coronary lumen
were selected for analysis. The computer-based Cor-
onary Angiography Analysis System (CAAS I, Pie
Medical, Maastricht, The Nethertands) was used for
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the analysis. This has previously
been described in detail. !
Intravasculor uitrasound imag-
ing: After intracoronary injection of
2 mg of isosorbide dinitrate, the LM
artery was examined using a me-
chanical IVUS system (CardioVas-
cular Imaging Systems [nc, Sunny-
vale, California) and a sheath-based
IVUS catheter. The IVUS catheter
incorporates a 30-MHz beveled, sin-
gle-element transducer rotating at
1,800 rpm within a 2.9Fr long mono-
rail imaging sheath. The distal 15-
cm-long sonolucent segment of the
imaging sheath has a common iumen
that allematively houses the guide-
wire {during catheter introduction) or
ike transducer {during imaging after
the guidewire has been pulled back),
bt not both, This design avoids di-
rect contact of the IVUS imaging
core with the vessel wall. Before the
IVUS imaging run, the guiding cath-
eter was withdrawn from the ostium
of the LM artery to assure complete
scanning of the entire LM artery. All studies were
performed using a motorized transducer pullback at
0.5 mms. All 1IVUS studies were recorded on 0.5-inch
high-resolution sVHS tape for off-line analysis.
Intravascular ulfrasound analysis; Bach videotape
was analyzed off-line by an experienced IVUS analyst
and overrcad by 2 independent cardiologists experi-
enced in the use and analysis of IVUS images.
QUANTITATIVE ANALYSIS: Validation of manual
measurements by IVUS has been reporied previous-
ly.2% The site of the minimum lumen cross-sectional
arca was identified by carefully scrolling the tape back
and forth; if there were multiple image slices with the
same manimum lumen cross-sectional area, then the
image slice with the largest plagque burden was se-
lected. This was the image slice on which the IVUS
measurements were performed (Figure 1}. The cross-
sectional area measurements included the lumen and
total vessel cross-sectional area (interobserver differ-
ences: 0.1 = 0.8 mm? [lumen}, 0.0 = 1.1 mm? ftotal
vesset]). Plaque + media cross-sectional area was
calculated as total vessel minus lumen cross-seciional
area, and- the plague burden was calculated as
plaque + media divided by total vessel cross-sectional
area. The total vessel diameter was calculated as:
square root of [(4 - total vessel cross-sectional arca)/
}. The minimum and maximum lumen diameters
(interobserver differeaces: 0.0 = 0.3 mm [minimum
lumen], 0.0 = 0.3 mm [maximum lumen}]), and the
minimum and maximum plaque + media thickness
(interobserver differences; 0.01 * 0.02 mm [mini-
mum plague + media), 0.01 = 0.09 mm [maximum
plague + medial) were measured. The total vessel
cross-sectional arca represents the area within the
border between the hypoechoic media and the echore-
flective adventitia. As in many previous studies using
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. ) and linear and nonjincar regression
TABLE| Guartilotive Coronary Angiography and Inlravascular Ulrosound Data analyscs. A p value <0.05 was con-
Plogque Ploque sidered statistically significant.
Burden Burden
All Patiants <40% =40%
n =107} n=71 [n=238]  pVelue* RESULTS . . .

5 Overall angiographic and intra-

! sound data: Wi
Lumen CSA fmm?) 151 +48 168247 11628 <0.0001 ;g;;:f“' ”LTI-B ranh ta \\]/nhzgs;&f

P + M CSA [mm] 75+36 61x29 3103232 <0000 nary angiopraphy, only
Total vessel CSA (mm?] 22657 229<61 21.8:r48 630 arieries (24%) were classified as ab-
Plaque butden (%) 333129 266+94 466=73 <0.0001 | normal; however, IVUS revealed
Mw‘?imu]m lumen diometer 391 = 0.75 418 £+ 071 338 £ 0.54 <0.0001 atherosclerotic plagues in all 107 LM

o ? "
h arieries (p <(.0001 vs angiography)
s +0, 92+ 0, .12 £ 0.54 . 000 Pl
Mc;::::;m lmen diameter 4,65 075 492+ 070 4122 0.54 <0.0001 Twenty-five plaques were classified
Minmum P + Mdiameter 0,16 £0.22 008+ 015 031025 <0.0001 | assoft, 22 were fibrous, and 50 were
{mm) ' mixed. Plague calcification was
Ma;r:x;m P+ Mdiameter 0.99 £ 0.42 0.85 = 0.37 1.26 = 0.40 <0.0001 found in 30 LM lesions with an arc
H H o o
Total vessel diameter (mm)  5.32 % 0.65 536 =068 524 =057 034 of calcium ranging from 20° w0 120
Arc of plogue [ 2906 +83 27090 346 =22 <0000t | in circumference. Data provided by
Quantitalive coronary both quantitative coronary angiogra-
angiography phy and IVUS are listed in Fable I.
Mu;;n::im lumen diometer  3.84 £0.78 3.98 = 0.70 3.59 =+ 0.86 <005 Date of ongmgraph":a"y normal
Reference diameter (mm) 417 = 0.75 43020468 3.93 2084 <005 versus abnormal main stems: The
Diometer stenotis {%} BO70 746+62 B8B83 043 IVUS and quantitative coronary an-
o borden <iO% R giographic findings in paticnts with
&n Yerjus pxagqua buraen . v - .

Dita are axpressed a1 mesn = 1 50. angiographically ahnor_mal (n = 26)
C5A = erostitctional areo; WUS = inrovoxcular irasound; P+ M = ploque + media, and normal LM arteries (n = 81)

IVUS, plaque + media cross-sectional area was used
as a measure of atherosclerotic plaque, because ultra-
sound cannot measure media thickness accurately.?’
The circumferential arc of the LM artery containing
plaque was measured {in degrees) using a protractor
centered on the lumen. The plague burden has been
termed cross-sectional area obstruction, cross-sec-
tional narrowing, or percent plaque area by other
investigators.

QUALITATIVE ANALYSIS: Plaque composition was
assessed visually, The presence of significant amounts
of calcium, dense fibrous tissue, or sofl plague was
tabulated. Calcium produced bright echoes (brighter
than the reference adventitia) with acoustic shadowing
(attenuation) of deeper arterial structuress; the largest
arc of calecium within the LM artery was identified and
measured {in degrees) using a protractor centered on
the lumen. Although initially an arc of calcium >120°
was predetermined to be an exclusion crterion (lo
assure reliable measurement of the total vessel and
plaque + media cross-sectional area), ne patient had
this degree of LM calcification. Plaque tissuc produc-
ing echoes that were as bright as or brighter than the
reference adventitia, bul without acoustic shadowing
was classified as *‘fibrous.”’ Tissue being less dense
than the reference adventitia was classified as *‘soft.””
Plaques containing more than 1 type of tissue were
classified as ““mixed.”’

Stafistical analysis: Categorical variables were pre-
sented as frequencies. Continuous variables were pre-
sented as mean *+ 1 8D, Categorical variables were
compared using chi-square analysis. Continuous vari-
ables were compared using the 2-tailed Student’s £ test

were then comparcd. The 2 groups
were similar with regard 1o age
(59 += 10 vs 57 & [1 years) and
gender (77% vs 79% men). Patients with an angio-
graphically abnormal LM artery had (1) a smaller
quantitative angiographic minimal lumen diameter
(3.30 = 0,68 vs 4.02 £ 0.73 mm, p <0.0001), (2) a
smaller guanlitative angiographic reference diameter
(4.01 £ 0.74 vs 423 £ 075 mm, p <0.0001), (3) a
higher quantitative angiographic diameter stenosis
(17.60 £ 6.85% vs 4.88 * 3.15%, p <0,0001}, and
(4) a smaller IVUS minimal lumen ,Crass- sectional
area {13.0 £ 49 vs 157 £ 47 mm* , p <0.05). In
paticnts with an angiographically abnormal LM ar-
tery, the IVUS plaque burden tended to be higher
(37.2 + 14,2% vs 32.1 + 14.2%, p = 0.10); however,
the total vessel cross-sectional area tended to be even
smaller (20.9 = 64 vs 23.1 * 54 mm?, p = 0.10).
There was no significant difference in plaque compo-
sition.

Assessment of vascular remodeling: The total vessel
crass-sectional area by IVUS comrelated directly with
the plague + media cross-sectional area (r = (.54, p
<0.0001, Figure 2).

In addition, the IVUS minimal lumen cross-sec-
tional area correlated inversely with the plaque burden
(r = —0.62, p <0.0001, Figure 3); this relation was
very similar for the LM artery with a plaque burden
=40% (r = —042,y = —0.17x + 19.0, p <0.01) and
for the LM artery with a plaque burden <<40% (r =
—041, y = —0.21x + 22.3, p <0.001). Similar
correlations were found for the LM ardery with a
plaque burden =30% and <30% (r = —0.48 and
—0.42, respectively, both p <0.01). Various nonlinear
regression approaches were tested and did not reveal
relations with higher or equal significance.
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FIGURE 2. Correlation between tolol vessel cross-sectional orea
{CSA) ond plaque + media tross-sectional area, measured with
intravascular ultrasound in Y07 left main coronary arteries.

composition was less frequently soft (8% vs 31%, p
<0.01); the frequency of plague calcification was
higher (475 vs 18%, p <0.005), and the arc of dis-
eased vessel wall was significantly larger (348 = 22¢
vs 270 % 90°, p <0.0001). In addition, in vessels with
plaque burden =4{0%, the lumen cross-sectional area
and diameters were significantly smaller; the plaque +
media cross-scctional area and diameters were larger,
but the total vessel cross-sectional area was similar
(229 = 6.1 vs 21.8 = 4.8 mm?, p = 0.30).

DISCUSSION
In the present study, careful IVUS examination
during catheter-based interventions of major epicar-
dial [eft coronary arteries in a consecutive series of
107 patients revealed the presence of LM plaques in
all and demonstrated the superiorty of IVUS in de-
tecling early atherosclerotic changes in vivo, 1281920
These data ave in agreement with previous IVUS
findings in a smaller study group,?®
Adaplive vascular remodeling: The absence of an-
giographic lumen narrowing despite the presence of
ultrasound-confirmed plaque formation is generally
thought to result from compensatory vascular enlarge-
ment. In addition, there were other signs

of adaptive remodeling. First, the lotal

a0 -

25 4 ©

20 1

LEAEN
CSA 15

{mm?}

0 + t +

y=-023x+ 2282
[} r=-062

o SEE = 3.61mm’

=107

vessel cross-sectional area measured
22.6 mm?; this is comparable to previ-
ous measurements in diseased LM ar-
teries (22.0 to 23.3 mm?),>20 but larger
than measurements in nondiseased LM
arteries (19.0 mm?).2° Second, despile
an average plaque burden of 33%, the
average lumen cross-sectional area was
reduced by 20% compared with that in
nondiscased LM arteries,??

As in previous histopathologic and
IVUS studics,2-¢ we found a significant
relation between pitaque + media and
total vessel cross-sectional area. This
telation, which has previously been un-
derstood as an arithmetic expression of
the adapiive remodeling process, ap-
pears to be less strong in the LM artery
{r = (.46 to 0.56)>5 than has been re-

0 10 20 30 4Io 5;1
PLAQUE BURDEN (%)

7; ported in other major epicardial coro-
nary branches or in perpheral vessels
(r = 0.63 1o 0.85),2>1-16 In addition,

FIGURE 3. The minimal lumen cross-sectional area [C5A} by intravaseuler ultra
sound correlated inversely with the plague burden. This relation was observed not
only in the 34 orleries with a plaque burden =40% {r = -0.42, p <0.01}, but
<0.001), 5imi-
lar correlations were also found for bath, arteries with a plaque burden =30%

also in the 71 arferies with a plaque burden <40% {r = ~0.41,
ond <30% {r = —0.48 ond —0.42, respectively, both p <001},

Thirty-six of the 107 LM arieries had an 1VUS
plaque burden =40%; 71 had 2 plague burden <40%.
Both groups were similar with respect to age (58 & 11
vs 37 = 11 years) and gender (79% vs 78% men).
Results of quantitative coronary angiography and
IVUS analysis of these 2 subsets are listed in Table 1.
In the group with plague burden =40%, IVUS plaque
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the value of the relation belween
plaque + media and total vessel area
appcears to be limited because {1} corre-
lating plaque + media with total vessel
cross-sectional area should have a sig-
nificant positive relation because this is
a cormrelation between « and o + f3, and
(2) the regression equation will always show stecper
slopes for mildly diseased vascular scgments, falsely
suggesting overcompensation of iotal vessel area in
relation to plaque accumulation.2®

Variations of remodeling response:  However, the
results of the cument study also suggest that even
during eariier stages of atherosclerotic plague accu-
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30 s

40%, the LM was smaller than the —1

SD margin; this may reflect an {nade-
quacy or an ¢arly cessation of the adap-

+150 tive remodeling process.

25 1 ©
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Variability of the adaptive remodel-
ing process has previously been sug-
gested by others, 121371 Nevertheless,
because these studies in humans were

observations at one point in time, the
time course and magnitude of vascular
response to plague growth remains un-
known.

Limitations and potentiol sources of
error: (1) All patients underwent catheler-
based coronary interventions. Therefore,
we were limited to assessment of LM
arterics in patients withewr angiographi-
cally significant LM lesions, but with sig-
nificant lesions of the left antedor de-
; scending or circumflex coronary arteres,

PLAQUE BURDEN (%)
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70 {2) As in previous histopathologic or
IVUS studies of vascular remodeling, %
this study was observational and provided

FIGURE 4. fakavascddar ulfrasound normel values from pubfished reports, ob-
tained in 61 main stems with ultresound-documented absence of plaque forma-
tien {19.0 + 6,5 mm?},2® were used to evaluate the preservation of lemen cross-
sectional area {CSA). The illustration displays {1} data of the current study com-
(ysize {3 harizonfol lines), (3] a linear
regression ling, and {4) a dofted fine indicating o ploque burden of 40%, In pa-
Heats with ¢ plaque burden <20% the fumen size wos evenly diskibuted on both
sides of the mean normal value, ond in oli polients the lumen was larger than the
—1 5D margin, This may, to some extent, result from aduptive remodeling. Con-
versely, in several main stems with a plaque burden between 20% and 40%, the
lumen waos smaller than the —1 $B margin, which may reflect inadequacy or

pared with {2) mean £ 1 50 of the norma

carly cessation of the adaphive remodeling process.

mulation (i.e., plague burden of 20% to 40%), com-
pensatory vascular enlargement may be inadegquate to
preserve lumen dimensions in a considerable number
of cases. For instance, there was a negalive correlation
between lumen cross-sectional area and plaque burden
{r = 0.62), a relation that was not restricted to patients
with a plague burden > or <30% or 40%, as previ-
cusly described.® In the present study, there was also
no significant difference in total vessel cross-sectional
arca between (1) LM artery with a plague burden
<40% versus LM artery with a plaque burden =40%,
or {2) angiographically normal versus angiographi-
calty abnormal LM arterics. The total vessel cross-
sectional arca was even slightly higher in the group
with angiographically normal LM arierics. We used
IVUS normal values from published data, obtained
from 61 LM arterics with IVUS-documented absence
of plaque formation (19.0 = 6.5 mm?),2 (o evaluate
the preservation of the lumen cross-sectional area.
Figure 4 shows data of the current study compared
with the mean & | 8D of the normal LM size. In
patients with a LM plague burden <20%, the lumen
sizc was evenly distributed on both sides of the mean
normal value; in alf paticnts the lumen was larger than
the —1 SD margin. This may, lo some extent, result
from adaptive remodeling. Conversely, in several pa-
tients with a LM plaque burden between 20% and

only a “‘snapshot-like view'’ on coronary
artery disease. (3) Measurement accuracy
may be affected by an eccentric position
or a noncoaxial orientation of the IVUS
catheter. (4) The accuracy of visual as-
sessment of plaque composition on con-
ventional IVUS images is known to be
limited, and IVUS tissue classification
does not necessarily comespond 1o histo-
fogic classification. (5) Intracoronary in-
jections of nitrates were used to prevent
vasospasm, and no angiographic changes
were ohserved before and after the IVUS imaging pro-
cedure; nevertheless, this does not completely exclude
local vasaspastic activity.

Clinical implicotions: Although IVUS inspection re-
veals the presence of plaque formation within the LM
arfery in patients undergoing procedures of major left
coronary branches, the extent of plaque accumulation
is variable and should not be equated with hemody-
namically significant disease. Nevertheless, our find-
ings underline the standard recommendation to per-
form any cannulation of the LM artery with care. The
curreni sludy demonstrales thal compensaiory vascu-
lar enlargement is a variable phenomenon, explaining
a smaller lumen cross-sectional area in some cascs
even before the plaque occupies 40% of the total
vessel cross-sectional area. Serdal IVUS studies will
be necessary 1o gain insight into (1) the time course of
vascular remodeling, and (2) whether plaques with
different patierns of remodeling require specific or
different therapy with respeet to the acute procedural
success and long-tenm outcome,
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Summary

Three-dimensional (3D) intravascular ultrasound
(IVUS) systems provide techniques for auto-
mated quantitative analysis of relatively large
image sequetices. This approach has the potential
to reduce the subjectivity of mamml boundary
tracing and to facilitate volumetric IVUS meas-
urements. In most studies (Chapters 1-4 and
711}, a 3D contorr defection system was used,
which detects both the lumen and external
vascular boundaries based on the application of a
minimum cost algorithm. In Chapters 5 and 6, an
acoustic quantification system was applied,
which detects the lumen only, based on the appli-
cation of an algorithm for statistical pattemn rec-
ognition.

The thesis sheds a light on numerous studies
with these quantitative 3D IVUS systems, per-
formed at the Thoraxcenter and Erasmus Univer-
sity Rotfterdam. Aim of this work was (1) to
validate the method (Part ) and (2} to use the
technique to gain further insights info the mecha-
nisms of coronary atherosclerosis and percutane-
ous catheter-based coronary inferventions, such
as stent implantation and directional coronary
atherectomy (Part ).

Chapter 1 reports on the in vitro validation of
3D IVUS contour detection in atherosclerotic
human coronary areries, Cross-sectional area
and volume measurements by 3D IVUS agreed
well with the results obtained by manual tracing,
showing low bebween-method differences with
low standard deviations {cross-sectional areas:
<6.2%, volumes: =4.3%) and high correfation
coefficients (r20.97). The 3D IVUS measuse-
ments also correlated well with the histomorpho-
metric data (r=0.80).

Chapter 2 presents a validation study in a

tubular phantom with segiments of various lumi-
nal dimensions. The 3D IVUS contowr defection
showed good agreement and high corelations
with the true values. In addition, this chapter
reports on the measurement variability of ana-
lyzing clinical 3D image sequences from contin-
uous motorized transducer pullbacks, which was
found to be low {cross-sectional areas: <10.8%,
volumes: <2.8%). However, in this study, IVUS
sequences of coronary segments with excessive
cyclic movement were not considered for analy-
sis, as the systolic-diastolic saw-shaped image
artifacts on the fongitudinally reconstructed sec-
tions hindered the automated contour detection.

Chapter 3 describes a novel ECG-gated ap-
proach. As systolic-diastolic changes in vascular
dimensions and the oyclic movement of the
IVUS catheter may cause imaging artifacts, a
dedicated ECG-triggered pullback device was
developed. In all 28 humans, BCG-gated image
acquisition was successfully performed (within
3.9+1.5min) and well tolerated. There was an ex-
cellent agreement between automated confour
detection with conventional manual measure-
ments on 200 randomly chosen IVUS images
{differences <1.6% with SD <9.1%). Although
the coronary segments in this study were non-
selected and included calcified portions and
some sidebranches, 3D contour analyses of the
ECG-pated image sets showed a low measure-
ment variability (for cross-sectional area miea-
surements <7.2%), which was considerably
lower than that reported for a study with non-
gated 3D IVUS (Chapter 2). Volumetric meas-
urements showed a padicularly low measuore-
ment variability (<3.2%), which reflects an aver-
aging of the differences of the cross-sectional
area measurements.
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Chapter 4 repors the impact of different sam-
ple spacings (distance along vessel’s axis be-
tween two image slices) on volumefric measure-
ments, based on the caleulation by Simpson’s
rule. In coronary segments with mild-to-
moderate atherosclerosis the width of the sample
spacing had 2 relatively small but significant im-
pact on the variability of volumetric IVUS meas-
wrements. Measurement variability of plaque
volume for instance increased by 3%, when a
sample spacing of 0.2mm was replaced by a
sample spacing of lmm, These findings should
be considered, particularly when addressing with
IVUS volumetric changes that are assumed
small, such as those expected in studies of the
progression and regression of atherosclerosis.

Chapter 5 compares in vivo measurements of
the minimal luminal area of 38 stents, as provid-
ed by 3D IVUS (acoustic quantification), two-
dimensional (2D) IVUS, and geometric and den-.
sitometric quantifative coronary angiography.
Calcifications sometimes impaired automated
fomen detection by 3D IVUS. The 2D IVUS
measuremenis were slightly larger than those
obtained by 3D IVUS, which may partly have
resulted from a misinterpretation of slow blood
flow near the vessel wall by the computer
algorithm. Both IVUS measurements were sig-
nificantly larger than the angiographic data.
Nevertheless, significant correlations were found
between all four techniques {r= 0.58-0.87}. High
correlation  between  videodensitometry and
IVUS data suggests a particular potential for
videodensitometry,

Chapter 6 reports on a series of on-line abser-
vations with 3D (acoustic quantification} and 2D
IVUS after successfil angiography-guided im-
plantation of 20 Wallstents and 20 Palmaz-
Schatz stents. Insights with IVUS into the acute
resuft of coronary stenting showed evidence of
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significant differences between short {14.3%
3.3mm) bailoon-expandable Palmaz-Schatz stent
and long (35.14£7.7 mum) self-expandable Wall-
stent. Although angiographic results and visual
assessinent of the IVUS examination supgested a
good outcome in both stent designs, only few
Wallstents reached a stent-reference lumen area
ratio (= minimal stent area divided by average
reference area) >0.8. The lower values of this
ratio in Wallstents are most likely to be caused
by vessel tapering, suggesting that this criterion,
which had been derived from experience with
the Palmaz-Schatz stent, may not be suitable for
assessing the adequacy of relatively long stents
such as the Wallstents.

Chapter 7 presents a study with ECG-gated
IVUS image acquisition and 3D contour defec-
ffon on-line after coronary stenting (34 stents).
The study was performed to evaluate the feasibi-
lity and reliability of this diagnostic approach in
this particular clinical setting. ECG-gated image
acquisition was successfully performed in all
patients to allow on-line 31D analysis within 8.7+
0.6min, Analyzing the luminal dimensions along
an entire stented segment using 3D IVUS was
not only feasible, but also provided more accu-
rate results than conventional manual analysis on
2D video-images, recorded during continuous
pullbacks. The conventional approach signifi-
cantly overestilmated the minimal stent lumen
area in comparison with both on-ling 3D analysis
and off-line 3D re-analysis {p<0.005). In addi-
tion, by both on-line and off-line 3D IVUS
analyses, 14 stents (41%) failed to meet a pre-
defined ratio of stent expansion, however, only
half of them (n=7) were detected by the con-
ventional 2D analysis (p<0.02). The overesti-
mation of the minimal stent area by conventional
2D analysis may have most probably resulted
from performing the measurements slightly
proximal or distal to the site of the true minimal
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lumen.

Chapter 8 reports on 15 “Magic” Wallstents
(good radiographic visibility), which were im-
planted following a strategy of stent oversizing
and subsequent adjunct high-pressure balloon in-
flations. Between post-intervention and follow-
up examination, guantitative coronary angiogra-
pliy showed an increase in mean stent diameter
from 3.7H).4mm to 4.240.4mm: (p<0.0001}, Fol-
low-up 3D IVUS (contour detection) examina-
tion demonstrated that 52+18% of the stent vol-
ume was filled by neointimal ingrowith; neointi-
mal volumefom stent length was 64+£22mm’,
Late stent self-expansion assisted in accommo-
dating the neointimal profiferation, however it
also showed a significant relation with the extent
of in-stent neointimal ingrowth. Beneficial and
disadvantageous effects of the late stent expan-
sion appear to be balanced, as a relation with late
lunten loss or follow-up lumen dimensions was
not found fo be present,

Chapter 9 reports on an intermediate coronary
lesion, in which the vessel area at the smallest
lumen site (as measured by 3D IVUS contour
detection) was smaller than that at the distal
reference site. Angioplasty was deferred, because
of a normal distal coronary flow reserve, as
measured with a 0,014-inch Doppler guide wire.
This case report is the first 3D IVUS character-
ization of a lesion with inadequate compensatory
enlargement (1.e. “reverse Glagovian modeling™)
ever reported.

Chapter 10 addresses with 3D IVUS {contonr
detection) the question, whether lesions with and
without inadequate compensatory enlargement
show differences in volumetric lesion character-
istics. The results of this study were particularly
interesting in the light of recent criticism, argu-
ing that observation of lesions with inadequate

compensatory enlargement with conventionat 2D
IVUS might resuft from local vasospasm or
vessel collapse, induced by the insertion of the
IVUS imaging catheter itself. In a series of 35
patients, treated by catheter-based coronary inter-
ventions, 1S lesions showed inadequate compen-
satory enfargement (vessel area of the minimum
humen site < distal reference). Lesions with inad-
equate compensatory enlargement differed sig-
nificantly from the rest of the lesions, as both
plaque and vessel volumes of fesions with inade-
quate compensatory enlargement were signifi-
cantly smaller (p<0.05).

Chapter 11 evaluates whether differences in
the preintervention remodeling state, as exa-
mined with quantitative 3D IVUS (confour
detection), may have implications for the long-
term lumen dimensions following successful
directional coronary atherectomy. For lesions
with (n=16) and without (n=30} inadequate vas-
cular enlargement, there was no difference in
both preintervention and postintervention guanti-
tative angiographic data and IVUS lumen dimen-
sions, However, quantitative angiography at 6
months follow-up revealed smaller minimat lu-
men diameters (p<0.03) and reference lumen di-
ameters (p<0.02) in lesions with inadequate
compensatory enlargement prior to the inferven-
tion. Thus, lesions with inadequate compensa-
tory enfargement appear to have less favorable
lumen dimensions afler directional coronary
atherectomy procedures, despite primary angio-
graphic success,

Chapter 12 shows the limitations of quantita-
tive angiography with regards fo the assessment
of atherosclerotic plaque dimensions during the
progression and regression of coronary athero-
sclerosis. In addition, the potential role of IVUS
and the advantages of quantitative 3D IVUS and
plaque volume measurements are discussed.
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Chapter 13 summarizes the main technical
aspects of 3D IVUS and reports on advantages
and individual limitations of various 3D IVUS
systems. In addition, technique and potential of
dynamic 3D imaging are explained. Currently,
curved vessel segments are straightened out by
most quantilative 3D TVUS systems (“linear 3D
systems™), but recent developments permit com-
puterized measurements in real spatial 3D recon-
structions.

Chapter 14 demonstrates that quantitative 3D
IVUS is in some settings not required or even not
useful. In this study, 3D IVUS would indeed not
have been helpful, as both left main stems and
plaque formations examined were relatively
short, Conventional two-dimensional TVUS was
used to obtain new insights into vascular re-
modeling in response to left main atheroselero-
sis, which was examined in 107 left main coro-
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nary arferies. The IVUS data suggest that lumen
dimensions may not be preserved, even if plaque
occupies no more than 20% to 40% of the vessel
area. Thus, there is more variation in the remod-
eling response during earlier stages of plaque
accumnulation than is commonly suggested,

In conclusion, quantitative 3D FVUS is a feasi-
ble approach that permiis a reliable and repro-
ducible analysis of the luminal and vascular di-
mensions along an entire coronary segment, The
studies reported in this thesis clearly indicate that
quantitative 3D IVUS can be remarkably hefpful
to gain further insights into the mechanisms of
both coronary atherosclerosis and catheter-based
coronary interventions, Particularly in combina-
tion with ECG-gated image acquisition, quantita-
tive 3D IVUS also has the potential to gain clini-
cal importance and become a routine technigue.
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Samenvatting

Drie-dimensionele  intravasculaire  ultragefuid
systemen verschaffen de techniek voor de geau-
tomatiseerde quantifatieve analyse van relatief
lange beeld sequenties. Deze benadering biedt de
mogelijklieid om de subjectiviteit bij handmatige
contourtekening te reduceren en om de volume-
trische IVUS metingen te vergemakkelijken. Bij
de meeste studies (zie de hoofdstukken 1-4 en 7-
11) werd een 3D confour defectie systeem ge-
bruikt, dat zowel de contouren van het fumen als
ook de externe vasculaire grenzen vaststelt, ge-
baseerd op de toepassing van een minimum cost
algoritnte. In hoofdstuk 5 en 6 werd een acous-
tisch quaniificatic systeem gebruikt dat slechts
het lumen opspoort, gebaseerd op het gebruik
van een algoritme voor statistische patroon her-
kenning.

De thesis belicht taltjke studies die gebmik
maken van quantitatieve 3D IVUS, dic uitge-
voerd werden in het Thoraxcentrum en in de
Erasmus Universiteit te Rotterdam. Het doel van
de werkzaamheden was (1) de methode te vali-
deren (deel 1) en {2) om met behulp van deze
techniek verdere inzichten te verkrijgen in de
mechanismen van atherosclerose in de coronai-
rei1 en in die van de interventies in de coronairen
door middel van percutane catheterisatie zoals
stentimplantatic en directionele coronaire athe-
rectomie (deel 2).

Hoofdstuk 1 geeft de in vitro validatie weer
van 3D IVUS confour detectie in sclerotische
menselijke coronairarterigen, Dwarsdoorsnede
metingen op doorsnede plaatjes en volume me-
fingen door middel van 3D IVUS komen goed
overeen met de resulfaten die verkregen worden
bij handmatig contour tekenen en laten daarbij
kleine verschillen tussen de methoden onderling
zien met kleine standaard afivijkingen (cross-

sectional area: <6.2%, volumina: < 4,3%) en ho-
ge comrelatie cofficienten (120.97). De 3D IVUS
metingen correleren tevens goed met de histo-
morphometrische data (:20.80).

Hoofdstuk 2 geeft een validerende sfudie weer
in een tubufair fanfoom met segmenten van ver-
schillende luminaire dimensies. De 3D IVUS
contour defectie laat duidelijk een goede over-
eenkomst en een hoge correlatie zien tussen de
redele waarden. Daarnaast wordt in dit hoofdstuk
de variabiliteit in de metingen tussen enerzijds
de analyse van klinische 3D beeld sequenties en
anderzijds de continue gemotoriseerde transdu-
cer pullbacks beschreven. Deze variabiliteit is
laag (cross-sectional areas: <10.8%, volumes
<2.8%). In deze studie zijn de IVUS sequenties
van de coronaire segmenten met excessieve
cyclische bewegingen echter niet geschikt be-
vonden voor analyse, omdat de in de systolische
en diasfolische fase ontstane zaagtandachtig wit-
ziende beeldarfefacten in de longitudinaal gere-
construeerde secties de automatisch contour de-
tectic bemoeilijkten.

Hoofdstuk 3 beschrijft een nieuws ECG-
getdggerde benadering. Omdat de systolische-
diastolische veranderingen in de vasculaire afine-
tingen enerzijds en de cyclische beweging van de
IVUS-catheter anderzijds beeld artefacten kun-
nen veroorzaken, werd een ECG-getripgerde
putlback device ontwikkeld. Bij alle 28 patienfen
werdenr met succes BECG-getriggerde beelden
verkregen (binnen 3.931.5min}, zonder dat de
patienten kiachten kregen. Er was een zeer goede
overeenstemining tussen de geautomatiseerde
confour detectic en de conventionele, manueel
verkregen metingen bij 200 gerandomiseerd
gekozen IVUS beelden (verschillen <[.6% met
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SD <9.1%). Hoewel de coronaire segmenten in
deze studie niet geselecteerd waren en zowel
gecalcificeerde delen als ook enkele zijtakken
includeerde, licten de 3D contour analyses met
ECG-getriggerde beelden een kleine variabiliteit
in de metingen zien (voor cross-sectional area
metingen <7.2%), die beduidend lager is in
vergelijking met de studie mef niet-getriggerde
3D IVUS (hoofdstuk 2). Volumetrische mefing-
en lieten een bijzonder lage variabiliteit in de
metingen zien (<3.2%), hetgeen een middeling
van de verschillen van de dwarsdoorsneden
cross-scctional area metingen weerspiegelt.

Hoofdstuk 4 geeft de impact weer van ver-
schillende sample spacings (afstand tussen twee
plaaties langs de as van het vat) die gebaseerd
zijn op de berekening volgens
Simpson’s rule. In coronaire segmenten met ge-
rnge tot matige atherosclerose had de breedte
van de sample spacing een relatief kfeine, maar
significante impact op de variabiliteit in de volu-
meirische TVUS metingen, De varabiliteit in de
metingen van plaque volume nam bijvoorbeeld
met 3% toe, op het moment dat een sample spa-
cing van 0.2mm werd vervangen door een sam-
ple spacing van Imm. Deze bevindingen zouden
in aanmerking genomen moeten worden met
name als IVUS gebruikt wordt om volumetrische
veranderingen op fe sporen, waarvan wordt uit-
gegaan dat ze klein zijn, zoals bijvoorbeeld in
studies naar de progressie en regressie van
atherosclerose.

In hoofdstuk 5 worden van de kleinste lumen
area van 38 stents de in vivo metingen vergele-
ken, die vast werden gesteld door middel van 3D
IVUS (acoustisch quantificatie), twee-dimensio-
nele (2D) IVUS en door geometrischie en den-
sitometrische quantitatieve coronair angiografie,
Calcificaties belemmerden soms de aufomatische
lumen detectie door 3D TVUS. De resultaten van

170

de metingen met 2D IVUS waren weinig groter
dan die verkregen door 3D TVUS, hetgeen voor
een deel mogelijk het gevolg was van de mis-
interpretatic door het computer algoritme van de
trage bloedstroom vlak bij de vaatwand. De me-
tingen met 2D en 3D IVUS waren significant
groter dan de angiografische data, Niettemin
werden significante correlaties gevonden fussen
alle vier de technieken ( r=0.58-0.87). De hoge
correlatie tussen videodensitometrie en de TVUS
data suggereren cen bijzondere potentieel voor
videodensitometrie.

Hoofdstuk 6 doet verslag van een serie on-line
observaties met 3D {acoustisch queantificatie) en
2D IVUS na de succesvolle implantatie van 20
Wallstents en 20 Palmaz-Schatz stents met be-
hulp van slechts angiografic. Inzichten met
IVUS in het acute resultaat van stenting in de
coronair getuigden van significante verschillen
tussen korte (14.3£3.3mun} balloon expandable
Palmaz-Schatz stents en lange (35.1+£7.7mm)
selfexpandable Wallstents. Hoewel angiografi-
sche resultaten en visuele inschaitingen van het
IVUS resultaat wijzen op een goede uitkomst bij
beide stentfypen, bereikten maar weinig Wall-
stenfs een sfent-reference lumen area ratio (=
minimal stent area gedeeld door gemiddelde
reference area) 20.8. De lagere waarden van deze
ratio bij de Wallstents worden waarschijulijk
veroorzaakt door vessel fapering, wijzend op het
feit dat deze berekende parameter, die verkregen
werd uit ervaringen met de Palinaz-Schatz stent,
niet geschikt zou zijun om de adequaatheid vast te
stellen van relatief lange stents zoals de Wall-
stents.

Hoofdstuk 7 beschrijft een studie met ECG-
getriggerde IVUS beeld opname en on-line 3D
confour detectie na coronaire stenting (34 stents).
De studie werd gedaan om de uitvoerbaarheid en
de betrouwbaarheid van deze diagnostische be-
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nadering in deze bijzondere klinische sefting te
onderzoeken. ECG-getriggerde beeld opnamen
om on-line 3D analyse binnen 8.7+).6niin moge-
lijk te maken werden bij alle patienten met
succes verkregen. Het analyseren van de lumen
dimensies over de lengte van een geheel gestent
segment met gebruik van 3D IVUS was niet
alleen goed uitvoerbaar, maar het leverde ook
meer accurale resultaten op dan bij analyses met
gebruik van de conventionele handmatige mander
met 2D videobeelden, opgenomen tijdens het
continu terugtrekken van de TVUS catheter. Bij
de conventionele aanpak werden de minimale
stent lamen area's significant overschat in ver-
gelifking met zowel de on-line 3D analyses als
ook met de off-line

3D re-analyses (p<0.005). Bij zowet de on-line
als ook bij de off-line 3D IVUS analyses bereik-
ten bovendien 14 stents (41%) niet een tevoren
vastgestelde ratio van stent expansie, echter
slechts de helft van dit aantal {(n=7) werd aange-
toond door de conventionele 2D} analyse (p<
0.02), De overschatting van de minimal stent
area bij de conventionele 2D analyse is waar-
schijnlijk het gevolg van het iets te proximaal
dan wel te distaal meten ten opzichte van de
plaats van het echte minimale fumen.

Hoofdstuk 8 doet verslag van 15 “Magic™ Wall-
stents (goede radiografische zichtbaarheid), dic
geimplanteerd werden volgens de strategie van
stent oversizing gevolgd door ballon inflaties
met hoge drukken. Tussen post-inferventie en
follow-up onderzoek liet quantitatieve coronair
angiografie een toename van de gemiddelde stent
diameter zien van 3.7204mm tot 4.2+0.4mm
(p<0.0001). Follow-up onderzock met 3D IVUS
{confour detectie) toonde aan dat 52+18% van
het stent volume door neointimale groei werd
gevuld; het necinfimale volume/em sient be-
droeg 64+22 mm®. Late zelf-expansic van de
stent droeg bij aan de acconmodatic van neoin-

timale proliferatie, maar toonde ook een signifi-
cante refatie aan met de mate van neointimale
ingroei in de stent. Voor- en nadelige effekten
van late stent expansie leken in evenwicht te zijn,
aangezien een relatie met het late verlies van
fumen of met de hunen dimensies tijdens follow-
up niet aangetoond kon worden.

Hoofdstuk 9 beschrijft een intermediaire
coronaire laesie, waarin de vessel area ter plaatse
van ket smalste deel van het lumen (gemeten met
3D IVUS contour detectie) kleiner was dan dat
ter plaatse van het distale referentiepunt. Angio-
plastiek was niet van toepassing omdat er een
normale distale coronaire flow reserve was,
hetgeen gemeten werd met 0.014-inch Doppler
guide wire, Dit case report is het eerste ooit
gepubliceerd dat met behulp van 3D IVUS een
laesie beschrijft met een inadequate compense-
rende vergroting (“reverse Glagovian mode-
ling*).

Hoofdstuk 10 onderzoekt mef het gebruik van
3D IVUS (contour detectie) de vraag of laesies
met en =zonder inadequate compenserende
vergroting verschitlend zijn wat betreft hun
volumetrischie eigenschappen. De resultaten van
deze studie waren met name interessant in het
licht van de recente kritieken, die beargumente-
ren dat de observatic van laesies met inadequale
compenserende vergroting met behulp van de
conventionele 2D TVUS mogelijk het resuitaat
zijn van locale vaatspasmen of van
het collaberen van de vaten, veroorzaakt door het
inbrengen van de IVUS catheter. In een serie van
35 patienten die behandeld werden door coronai-
re interventies door middel van percutane angio-
plastiek, lieten 15 laesies een inadequate com-
penserende vergroting zien (vessel area fer
plaatse van het kleinste fumen < distale referen-
tie). Laesies met cen inadequate compenserende
vergroting verschilden significant van de overige
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laesies, in die zin dat zowel plaque als vaatvo-
lume van de laesies met inadequate compen-
serende vergroting  significant kleiner waren
(p<0.05).

In hoofdstuk 11 wordt getvalucerd of ver-
schillen in de toestand van de vat remodulering
voor interventie, bekeken met quantitatieve 3D
IVUS {(contour detectie), van invloed zouden
kunnen zijn op de dimensies van het lumen op
lange termijn na succesvolle directionele coro-
naire alherectomtie, Bij laesies met (n=16) en
zonder (n=30) inadequate vasculaire vergroting
werd er geen verschil gevonden in zowel de pre-
als ook in de postinterventionele quantitatieve
angiografische gegevens en in de IVUS lumen
dimensics. Quantitatieve angiografic in de
follow-up na 6 maanden toonde echter kieinere
minimal lumen diameters (p<0.03) en reference
lumen diameters (p<0.02) in laesies met inade-
quate compenserende vergroting dic vastgesteld
werd vé6r de interventic. Laesies met inadequate
compenserende vergroting blijken dus minder
goede lumen dimensies te hebben na procedures
met directionele coronaire atherectomie, ondanks
aanvankelijk angiografisch succes.

Hoofdstuk 12 geeft de limitaties van quan-
titatieve angiografie weer met betrekking tot de
beoordeling van atherosclerotische plaque di-
mensies fijdens de progressie en regressie van
coronaire atherosclerose. Daarnaast worden de
potentiele rol van IVUS, de voordelen van quan-
titatieve 3D IVUS en de plaque volume metin-
gen besproken.

In hoofdstuk 13 worden de belangrijkste tech-
nische aspekten van 3D IVUS samengevat en
wordt er verslag uitgebracht van de voordelen en
de individuele beperkingen van verschillende 3D
IVUS systemen, Daamaast worden techniek en
mogelijkheden van dynamische 3D IVUS beeld-
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verwerking uitgelegd. Momenteel worden ge-
kronkelde stukken van cen vat bij de meeste
quantitatieve 3D IVUS systemen vitgerekt (“li-
neaire 3D systermen®), maar recente ontwikke-
lingen maken computer metingen mogelijk in
reeele ruimtelijke 3D reconstructies.

Hoofdstuk 14 laat zien dat quantitatieve 3D
IVUS in sommige settings niet nodig is of zelfs
niet nuttig is. In deze studie zou het gebruik van
3D IVUS inderdaad niet geholpen hebben omdat
de finker hoofdstam en de plaque formaties die
bekeken werden relatief kort waren. Conventio-
nele 2D IVUS werd gebruikt om nieuwe inzich-
ten te krijgen in vasculaire remodeling als reaktie
op atherosclerose in de linker hoofdstam, het-
geen werd bekeken in 107 coronairen, De TVUS
data suggereren dat lumen dimensies verkleind
worden, zelfs als niet meer dan 20-40% van de
vessel area door plague wordt ingenomen. Er is
dus meer variatie in de “remodeling response”
tijdens vroegere fases van plaque accumulatie
dan algemeen wordt aangenomen.

De conclusie is dat quantitatieve 3D TVUS een
praktische techniek is, die een befrouwbare en
reproduceerbare analyse mogelijk maakt van de
luminate en vasculaire dimensies van een geheel
coronair segment. De studies die in deze thesis
aangehaald zijn geven duidelijk aan dat quantita-
tieve 3D IVUS optnerkelijk behulpzaam kan zijn
bij het verkrijgen van verdere inzichten in de
mechanismen van zowsl coronaire atheroscle-
rose als ook van coronaire catheter-interventies.
Vooral in combinatie met EBECG-getriggerde
beeld opnamen heeft quantitatieve 3D IVUS ook
het potenticel om klinisch aan importantie te
winnen en een routinematige techniek te worden.
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