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CHAPTER 1

Introduction and overview of thesis



Chapter 1

The recognition of the existence of ultra-
sound is credited to L. Spailanzani (1729-
1799). In recent years, ultrasound has been
used as an imaging modality in medicine. L
Edler and C.H. Heriz produced the first
ultrasound images of the heart in 1953. In
the 1960’s great progress was made in the
clinical application of ultrasound - when
real-time {wo-dimensional ultrasound scan-
ners were developed., In 1968, J. Somer
constructed the first eiectronic phased-array
scanner and this technology is still the most
widely used in ultrasound equipment. In
1974 EE. Barber and colleagues produced a
duplex scanner which integrated imaging
with pulsed-wave Doppler measurcments.
C. Kasai and colleagues constructed in
1982 the color-coded Doppler flow imaging
system based on autocorrelation detection,
providing a noninvasive “angiogram” simu-
lation of normal and abnormal blood flow
on a “beat-to-beat” basis. Transesophageal
echocardiography became available to cli-
nicians in 1985 due to the developments of
J. Soquet who invented the mono- and bi-
plane electronic phased-array probel.
Echocardiography has become one of the
most commonly used diagnostic imaging
techniques in cardiology.

The development of commercial 3-D
echocardiographic equipment began in the
early 1990°s. In 1993 a technique allowing
acquisition of tomographic parallel sliced
data set of echocardiographic images of the
heart with a lobster tail TEE probe, was

developed by the German based company
“TomTec GmbH”. The TEE probe had an
imaging element which could be controlled
by computer applying a stepping motor.
They also developed an interface to the
patient to record the respiration and R-R
intervals. This allowed the acquisition of
ultrasound images ECG-triggered and
gated, which reduced motion artifacts cau-
sed by beat-to-beat and respiratory varia-
tions in cardiac dimensions and position.
After the acquisition of a tomographic data
set, the images were post-processed and
with application of software interpolation
algorithms, gaps in the data set could be fil-
led. This post-processed data set could then
be used to reconstruct 3-D volume rendered
images of the heart. 3-D ultrasound provi-
des cardiac images which more closely
mimic actual anatomy than 2-D cross-sec-
tional irmages, and may thus be easier to

intterpret.

Potential cardiovascular applications for 3-

b include:

+ Assessment of ventricular function,
volume and mass. These parameters are
particularly relevant for the assessment
of ischemic heart disease and cardiomy-
opathies, in which 2-D methods based on
geomelric assummptions are subject to
error from distorted geometry and
regional dysfunction.

+ Evaluation of complex surfaces, such as
the atrial septum, valve leaflets, prosthe-
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tic heart valves, papillary muscles and
venlricle aneurysms.

* Definition of complex congenifal heart
defects,

s 3-D color-coded Doppler which can
improve understanding of the spatial dis-
tribution of blood flow.

+ Surgical planning. The 3-D imaging pro-
vides the ability to display a structure in
varied planes and offers the surgeon uni-
que and useful views of cardiac anatomy.

* 3-D reconstruction of intravascular

ultrasonic images.

More recent transthoracic and transesopha-
geal rotoplane devices have been developed
which make the acquisition simpler and less
invasive®4. Today, M-mode, two-dimen-
sional, three-dimensional, pulsed-wave,
continuous-wave and color-coded Doppler
flow modalities have been combined in the
one diagnostic console and provides a very
comprehensive cardiac diagnostic facility
providing integrated structural, functional

and hemodynamic information.

In 1972 the development of catheters for
intravascular and intracardiac application
bcgans. Since the mid 1980’s intracoronary
ultrasound (ICUS) catheters have become
commonly used research tools providing
cardiac interventionalists with high-resolu-
tion cross-sectional images of the vessel
wall which cannot be obtained with contrast
angiography, this modality onty displaying

sithouette views of the vessel lumen. TCUS
imaging permits visualization of lesion
morphology and can provide accurate
measurements of vessel cross-sectional
dimensions. At this stage, ICUS is still a
research tool and its full clinical potential
remains to be realized. There is however
increasing evidence from large prospective
studies that ultrasound guided coronary
interventions have the advantage of impro-
vements in immediate lumen enlargement6'9,
reduced procedure-related ccnnplicatiens10
and long-term restenosist 1112,

In 1994 we adapted the technique which
had been used for tomographic acquisition
of echocardiographic images of cardiac
chambers and walls, to the imaging of coro-
nary arteries. At first, these coronary tomo-
graphic ICUS data sets were used to produ-
ce 3-D reconstructions. Subsequently a
volumetric analysis software package for
vessels was adapted for quantitative analy-

sis of the image data.
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OVERVIEW OF THE THESIS

Part I: Three-dimensional reconstruction
of the heart and the coronary vessels

In chapter 2, a technique is described of
acquiring ECG-triggered and gated tomo-
graphic echocardiographic data sets, to per-
form dynamic any-plane, para-plane and
three-dimensional (3-D) imaging of the
heart, This technique was a breakthrough in
the clinical application of 3-D echocardio-
graphy.

Chapter 3 describes a technique of per-
forming dynamic three-dimensional recon-
struction of ICUS images based on an
ECG-gated pullback device. This technigue
was an extension of the technique described
in chapter 2 and was developed at the
Thoraxcenter, Rofterdam,

In chapter 4, 3-D reconstructions of
implanted intracoronary stents in humans
are examined. In this study two types of
stent designs are compared, a wire-mesh
design (Wallstent™) and a coil-type stent
{Cordis coronary'stent). The designs of
stents could be of importance for the suc-
cess of an attetnpt at 3-D reconstruction.

Chapter 5 describes the ultrasound appe-
arances of coronary stents. Every stent has
its  own ultrasound  “fingerprint”.
Knowledge of the ultrasound appearance of
a stent in-vifro is useful in assessing the
stent in-vivo, and helps recognition of
image artifacts. Further information is gat-
hered as to ICUS catheter image resolution.

3-D reconstruction of the sients was perfor-
med using a so-called “endoscopic” view or
“black-and-white” angioscopy simulation,
a novel development which may become
clinically useful.

In chapter 6, current and future develop-
ments of 3-D-echocardiography are discus-
sed. “Virtual Reality” technigues could be

useful for training and teaching purposes.
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Part II: Quantitative analysis of corona-
ry vessel dimensions

Chapter 7 describes how quantitative
analysis of ICUS 3-D reconstructions can
provide accurate measurements of vessel
dimensions. This technigue is of great clini-
cal interest since ICUS measurements can
be used in the evaluation of interventional
techniques.

In chapter 8, a study comparing ECG-
gated and non-gated three-dimensional intr-
acoronary uiltrasound analyses is reported,
The main objective was to investigate ihe
effect of different methods of image acqui-
sition volumetric measurements,

Chapter 9 describes the feasibility and
reproducibility of ECG-gated three-dimen-
sional ulirasound acquisition in combina-
tion with a volumetric analysis software
package.

Finaily, chapter 10 describes how the
developed technique can be used on-line for
coronary stent placement in the catheteriza-
tion taboratory.
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Precordial multiplane echocardiography
for dynamic anyplane, paraplane and three-
dimensional imaging of the heart

J. ROELANDT, A, SALUSTHI, W. VLETTER, Y. NOSIR, N. BRUINING
WITH THE TEGHNICAL ASSISTANGE OF L. BEKKERING, K.K. DJOA AND R. FROWIJN

From the division of Cardiology, Thoraxcentre, Universily Hospital Rotlerdam -Dikaigt and Erasmus University Rotterdam, The Netherlands

Abstract

We constructed a hand-held transducer assembly to which
any commeicially available transducer can be adapted for
performing precordial multiplane echocardiography. The
transducer rotation around ils center axis is computer con-
trolled via a step motor and permits image acquisition in pre-
determined angular steps for three-dimensional image
reconstruciton (three-dimensional echecardiography}. From
the collected volume dala set, cardiac cross-sections which
are physically impossible to obtain from precordial or
transesophageal acoustic windows can be computed in any
desired plane {anyplane echocardiography). Electronic paral-
lel slicing through the velume data set allows the generation
of equidistant cross-sections at selected intervals in any
dizection (paraplane echocandiography). :
These aew computer generated imaging capabilities will
change the practice of echocardiography in the future by
making it a less operator-dependent technigue with minimal
performance variability. Clearly, the range of clinical
questions that can be answered will be further expanded by
these developments.

Introduction

In two decades, cardiac ultrasound has beconte the most
widely disseminated diagnostic imaging method in clinical
cardiology. The method allows one 1o noninvasively look
iato the heart by providing serial tomographic views recor-
ded from liited precordial and transesophageal acoustic
windows. However, most of our diagnostic decision making
is based on a mental reconstruction of these tomographic
views into their three-dimensionat geometry. Ciearty, this is a
difficelt process requiring skill and experience. Thus, the
availability of objective and more intelligible three-
dimensional images would greatly facilitate the diagnosis of
unknown and complex pathology and improve diagnostic
accuracy in general. This also applies to other tomographic
techniques such as computer tomography and magnetic resa-
narce imaging.

The most practical approach to three-dimensional echocar-
diography is the acquisition of a consecutive series of tomo-
graphic views using standard avatlable ultrasound equipment
together with accurate spatial and temporal information and
subsequent “off-line” reconstruction,

Recently, computer technology became available allowing
both precordial and transesophageal controlled image
acquisition using parallel, ! fan-like*® and rotational scan-
ning methods.?? Data processing algorithms for volume rzn-
dered reconstruction with grey scale tissue imaging
represented another major breakthrough. 10

Qur experience with three-dimensional reconstruction using
fransesophageal rotational acquisition with a commercially
available multiplane imaging probe has been described.”® In
this approach, a computer-based steering logic which consi-
ders both heart cycle variation and the respiration phase ton-
trols a step motor which rotates the imaging plane in pre-
determined steps via the exteznal control knob of the
muitiplane probe.

However, the rotational approach can also be used at a single
pivot point over a small acoustic window. We have const-
ructed a transducer assembly which can accommedate any
commercially available transducer for precordial rotationat
image acquisition.? The transducer s centered in the inner
cylindrical housing of a double walled cylindrical rotation
mechanism and can be rotated aroend its center axis via a
steg-motor ander control of the same steering logic as is used
for transesophageal image acquisition. With this transdocer
assembly, controlled precordial multiplane echocardiography
can be performed similar to multiplane transesophageal
echocardiography. This appreach is net onty the basis fer
routine three-dimensional echocardiography but also for a
more standardized semi-automated examination procedure.
In this paper we repert our experience with this prototype
transducer assembly denzonstrating the feasibility of precer-
dial three-dimensional echocardiography in aduit patients,

The precordial transducer assembly and ulirasound
system

The inner componeats of the transducer assembly for precor-
dial image acquisition consist of a cylindrical housing witha
cog-wheel to which any standard precordial imaging transdu-
cer can be adapted.

This eylindrical housing with the contained transducer fits
into a cylindrical holder and can be rotated with a step-moter
via a wheel-work Interface (figure 1). The step-metor is com-
manded by a steering-logic for controlled image acquisition
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The upper panel shows tha hand-fie'd transducer assembly used for precordial Image acquisition containing a Vingmred 3.5 AMHz seclor scanning transduces. The
stepmotor is mounted o the cylindrical hoider and roltates via a wheel- work interface, tha transducer ins'de the ho!der. A cable which transmits the pulses from
the computer algodthm Lo sleer the step-motor for controted acquisition Is attackad To the connsctor mounied neat to the step-molor. There is a micro-swilch fa
control tha start at @ degrees and the end al 178 degrees of the image acquisition. By adapting the siza and shapae of the inner housing any commercially avalable
precordial ranscucer can ba used. Tha hand-feld transducer assembly conlaining a Toshiba 3.5 MHz phasecharay transducer is shown in the lower pansl.

{Echo-scan, TomTec GmbH, Munich, Germany). The trans-
ducer assembly is hand held and can be placed either over
the parasternal, apical or subcostal window (figure 2). The
prabe can be aimed in any direction to find the center axis of
the seclor images encompassing the region or structurs of
interest. During acquisition, the probe is kept stationary
while the transducer is rotated through 180 degrees around
this center axis in predetermined steps by means of the step-
motor. The sampled cardiac cross-sections encempass a coni-
cal image volume with the transducer positioned at its apex.
‘The video output of the echocardiographic imaging system is
interfaced with the TomTec Echo-scan system for three-
dimensional egconstruction.

Precordial image acquisition

The step-motor in the transducer assembly is commanded by
a software-based steering logic which controls the image
acquisition in a given plane by an algorithm censidering both
heart cycle variation by ECG-pating and respiratory cycle
phase by impedance measurement, These paramelers are
recorded priof o the actual image acquisition for a cerfain
time period to select the average cardiac cycle and respirato-

ry phase pattern. Based on this information, the step-moter is
gﬁ:‘:’(‘;’,:é’am explalns the pringipls of soquisition of sequential cross- commanded by the steering logic te acquire cross-sections of
sectional imagss 3t 2 degres sleps from the apical transdicer position. cardiac cycles that fall within a selected range of cycle length
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Figure 3.

Apleal {peecordial) muftiplana echocardiograpliy of a patient with a dlaled keft ventricks. Under computer controf, tha imaging plana Js rofated cver

180 starting with & keft ventricutar long-axls piane and with steps of 35% The axis of rolation is Indicated in panel A Allimages ere recorded in the samea phase of
the respirafery yths. Images A and F are mirmor images. The Images can ba recorded on videotape or optical dise for further analys’s. Increments of 2° during
BCquUISiion alow the completion of 4 rolational dataget for three-dirmensional reconstucton.

and respiratory phase, This permits optimal temporal and
spatial registration of the precordial images. After a cardiac
cycle is selected by the steering logic, the cardiac images are
sampled at 40 msec intervals (25 frames/sec), digitized and
stored in the computer memory, Then, the step-motor is
aclivated and rotates the transducer 2 degrees to the aexi
scanning plane, where the same steering logic is followad, To
fil the conical data voleme, 90 sequential cross-sections
from 0-178 degrees must be obtained each during a complete
cardiac cycle.

‘The transducer assembly can also be vsed for routine precor-
dial multiplane echocardiography (figure 3) or semi-auto-
mated echocardiographic image acquisition for left ventri-
cular functien studies or stress-echocardiography.
Respiration gated recording of cardiac cycles in a given
plane avoids the influence and random errer caused by extr-
acardiac motion effects.

Data processing

The recorded images are formatted in the correct sequence
accerding to their ECG phase in velumetric data sets
{256*%256%256#* pixelfeach 8 bit). To convert the rotated ima-
ges into an isotropic cubie data set, a geometric transfor-
mation is necessary. To fill the gaps in the far fields, a “wuili-
near cylindric interpolation” is used. The size of the gaps is

dependent on the distance from the rotation axis and the
angle increment between 1wo acquired images. An over-
sampling is done near the rotation axis and an undersampling
in the cuter region. This phenomenoen can be compared 10 a
regutar two-dimensional sector image. In such an image, the
near field is over- and the far field is undersampled as well,
To reduce motion artifacts which can be created by patient
movement, respiratory artifacts or probe movement, a dedi-
cated image processing flter is used (ROSA filter: Reduction
Of Spaiial Artifacts).

Anyplane echocardiography

Any desired cross-section of the heart or of a selected
structere which is difficult or physicafly impossible to obtain
from standard precordial or transesophageal acoustic win-
dows can be computed from (he data set and disptayed in
motion with zoom facility in cine-foop format at 25 frames/
see (figure 4).

Parallel slicing through the data set is possible and allows the
generation of cquidistant cross-sections at selected intervals
in any plane through a region or struclure of interest

13
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Figura 4.

LA LA (1 o) -

B LA (o,

Anyplane echocardiography. From the thres-dimensional dafa set up [o B cut planes can be sefecled and reconstucted by compuler. ln this example Jeft ventr-
cular (LV] fong-axis views are generated (panels B-{) and their orientation Is shown in panel A. A comprehensive sfandardized analysis of the shape, siza and wal

motion of the left venlrich fs possible.

(figure 5). These computed cross-sections can be displayed
in cing-loop fermat at 25 frames/sec,

Threa dimenstonal reconstruction

To distinguish between a structure of interest and the back-
ground image, a greylevel threshold is used. This difficult
process is known as image segmentation. A “hard" decision
is somewhat relaxed by using a “fuzzy segmentation”, where
a probability is assigned to each greylevel, 10 decide whether
it belongs to a structure or the background. A mere or less
subjective decision I3 always necessary {i.e. to adjust for the
‘Time Gain Compensation used during acquisition of the ori-
ginal two-dimensional images).

Since ultrasound images are noisy, algorithms for edge
enhancement and noise reduction must be applied. The per-
formance characteristics of these algorithms will have an
effect on the overall quality of the three-dimensional image.
Furthermore, the definition of a threshold to recognize the
interface between cardiac structures and the blecd pool
during the segmentation procedure is based on viswal
inspection. This introduces a subjective factor similar to the
optimization of two-dimensional echocardiograms during
standard examination procedures,

Different rendering algorithms are used and mixed with dif-
ferent weighting factors o create a three-dimensional shaded

i4

display.’ These algorithms are: a) distance shading; b} trans-
parent adaptive greylevel gradient shading; ¢) texture sha-
ding and d) maximum intensity projection.

The tissue display of the three-dimensional reconstructions
has a close resemblance to the actual anatomy of the heart.
This effect can be further enhanced by creating rotational
sequerices on the output screen.

Clinical procedure

Echocardiographic studies are performed with the transducer
system in the parasternal or apicat positions while the patient
is comfortable lying in the 45-degree left recumbent position.
The sperator has to find the center axis around which the
imaging plane is rotated to encompass the structure(s) er
region of iaterest. Since the spatial coordinate system
changes with transducer movement, motion of the transducer
must be avoided. We found that after a learning period an
experienced operator is able to keep the transducer stationary
during the acquisition period. Inadverteat patient movement
during the image acquisition ¢an be largely prevented by tho-
roughly explaining the procedure before the study. The exa-
mination, including the calibration procedures, selection of
the optimal gain seltings and conical volume with a few test
ruans and the actual image acquisition, requires approximately
8- 10 minutes in patients with sinus thythm. In order to secure
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Figure &,
Paraplane echocardiography using the three-dimensional data sel of a patient with hypertropiic cardioryopathty. Tha parasternal fong-ads view Is shown fn pardd
A and the fnes Indical the complter genersted paraTiel shart axs views of the left ventricle from B to 1.

Figura 6.
Tha sarme pat'ent as in fgure 5. The left vertric'a 15 now STced in pl Lt 5 Vi i '

3 ! T planss parafel to the forg avis view from interve g f H e
Parel E corresponds 16 the standard parasterna long-ax's visw. pard e Tntervenircutas septorm 4 the ftecal wih

5
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Fgura 7.

Theee-dimansional reconstruction with volume rendered display of the aortic valve (AV). Bectronic aorfofomy is performed and tha valve fs visvalized from 2bove

in tha closed position during diastole (A) and open position during systole ([B).

aptimal image quality of individual regions of imerest, diffe-
rent image acquisition sequences from different windows are
performed. Calibration and storage of the data in the com-
puter memory between acquisition sequences requires
approximately 3 minutes.

Off-line three-dimensional reconstruction of an arca of inte-
rest requires 30-60 minutes depending how difficult it is to
select the optimal cut planes {o visualize a given structure in
its three-dimensional perspective as there may he significant
aratomical variability between patients. Guidelines to identi-
fy approximate cutting planes in various disease categories
have been proposed.’?

Resuits and illestrative patient studies

Our experience inclizdes 97 patients {mean age 32 £ 9 years)
selected on the basis of gaod precordial image quality and
sinus rhythm with a variely of cardiac disorders including
myocardial disease (26), valvular heart disease (26}, conge-
nital heart disease (35) and normal subjects (10). In these
patients, a total of 176 acquisition sequences, 78 with the
transducer in the parasternal and 98 in the apical positien,
were performed. ,

Adequate dynamic volume rendered display was possible in
77% of the patients. Three-dimensional image quality was
considered adequate when these was complete visualization

Figure 8 K
Three-dinensional voluma rendered displsy of @ subaortic membrana (A seen from within the Jeft ventricie. Note the aortic valve {AV) closed in diastols (A} and
open in systole (B). AML: anterdor mitral leafiel.
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B

Figurs 9.

Examples of voluma rendared three-dimensional reconstructions of normal, sleactic and prolapsing mitral valves. Bleclronic atriolonty is performed and the mital
vakva feafials are seen from an atrial viewpoinl, Panel A shows a normal mitrad vaka in tha clesed position during syslola and panel B in the cpen position during
diastola (B). A stenctic mstral valve is shown ciosed in panel G and in tha open position during diastele in pancl D, Nots the smal stenotic orifica. Tha profapsing
scaliops of both mitral fsafiets are seen in panel E {sea asterisks). Panel F shows the nitral valva open In diastofe.

Ao aorta; AML and FML: anlerior and posterior mivrel valve leaflets; CS: coronary sinus; IAS: interatrial sepfurm; MV mitral valve; TV tricuspld vahe.

in depth of the structures of interest. Inadequate recon-
structions may result from incomplete acguisition, poor
image quality or inadequate gain settings during acquisition
of the criginal data so that siructures ceuld not be detected by
threshold changes duzing the volume rendered procedure.
Dynamic anyplane and paraplane echecardiography were
always possible and allowed the display of cut planes
unobtainable from precordial windows of selected structures.
Three-dimensional reconstruciions showing the aertic vatve
from the ascending zora alfow a direct qualitative evaluation
(figure 7). The teft ventricular outflow can be visualized
from a ventricular viewpoint and the nature ef subaortic
pathology is directly visualized {figure 8). lmaging of the
normat and pathologic mitral valve is possible from both
atrial and ventricular viewpoinis. Excelent delineation of the

Figure 10.

leaflets and qualitative analysis of the pathology is possible.
{figures 9 and 10). Direct visualization of the ventricular
septal defect and its steuctural retationships in a patient with
tetralogy of Fallot is shown in figuze 11. In these conditioas
the pathomorphology was better appreciated from the three-
dimenstenal than from the standard two-dimensional images.

The potential of elecironic anyplane and paraplane echocar-
diography for both qualitative and guantitative analysis of
specific cardiac pathelogies is illustrated in figures 4-6, 12
and 13.

Figurs 10. Threadimensional reconstructions of a stenotic mitral vaiva
viewed from within the feft venltrcla in the closed position during systola (A)
and open during diasiole (B)

Figurs 11. Three-dimensional reconstiuction folfowing a long-axs cut plang
of the lefl ventricle In diasto’s of a patient with telrology of FalfoL.

The venltricuiar septal defect (aroa) and the cverriding aorta are visualzed.
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Figure 12.
Paraplans echocardiograpliy in a patient with mitral stenosis.

From tha orginal threg-dimensional data set (pans! A} 8 paraiied cut planes in the optimal orientston (amyplana capabitty) through 1ho mitral vakee are generaled
and the corresponding two-dimensional images are reprasented In panels B lo J. This affows a sfoing of the stnucturg In a way simiar lo eomputed lomography or
magnebic resonance imaging. Tha smalfest orifice area Js represented in panel F. This approach alows eccurata planimetry of the mvtal vaivs orifice.

Discussion

Three-dimensional reconstruction of the heart has been an
imporiant research goat ever since the introduction of two-
dimensional echecardiography. Several directions have been
followed. Scanning in “real-time” of a pyramidal volume
encompassing the whele heart is the most exciting develop-
ment but progress is stow and clinical application remote,!3
Most approaches towards three-dintensional echocardiogra-
phy are “ofi-line” and are based on the sequential acquisition
of mnltiple eross-sectioral images together swith their spatial
position and orientation using either external or internaj
coozdinate reference systemns. Mechanical articedated arm'?
and acoustical spark gap's.1% Jocation systems allow the con-
tinuous registration of the transducer position and the ima-
ging plane with respect (o an extemal reference point and
have been used for precordial image acquisitien. In most of
these studies, static wire-frame or surface rendered displays
have been gencrated. These displays de net contain the
important grey scale information about tissue.1”

Parallel, fan-like and rotational scanning methods are based
on internal coordinate reference systemns aad have recently
been successfutly applied for precordiall 2134229 acquisition
in infants and small children. However, it appears that small
acoustic windews make rotational scasning the most
effective precordial acquisition approach in children and
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certainly in adults since the basic images are obtained from a
smalt and fixed pivot point.

The possibility of generating three-dimensional recen-
struciions from standard precordial two-dimensional images
will undeubtedly stimulale interest in and expard the clinical
application of three-dimensional echocardiography since
information similar to that obtained from other tomographic
imaging techniques inctuding radionuclide, computed tosma-
graphy and magnetic resonance can be obfained with the
additional advantages of better temporal resolution, portabi-
lity, bedside application and relatively low cost. Three-
dimensional echocardiography is stitl in its infancy and inte-
rest in this technique is growing. From our experience we
feel that three-dimensional reconstruction will facilitate the
assessment of structures and pathology of unknown or com-
plex geametry such as the right ventricle, aneurysmatic vent-
ricles in coronary artery disease and complex’ congenital
heart disease.??? Topographic maps of elusive structures
such as the mitral vatve can be crealed helping to betler
understand its pathology.?* The surgeon can now have a pre-
view of what he will find during surgery {electronic cardio-
tomy) but with additional information on function, This will
be of particular help in valve and congenital defect repair.

The acquisition time is at present short enough to consider
three-dimensional imaging as part of a standard echocardio-



Precordial multiplane echocardiography for dynamic three-dimensional imaging of the heart

Figurs 13,

The principla of left vantricular volurne measurement bsing

and the Joft vantrica I's sFced af equidistant inlervals to genorats a serfes of shoit axls views (parapiana capablities). The sudaca area of each cross-section Is
Planimatry and tha volume of each shice calculated. Adding up the volumes of &l shces provides an aceurale volume measurement of the Jeft ventri-

roasuned by
che (Bimpson's nua). This ks parformed for botl end-ghastolic and end-systelic data sels. The figurs Shows an end-diastolic fong-axis view on which the two fines A

and B corraspond to the short-axss views shown In the middie panels A end B. Panel C

of shoit axis views oblalned at 3 mm intarvals.

graphic examination whenever is felt that it would provide
incremental information for clinical decision-making,

However, at this stage of its development the long recon-
struction time and the need for a dedicated operator remain
major limitations of its routine wse. Although we have
demonstrated the feasibility of precordial acquisition using

rotational scanning, it should be emphasized that this study-

included only patients in sinus thythm with good image qua-
Tity. It thus remains an investigational tool with respect to cli-
nical practicality and the independent additional information
it provides in different clinical conditions and scenarios,

Perhaps the greatest advantage of acquiring a three-
dimensional data-set is that now cross-sectional images can
be computed in any desired plane independent from
orientations dictated by the available acoustic windows and
that parallel slicing of selected structures can be performed
electronically, These capabilities allow the selection of cut
planes for optimal visualization of a cardiac structure and
accurate quantitative measuzement, By using a sedes of com-
puter generated equidistant parallel cross-sections aceurate
measurement of specific structures can be made such as orifi-
ce areas of normal or pathologic valves (figure 12). Accurale
volume calculation of the right or left ventricle is possible
and the need for making geometric assumptions is eliminated
(figure 13). Clearly, new complex parameters 1o define glo-

a threa-dimengfonal data set. An end-drastolic fong-avs view Is selected as a referente view (pandd A)

shows reconstructions of e kit ventricle using the planimslered contours

bal and regional Ieft ventricuiar function will become availa-
ble in the future.?$

The semi-automated 2nd controlled registration of multiplane
precordial with the hand-held transducer assembly will allow
an easier and more standardized examination procedure for
routing echocardiography in the future.2? For example, the
exact relationship between the apical views can be accurately
decumented rather than assuming an orthogenat relationship.
Respiration gated cardiac cycles can be recorded during
stress echocardiography thus avoiding random variability
resulting from extracardiac motion in both interpretation and
quantitative analysis.?® Automatic endocardial border
detection can be integrated to calculate left ventricular
volumes on-line from a limited number of cross-sections.
The echocardiographic examination will become less ope-
rator-dependent and more objective. Most of the performance
vasiability will thus be avoided.
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Conclusion

9. Reelaadt , Salustri A, Bruining N, Precordial and  transesophageal dynamic
three-gi il ex bocad hy with rotatabls P ) transducer systems,

We are enlering an exciting new era in the development of
cardiac wltrasound, which may wltimately have a greater
impact on clinical cardiology than two-dimensional echocar-
diography. With further developments in computer technolo-
gy both the image quality and display facilities will improve
and the reconstruction time rapidly decrease. The semi-auto-
maled standardized examination procedure with the transdu-
cer assembly necessary for three-dimensional image
acquisition will change the praciice of echocardiography in
the future by making the procedure less operator degendent.
The computer generation of anyplana and paraplane images
will further expand the range of clinical diagnostic preblems
that can be sofved,
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Abstract

At present most systems used for three-dimensional
reconstruction {3-D} of two-dimensional intraceronary
ultrasound (ICUS) images are based on an image
acguisition with a pull-back device which withdraws the
catheter with a constant speed, not taking account af
cardiae motion and coronary dynamics/pulsation. Cyclic
changes of the vessel dimensions and the movement of the
catheter inside the vessel result in artifacts and ineccuracies
of quantitative measurements. This phenomenon limiss
accuracy and resolution when an attempt of 3-D
reconstriection is performed, since Images obtained in
different phases of the cardiac cycle are compiled.

To overcome these limitations we developed a custom-
designed pull-back device driven by a stepping motor, which
is controlled by a steering logic enswring an ECG-gated
image acquisition,

1. Introduction

Intraceronary ultrasound (ICUS) provides high- resolulion
cross-sectional imaging of the wvessel wall which is
increasingly used during diagnostic cardiac catheterization
and as a guiding fool during interventional procedures.
However, it is hard to get a three-dimensional (3-D} concept
of the spatial vascular structure based on a series of two-
dimensional parallel slices of ICUS images. The 3.
reconstruction of ICUS images allows to overcome this
Timitation, but a1 present most 3-D systems are based on an
image acquisition with a pull-back device which withdraws
the ICUS catheter at an uniform speed, not faking account of
the cardiac motion ard coronary dynamics/pulsation.
Anifacts and inaccurate measvrements of the 3-D
reconstruction may result from the systolic-diastolic changes
of the vascular dimensions and the eyelic movement of the
catheter [1].

This problem can be solved by the use of a pull-back device
driven by an accurate stepping motor which is controlled by
& steering logic of a 3-D acquisition station, ensuring an
ECG-gated acquisition of the ICUS images.

1.1. Background
In recent years several methods have been developed to

acquire tomographic ICUS data sets and perform 3-D
reconstructions:

Marnzal pull-back.

Manual pull-back with the ICUS catheter shaft placed ina
displacement sensing device [2].

Motorised pull-back by a uniform velocity motor,
applying a speed of [ - 0.5mm/sec [31.

Motorised pull-back by an uniform velocity motor and use
of an ECG-labelling device so that only one phase during
the R-R interval is acquired at a continuous speed of
0.2mm/sec ("Pseudo-Gating") {4].

Motorised ECG-gated pull-back using a stepping motor.

In this manuscript the ICUS acquisition by the latter,
permitiing a dynamic 3-D reconstruction of the <oronary
segment is described.

2, ICUS Acquisition Setup

A schenie of the set-up of the 3-D reconstriction system in
the catheterization laboratory is shown in figure 1.

‘The ultrasound examination has been performed using a
29F MicroView 30 MHz mechanical rotaling element
catheter (CVIS, Sunnyvale, CA, USA) and the echo unit
Insight I, The 3-D acquisition and recenstruction statien
receives a video signal input from the ICUS maching and is
connected to the patient 1o monitor the ECG and sespiration
(impedance method).
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Patlent 1eUs
Respiration

3D Acquisition
Slalion

Video

KU Stepping
Motor Control '@ @ Motor Controt| ‘@ — @

Figure 1 Cathlab setup

The acquisition station is also connected to a custom-
designed pull-back device, developed at the Theraxcenter, 10
be controlled by a steering logic of the acquisition station
(TomTec, Munich, Germany), considering heart rate
varjability and {optionally) the respiration [5].

2.1, Pull-back Device

The pultback device consists of a front-plate and a back-
end, containing the stepping motor, were in- between a table
is pulled on a spindle driven by the siepping motor. The
pullback device is displayed in figure 2.

Figure 3 Pullback device

The handgrip to which the catheter is tonnected contains
the motor unit driving the rotation of the imaging cable. It
can be clamped onto the fable of the pullback device. To
move the table 1mm the motor needs (o receive 220 stepping
pulses. Thus, theoretically it is possible to pull the catheter
with a minimum step resolution of 1/220mm (0.0045mm =
4.5Mm), but the software has currenily a lower limil of
0.Emm longitudinal step Intervals.

The catheter configuration {external echo-transparent
sheath with an independent imaging cable inside) guarantees
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that pulling a defined distance at the proximal end of the
catheter results in an equivalent movement of the tip of the
catheter. The stepping pulses are generated by the sleering
fogic in the acquisition station where the scan distance, the
[ongitudinal step resolution, the ECG, and the respiration
intervals can be set.
2.2, Image Acquisition

The acquisition station digitises images with 40 ms
intervals {0 a maximum of 25 frames for one heart cycle. It
starts with the digitisation after detecting the peak of the R-
wave and the fiest vertical synchronisation of the video
signal of the echo unit {see figure 3).

Ancepted Buap

Rejwated  Aootpted

Stap

RfLicteont = {000 mu +f- 100 ma
Raaplinton g18ag » OFF

Figure 1 Acquisition scheme

It is also possible to delay the start of the image
acquisition with X * 5 ms intervals to a maximum delay of
400 ms. This is useful if one desires to acquire only one
phase instead of 25 phases for one R-R interval,

At first the station monitors the ECG and respiration for
two minutes and produces two histograms of the
measurements. The software determines the upper and lower
limits of the duration of the cardiac cycle and the depth of
inspiration/expiration, but the operator can also define the
range. The ECG and/er respiration gating can be switched
onfoff by the operator. After the ICUS images of one heart
cycle are acquired the software retrospectively checks if the
R-R interval and respiration depth meet the predetermined
ranges, before the digitised frames are stored. Gtherwise, the
cycle is rejected, removed from the computer memory, and a
new sequence at the same transducer position is acquired.
After a valid acquisition of one cycle the stepping motor
receives pulses until the next position on the longitudinal
axis is reached. The process is repeated until the end of the
scan distance is reached. Now the operator must calibrate the
echo images for on- and off-line quantitative measurements,
and the acquired images can be stored,
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The mean acquisition time fo obtain one data set was 332
minutes, applying tongitudinal intervals of 0.lmm, image
resolution of 256256 pixels with 8 bits per pixel, 6 phases
per R-R cycle, and an average scan length of 3cm.

3. Image Processing

During the post-processing phase the images are formatted
in the correct sequence according to their ECG phase in
volumetric data sets (256%256%256 pixels/each 8 bits). A
giey level range is used to separate and subtract the blood
pao! and background from the coronary wall structures in
each cross-section, followed by the application of several
algorithms to reduce noise, enhance edges, and reduce
spatial artifacts (ROSA filter). Volume rendering techniques
are then applied for dynamic three-dimensional
reconsiruction,

3.1 Image Display

The 3-D reconstruction of each vofumetric data set is used
1o produce a dynamic reconstruction display of the coronary
vessel (maximum: 25 data sets/cardiac cycle). The tissue
display of these reconstructions has a close resemblance 1o
the actual pathology of the coronary wall. Distance shading,
grey level gradient shading, and texture mapping algorithuns
are applied to produce a surface shaded 3-D display of the
carenary wall anatomy. Any desired cross-section of the
coronary vessel can be computed and displayed in motion
with zoom facility in cine-loop format (dynamic anyplane
intracoronary ultrasound). However the most favoured
display mode is a longitedinal cut-plane, projected with a
slight angle. The system has multiple screen formats for
operator-defined dynamic anyplane and 3-D displays.

A "maximum mode display” allows creating a
“transparent” echographic view of the coronary vessel. In
this representation an operator defined maximal grey value
along each ray through the data velume is displayed so that
onky bright structures in the volume are represented. This
display mode can be useful 4o visualise implanted stents in
coronary vessels. The software also allows producing a
reconsiruction with the same perspeciive as an angioscopy
catheter {endoscopic view). Furthemnore, it is possible to
remove objects from the data set by manually drawing the
contours of an object and then removing it (masking). The
catheler artifact (blindspot) andfor the blood pool can thus
accurately be removed from the data set, Undesired signal
information can be suppressed by filtering, permitting o
display only signals derived from calcified plaques or
implanted stents.

3.2. Three-dimensional Reconstruction

An example of an BCG-gated pultback reconstruction is
displayed in figure 4.

Figure 4 Calcified coronary vessel

Tt can be appreciated that the coronary vessel wall is
calcified. The (ypical saw artifact of non ECG-gated
reconstructions is not present here.

The proposed approach may also show tiny details as
meial stent struts, shown in figure 5.

Figure 5 Implanted Wall-stent™
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The figure displays a longitudinal view of a coronary artery
after implantation of a metal mesh stent. The following
parameters were applied:

Scan distance 12cm
Longifedinal step size :0.1mm
Viewing angle : 145°
Phase 1 systolic
Render modde ; gradient

The siruts of the stent at the left side of the coronary vessel
in the 3-D reconstruction are clearly visible. This is possible
because this type of stent has a predominanily longitudinal
crieatation of its struts. At present the resolution of the ICUS
catheters (150Mm by 2504m) does not allow to acquire data
sels of stents with a fransverse slrut orientation (coil stents).
These slents cannot be sufficiently wvisualised in a
reconstruction. The eche resolution makes it also difficull to
routinely reconstruct the struls of stents with predominandy
longitudinal strut architecture. Echo-catheters with higher
resofution and application of smaller {ongitudinal step
intervals (<0.1mm) may improve the results in the future.

33 Off-line Analysis

Besides achieving high quality data sets for producing 3-D
reconstructions, the approach also provides excellent daia
sets for off-line analysis. At the Thoraxcenter an in-house
produced scmi-automated contour detection program for
cross-sectional and volumetric quantification of 3-D ICUS
data sets is used [6,7].

4, Limitations

‘The proposed technique has some limitations:

Mo realistic curvature of the vessel but an adificiaily
straightened reconstruction is shown,

‘The resofution of the ICUS mansducers determines the
upper 1esolution limit of 3-D reconsicuctions.

The acquisition time is longer compared with uniform
velocity pullbacks.

5. Conclusion

The feasibility of ECG-gated pullbacks for producing
dynamic 3-D reconstructions could be demnonstrated. High-
quality reconstructions were obtained, not showing cyclic
saw-shaped artifacts as seea by non-gated approaches.
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The data sets can also be used to perform a volumetric and
cross-sectional quantification by a custom-designed contour
detection system for off-line analysis.
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DYNAMIC IMAGING OF CORONARY STENT STRUCTURES:
AN ECG-GATED THREE-DIMENSIONAL INTRACORONARY
ULTRASOUND STUDY IN HUMANS

Nico BRuNING, CLEMENS VON BIRGELEN, Py J. DE FEYTER, JURGEN LIGTHART,
Patrick W. Serruys and Jos R. T. C. RoELaNDT
Thoraxcenter, Department of Cardiology, and Erasmus University, Rottezdam, The Netherlands

(Received 1T October 1997; in final form 2 March 1998)

Abstract—Three-dinsensional (3D) intracoronary ultrasound (ICUS) systems allow dymamic 3D reconstruction
of coronary segments after stent deploymieni, but motlon ariifacts are frequently present. The use of an
electrocardiographic-gated ICUS Invage ncquisition workstation and a dedicated pullback device may overcome
this problems. In the present study, we evaluated the potentiat of dynamic 3D reconstruetion of infeacoronary
stents in 51 patients, Two different fypes of stent designs were Investigated: (1) the Wallstent {mesh type; n = 36)
and {2) the Cordls Coronary stent (coll type; n = 15}, There was a tendency for imaging of the mesh stent type
to be beiter than Imaging of coil type stents (p = 0.06). Differences in the orientation of the stent slruls
{mesh:longitudinal; coll:transversal) most likely ¢xplain this difference. These in vivo observations were tested
and confirmed In in vitro experiments. In conclusion, dynamic 3D ICUS reconstruction of the entire stent
architecture in vive was feasible for stents of mesh type, while stenis of coil ype were incompletely visualized.
© 1998 World Federation for Ulfrasound in Medicine & Biology.

Key Words: Intracoronary ultrasound, Stenls, Image processing, Compuler-assisted methods, Coronary vessels,

Ultrasonography.

INTRODUCTION

Intracoronary ultrasound (ICUS) altows detailed cross-
sectional imaging of coronary arteries in vive (Fitzgerald
et al. 1992; Mintz et al, 19935) and direct visualization of
metallic stent struts (Deaner et al, 1992; Dussaitlant et al.
1995; Goldberg et al. 1994; von Birgelen et al. 1996).
Stent expansion and apposition to the coronary watl can
be studied ir vive, providing information not oblainable
with other imaging techniques. Recently, three-dimen-
sional (3D) ICUS systems have become available with
software alowing automated boundary analysis (Deaner
et al. 1992; Dussaillant et al. 1995; Goldberg et al. 1994;
von Birgelen et al. 1996). These use a sequence of planar
ICUS images acquired at uniform speed during motor-
ized pullback of the imaging catheter (Baining et al.
1995; Mintz et al. 1993; Prati et al. 1996; Rosenfield et
al, 1991}, Systolic-diastolic variations in vessel dimen-
sions and the cyclic movement of the ICUS catheter

Address cormespondence to: Dr, Jos R.T.C, Reelandt, Thoraxeen-
tre, Erasmus University, P.O. Box 1738, 3000 DR Retierdam, The
Netherlzands. E-mail: Roelandt@card.azr.nl

relative to the vessel wall {“catheter fluttering™) may
result in significant image artifacts in the 3D recon-
structed views, and fine details of the steat stnictures can
be obscured (Bruining et al, 1995, 1996; Mintz et al.
1993; Prati et al, 1996; Rosenfield et al. 1991; ven
Birgelen et al. 19973, 1997b). The use of an electrocar-
diographic (ECG)-gated pullback device {stepping mo-
tor) may overcome this problem. The aim of the present
study was to evaluate the ECG-gated dynamic 3D ICUS
reconstruction in the in vive assessment of coronary
stents and fest the findings in an i vitro model,

METHODS

Study population

We studied 51 patients (43 men; age: 51 £ 28 v}
with ICUS. All were in sinus rhythm. Patients wese
examined directly after implantation of Wallstents™!
(Schneider Europe AG, Bilach, Switzerland; n = 36)
and Cordis™ Coronary balloos-expandable coiled stents
(Cordis, Johnson & Johnson Company, Warren NJ,
USA; # = 15) or during 6-month follow-up studies. The
stented segments were located in the right coronary ar-
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Fig. 1. Equipment set up in the catheterization laboratory. Besides the basic intracoronary ultrasound (ICUS) system,

a three-dimensional (3D} image acquisition workstation (EchoScan, TomTec) was used {displayed oa the righthand

side). The 3D reconstruclion system received the video output of the ICUS sysiem and the patient’s elecirocardiographic
(ECG) signal to control the stepping motor,

tery (RCA, n = 22), left anterior descending coronary
artery {LAD, n = 24) and left circumflex coronary
artery (LCX, r = 5). The study was approved by the
Local Council on Human Research. All patients
signed a written informed consent form, which had
been approved by the Local Medical Ethics Comimit-
tee. There were no procedural or postprocedural in-
hospital complications.

Interventional procedure and intracorenary ultrasound
imagining

Patients received 250-mg aspirin and 10,000-U hep-
arin intravenously. If the duration of the entire interven-
tional procedure exceeded 1 h, the activated clotting time
was measured, and intraverous heparin was administered
in order to maintain an activated cloiting time of >300 s,
Intracoronary wltrasound imaging was performed after
intracoronary injection of 0.2-mg nitroglycerine, and im-
aging was started at least 10 mm distal to the stented
scgment. The mechanical ICUS systems Insight I,
ClearView (CardioVascilar Imaging Systems Inc,,
[CViS] Sunnyvale, CA, USA), and Sonos (Hewleti-
Packard, Andover, MA, USA) were wsed with 2.9-F
sheath-based ICUS imaging catheters (MicroView,
CVIS) that incorporated a 30-MHz beveled single-cle-
ment trapsducer rotating at [800 rpa1. These catheters are
cquipped with a 15-cm-long sonolucent distal sheath,
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which has a lemen that alternatively houses the guide-
wire during catheter introduction, or the transducer dur-
ing fmaging after the guidewire has been retracted. The
sheath prevents direct contact of the imaging core with
the stent or the vessel wall. A custom-designed ECG-
gated pullback device and a 3D ulirasound workstation
(EchoScan, TomTec GmbH, Munich, Germany) were
used to acquire and process the ICUS images (Bruining
et al. 1995; von Birgelen et al. [997b).

In vitro study

A Cordis Coronary stent and a Wallstent were ex-
panded in a water bath and images were acquired be-
tween two synthetic blocks with two 2.9-F didlled heles,
with a straightened 2.9-F sheath-based ICUS catheter
(UltraCross, CVIS). The ICUS catheter was pulled back
using the motorized pullback device used in the in vivo
study. Steering and digitization of the images were per-
formed by the 3D workstation (EchoScan, TomTec
GrabH),

ECG-gated intracoronary ulirasound image acquisition

The custom-designed ECG-gated pullback device
{Bruining et al. 1995} used a stepping motor to move the
transducer stepwise through the stationary imaging
sheath. The pullback device was controlled by the 3D
ubtrasound workstation. The workstation received video
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Fig. 2. Diagram showing the image acquisition schematics. The peak of the R wave triggered the gated image

acquisition. After acquisition of each cardiac cycle, the software checked if the R-R interval met the preset range. If this

was the case, the images were transferred to (he computer main memory, and the stepping motor received pulses 10 move

the catheter axial by 0.2 mm., Otherwise, the images were removed from the memory of the frame grabber, and a new
cardiac cycle was acquired with the catheter remaining at the same site.

input from the ICUS machine and an ECG signal from
the patient (Fig. 1). Prior to the acquisition rum, it mea-
sured the range of RR intervals, defining the upper and
lower limits of the RR intervals.

The workstation began acquiring images after de-
tecting the peak of the R wave at a speed of 25 images/s
{one image each 40 ms), stopping after 1008 ms or after
detecting the peak of the R wave of the next cardiac
cycle. After acquiring one cardiac cycle, the workstation
stored the images (six images fo represent one heart
cycle, which preserves computer memory for storage
capacity) in the computer main memory if the acquired
beat fell in the preset range, and the catheter was then
moved by a 0.2-mm axial increment (0.2 mm was chosen
to prevent the necessity for software interpolation be-
tween twa cross-sectionzl images for missing imaging
data), If the acquired beat fell ontside the preset range,
the catheter was left at the same site and a new cardiac
cycle was acquired. This process was repeated until the
end of the scan distance was reached (Fig. 2). After
acquiring the coronary segment of interest, the operator
calibrated the ICUS images for on- and off-line quanti-
tative analyses.

Three-dimensional image processing

In accordance with their ECG phase, all images
were formatted in volumetric data sets (256 + 256 = 256
pixelsfeach 8 bits). During postprocessing, several algo-
rithms were applied to the images to reduce noise, en-
hance edges and reduce spatial artifacts (ROSA filter), A
gray-level threshold range was used to separate and
subtract the blood pool and background from the arterial
wall structures and stents on each cross-sectional ICUS
image (i.e., segmentation), To permit reliable segmenta-
tion, it was sometimes necessary manually to remove
adifacts, such as sheath artifacts, from the image data set.
Care was taken not to remove any data that corresponded
with vessel wall structures or stents. Figure 3 shows a
coronary segment, reconstructed after segmentation at
different gray-level (hresholds.

Volume rendering techniques were used to oblain
dynamic 3D reconstructions of the coronary segments
studied. Rendering is a processing step, producing a
spatial (3D} appearance on a planar computer menitor or
hardcopy printout. The coronary segment was sliced in
two halves from which the bottom or the top part was
used for 30 reconstniction. The recoastructed segment
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Fig. 3. Three-dimensional reconstructions created with different levels of the gray-level threshold algorithm. (A) A

threshold was chosen so that no tissue was removed. This resulted in the blind spot of the catheter and the near-field

artifact Blocking the view of the vessel wall. (B) A gray-fevel thresheld was chosea so as sigaificantly to reduce the blind

spot (the area of the imiage, in the middle, where is no vessel image information) and the near-field artifact of the

catheter, bat this produced loss of some tissuz and plaque, (C) The threshold was chosen so that the near-field antifact
was cleared, but this was associated with significant tissue loss.

was angled to create depth perception (Fig. 3). “Endao-
scopic” views (Fig. 5c, 5f and 6c), mimicking views
from a *black-and-white” low-resolution angioscopic
catheter, could also be produced.

The two best rendering modes for stents were as
follows. (1} Gradient shading. In this rendering tech-

nique, an illumination model is used. “Light” emitted
from the viewer's perspective is “reflecied” from surface
undulatiens of the reconstructed object. This type of
rendering provides very realistic and detailed views, but
is susceptible to artifacts in the voxel data (Fig. 4A} (e.g.,
noisy images). {2) Maximum mode. Along numerous

Fig. 4, {A) The gradient shading and (B) maximum rendedng mede of a non-ECG-pated pusllback study {causing a

ribben effect of the vessel surface) of a Scibled Radius sient. In (A} the site of angioplasty in the coronary vessel can

be identified because the segment is snoother than other visible parts, However, no stenl struts can be identified. In (B},
applying the maximum rendering mode, struts of a slent can be appreciated.
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Table 1. Threg-dimensional stent visualization quality

Crossflex Wallstent
Excellent 1(8%) 9 {25%)
Good 2(15%} 13 (32%)
Moderate 8 (61%} 8{34%)
Poor 2 (16%} 4(E3%)

Chi-square test between the groups showed a value of p = 0.06.

rays through the voxel set, only the maximal gray value
is displayed, with the threshold of this gray value being
operator defined. As a result, only bright structures such
as calcified tissue or metailic stent struts arg displayed.
The maximum mode display allows a “transparent”
ICUS view of the coronary segment (Fig. 4B) and em-
phasizes implanted stent structures.

The gradient shading rendering mode was used
when the stent was not covered with tissue, as is osually
the case directly after implantation, H the steat was
covered by tissue, maximum mode rendering was used to
visualize the stent struts.

Data analysis and statistics

Twa indeperdent and experienced ICUS operators
rated the quality of the 3D reconstruction and visualiza-
tien of the stents, on a scale of excellent to poor. The
Chi-square test was used to compare the qualitative re-
sults of the different stent types. p < 0.05 was consid-
ered statistically significant.

RESULTS

Image acquisition of the stented coronary segments
was performed within 3 * 2 min (six images/cardiac
cycle, 230 heart cycles needed), using a longitudinal step
resolution of 0.2 mm and an average scan length of 5 cm.
Processing of the 3D rendered reconstruction took at
jeast 1 h.

In vive intracoronary witrasound study

Dynamic 3D reconstruction could be performed in
all cases. All 3D reconsiructions were rated for quality of
imaging and the visibility of stent struts (Table 1), The
imaging of mesh stents was much better than that of coil
stents {p = 0.06). There was a good agreement between
the two observers,

In vitro infracaronary witrasound study

The in vivo findings were confirmed in vitro: 3D
visvalization of the entire Wallstent architecture could be
successfully performed (Fig. 5C), but the reconstruction
of the Cordis Coronary stent failed to display the full
stent architecture (Fig. 5F).

Fig. 5. In vitro intracoronary ultrasound images of (A} and {C)
The Wallstent (DD} and (F) The Crossfiex stent. The three-
dimensionat {(3D) receasiructions of the Wallstent (A) and (B)
show a continuous framework of the stent architecture with 2
blarring effect at the crossings of the stent wires. The 3D
reconstructions of the Crossflex stent (D) and (F) show the
struts, but the complete stent architecture is discontinuous and
is not completely visvalized.

DISCUSSION

Three-dimensioral reconstniction of human coro-
nary arteries using ICUS and sequential tomographic

Fip. 6. (A) An expanded Wallstent showing that ihe architec-

ture of the struts is predominantly Tongitadinal, (B} A gradieat

rendered three-dimensicnal recenstruction of a Wallstent im-

planted in the right coronary artery of a $7-y-o0ld male is shown.
A strut 5s indicated by the amrow.
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Fig. 7. {A) The predominantly transversal architecture of the

siruts of the Cordis Coronary stent can be seen. (B) In the

threz-dimensional eendered image, the stent implaniation site is

suggested by the elevation of the surface of the lumen. How-
ever, no single strut can be identified.

images has been achieved (Bruining et al. 1995; Coy et
al, 1992; Mintz et al. 1993; Roelandt et al. 1994; Rosen-
field et al. 1991; von Birgelen ct al. 1995}, Most fre-
quently, a motorized uniform-speed puliback is used for

data acquisition. More recently, an ECG-controlled pull-
back of the ultrasound traasducer was intreduced, pro-
viding significant advantages for quantitative analysis
(Bruining et al. 1995) and 3D reconstruction. Cyclic
changes of vessel dimensions (Bruining et al. 1996) and
displacement of the ulirascund transducer in the lumen
produces sawblade-shaped artifacts in lengitudinally re-
constructed views. By applying an ECG-triggered gated
image acquisition, the images compiled in the tomo-
graphic image se1s were acquirad at the same moment of
the cardiac cycle, resulting in smoother contours of the
coronary lumen and vessel wall in reconstructed longi-
tudinal views (Bruining et al. 1995; Coy et al. 1992,
Mintz ¢t al. 1993; Roclandt et al. [994; Rosentfield et al.
1991; von Birgelen et al. 1995), Furthermore, applying
this way of ECUS image acquisition, dynamic 3D recon-
structions can be computed showing vessel dynamics.

Three-dimensional reconstruction of stents

The 3D reconstruction of stents struls in vive re-
mains difficult, and image artifacts of individual stent
struts may result from differences in: (1) stent architec-
tere, (2) strut thickness, (1) strut deasity (oumber of
struts per mm?), @) catheter position relative to the
vessel, (5) ICUS image resolution (Benkeser ¢t al. 1993),
and {6) cyclic movement. The cobalt-alloy round-wire
struts with platinum corze (thickness: 0.08-0.10 mm) of
the Wallstent are predominantly oriented in a longitedi-
ral direction, permitting detailed visuazlization of the
stent architecture in vivo (Fig. 6), whereas the architec-

/*“F‘J._“I.

-

~— v

— .

Fig. 8. (A) Intracoranary ultrasound (ICUS) catheter sampling of The Wallsteat and (B) the Crossflex stent. Ellipses

indicating the projection of the uitasound beam against the stent struts, The mows of effipses indicale two conseculive

axial positions of the ICUS catheter during a stepped pullback procedure. The density of struts, longitudinal architecture

of the stent, reselution (axizl and fateral) of the ICUS catheter used and the software smoothing and interpolation

algorithms resulted in a higher aumber of voxels (three-dimensional [3D] pixels) containing struts of the Wailstent,
leading to a 3D reconstruction in which the stent architecture could be appreciated.
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ture of the Cordis Coronary stent, consisting of predont-
inantly transversely oriented round tantalum wires
(thickness: 0.127 mm), was not completely visualized in
3D reconstructed views {(Fig. 7). In these steats the
resolwtion of the ICUS catheters used, the method of
image acquisition (axial displacement of the ICUS cath-
eter) and the software smoothing and interpolation algo-
rithins {coafigured to smooth and interpolate axial gaps
in the imaging data and thus ineffective on [ateral imag-
ing data} result in a low quantity of strut “samples” for
computing a 3D reconstruction (Fig. 8). The in vive
observations were confirmed by the results of the in vitro
study.

Limitations and potential sources of error

(1) The bastc image quality and the resolution of the
current ECUS transducers were important limiting factors
in the overatl quality of 3D ICUS reconstructions. With
the limited resolution and the software smoothing and
interpolation, thin transversely orented sirut wires were
not able to be visvalized. (2) The 3D reconstrucied views
were artificially straightened and do not reproduce vas-
cular curvatures {Thrush et al. 1997). Corenary seg-
ments, however, are relatively straight after stent implan-
tatfon. Conceptually, approaches that combine data ob-
tained from angiography and ICUS can provide
information on real spatial vessel geometry, but these
sophisticated techniques are still laborious and cerrently
in need of refinement and further research (von Birgelen
et al. 1997a, 1997b). (3} Our experience suggests that
ECG-gated image acquisition was feasible in >90% of
patients referred for coronary intervention, but may be
difficult in patients with iregular heart rhythms and even
impossible in the presence of atrial fibrillation, unless
cardiac pacing is performed. {4) ECG-gated image ac-
quisition requires more time than uniform-speed pull-
backs.

CONCLUSION

Dynamic three-dimensional reconstruction of the
entire stent architecture from in vivo images was feasible
for stents with a mesh structure, whereas the struts of
stents with a coil type could only be partially recon-
structed. These in vive observations were supported by in
vitrg expenments.

Acknowledgement—Dr. von Birgelen is the recipient of a fellowship
from the German Research Sociery, DFG, Boan, (rermany.
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Ultrasound Appearances of Coronary Stents as
Obtained by Three-Dimensional Intracoronary
Ultrasound Imaging In Vitro

Nico Bruining, BSe, Clemens von Birgelen, MD, Pim J. de Feyter, MD, PhD,
Jos R.T.C. Roelandt, MD, PhD, Patrick W. Serruys, MD, PhD

ABSTRACT! Intracoronary ulirasound (ICUS) is an imaging technique which can provide a
cross-sectional finage of coronary arteries and implanted stents, Different stents may have individ-
ual ICUS Imaging characteristics. To investigate the imaging characteristics and three-dimensional
(3-D) reconstruction of different coronary stent designs, we ¢xamined 26 different stents using
ICUS in vitro, All stents could be well visualized with planar LCUS, In 18 stents, 3-D imaging sue-
ceeded in reconstructing the spatini stent architecture, This was not possible in the other 8 stents,
most probably because of predominantly fransversally-orientated strut architecture, the small size
of the strut wire width, the limited ICUS lateral catheter resolution, and the smoothing and inter-
polation algorithms applied for 3-D reconsiruciion, ICUS in vifro provides a means of identifying
corenary stent structures which may be applicable fn vive, Three-D reconstruction of the entire
stent architecture in vifre can be achleved In stents with mesh or stotted tube design, while stents
with coil design and thin stru¢ wires can only be partially reconstructed.

JINVAS CARDIOL 1993;10:332-338

Key words: infravascular ultrasound, stents, image processing, three-dimensional reconstrugtion

Endovascular sfenting is commonly used in conjunc-
tion with balloon angioplasty for the management of ath-
erosclerotic coronary artery discase.'* Intraceronary
Ultrasound (ICUS) is superior to angiography in assess-
ing the adequacy of stent deployment.** ICUS is fre-
quently helpful in improving the results of stenting
procedures. Conventional ICUS provides only cross-sec-
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30135 GD Rotierdam, The Netherlands. E-mail: Bruining@thch.azr.nl

tional images. Three-D reconstruction of the spatial
information gathered during ultrasound catheter pull-
back allows easier interpretation of the images,
Inprovements in the computer soflware and hardware
used for 3-D reconstruction, the ICUS catheter and scan-
ner technology permit highly accurate 3-D reconstruction
of stent morphology.

The variety of stents available for clinical use is
increasing. Each stent has individual ICUS imaging char-
acteristics. The aim of this in vitro study was to assess the
ICUS appearances of different stent designs. We per-
formed in vitro TCUS studies of 26 commercially avail-
able stents, and examined their ICUS appearance in 2-D
longitudinally reconstructed views, 3-D loagitudinal
views and 3-E} endoscopic views>
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Table 1. Manufacturer details of the used stents, the letters
of the fisst column identifies the stents in Figures 2 and 3.

Figure Complete
1&3 Stent Marnufacturer 3.Dimage
A ACSnew  Guidant/Advanced
Cardiovascular Systems,
Santa Clara, CA, USA No
B ACT-One  Progressive Angioplasty
Systems Inc, Menlo Park,
CA, USA Yes
C Angiostent  AngioDynamics, Glen
Falis, NY, USA No
AVE Atrterial Vascular
MICRO Il Engineering, Inc.
Santa Rosa, CA, USA Yes s
E BARD XT g?[:iv'[;;{?:g;t;[' No Figure 1. The stents were positioned by two small pins between
I BeStent Medtronic Instent o blocks through which the ICUS catheter was led via tiny
Minneagolls, MN.,USA Yes holes. The holes in the blocks were made so that the ICUS
el Crossflex  Cordis, a Johnson& cathzter was positioned on the center of the long axis of the stents.
Johnson Company,
Warten, NJ, USA No A B
H Crown Johnson & Johnson } ;
. Interventional Systems Yes
1 Divysio A BiodYviso Yes
] Divysic B BiodYviso Yes
K Freedom  Global Therapeutics Inc,
Broomfield, CO, USA Yes
L Gianturco- Cook, Inc.,
RonbinIl  Bloomington, IN,USA  Yes
M Cardiocoil Medtronic Instent,
Minneapolis, MN,USA  No
IR1S Uni-Cath Inc.,
Saddlebrook, NJ, USA Yes
O Balloon 1saStent Inc.,
eXpandable Belmont, CA,
(BX) USA Yes
P Jostent M JOMED Intemational, AB
Bifurcation Helsingborg, Sweden Ves
Q Navius Navius Corporation,
San Diego, CA, USA Yes
I3 NIR 7 Medinol, ELed., 4
&9Cell  Tel Aviv, Israel Yes
5 Patmaz- Cordis, Johnson&Johnson i
Scharz Interventional Systems, = o =
{new design} Warren, NJ, USA Yes Figure 2. The gradient shading, panel A, and maximum, panel
T Palmaz- Cordis, Johnson&Johnson B, rendering mode.
Schatz Interventional Systems,
{old design} Warren, Mj, USA Yes
U Pura Vario Devon Medical, MATERIALS AND METHODS
Hamburg, Germany No
v Radius i’{d}"}mgwf sisit'ems. Stent poputation, imaging procedure and equip-
U;ie rove, Minnesota, Yes ment sef-up. Details of the stents are presented in
W Tersam Biotonik Table 1. Stents with diameter sizes from 24 mm and
Beelin, Gérmny Yes fengths from 1-5 ¢cm were used. All stents were sus-
X Wallstent  Schneider Europe pended in a water bath at a temperature of 20°C. The
N AG, Bilach, Switzesland  Yes ICUS catheter [UlraCross, CardioVascular Imaging
Y WiktorI  Medtronic Interventional Systems Inc. {CVIS), Sunnyvale, California) was

Vascular-EUROPE,

Ketkrade, The Nethetlands No

straightened and centered in the longiludinal axis of
the stent {Figure [). The gain settings of the ICUS
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scanner {Clearview, CVIS} were optimized for data
acquisition from the individual stents and in particular
were increased to accentuate the stent struts. The
catheter incorporates a 30 MHz bevelcd single element
transducer rotating at 1,800 rpm, These cathelers have
a 2.9 Fr, 15 ¢m long sonolucent distat sheath with a
lumen which altematively houses the guide wire dur-
ing catheter introduction or the transducer during
imaging after the guide wire has been retracted. This
design prevents direct contact of the imaging core with
the vessel wall when used in vivo, and facilitates in
vitro straightening of the catheter, A custom designed
pullback device and & 3-D ultrasound workstation
{EchoScan, TomTec GmbH, Munich, Germany) were
used to acquire the ICUS images.™*

Tmage acquisition. The images were acquired during
a compuler controtled puilback sequence. The step
between 2 adjacent acquisition-imaging sites on the
transducer pullback path was (.2 mm. The video images
generated by the ICUS seanner were digitized and
stored in computer mermory by the 3-D workstation.

Image processing and 3-D reconstruction. After
acquisition the images were formatted in volumetric

Flgute 3. Composition of the 2-D ICUS appearances of all the different stents examined. Details of the stents can be found in Table 1.

data sets (256*256*256 pixels, 8 bits each). During
post-processing, several algorithms were applied to
reduce noise, enhance edges, and reduce spatial {axial)
artifacts {ROSA filter} without user interaction. Vol-
ume rendering techniques were used to obtain 3-D
reconstructed views of the stents. Rendering is a pro-
cessing step, producing a spatiat (3-D) appearance on a
computer monitor or printout. The operator specified
an observing point from where he wanted to have a
view of the stent. The stent structure was then rotated
around its long axis to have a view from all sides (90
different positions of the stent were calculated). The
stents were also reconstructed in an “endoscopic”
view, An “cbservation” location was selected just
beyond the stent in its long axis, with the “blindspot”
of the TCUS catheter [ocated in the middle of the stent
lumen. After the first reconstruction, the “cbservation”
point was moved 0.5 mr and a new 3-D reconstruc-
tion was computed. This process was repeated until the
whole of the sient had been imaged. When these 3-D
reconstructions are shown in rapid sequence (£2.5
images/second) on the computer display, the animation
mimics the same images that a black and white
angioscopy catheter being moved into the stent would
display. A user interactive gray level threshold range,
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Figure 4. Composition of all the successful 3-D reconstructed endoscopic views, the stents are listed in Table 1.

or segmentation, was used to separate and subtract the
stent from background.

Different rendering modes were available and the 2
best suited for 3-D reconstruction of stents were applied.

Gradient shading. In this rendering technique, a
realistic illumination model is used. The ‘light’
source is assumed to be mounted on the head of the
observer, ‘Light' emitted from this source, is
‘reflected’ from the surface undulations of the recon-
structed object. This type of rendering provides very
realistic and detailed views, but is susceptible to arti-
facts in the voxel data (Figure 2A).

Maximum mode. Along numerous rays through the
voxel set, only the maximal grey values are displayed
with the threshold of this grey value being operator-
defined, As a result, only highly reflective struclures
such as metallic stent struts are displayed or calcified
(Figure 2B).

RESULTS
Al stenis could be well visualized with ICUS (Figure
3). The mean acquisition time fo acquire the tomographic

3-D) image set for each stent was < | minute. The time
to perform a dynamic longitudinal 3-D reconstruction
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was 2 hours per stent. The time to produce dynamic
endoscopic 3-D reconstructions was 5 hours for 30
images, because of the more ¢omplex nature of these
computations. )

Saggital views of all stents could be computed. The
strut architecture of 18 stents could be well visualized
in the 3-D longitudinal reconsfructions (Table 1). Endo-
scopic 3-D reconstruction of the same 18 stents was
possible (Figure 4). It was not possible to compute a 3-
D reconstruction in which the stent architecture could
be appreciated in the other § stents, In the 18 successfil
3-D reconstructions, details such as diamond shaped
gaps, ceniral articulations and flaring of the stent ends
could be appreciated. From Table 1, 3 stents were ran-
domly selected to be skown in detail in Figures 5-7.

DISCUSSION

In vitro ICUS investigations and 3-D reconstruction
of sients have previously been performed.”™ This is
the first study to highlight differences and similarities
between a large range of stents. The direct comparisen
between the stent and its 3-D reconstruction provides
an excellent standard against which to gauge ICUS
imaging systems and 3-D reconstruction software. The
initial expectation of the investigators was to find simi-
lar ICUS images between the different steats, Despite
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Pigure 5. ICUS representations of the Scimed Radius stent
{photo of the stent in panel A). In panel B, a computed 2-D lin-
gitwdinal view is presented. Panel C shows a longitudinal 3.0
reconstriiction cut info half. In panel D, the “normal” 2-D
ICUS appearance of the stent is given and finally, panel E shows
the endoseopic 3-D view of this stent.

simifarity in stent architectures and the limited resofu-
tion of ICUS imaging, all sients had their own specific
iCUS image characteristics. The in vitro setting in
which the ICUS studies were performed greatly con-
tributed to the excellent imaging results,

Three-D reconstruction of stents, Three-D recon-
struction of the complete stent architecture remains a
difficult task. There were several factors which caused
artifacts or prevented 3.D reconstruction of individital
stent struts. These inciuded: {1} A predominantly
longitudinally-oriented stent architecture; (2) thin
width of strut wires; {3) low strut density (number of
struts per mm?). Moreover, the basic [CUS image reso-
Iution of the current ICUS technology remains limited.”
Stents with thick strut wires and predominantly longilu-
dinally-oriented strut construction were best suited for 3-
D reconstruction, 3-D visualization of the stent struts was
not possible in stents with predominantly transversaily
orientated strut architectures such as the Wiktor stent
(Figure 7). The main reason for this was data undersam-
pling due to the lack of digitized cross-sectional 1ICUS

Figure 6. ICUS representations of the IRIS stent {photo of the
stent in panel A). In panel B, a computed 2D longitudinal view
is presented, Panel C shows a longitudinal 3-D reconstruction
ctet into half, In panel D, the “normal™ 2-D ICUS appearance of
the stent is given and finally, panel E shows the endoscopie 3-D
view of this stent.

images in the region of the struts (Figure 8B). In mesh
andfor slotted tube stent designs {Figure 8A) a suffi-
¢ient amount of data from the stent struts were able to
be sampled to produce 3-D reconstructions, and the
architecture of the stent could be well appreciated.

Limitations and potential sources of errer. The
present optimized in vitro study of the stents avoids
problems in vive studies will encounter. Eccentric
catheter position within a deployed stent, tortuosity of
the coronary artery, stents covered with endothelium or
protruding atherosclerotic plaque, and catheter motion
during the cardiac eycle can prevent satisfactory 3-D
reconstruction and limit assessment of the stend. Nev-
ertheless, in vive examinations performed with an
ECG-gated pullback of the ICUS catheter direcily after
implantation have shown promising results for the
assessment of coronary stents {Figure 9). However,
one of the most important factors for success of 3-D
reconstruction of a stent int vivo is the “quality” of the
planar ICUS images. The backscatter information of
the blood should not be as bright as possibly found soft
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Figure 7. ICUS representations of the Wikior stent {photo of
the stent in panel A). In panel B, a computed 2-D longitdinal
wietw is presented. Panel C shows a longitudinal 3-D reconstruc-
tion cut into half. In panel D, the “normal® 2-D ICUS appear-
ance of the stent is given. This stent design was not suitable for
an attempt of 3-D recenstruction in which the architecture of the
stent could be appreciated.

tissue in the investigated segment {je. a lumen as black
as possible on the monitor of the ICUS machine), Due
to the used threshold algorithm, bright backscatter
images of the blood can block the view to the struts.
Furthermore, a near-field artifact, sometimes present
by mechanical ICUS catheters (reflection of the outer
sheath), could limit the success for reconstruction.
Large amounts of calcifications with the same bright-
ness as the stent struts could further limit appreciation
of the stent structure in 3-D.

Unfortunately, it is difficult, maybe even impossi-
ble, to set up an in vitro situation in which all the
described fimiting factors can be simulated. Probably
only “real” cases can show us if this approach for 3-D
reconstruction works in practice (Figure 9). Another
current limit to the use of this method in a clinical set-
ting is the long computational time needed. Taking inte
account that the 3-D reconstructions were performed
on a normal PC, 2 considerable reduction of this time
could be gained when specialized computing systems
for 3-D are used. However, these systems are still
expensive.

CONCLUSION

ICHIS examination of stents in vifro provided char-
acteristic ICUS images of al 26 stents examined
allowing defailed visualization of coronary stent struc-
tures. A 3-D reconstruction of the steat architecture in
vitro was achieved in stents with mesh or slotted mbe
design, whereas stents with coil design or thin strut
wires could only be partially reconstructed.

Figure 8. In panel A, IGUS catheter sarnpling of the Wallstent, and in panel B the Crossflex stent is shown. In the “schemaric” wp panel fig
wres (C and D), ellipses indicarng the projection of the wltrasound beam against the stent struts are draun. The vous of ellipses indicate two
comsecutive axial positions of the ICUS catheter during a stepped prllback procedure. The density of struts, Iongitudial avchitecture of the stent,
resolution (adal and bateral} of the ICUS catheter wsed, and the softuare smoothing and intevpolation algorithms restdted in a higher nimber of
voxels (3D pixels) coneaining strts of the Wallstent leading to a 3-I reconstriuction in uhich the stent avchitecture could be appreciated,
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Introduction

The heart is a complex structure and assessment of its patho-
morpholegy and function can be facilitated by three-
dimensional (3-D) presentation of imaging datal,
Sophisticated cardiac imaging techniques such as cross-sec-
tional echocardingraphy?, coler-coded flow? and Doppler
tissue imaging®7, uktrafast cine compuster tomography® and
magnetic resonance imaging®10 provide two-dimensional (2-
D) intages of the heart. If a sequence of 2-D images can be
combined in a data set, a 3-D presentation of the heart can be
generated!1?, At present, however, these 3-B recoastrue-
tions are presented in 2-D format. These reconstructions ¢an
still pose interpretation difficuliies, principally for the
observer in understanding the erigins and odentations of the
views!®, ¥irtual dynamic techniques, known as Virtual
Reality (VR), can assist with the interpretation of 3-D
presentations of the hean!1%-¥,

Virtual Reality (VR) is now being introduced into practice
for evaluation as a teaching aid' 223, diagnostic modality,
and 10 assist the surgeon in planning procedures?*,

Virtual Reatity Systems

Computer graphics is a fascinating subject as it provides a
mechanism 1o buitd and view 3-D objects without any physi-
cal materials. The objects may be teapots, cars, buildings,
human bodies or human organs - ir fact there are o limits 10
what can be simulated within a computer’s memory.
Computer animation intreduces the dimension of time into
this virtuat world and aHows us {0 manipulate these objects

Figure 1, Cryosection through Visibla Human Male « thora lncluding heart,
hungs, spinal column, mafor vessels, musculaturs, Jeit ventricle (from Thorax
data subsel). (Reprinted With permission, Nationa! Library of Medicine and
Natonat institutes of Hea'th, Bathesda, Manfand, USAJ

Figura 2. 3-D reconstruction of tha heart basad on anatornical sections of &
cadaver specimen, {Reprnted with permission, Conley DM and Rosse C,
Digal Anatomist program, Dept. Biological structure, University of
Washington, Seattle, USA)

and create the illusion of animated movement, A VR model
is build by translating an object into geometric dala,
Whatever the source of the data, whether it involves culling
the model into pieces, scanning it with a laser, measuring it
with a ruler, reading from drawings, it must be available
before the modeling process can begin, Comniercial com.
puter animation systems provide an interactive environment
where the vser can construct 3-D models using various
software tools. VR technolegy is used in training and simu-
lation systems for military peesonnel and pilots?s,

Although computer animation has found an excellent niche
in advertising, fitm special effects and television credits, it is
also used for visualizing a wide variely of 3-D databases (by
examiple a fomograhic data sct) and numerical data sets,
Projects such as the ‘Visible Human™! in which anatomical
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Figure 3. Differenl carthac imaging modalties. A MR (3), an EBT ) (meges courtasy af Yan Oojjen £, DBHK), an echocardrographic scanner fe} and an angio-
groom {al, are presented. The oblained images can be viewed Hvough Imaging software on a separate workstation. The wviewing of the images can be extended (o
3-D with specialized software. VR-models and databases of rare pathologias can be stored for medieal tralning and feacfing. (3-D coronary angiogram reconstruc-
o, meprnted with permission from thesis of Wahie A, Ph, Techrical Uniersity of Bedin, 1996, pag. 125)

structeres are fisplayed as VR models are of interest o the
medical profession?®? (Figures I and 2),

VR is already used in medical disciplines!. ¥ 28, 30, Full
appreciation of bone structures such as the skull and pelvis
after a comples fracture is greatly erhanced by VR
presentation of the X-ray data.

The complex analomy, pathology and dynamic changes
make it difficult and time-consuming 10 build VR medels of
the keart!®, Furthermere, the computer power necessary to
simulate and display such dynamic models was until recently
only possible with expensive *high-ead” computer systems.
New developments in hardware, software and computer
graphics have made this VR technology accessible to “low-
enid’ computer systems increasing the availability to potential
users.

Cardiac imaging systems

Tormographic images of the heart are nowadays acquired
with non-invasive or minimally invasive techniques and
there have been recent major improvements in image resolu-
tion, digital storage and the elecironic transfer of images,
facililaiing conversion of data to 3-D formal (Figuze 3},

Due to the limitations of displaying 3-D data on 2-D screens
or printouts, the 3-D images are ‘rendered’ 13, a fechnique,
which produces an image simulating an acteal 3-D view
when displayed on a computer monitor. Drespite this process,
interpretation of the 3-D image remains difficult (Figure 4).
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3-D Cardiac Ultrasound

3-D echocardiography 17 has been used in clinical practice
for over 4 years. 3-D ultrasound provides cardiac images,
which more closely mimic actual anatemy than 2-D cross-
sectional images, and may thus be easier to interpret,
Potential cardiovascular applications for 3-D include:
Assessment of veptricular function, velume and mass.
These parameters are particalarly refevant for the assess-
ment of ischemic heart disease and cardiomyopathies, in
which 2-1) methods based on geometric assumptions are
subject ta error from distorted geometry and regional dys-
function.

Evaluation of complex surfaces, such as the atrial septum,
valve leaflets, prosthetic heart valves, papillary muscles
and ventricle anevrysins.

* Definition of complex congenitat heart defects.

+ 3-D color flow Doppler which wilf improve understanding
of the spatiat distribution of blood flow.

Surgicat planning. The 3-D imaging provides the ability to
display a structure in varied planes and offers the surgeon
unique and useful vizws of cardiac anatomy.

However, when a 3-D rendered image is shown, the spatial
information is most often lost. VR inodels are useful in main-
taining this spatial informatton, This is important, since the
2-D image has limited dimensions and the whole heart is not
capiured into the data sel. Furthermore, it is sometimes
desirable o view some structures from nearby (zooming).
The interpretation of the spatial relations of the magnified

-
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Figure 4. In panel A, & 2-0 eroas-section out of a tomographic data set is
presented. In paned B, a 3-0 reconstruction of the 4-chamber view is pre-
senfed.

Frgure §. In panal A, a VR rmodel of 3 4-chamber long-avis view In diastola is
presented. The 3-0 cursor 7 focated at tha anterior mitral valve leaflet papi-
Iary muscie. In panel B the same projection is presented in systols. Tha smai
green and red balis in the model represent caBration poinfs with which tha
moded can ba finked to a real” 3-D imags data sef of the heart.

area o the rest of the heart is then lost.

When the YR model is then coupled ta real echo data, e.g.
during examination of a patient, an interactive scenario beco-
mes possible in which the operator can select a standardized
echecardiographic view, which are defined in the VR model.
This view is then also visible into the real echo data from
which a 3-D reconstruction of the desired standard view tan
be computed, Standardization of clinical relevant views has
been proposed’., but a systematic appreach of 3-D echocar-
diographic views is currently not available, which gives
roem for canfusing, ldentifying landmarks in the real echo
data (Figure 5} can perform the coupling of the VR model
with rea echo data.

Cardi-Assist

Cardi-Assist!? is a Buropean preject in cardiology in which
VR has a crucial rele. The Cardi-Assist project aims at provi-
ding remote support for the diagnosis of cardiac abnormali-
ties, with echocardiography and transmission of data using
telecommunication being pivatal. The managing consortium
brings together industrial, medical, and scientific partners:

. GMD, the German national research center for
information technology.

Vingmed Seund, ulirasound manufacturer, Nonway.
TomTec GmbH, manufacturer of werkstation software

for 3-D acquisition and 3-D reconstruction, Germany.

. University of Trondheim, SINTEF/ADT, Norway.

. University Bonn, Kinderklinik, Germany.

University Lisbon, Portugal.

Theraxcentre, Erasmus University Rotterdam,

The Netherlands.

W
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Figure €. In panel A, the VR modal is a'tered so thal i closely resembles the
2-f echocardiographic image presented in panel B, In panel €, a 3-0 recon-
structon front this patient is presenisd.

The study aims to advance the use of 3-D imaging in echo-
cardiography and improve its usefukness for cardiac surgery
planning. To achieve this, the present approach is to combine
two project work fields:

- the improvement of actual 3-D ultrasound images, and

- the integration of these images in interactive 3-D graphics
and incorporate the use of animation.

Animation is used in a software program with the acronym
TiDAS! (Toolkit for the interactive Design of Animation
and Simulation), which is being developed as par of Cardi-
Assist. ‘Basic building blocks are assembled to produce the
animation, with the operator specifying the abnormalilies
present according to the fellowing parameters:

LVSD/ASD
+ Posilicn, size and shape of the defect.
+ Length and spatial orientation of the jet through
the defect.
+ Temporal direction of the jet - whether left-right or
right-left with respect to the ECG.
* Volume of the jet.

2. Aneurysm
+ Location and size of the affected region.
* Degree of abnormal ancurysmatic motion.

3.Hypertrophy (Figure 6)
* Degree of hyperrophy,
* Global or local occurrence.

4.LV dynamics

¢ Location of affected area of the myocardium.
¢+ Degree of wall motion abnoemmality.
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Frure 7. in panel A, the VR model is placed inta a VR thorax. A VR echo-
cardiogram proba is modeled with reprasentation of an Uitrasound fiald.
The operator holds & dumaly echa probe on a dummy thorax. A magnelic
fieid and a sensor aitached to the dummy proba, register motion of the
transducer. The eperator can now perform 2 virtual echocardiographic exa-
Avnalicn o the dummmy patient, rotating tha modef probe to visw how the
witrasound field is cross-sectioning the head. Tha model ean ba iinked to
‘real’ echocardographic imags dzla, making the examingtions even mve
realslic,

Ultrasound training and teaching

Parts of the Cardi-Assist project will be used to develop a
teaching station for sonegraphers and cardiotogists {Figure
7). Experds have mental models of the heart structure and
function that guide their interpretation of ultrasound images,
while novices are compleiety lacking these mental models, A
3-1) presentation of the hieart supperts in the feaming process
of these models. Experts employ standard procedures ta veri-
fy a diagnosis. These procedures can be included into an
interactive scenario as muliimedia tutorials and can be made
avnilable during the examination. Based on a partial diag-
nosis for a patient, a diagnostic guidance system could pre-
select the most probable paths to follow and could advise on
missing verification steps. Databases of cardiac diseases,
which are documented in the form of 3-D ultrasound images
and illustrated by interaciive 3-D graphics and animation
furthermore, provide a most valuable form of medical trat-
ning.

Future training systems will include the facility known as
*force-feedback’32, Tactile information can interact with a 3-
D maodel animatioa. The physical interface device can be
anything from a joystick o a transthoracic or transesopha-
geal echocardiogram probe. The physical interface and the
force-feedback properties of the different human tissues pro-
vide the most challenging part to the developmeat of interac-
tive training and teaching systems,

Conclusion

Cardiac ultrasound imaging is continuously impraving as a
clinical investigation tool. 3-D imaging has now been
available for several years but has still limitations; not in the
least difficultics in interpretation. Virtual Reality is entering
into the clinical theatre and this development could herald a
revolution for medical fraining. xaminations, diaguosis and
treatment of disease stales.
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ECG-Gated ICUS Image Acquisition Combined with a Semi-Automated Contour
Detection Provides Accurate Analysis of Vessel Dimensions,

N. Bruining, C. von Birgelen, M.T. Mallus, P.J. de Feyter, E, de Vrey,
W. Li, F. Prati, P.W. Serruys, J.R.T.C. Roelandt

Erasmus University/University Hospital Rotterdam Dijkzigt, Thoraxcenter,
Rotterdam, The Nethertands

Abstract

At present most systems wsed for three-dimensional (3-
D} reconstruction's of two-dimensional Intracoronary
ultrasound  (ICUS) images are based on an image
acquisition with a pullback device which withdraws the
catheter with a constant speed, not taking acceunt of
cardiac motion and coronary dynamics/pulsation. Cyclic
changes of the vessel dimensions and the movement of the
catheter inside the vessel result in artifacts and
inaccuracies of quantitative analysis. Furtherinore, most
systems in use for this kind of analysis applications store
the ICUS image data on videotape for off-line analysis,
which results in quality loss.

To overcome these mitations and fo achieve a rapid
ont-line analysis withowt quality loss resulting from
unnecessary A/D-conversions, ECG-gated acquisition and
direct digitisation of FCUS images was performed on-line,

1. Introduction

Infracoronary  ultrasound  (ICUS} provides high-
resolution cross-sectional imaging of the vessel wall which
is increasingly wused during diagnostic cardiac
catheterization and as a guiding tool during interventional
procedures, However, it is hard to memally conceplualise a
tomographic data set of 2-D paralle! sliced ICUS images
inte a4 3-D structure. Furthermore single measurementis
often performed manually, by example proximal, within and
distal of the stenoses provides limited accurate analysis
results. At present most 3-D and analysis systems
commercially available are based on an image acquisition
with a pullback device which withdraws the ICUS catheter
al an uniform speed, not taking account of the cardlac
motion and coronary dynamics/pulsation. Artifacts and
inaccurate measurements of Lhe tomographic data set may
result from the systolic-diastolic changes of the vascular
dimensions and the cyelic movement of the catheter [1]. A
secondary problem is that most syslems store the ICUS

image data on videotape for off-line analysis, which resulis
in severe quality loss [2].

Autormated ECG-gated ICUS image acquisition
combined with 3-D rendering and Semi-automated contour
detection software allows overcomifig these limitations.

11, Background
In recent years several methods have been developed to

acquire tomographic ICUS image data sets and to perform
3-P reconstruction’s and 3-D vessel analysis:

*

Manual pullback.

Manual pullback with the ICUS catheter shaft placed in a
displacement-sensing device.

Motorised pullback by a uniform velocity metor,
applying a speed of 1 - 0.2 mnvsec [3].

Motorised pullback by an uniform velocity metor and
use of an ECG-labelling device so that only one phase
during the R-R interval is acquired at a continuous speed
of 0.2 mm/sec {"Pseudo-Gating"} [4].

Motorised ECG-gated pullback using 2 stepping motor.

‘The {echnique described in this paper is based on
analysis on ICUS image data sets, which are acquired with
amotorised ECG-gated pullback device.

2, ICUS Acquisition Set-up

A scheme of the set-up of the 3-D reconstruction system
in the catheterization laboratory is shown in figure 1, The
ultrasound examinations have been performed using a 2.9F
MicroView 30 MHz mechanical rotating element catheter
{CVIS, Sunnyvale, CA, USA) and the echo units Insight 111
and HP Sonos (Hewllet-Packard, Andover, MA, USA).

The catheter configuration {external echo-ansparent
sheath with an independent imaging cable inside)
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Figure | Cathlab setup

guarantees {hat pulling a defined distance at the proximal
end of the catheter results in an equivalent movement of the
tip of the catheter,

The image acquisition and reconstruction siation
(EchoScan, TomTec, Munich, Germany) receives a video
signal input from the ICUS machine and is connected to the
palient to meniter the ECG and respiration (impedance
method). The acquisition statfon is alse connected to a
cuslom-designed  pullback  device  (Thoraxcenter,
Rotterdam, The Netherlands) to be controlled by the
steering logic of the acquisition station, considering heart
rate vartability and (oplionally) the respiration [5).

2.1 Image Acquisition

The acquisition station digitises the ICUS images
(frames) with 40 ms intervals to a maximum of 25 images
for one heart cycle. K starts with the digitisation after
detecting the peak of the R-wave and it acquires the first
new avaitable ICUS image on the echo unit (see figure 2).

a3tama | tetoms P oremems
i

Figure 2 Acquisition scheme

At first the station monitors the ECG and respiration for
two minates and produces fwo scatier diagrams of the

measurements, The software determines the upper and
lower limits of the duration of the cardiac cycle and the
depth of inspiration/expiration, after which the operator can
fine-tune these intervals.

After the ICUS images of one heart eycle are acquired
the software retrospectively checks if the R-R interval and
respiration depth meet the predetenmined ranges (see figure
2}, before the digitised images are stored. Otherwise, the
cycle is refected, removed from the computer memory, and
a new sequence at the same transducer position is acquired.
After a valid acquisition of one heart cycle the stepping
motor receives pulses unidl the next position on the
longitudinal axis is reached. The process is repeated unil
the end of the longitudinal scan distance is detected, Now
the operator must calibrate the echo images for on- and ofi-
line quantiiative measurements, and the acquired imapes
can be stored on hard- and/or M.O.-disk.

‘The mean acquisition time to obtain one data set was 3 2
2 minutes, applying longitudinal iatervals of Q.1 to 0.25
mum, an image resolution of 256%256 pixels using 8 bits per
pixel, 6 images per R-R cycle, and an average scan length
of 4 cm.

3 Image Processing

To save lime and {o speed up the acquisition process the
images are stored consecutively in one single data structure.
The analysis sofiware used is able to access the images
needed for analysis direcily from this stack of unprocessed
images with respect to their place in the R-R interval.

The same data sets are also being used for three-
dimensional reconstruction’s. However, it is necessary to
separate the images and fo posilion them to their correct
place in the R-R interval for this purpose. During this post-
processing phase the images are formatied in volumetric
data sets (256*256*256 pixels/each § bits), as can been
seen in figure 3. During this process the images are being
fillered and the vessel contours are smoothened,

Time Sepmented

Coronary
Digittzed IVUS Frames

Anglogram

Phase 25

Phase 2

TstDatagst  2nd Datssed 2158 Dgtasat
R-pak Repask & f4ms lxpa\ Hlitd

step resofution |
Figure 3 Time segmentalion
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3L On- and Off-line Analysis

At the Thoraxcenter an in-house produced Semi-
automated contour detection program for cross-sectional
and volumetric quantification of 3-D 1ICES data sels is used
[6,7]. This program will be integrated into the sofiware of
the 3-D image acquisition system. Due to the fact that the
3-D image acquisition software runs under DOS and the
analysis software under windows, rebooting of the machine
is momentarily recessary. After the initéating sequence to
start the analysis software the raw ICUS images can be
loaded into the compuler memory with a maximum
limitation of 200 images. It 1ook 9 4+ 3 minutes for an
experienced aperator to perform an on-lice ICUS analysis
of a coronary segment with typical acquisition parameters
as mentioned in paragraph 2.1,

3.2, Clinical Results

Two comparison sludies have been carried ou? to see if
the described approach resulls in more accurate vessel
dimension analysis. Coronary vessel ‘analysis of ICUS
image dafa sets acquired ECG-triggered vs. Non-triggered
were compared and dynamic vessel dimension changes
over the R-R interval within the same coronary segment
were investigated. In figure 4 longimudinal ¢ross-sections of
a Non-triggered acquisition of a coronary segment can be
seen.

. ]
Festios Comet eresteg €am ,
[ {B wfa) !ﬂtlmw nm.wmcu,r] [Orm Cigee 85y

Figure 4 Mon-gated puliback

It is clear in this figure that in some parts of this coronary
segenent it is difficult to point cut where exacily the luminal
border is. However for a true perception the images should
be viewed on a high-resolution monitor instead of the
limited space and quality of printed images.

Figure 5 shows a coronaty segment from the same
patient but now ECG-Triggered.

Figire 5 ECG-galed pullback

In this image it is better visible where the luminal border is.
The sharper defined cdges and the lack of motion from left
to right of the vessel watl helps to decrease the analysis
time into half the time needed for non-triggered data sets.
This is mainly due to the fact that less manuat interactions
to correct the avtomated found contours are necessary,

For the volumetric quantification study 28
angiographally straight atherosclerotic segments during 19
diagnostic and 7 procedures after coronary intervention (26
patients; 21 male; 54.9 4 9.1 years) were examined.
Segments were focated in the left anterior descending (15),
right {11) and circumflex (2) arteries. At a maximam rate of
5 images per mm a total of 110 + 39 images per segment
were sampled (40 ms after the R-top) and digitised (48-194
imagesfsegment; corresponding length: 9,6-38.8 mm). The
resubts  showed a  high intraohserver (IAQ) and
interobserver {IRQ) reproducibility : the mean values
(delta) ranged from 0.14% to 1,51%. Barlier studies using
non-triggered data sets digitised off-ling from videotape
showed variation coefficients for lumen velume of 3 % and
for plaque volume of 1.8% {7].

‘The study for dynamic changes in vessel dimensions was
pecformed in [3 patieats after catheter-based coronary
intervention. Longitudinal step resolution varied from 0.1
to .25 mim {ea. From 10 down to 4 images/mm}, the scan
length varied from 2 to 5 cm. The comparison of the end-
diastole (ED) and the end-systole (ES) volumetric analysis
showed no significant difference in the mean values of
vessel dimensions, but showed a farge standard deviation of
the difference (delta) : Luminal volume : 160 4 151 mm®
ED) vs. 162 £ 159 mm’® (BS), -2 + 8 mm® (A); Plague
volume : 117 £ 101 mm’ (BD) vs. 118 496 mm’ (ES), -0.8
+ 5 mm’ (A); Luminal area : 6.5 + 3.9 mm’ (BD) vs. 6.6 +
4 mm® (ES), -0.06 4 0.38 mm? (A). So on average it seems
that systolic-diastolic changes of vessel dimeasions are
smoothened out, but in individuat cases a large difference
in vessel dimensions can be found. This indicates that for
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research purposes in which high accurate vessel analysis is
necessary, such as profregression studies, the described
method could maybe provide higher accuracy than the
current widespread used techniques,

4. Limitations

The proposed technique suffers from the following
limitations :

'

Mo spatial movement information of the echotransducer
is currently registered (ea. straight pipe representation).
The resolution of the ICUS transducers determines the
upper resolution limit of 3-D reconstruction’s and
analysis.

The acquisition time is longer compared with uniform
velocity pullbacks.

The technique is more costly than the currently
widespread used techniques.

'

5. Future Developments

The most important  improvement could be found in
registering the spatial movement of the echotransducer
during a pultback sequence, ea. tracking the tip of the
catheter. This could provide also true length measurements.
Work on this subject has been carrded out at ithe
Thoraxcenter [8]. This method works momentarily with a
very fime consuming {echnique of off-line digitisation of
the spatial movement of the cathetertip from Bl-plane
angiographic films, Currently work is under construction to
produce an image acquisition station, which can acquire
Bl-plane angiographic images simultaneously with ICUS
images. This could be a major improvement of speeding up
the process {0 reconsiruct a ceronary segment with his true
curvature,

6. Conclusion

The feasibility of ECG-gated pufibacks for producing
accurate analysis of wvessel dimensions could be
demonsteated. High-quality ICUS data sets were obtained,
not showing cyclic saw-shaped artifacis as seen by non-
gated approaches, Therefore this method is warranted in
progression/regression of atherosclerosis studies.
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ECG-Gated Versus Nongated Three-Dimensional
Intracoronary Ultrasound Analysis: Implications
for Volumetric Measurements

Nico Bruining, ssc, Clemens von Birgelen, tp, Pim J. de Feyter, Mo, Pap, Jurgen Ligthart,
Wenguang Li, Msc pnp, Patrick W, Serruys, 1, £ip, and Jos R.T.C. Roelandt,* #p, Prb

The quanlitative analysis of a three.dimaenstonal (3-D} intracoronary ultrasound {{CUS)
Image dala sot permits a more comprehensive assessment of coronary arlesial segments.,
The 3-D Image sels are generally acquired dusing continuous molorized pullbacks.
However, the cycllc changes of vascular dimenslons and the cyclc spatlal displacement
of the ICUS Wransducer relalive to the vessel wall can result ln characietistlc Image
arfifagts, which may limit the applicability of quanlilative automated anzlysis systems.
This limltatlon may be overcome by an ECG-gated Image acquisition, In the present study
we acqulred In vive (1} nongated and (2) ECG-gated 3-D ICUS Image sefs of 15 human
atherosclerolic coronary erterles and performed a computer-assisted contour detection
of the lumen and total vessel boundarfes, Total vessel and fumen volumes measurdd
signlficantly largerin the nongated versus ECG.gated end-diastolic Image sets (753 = 307
mnm? s, 705 £ 305 mm?; 411 & 154 mm? vs. 388 & 165 mm?, both: P < 0.05), Both
end-diastolic and sysiolic measurements were avallable in nine arterles, showlng a farger
total vessel and lumen volume at systele (664 £ 221 mm? vs. 686 + 227 mm?, P = 0.03;
384 £ 164 mm? vs. 393 = 170 mm?¥, P = 0.08), The differences observed may be of
partlcular Inlerest for volumelric ICUS sludies, addressing presumably smadl differ-

ences in vessel or lumen dimenslons. Cathel, Cardiovase. Dlagn. 43:254-260, 1998.

© 1933 Wiley-Liss, Inc.

Key words: Inlvavaseular ulirasound; Image processing; three-dimenslenal reconsiruc-

tlon; coronary artery disease

INTRODUCTION

The assessment of coronary arteries by Intracorenary
wtrasound {(ICUS) imaging [1,2], allows the evaluation of
the geometry of both lumen and vessel wall, as well as
careful assessment of the results of catheter-based inter-
ventions {3-5]. Recently, three-dimensional (3-D} image
reconstruction and analysis systems have heen introduced
[3,4,6-14], which can be used for quantitative analyses of
ICUS image data. Such 3-D systems generally acquire
sequences of ICUS images dering uniform-speed motor-
ized pullbacks, Image artifacts that resuit from cyclic
changes in coronary dimensions and the movement of the
ICUS catheter relalive 1o the vessel wall represent
potential limitations for the feasibility of 3-D bouadary-
detection systems {11]. A novel approach limits cyclic
movement artifacts by use of an ECG-gated image
acquisition workstation that controls a dedicated pullback
device [13,15] and permits the application of an analysis
program for automated boundary detection in the 3-D
ICUS image sets [12,14], In this stady, we acquired (1)
nongated and (2) ECG-gated 3-D image sets of [5
atheroscleratic coronary segmients of patients undergoing

catheter-based coronary interventions and performed com-
puter-assisted measurements of the lumen and total vesscl
volurmnes to evaluate potential differences between the
nengated and ECG-gated approach.

METHODS
Study Population

We studied 15 patients (1 male, mean age: 57 * 11.4
yr} in sinus rhythm. The Medical Ethical Comunittee of
the EMCR approved the stedy and all patients signed a
written informed consent form. The paticats received
aspirin (250 mg) and heparin (10,000 U) intravencusly. If
the duration of the entire interventional procedure ex-

Thoraxcenter, Bepariment of Cardiology, Erasmus Medical Cen-
ter and Erasmus University, Rotierdam, The Netherfands
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Flg.1. Equipment selup In the catheterization laboratory. Besldes the basic ICUS system, a 3-D
Image acquisition workstatlon (EchoScan, TomTec) was used {righl), The 3.D recenstruction
system recelves the video oulput of the ICUS system and the patlent's ECG signal.

ceeded 1 hr, the activated clotting time was measured and
intravenous heparin was used fo maintain an activated
clotiing time >300 sec. The coronary segments examined
were in the right (n = 3), left anterior descending (n = 7),
and left circumfex coronary arderics (n = 5),

ICUS Image Acquisition

Intracoronary nitrates were administered before the
segmeats were examined with ICUS. Two mechanical
ICUS systems, ClearView (CardioVascular Tmaging Sys-
tems, Sunnyvale, CA) and Sonos (Hewleti-Packard, An-
dover, MA) were used with sheath-based ICUS catheters
(MicroView, CVIS). The 30 MHz single-element trans-
ducer was withdrawn inside the 2.9F 15-cm-tong senolu-
cent distal sheath, which alternatively housed the
guidewire (during catheter intreduction), or the (rans-
ducer (during imaging, afier the goidewire had been
pulled back), A diagram of the setup of the ICUS system
and tke 3-D acquisition and analysis system in the
catheterization laboratory is shown in Figure 1.

The ECG-gated image acquisition and digitization
were performed by a 3-D image acquisition workstation
[E4,15] {EchoScan, TomTec, Munich, Germany), which
received the video signal inpwt from the ICUS machine
and the ECG signal from the patient. This system steered
the ECG-gated stepping pullback device to withdeaw the
imaging transducer through the stationary-imaging sheath.
The workstation considered the heart rate variability and
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only acquired images from cycles meeting a predeter-
mined range; premature beats were rejected.

In brief, before image acquisition, the R-R intervals
were measured over a peried of 2 min to define the range
of the R-R intervals of cardiac cycles to be sampled
{mean value * 100 ms}. The 3-D acquisition station was
capable of acquiring a maximum of 25 frames per cardiac
cycle at a given site. Images coinciding with the peak of
the R-wave were used for quantitative analysis (end-
diastolic phase). If an R-R interval failed to meet the
preset range, the ICUS catheter remained at the same site
until a cardiac cycle met the predetermined R-R range.
Then, the ICUS transducer was withdrawn 0.2 mun and
images were recorded at the next site in the same way. In
this study, an average of six frames per cardiac cycle at
one site were recorded; image acquisition required on
average 1 min per centimeter axial length. Nongated
image acquisition was performed with the same technical
equipment at a4 speed of 0.5 mmysec (“conventicnal
approach™).

Image Analysis System

A Microsoft Windows™-based contour detection pro-
gram, developed at the Thoraxcenter Rotterdam, was
used for the automated 3-D analysis of up to 260 ICUS
images. Two longitudinal sections were constructed from
the data set and the contours corresponding to the
lumen-intima and the media-adventitia boundaries were
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identified using a minimum-cost based analysis system
[12,13]. These [ongitudinal contours were used to define
regions-of-interest in the individual cross-sectional ICUS
irmages. These regions-of-interest guided the automated
contour detection in the planar ICUS images. The loca-
tion of an individual cross-sectional image was indicated
by a cursor on the longitudinal sections, which allowed
scrolling through the entire set of planar ICUS images to
check the cortours, Corrections could be performed
interactively by “forcing™ the contour through visually
identified points, and then the entire data set was updated
(dynamic prograntming). The performance of this analy-
sis system has been validated in a tubuiar phantom [[2],
and a comprehensive histologic validation has been
performed [16]). The intracbserver and interobserver
variability in nongated {<0.8%, SD << 2.06%) {12] and
gated {<<0.4%, 8D < 3.2%) [14) 3-D ICUS image sets of
atherosclerotic coronary areries in vivo have been re-
ported previously.

ICUS limage Analysls

The analyst traced the [umen-intima and the media-
adventitia boundaries. In the presence of calcium depos-
its, the obscured media-adventitia border was extrapo-
lated using the information of adjacent ICUS cross-
sections [L4]. By these tracings, the total vessel area
{encompassing the media-adventitia border) and the
luraen area were determined. The plaque burden (%} was
calcuiated as total vessel area minus lumen area divided
by the total vessel area. Volimes of total vessel and lumen
were calculated as; V = 2 Al - H, where V = volume,
A = area of total vessel or lumen in a given cross-
sectional ultrasound image, H = the thickness of the
coronary artery slice, that is represented by this digitized
cross-sectional ICUS image; and # = the number of
digitized cross-sectional images encompassing the vol-
wnie to be measured. Segment lengtii was caleulated as
the number of images analyzed, multiplied by the dis-
tance hetween two adjacent images. Longitudinal cath-
eter displacement during the cardiac cycle was measured
as the maximal systolic-diastolic movement of the ICUS
transducer relative to a landinark (side branch or charac-
teristic calctum deposit) in computed longitudinal sec-
tions.

Statistical Analysis

Quantitative data are presented as mean * standard
deviation (SD). ECG-gated 3-D image sets, acquired at
the peak of the R-wave (end-diastole), were compared
with both conventional nongated 3-D image sets and
systolic 3-D image sets {provided by the ECG-gated
approach), using the two-tailed paired Student’s t-test. A
P value <<0.05 was considered statistically significant.

Fig. 2. Longitudlnat views reconstructed from nongated {A)
and ECG-gated (B} ICUS Image sets. In the nongated example, a
saw-blade shape appearance of the vascular slruclures can be
appreciated. The ECG-gated approach provided smooth longilu-
dinal vessel contours. laner and ower confours represent the
luminal and external vascular boundaries.

RESULTS

Nongated Versus ECG-Gated (end-dlastolic)
Measurements

Lumen and vessel contours in ECG-gated image sets
were much smoother than those in nongated image sets.
Figure 2 shows an example of longitudinal sectiens from
the nongated and the ECG-gated 3-D ICUS image sets
(comesponding area measurements are given in Fig. 3).
The movement of the catheter and systolic-diastolic
changes of vessel dimensions during the cardiac cycle
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Fig. 3. Cross-sectlonal area measurements along @ coronary
segment (displayed In Fig. 2}. Measurements were oblained
from nongaled {top} and ECG-gated (bottom} image sels. The
upper and fower boundaries of the gray zone represent tho total
vaessel and Jtmen cross-sectlonal area measurements. dote the
saw-blade shape appearance of the measuremenls in the non-
gated tmage sels (lop}.

TABLE L. Hongated vs. ECG-Gated {end-diastollc)
Measurements {n = 15}

ECG-gated
Nongated (end-diastolic) 14
Totat vessel volume (mm?} 7530 £ 307.3 TS5 = IS a0y
Lurmen volume (mm3} S10.7 *+ 1538 3818 £ 1645 002
Imagesfsegment 163 +§9 154 £ 29 NS
Mean plaque burden (%) 430291 42891 NS
Segmeat length (mm) 484 * 16.9 475 2163 NS$
Longitudinal catheter dis-
placement (i) ? 08 =09

sParameter measured in ECG-gated image sess only.
NS = pot significant.

caused the saw-blade shape image artifact in the nongated
images. The leagth of the coronary segments analyzed
was 484 * 16.9 mm (range: 30-80 mm). Both totat
vessel and lumen volumes (Table [) in nongated image
sets were significantly higher than those measured in the

corresponding ECG-gated image sets (753 * 307 mm?
vs, 705 + 305 mmd, P = 0.04, and 411 * 154 mm? vs.
388 + 165 mm?, P = 0.02). Figure 4 displays the abso-
[ute luminal volumetric differences between measure-
mentis in nongated and ECG-galed image sets. Results of
the lincar regression analyses are given in Figure 5,

End-Diastolic Versus Systolic Measurements {both
ECG-gated approach}

In nine patients, image sets that were acquired in
systole could be compared with those obtained at the peak
of the R-wave (end-diastole). Measurements were for the
total vessel volume 686 % 227 mm? and 664 * 221 mm?®
(P = 0.03, variation 3.4 + 3.8%) and for the lumen
volume 393 = 170 mm?® and 384 * 164 mum? (P = 0.08;
variation 2.7 -+ 4.4%) {Table H). Results of the linear
regression apalyses comparing systolic and end-diastolic
measurements are given in Figure 6.

DISCUSSION

Linage acquisition for the purpose of 3-D reconstruc-
tion is generally performed during continvous noagated
matorized pullbacks, but the cyclic changes of the
vascular dimensions and the displacement of the ultra-
sound transducer relative {o the vessel wall can result in
significant saw-blade shape image artifacts in longitudi-
nally reconstructed sections. BCG-gated image acquisi-
tion with a novel method (15] allows compilation of
images of the same phase of the cardiac ¢ycle in the 3-D
image sets. This results in much smoother contours of
both lumen and vascular wall in reconstructed longitudi-
nal views and facilitates automated contour-detection
with the computerized analysis system applied [[4]. In
addition, measurements can be performed at different
phases of the cardiac cycle.

‘The present study was the first to evaluate the potential
difference in volumetric measurements between the con-
ventional nongated and the novel ECG-gated approach.
Our data demonstrate thal conventional nongated vessel
and lumen volume measurements were significantly
higher than the corresponding measurements in end-
diastolic image sets, derived from the ECG-gated image
acquisition. In additien, comparison of volumetric mea-
surements in end-diastolic image sets (peak of the
R-wave) and systolic image sets revealed higher volumes
during systole, confinning previous observations with
conventional planar ICUS [17]. The natural history and
the progression or regression of coronary atherosclerosis
most often have been assessed by quantitative coronary
angiography [18,19], but the guantitative angicgraphic
analysis is limited 1o the assessment of luminal silhou-
ettes and early atherosclerosis remains vndetected [2,3].
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TABLE ll. Nongaled and Both End-Dlastolic and Systolic (ECG-gated)

Measurements {n = 9}

P,
ECG-gated RCG-gated End-diastolic
Nongated End-diastolic Systolic ¥s. Systolic
Fotal vessel volume {(mm?) 6845 + 2396 6638 + 2208 685.7 + 2274 043
Lumen voleme {mm’) 39861 £ 1783 IR16 £ 1642 393 £ 1702 098

ICUS depicis even early atherosclerotic changes. Re-
cently, volumetric ICUS measurements have been sug-
gested to evaluate Ibe progression-regression of atheroscle-
rosis during pharmacological or nonpharmacological
interventions [20]. However, the volumetric changes as
observed in such studies rnay be small. The findings of
the presented study sheuld be considered particularly
when addressing small changes, as expected in progres-
ston-regression studies of atherosclerosis,

Limitations and Potential Sources of Error

The heart rate shows physiological variability and the
ECG-gated method acquired images from cardiac cycles
with different R-R intervals (mean R-R interval + 100
ms); the length of cardiac cycles in these data sets can
differ by up to 200 ms. Thus systolic data sets conlain
images thal are not always acquired with exactly identical
timing, which may cause image artifacts and may affeet
the accuracy of systolic measurements (see Fig. 7).
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Flg. 7. ECQ-gated Image sequisition diagram. When applylng
ECG-gating for Image acquisitlon, the first image is acquired
after detecting the peak of the R-wava (solld ling), correspond-
Ing to the end-dlastollc phase (ED) of the cardiac cycle. The
heart rate shows a physlological varlability and images from
cardlac cycles with different B-R Intervals are acqulred {range:
mean R-R Interval £ 100 ms); the length of cardlac cycles In
these data sets can ditfer by up to 200 ms. Therefore, systollc
daia sets {thick short dolted line} contaln Images that are not
always acquired with exaclly the same liming, which can rasult
in image artifacts and may affect the accuracy of syslolie
volumeiric ICUS measurements.

ECG-gated image acquisition results in an extended
duration of the ICUS imaging runs, which may limit its
preintervention us¢ in paticnds with severe laminal obstruc-
tions.

Nonuniform transducer rotation of mechanical ICUS
cathelers, eccentric catheter position, or vascular curva-
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tures may affect the accuracy of 3-D reconstruction and
amalysis [21-23]. Approaches that combine both radio-
graphic and ICUS data have been proposed to solve most
of these problems, but these techniqués are laborious and
still restricted to research {21,24).

Testing in an in-vitro phantom may allow to obtain
additional insights into the accuracy of nongated velumet-
rc measurements vs. ECG-gated measurements, How-
ever, 10 produce a model that simulates the complex 3-D
motion of the heart combined with the patients respiration
and the dynamic changes of vessel dimensions is ex-
tremely difficult and even may be impossible.

Conclusion

Volumetric ECUS measurements in nongated image sets
differ significantly from those in end-diastolic ECG-gated
image sets. This should be considered pasticularly when
addressing potentially small volumetric changes, such as
expected in progression-regression studies of atherosclero-
sis.
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Editorial Comment

What’s New With IVUS?

Jonathan M. Tobis, mo

Division of Cardiology,

University of California Medical Center,
Irvine and Los Angeles, California

Bruining et al. should be cengmtulated on their informative
paper demonsirating that electrocardiogram (ECG) galing im-
proves volumetric measurements from three-dimensional intracore-
nary ulirasound images [1]. The ECG gating not only smooths the
longitudinal image and makes it visually more pleasing, it also
improves the quantitative analysis. The volumes of the artery
lumen and the vessel (i.e., the area bounded by 1he media) were
Targer when measured by a nongated computer edge-detection
program as compared with the ECG-gated program. The major
downside to this method is that the image acquisition rate is slow at
1 minfem of artery. This rate may be feasible for dedicated IVUS
researchers, but the casual user of intravascular ultrasound may
find 1his too Iaborious. However, the fongitudinal images more
closely approximates an angiegraphic view and therefore is & more
familiar presentation for the intecventional cardiologist. As the
authors have pointed out, the ECG-galing technique may be more
appropriate for serial studies that attempt {0 look at the volume of
atheroscleratic plaguc over time.

‘This artiele reminds us that, in addition to ECG gating, there are
new develepments in the field of intravascular ultrascund imaging.
Perhaps the most significant advance is complete digital storage of
all the cross-sectional nitrasound images. With this new capahility.
the operator will be able to scroll through the database of images to
review alb cross-sectional informatien and the long-axis recon-
structed projections. The ability to recall the images from a digital
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format will prevent the loss in image quatity that occurs from
digital-to-analog conversion and playback from the yideotape.
Altheugh videotape will still be used as a storage medium, there
will ke the capacity to download the digital images to the hard drive
and then te a wiitable compact disk (CD) that can store up (o 650
megabytes of data. Several cases can thus be stored on a single CD.
The digital format will also facililate reports by incerporating the
quantitative results measured from the digital images and by
providing the ability to embed the ultrasound images direcily into
the report printout.

The second area of significant improvement is in catheter design.
Boston Scientific will be coming out with a smaller 2.6-French
monorail desiga catheter using a 40-MHz transducer. Although the
reflections from blood are slightly annoying, the lower profile of
this catheter permits its entrance into smaller lesions that could not
be passed with the 3.2-French catheter. Endosonics has aiso
dramatically improved their images along with their 64-element
transducer tipped catheter. Hewlett-Packard has improved the
pull-back device for operators that like fo acquire data in a
continuous fashion. The newer pull-back devices are smalter and
more user frendly. This should make the ECG-galing technique
desciibed by Bruining et ak. even more feasible.

Tt is cncouraging to see these impressive improvemenis in
catheter design, image quality, and digital image manipulation,
which demonstrale a healthy commitment by industry to the future
progress of intravascular ultrasound.
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ECG-Gated Three-Dimensional Intravascular Ultrasound
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ECG-gated three-dimensional intravascular ultrasound. Feasibility and reproducibility study in humans

ECG-Gated Three-dimensional
Intravascular Ultrasound

Feasibility and Reproducibility of the Automated Analysis of
Coronary Lumen and Atherosclerotic Plaque Dimensions
in Humans

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

Background Automated systems for the quantitative analy-
sis of three-dimensional (3D} sets of intravascular ultrasound
(IVUS) images have been developed to reduce the time
required 1o perform volumetric analySes; however, 3D image
reconstruction by these nongated systems is frequently ham-
pered by cyclic artifacts.

Methods and Resufts We used an ECG-gated 3D IVUS
jrmage acquisition workstation and a dedicated pullback device
in atherosclerotic coronary segments of 30 patients to evaluate
(I} the feasibility of this approach of image acquisition, (2) the
repraducibility of an automated contour detection algorithm in
measuring lumen, external elastic membrane, and
plaque+media cross-sectional areas (CSAs) and volumes and
the cross-sectional and volumetric plague+media burden, and
{3) the agreement between the automated area measurements
and the resulls of manual tracing. The gated image acquisition
took 3.9*+1.5 minules. The length of the segments analyzed was

9.6 to 40,0 mm, with 2.321.5 side branches per segment. The
mimimuem lfumen CSA measured 64+1.7 mm?, and the maxi-
mum and average CSA plaque+media burden measured
60.5+10.2% and 46.5:£9.9%, respectively, The automated coa-
tour-detection required 34.3+7.3 minutes per segment. The
differences between these measurements and manval tracing
did not exceed 1.6% (SD<6.8%). Intraobserver and interob-
server differences in area measurements (n=3421; r=.97 t0.99)
were <1.6% (8D1<.7.2%); intraobserver and interobserver dif-
ferences in volumetric measurements (a=30; +=.99) were
<0.4% (SD<3.29%).

Conclusions  ECG-gated acquisition of 3y IVUS intage sets
is feasible and permits the application of automated contour
detection to provide reproducible measvrements of the fumen
and atherosclerotic plaque CSA and volume in a relatively
short analysis time, (Circulation, 1997;96:2944.2952.)

Key Words » ultrasonics « coronary disease o imaging

graphic imaging of coronary arteries in humans in

vive and provides insights info the pathology of
coronary artery disease by defining vessel wall geomeltry
and the major components of the atherosclerotic
plaque.t7? Although invasive, IVUS is safe®® and allows a
more compechensive assessment of the atherosclerotic
plaque than the “luminal sithouette” furnished by coro-
nary angiography,!®* Nevertheless, conventional 1VUS
analysis is a planar technique. Volumetric analysis of
conventionally obtained IVUS imzges 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 volumetric
analysis’® of IVUS images, automated 3D image recon-

Intravascular ultrasound allows transmural, {omo-
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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 movemen{ of the IVUS
catheter refative to the vessel 202224

As a consequence, we have developed an analysis
system that (1) uses 3D IVUS image sets acquired with
an ECG-gated image acquisition workstation and pull-
back device to limit cyclic artifacts?® and (2) detects both
the luminaf and external vascular boundaries of athero-
sclerolic coronary arteries to permif plaque volume
measurement.1%7-31 We report the feasibility of IVUS
image acquisition and the reproducibility of analysis with
this methodology.

Metheds

Patient Population

Belween August 1, 1995, and February 29, 1996, we exam-
ined 28 patients with ECG-gated 3D IVUS, which represented
a conseculive seties of patients investigated with this approach.
There were 23 men and 5 women who ranged in age from 38 fo
72 years (mean, 55.3+8.9 years), All but 3 of them, studicd at
routine follow-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

71



Chapter 9

Selected Abbreviations and Acronyms
CSA =CSA

3D = three-dimensional
EEM = external elastic membrane
WUS = intravascular ulirasound

{n=20) or for follow-up study after a previous angioplasty
precedure (n==38). OF the 20 patients examined during diagnos-
tic catheterizations, 6 had one-vessel, 8 had two-vessel, and |
had three-vessel disease. All patients with one- and fwo-vessel
disease subsequently underwent successfui catheter-based in-
ferventions {balloon angioplasty, n=3; directional atherce-
tomy, n=2; stenting, n="%). Bypass svigery was petformed in
the patient with three-vessel disease, Of the § paticnts investi-
gated at follow-up after previcus interventions (after balloon
angioplasty, n=35; direciienal athereciomy, n=3), 3 patienis
showed a significant restenosis and were successfully treated by
repeat balloan angioplasty.

Thirty atherosclerotic coronary segments located in the left
anterior descending coronary artery (n=15), right coronary
artery (n=12), and [eft circumilex coronary ardery (n=23} were
analyzed; 13 segmenis were proximal, 15 mid, and 2 distal. As
a condition for inclusion, segments had to be angiographically
relatively straight (in at least two angiographic views from
oppaosite projections). An exclusion critezrion was calcification
encompassing >180° of the artedal circumference over a
=5-mm-long axial segmenl. This sudy was approved by the
Local Council on Human Research. All patients signed a
writien informed consent form approved by the Medical Eth-
ical Committee of the University Hospital Rotierdam-Dijkzigt.

IVUS Imaging

All pasients received 250 mg aspirin and 10000 U heparin
TV. If the duration of the entire catheterization procedure
exceeded 1 hour, the activated cletiing time was measured, and
intravenous heparin was administered 1o maintain an aclivated
clotting time of >300 scconds. After inteacoronasy injection of
0.2 mg nitroglycerin, the atherosclerotic coronary segment to
be reconstrircted was examined with a mechanical IVUS system
{ClearView, CardioVascular Imaging Systems Inc) and a
sheath-based TVUS catheter incorporating a 30-MHz beveled,

&
ES

single-element transducer rotating at 1560 rpm {MicroViesw,
CardioVascular Imaging Systems Inc). This catheter is
equipped with a 29F 15-cm-Jong sonolucent distal sheath with
a common bumen that alternatively houses the guidewire
(during catheler introduction) or the transducer (during imag-
ing afier the guidewire has been pulled back), but not both.
This design avoids direct contact of the IVUS imaging core
with (he vessel wall. The IVUS transducer was withdrawn
through the stationary imaging sheath by an ECG-triggercd
pullback device with a stepping mator developed at the Tho-
raxcenter Rotterdam.2#

ECG-Gated 3D IVUS Image Acquisition

The ECG-gated image acquisition and image digitization
was performed by a workstation initially designed for the 3D
reconstruction of echocardiographic images?® (Echoscan,
TomTec). This workstation received input from the IVUS
machine {videc) and the patieat (ECG signat) and on the other
hand, controlled the motorized transducer puflback device.

The stecrng logic of the workstation considered the heart
rate varability and checked for the presence of extrasystoles
during image acquisition and digitization (Fig 1}, First, the RR
intervals were measured over a 2-minute period to define the
upper and fower linits of the range of acceptable RR intervals
{mean valuet50 ms). 1VUS images were acquired 40 ms afte
the peak of the R wave. When the length of the RR intewﬂ?
met the preset range, the IVUS image was stored in ths
computer memory. Consecutively, the IVUS transducer was
withdrawn 200 pm to acquire the next image. Although the
longitudinal resoletion available with this 1echnical setup is
100 pm,® in the present study only one TVUS image per
200 uin axial arterial length was acquired. Thus, an average of
114 images per segment were digitized and analyzed (range, 48
to 200 imapes per segment; corresponding segment length, 9.6
to 40.0 mm}.

IVUS Analysis Protocol

Each set of digitized IVUS images was analyzed off-ling by
two independent observers using an automated, computerized
contour detection algorithm. -3 These measurements {la and
1) were compared to study the interobserver vadability.
Blinded analyses were repeated by the first obscrver after an

b |
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Accepted Step Rejecled Accepted Step
X
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Fia 1. IVUS Images were acquired 40 ms after peak of R wave and stored {accepted) In computer memory only if RR intervals mel
predefined range {lop). Consecutively, transducer was withdrawa 200 pm lo adjacent acqulsition she (step) to acquire next image. i an
RR interval did not meet rangs, image was not slored {rejected), and transducer was kepl al thal site until an image was acquired. Image
acquisition and motorized puttipack were controfled by sleering logic of image acquisition workstation. Automated detection of intimal
and medial boundaries was first performed on two perpendicutar longitudinal sections (X, Y) reconsiructed from image data of entire 30
stack of images {bottom); edge Inforrnation of thesa longiudinal contours was represenied as points on planar images, defining there
ihe center and range of finaf automated contour delection process.
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intezval of at least 6 weeks. These measurements {Ia and Ib)
were compared to study the intraobserver variability.

Two hundred plasar images were randomly selected for
“manual” analysis by a third investipator (MA-I1I) who was
experenced in FVUS image analysis but blinded to the (above)
autemated conteur detection results. This analyst could review
the videotape to ensure a maximum accuracy of contour
tracing, perfornted within an average of 4.1 minutes per image.
Validation of manual CSA measurements by FVUS has been
reported previously.2-34 These measurements were compared
with the automated centour detection analysis made by ob-
server L

Data Analysis

The CSA measurements inciuded the lvmen and EEM CSA.
Plaque +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 horder hetween the
hypeechoic media and the echoreflective adventitia) has heen
shown {0 be a reproducible measure of 1he tetal arierial CSA.
As ia many previous studics using IVUS, plaque+media CSA
was used as a measure of atherosclerotic plaque, because
ultrasound cannot measure media thickness accurately.® Lu-
men, BEM, and plaque +media volumes were calenlated as

Volume=2,CSAXH

where H is the thickness of a coronary artery slice, represented
by a single tomographic [VUS image, and n is the number of
IVUS images in the 3D data s¢i. The volumetric
plaque + media burden was calculated as plague+media vol-
ume divided by EEM volume.

Plague composition was assessed visually to identify fesion
calcium, Calcium produced bright echoes (brighter than the
reference adventitia), with acoustic shadowing of deeper arte-
rial structures, The Jargest arc(s) of target lesion calcium was
identified and measured in degrees with a protractor centered
on the lumen, The overall length (in mm) of lesion calcium was
measured by use of the length measurements provided by the
30D reconstruction.

Computerized Contour Detection in ECG-Gated
3D IVUS

Steps Invalved in Tmage Analysis

Two longitudinal sections were constructed, and contours
corresponding to the lumen-tissue and media-adventitia infes-
faces were aulomatically ideatified (Fig 1). The necessity to
manually edit these conteurs was significantiy reduced, because
cyclic “saw-shaped” image artifacts that can hamper the auto-
mated detection in nongated image sets were virtually 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 computer
assistance (see below) within <1 minute, The longitudinal
contours were transformed to individuat edge points on the
planar images, defining center and range of the automated
boundary search on the planar images.

Subsequently, contour detection of the planar images was
performed. The axiat location of an individual planar image
was indicated by a cursor, which was used to scroll chrough the
entite set of planar images while the detected contours were
visually checked. Correct detection of the longitudinal contours
minimized the need for computer-assisted editing of the cross-
sectional contours. Careful checking and editing of the con-
tours of the planar images was peiformed within an average of
15 minutes. Finally, the contour data of the planar images were
used for the computation of the results.

Fia 2, Exampla of automated 30 contour detection analysis in
diseased left anterior descending ceronary artery, Range of
14.6-mm-leng VUS reconstruction and analysls is indicated by
armowheads In anglograms (top) laken from opposile angio-
graphle peojections. Cut planes of two reconstrusted longitudi-
na! sectlens (X, Y; lower lefl) are indicated on planar BAUS image
Qower right}, depicting calcification {Ca) of atherosclerotic
plaque. Horizontal cursor on fongitudinal sectiens can be used
to scroll from dista! (dist.} to proximal {prox.) through planar
images. Thickness of that cursor is astificially increased to
Improve visibility {true thickness=half a scan line), 3D approach
permitted interpretation in Jongitudinal dimension and facifitated
tracing of estimated external vascular contour in acoustic shad-
owing behind calcium, Angiegrams {{op) and radiegraphlc image
of uitrasound catheter during image acquisition (insert, top faft)
illustrate that analyzed arterial segment was refatively straight
and showed no mare than mitd vessel curvatures. As tinear 3D
analysis systems do nol account for vascular curvatures, this
premise was imporiant because it limits curve distortion-in-
duced deviallon of volumelric measurements.

Minimum-Cost Algorithm and Conmputer-Assisted
Contour Editing

A minimum-cost afgorithm was used fo detect the luminat
and external vessel boundaries.” Each digitized IVUS image
was resampled in a radial format (¢4 radii per image); a cost
matrx representing the edge streagth was calculated from the
image data. For the boundary between Tumen and plaque, the
cost value was defined by the spatial first derivative.* For the
external vessel beundary, a cross-correlation pattern matching
process was used for the cost calculations. The path with the
smallest zccumulated vatue was determined by dynamic pro-
gramming techaiques,® The computer-assisted editing differed
considerably from conventional manusl contour tracing. The
computer mouse was pointed on the correct boundary to give
thal site a very low value in the cost mataix, and subsequenily
the automated detection of the minimum cost path was up-
dated within <1 second, Editing the contour of a single slice
caused the entire data set to be updated (dynamic
programming).

Handling of Side Branches and Calcification

Side branches with a relatively small ostium were generally
jgnored by the algorithm as a result of its robusiness, which
means that the automated conteur detection did net follow
every abrupt change in the cost path. However, in branches
with a Targe ostium, the contour did follow the jumen 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

73



Chapter 9

TasLe 1. Feasibility and Processing Time
ECG fmage Images/ Acquisition Acquisition Analysis Analysis
Seg Gating  Quality Seg, n Yime/Seg, min = Time/image, s  Time/Seg, min  Time/Mmage, min
1 +++4 ++ 123 42 20 34.6 03
2 +4++ ++ &5 24 1.9 22.4 03
3 4 ¥ 146 4.7 1.9 369 0.3
4 +4++ +4++ 280 89 21 42.3 0.2
5 +4+4 + H 27 23 382 0.5
6 +++ ++ 194 64 24 478 0.3
7 +4 4 tE4 84 24 20 286 0.3
a +++ ++ 74 27 22 2.7 0.4
9 +44 +i4 150 4.7 19 373 03
10 +++ ++ 94 3.1 2.0 g 03
11 ++4 ++ 48 1.5 1.9 213 0.4
12 ++ + 129 49 23 48.4 0.4
13 +++ ++ 127 4.3 2.0 35.0 03
14 +++ + 147 5.7 23 464 0.3
15 4+ ++ 194 68 240 394 6.2
16 Fi¥ + 106 35 20 389 0.4
17 +++ ++ 12¢ 4.8 22 448 0.4
18 +4+ % ++ 160 5.4 2.2 373 0.3
19 44+ +++ 148 45 18 374 03
20 +++ +++ §52 T 62 20 375 03
21 ++ ++ es 2.9 2.0 31 04
22 +++ ++ i1a 3.t 17 333 03
23 +++ ++ 94 3.4 22 .y 03
24 +++ ++ 100 a5 2.3 331 03
25 +++ ++ 75 2.6 2.6 29.8 0.4
26 +++ +++ 126 42 2.0 34.9 0.4
a7 +++ (223 79 27 2.0 271 0.3
28 +++ +++ 69 24 2.1 238 03
29 ++4 +44 75 24 19 258 03
30 +++ +++ 73 25 20 24.4 a3
fdean e 114.0 39 20 343 03
S0 41,1 15 0.1 73 0.1
n P aae 30 30 30 30 30

Seg indicates segment. ECG gating: ++-+, easy perdformance without image artifacts; ++, easy performanca with a few
cychic image artifacts. Image quality: +++, excellent; ++, gotd; +. mediocre.

lines. As a result, the side braach was outside the region of
interest on the planar images. Similacly, small calcific partions
of the plaque did not affect the detection of the externat vessel
boundary because of the rabustness of the algorithm. In case of
marked vessel wall calcification, the automated approach fails
to detect the exernal vessel boundary. However, the 3D
approach of the analysis system atlowed interpretation of the
external vessel boundary in the longitudinal dimeasion and
facititated tracing of a straight centour line behind the calcium.

Previous Validation I Vifre and In Vive

In vitro, the algorithm has been validated in a tubular
phantom consisting of several sepments. The autoniated mea-
surements revealed a high correlation with the true phantom
areas and volumes (r=.99); nean differences were —0.7% to
3.9% (8D <2.6%) for the arcas and 0.3% to 1.7% (SD<3.8%)
for the volumes of the various segments.® A comparison
between astomated 3D IVUS measurerents in 13 atheroscle-
Tolic coronary specimen {area plaque+media burden <40%%)
int vitro and morphometric measurements on the corresponding
histological sections revealed good correlations for measure-
ments of jumen, EEM, plaque+media, and plaque +media
burden (r=.94,.88,.80, and.88 for arcas and.98,.91,.83, and.91
for volumes).?! In vitro, both arca and volume measurements
by the automated system agreed welt with resulls obtained by
manual tracing of FVUS images, showing low (—3.75% to 0.3%)
mean between-method differences with SD <6% and high
correlation coeflicients (r=.97 for arcas and r=.99 for vol-
umes) 3 In vivo, using 3D IVUS image sets acquired dueing
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nongated continuous pulllacks through 29 diseased coronary
segments, intraobserver and interobserver comparisons re-
vealed high correlations {r=.95 t0.98 for area and r=.99 for
volume)*? and small mean differences (-0.9% to 1.155), with
5D of lumen, EEM, and plagque+media not exceeding 7.3%,
4,59, and 10.9% for areas and 2.7%, 0.7%, and 2.8% for
volumes. The time of {automated) analysis in that study was
69+19 minates, Tmportantly, that siudy did not include seg-
ments with more than focal calcification, more than one side
branch, or extensive systolic-diastolic movement artifacts in the
longitudinally constructed émages.

Statistical Analysis

Quantjtative data were given as mean®SD; qualitative data
were presented as frequencies, According 1o Bland and Altman”
the intraohserver and interobserver agreement (reproducibility)
of the contour defection method was assessed by defermining the
mean and SD of the between-observation and between-observer
differences, respectively. The results of the repeated contour
analyses (1a versus 1b), the independent contour detection analy-
ses (Fa versus 11}, and the manual versus the contour analyses
{I1I-MA versus Ta) were compared by the two-tailed Student’s ¢
test for paired data analysis and linear regression analysis; values
of P<.03 were considered statistically significant.

Resulis
Feasibility and Acquisition and Processing Time

The gated IVUS image acquisition required 3.9+1.5
minutes (L5 1o 6.9 minules} per coronary segment,
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TAB_LE 2. Characteristics of Coronary Segments

CSA P4+M Burden, % Galgium
MLC3s, —Mm e Side

Seg Veossel mm? Max tHean Branches, n  Presence MaxArc,®  Lenglh, mm

1 Prox 1LAD 6.6 542 47.0 2 Multipla 60 <i

2 Mid LAD 6.4 448 36586 3 e

3 Prox LCx 7.4 714 659 1 Single 180 1.6

4 Distal RCA 57 724 611 5

5 Prox LCx 8.1 Anz 228 0

& Prox LCx 62 62.1 51.3 1 e

7 Kid LAD 68 435 288 4 e aus paa

L] Mid LAD 85 519 40.1 1 Singla a5 <1

9 Mid RCA 4.1 69.5 44.6 3 aer e e
[+ Prox LAD 5.5 66.0 B0.6 4 Singla 180 16
11 Prox LAD 9.6 602 48.1 1 Single 100 44
12 Prox RCA 43 664 433 1 Muftipe 180 1.4
13 tid RCA 4.7 7.7 58.6 2 Muitipla 180 <1
14 Mid RCA 4.2 65.4 508 1 Muitiple 180 <1
15 Mid RCA 6.4 63.4 589 1 Multiple 125 <{
1% Prox LAD 43 60.4 360 2 aee rer
17 Prox {AD 53 648 51.1 1 ave e
18 Mid RCA 57 65.3 542 3 Muitiple 50 <1
19 Mid RCA 6.4 66.7 479 & ve s
20 Mid RCA 72 4.1 530 3
2 Prox BCA 9.7 56.9 332 c Single 60 <1
22 Peox LAD 35 673 49.6 1 e .. o
23 Prox LAD 6.8 59.1 51.0 2 Single 70 48
24 Distal LAD EAl 50.0 36.6 5 Muitipla 100 <t
25 Mid LAD 7.0 57.0 398 2 Single a5 <1
26 Mid RCA 5.4 519 381 4 Single o0 <1
27 Mid RCA 59 49.3 W9z 3
28 Prox LAD 9.7 59.4 45.6 2 Singla 85 <1
29 Mid LAD 80 57.9 46,3 4 e aen N
30 Mid LAD 58 75.6 589 2 Sing'a a5 4.8
HMean 64 60.5 46,5 2.3 113.8
SO . r 16.2 99 1.5 48.8
n JN 3¢ 30 30 30 17

Sey Indicates segment; MLCSA, minfmal fuminal GSA; P+M, plaquetmedia; Prox, proximal; LAD, left anterior
descending coronary ariery; LCx, feft circumfiax coronary arleqy; and RCA, right coronary artery.

which corresponds to 2,0:0.1 seconds (1.7 to 2.3 see-
onds) per image (Table I). All segments could be
analyzed by the computerized contour detection system
during an analysis time of 34.327.3 minutes per segment
(21.3 to 48.4 minutes), corresponding to 0.3=0.1 min-
utes (0.2 to 0.5 minutes) per compuierized IVUS image
analysis.

IVUS Segment Characteristics

All but two of the segments (93%) contained at least
one side branch (Table 2). The average number of side
branches per segment was 2.3*15 (range, 0 {o 6).
Calcification was present in 17 segmenis (57%), i1
{37%) showed a single calcium deposit, and 6 (20%)
contained multiple calcium deposits. The maximum arc
of calcium was 114249 (50° to 190°); in 6 segments, the
length of the calcified portion exceeded 1 mm.

The minimal himen CSA as measured by the contour
detection system was 6.4% L7 mm?® (3.5 to 9.7 mm®), The
maximuem and averapge CSA plaque+media burden were
60.5:10.2% (31.7% to 77.7%) and 46.5£9.9% (22.8%
to 65.9%).

Manual Tracing Versus Automated
Contour Detection

in the 200 randomly selected image slices, the measure-
mexts of the lumen, EEM, and plague+media CSAs and

the CSA plaque+media burden obtained with the auto-
mated contour detection system (9.37+3.09 mm’,
18,336,770 mm?, 8.95+5.16 mm?, and 46.03+13.46%, re-
spectively} were similar to the resulis obtained by manual
tracing (9.353.18 mm’, 18.37+6.62 mm’, 9.02+5,08 mm?,
and 46.53x13.41%; n=200). Between-method differences
were 04%43%, —04+£3.6%, —1.619.1%, and —12%
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 Detectlon Analysis

For measurements of lumen, EEM, and plagque+
media CSA and the CSA plaque+media burden
(n==3421), both intracbserver (—0.4+2.7%, —0.4*
1.8%, ~0.415.1%, and —0.024.2%) and interobserver
{0.4x52%, —0.9%2.7%, —1.5+7.2%, and —1.5+6.9%;
all P<.001) differences were low. Correlation coeffi-
cients were high for repeated measurements by the same
observer {r=.99} and measurements by the two observ-
ers (r=97, Fig 4). For the corresponding velumetsic
measurements {n=30), the intraobserver (—0.4x1.1%,
-0.4£0.6%, —0.3%£1.0%, and 0.020.4%}) and interob-
server {0.6+29%, —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 intracbserver and
interobserver comparisons (r=.99; Fig 5).
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Fa 3. Correlation between results of measuremants of lumen,
EEM, and plaque +media (P+M) GSA and CSA P+M burden by
avtomated contour detection (1a) and cenventional manval trac-
Ing {MA-1I).
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Discussion

The present study demonsirates that (1) ECG-gated
acquisition of 3D IVUS images is feasible, (2) there isa
good agreement between the results provided by the
automated contour detection method and manval bor-
der tracing, and (3} the automated contour detection
analysis can be performed in a relatively short analysis
time with a high degree of repraoducibility.

3D reconstruction of IVUS images was first used to
visually assess the spatial configuration of plaques, dis-
sections, and stents and to perform basic measure-
ments.!®%1? More recently, the 3D reconstruction sys-
tems have included algorithms for automated
quantification of lumea dimensions.’6212527 The cen-
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.

Feasibility

Non-ECG-gated image acquisition is frequently
marred by cardiac cycle-linked coronary artery vasemo-
tion and IVUS catheter motion, which produce sawtooth
artifacts in the reconstructed 3D images that can inter-
fere with automated contour detection {both the case of
us¢ and, presumably, reproducibility). Conversely, in the
present ECG-pated image sets, the longitudinal contours
were smooth and without such artifacts. Therefore,
{here 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 conteur detection
step on the planar IVUS images. This reduction in
manual editing time 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 time and as
a consequence reduces the cost of the analysis, However,
the ECG-gated 3D IVUS acquisition in the present
study reguired a longer acquisition time than conven-
tional motorized pullback {eg, non-ECG-triggered pull-
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back at 0.5 mm/s}. On average, only a 6-mm-long
coronary segment coufd be imaged in 1 minute.

Reproducibility of the Contonr Detection

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

resulls obtained by manual contour tracing of these
borders; there were only small interobserver and in-
traobserver differences in both the planar and volumet-
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-
ibitity of the volumetric measuremenis 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 repreducibility of
the CSA measurements was consistendly 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 (1) the integrated
analyses of the conventional cross-sectional image slices
with two longitudinal sections and (2) the facilitated and
improved detection as a result of the smoothness of the
contours on the ECG-gated longitudinal 1YUS sections.

Reproducibitity of Alternative Methods of
Quanlfitative 3D IVUS

There is very little information on the reproducibility
of 3D 1VUS measurements using other measurement
systems and algorithms. Matar and colleagues?! reported
a Pearson's correlation coefficient of .88 for an intraob-
server study of lumen volume measurement by an auto-
mited threshold-based IVUS analysis systen, confirm-
ing the low variability of the volumetric measurements
observed in the present study. Another accustic quanti-
fication system?® performs measurements of lumen CSA
and volume, based on the automated detection of the
blood pool in single 1VUS images acquired at random
during the cardiac cycle.242* Because the measurements
are based on single-frame analysis, ECG-gated image
acquisition may not influence the reproducibitily of such
systeins.

Conversely, 3D contour detection-based analysis ap-
proaches benefit from an ECG-gated image acquisi-
tion.?® Sonka and associates?40 developed an alternative
3D contour detection system that performs computer-
ized detection of the Iuminal 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 traced CSA measurements was
quite good {r=.91 and.83 for lumen and plaque CSA,
respectively}. Using ECG-gated 3D 1VUS, they found
significantly improved results (r=.98 and.94 for lumen
and plague +media CSA, respectively),® undedining the
significance of ECG-gated IVUS image acquisition.
Most likely, other promising contour detection algo-
rithms*t#2 for 3D analyses may also benefit from an
ECG-gated image acquisition.

Potentiat Sources of Error and Study Limitations

Problems related to IVUS in general and to 3D
reconstreclion in particular?22? may influence the con-
tour detection process. The quality of the basic TVUS
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images is crucial to both planar and 3D image analysis.22
Incomplete visualization of the vesset wall, for example
as caused by acoustic shadowings from lesion-associated
calcium, hampers conventicnal planar IVUS analyses;
however, 3D IVUS allows inderpretation in the axial
dimension and estimated contour tracing of the ¢xternal
vascular boundary. Image distortion caused by nronuni-
form transducer rotation or noncoaxial 1IVUS catheter
position in the lumen may create artifacis both in planar
images and in 3D reconstruction.??

Vessel curvatures may cause differcnces 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 laiter 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-
tic 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-
ure at the inner side {expansion) and an underestimation
of plaque volume at the outer side {(compressien) of the
curve.? Approaches combining data obtained from an-
giography and IVUS* can provide information on the
real spatial geometry of the vessel. Unquestionably, the
combined approaches have a unique polential, but cur-
rently these sophisticated techniques are still faborious,
restricted {o research applications, and not yet useful for
routing off-line analysis of ctinical FVUS examinations, In
the present study, only relatively straight coronary seg-
ments, showing no more than mild vessel curvatures, were
inctuded. We felt that this premise was important to limit
curve distortion-induced deviation of volumetric measure-
ment,* because linear 3D analysis systems de not account
for vascular curvatures.

Compared with conventional moterized {ransducer
puliback at a uniform speed, ECG-gated image acquisi-
tion takes longer, which may Hmil 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 peint of coronary
interventions.

Clinical Implications

The examination of coronary arteries by IVUS per-
mits the comprehensive assessment of atherosclerosis!
14700 and the evaluation of the instantancous?’4® and
long-term effects of catheter-based interventions on the
corenary lumen and plaque. To quantify these changes,
anatomic fandmarks such as side branches or spots of
calcium can be used to define specific anatomic imapge
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 volumeiric measure-
ments10303¢ and obviate the need for laborious analyses
based on Simpson’s rule.’’ Furthermore, the use of
ECG-gated image acquisition®® 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 10 show only small changes in
plaque and/or lumen over time {eg, in trials evaluating
the progression or regression of atherosclerosis dusing
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pharmacological therapy'®). In addition, because the
time from the peak of the R wave to image acquisition
can be varied, this method can be used to study the cyclic
(systole versus diastole) changes in vessel dimensions.

Conclusions

ECG-gated acquisition of 3D IVUS image sets is
feasible and permits the application of automated con-
tour detection to provide reproducible measurements of
the lumen and atherosclerotic plaque CSA and voleme
in a relatively short analysis time.
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Electrocardiogram-Gated Intravascular Ultrasound Image
Acquisition After Coronary Stent Deployment Facilitates
On-Line Three-Dimensional Reconstruction and Automated
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Obfectives. This study evaluales the feasibility, reliability and
reproducibility of elecirocardiogram (ECG).gated intravascular
ultrasonnd (IVUS} fmage acquisition during antomated trans-
ducer withdrawal and automated three-dimensionat (3D} bound-
ary detection for assessing on-line the result of coronary stenfing.

Background, Systolic.diastelic image artifacts frequently limit
the clinteak applicability of such automated analysis systems.

Methods. In 30 patients, after successful angiography-guided
implantation of 34 stents in 30 targed lestons, we carried cut IVUS
examinations on-line wilh the use of ECG.galed automated 3D
analyses and conventional manual analyses of two-dimensional
tmages frem continuous polibacks, These on-line measvrements
were compared with off-Hne 3D reanalyses. The adeqaacy of stent
deployment was determined by using vlirasound criferia for stent
apposition, symmetry and expansion.

Results, Gated image acquisitlon was successfully performed in
all patients to allow on-lne 31 analysis within 8.7 £+ 0.6 min
(mean + SD), Measurements by on-Hine and off-line 3D analyses

Intravascutar ultrasound (IVUS) permits detailed, high quality
cross-sectional imaging of the coronary arteries in vivo, The
nermal coronary artery architecture, the major components of
the atherosclerotic plaque and, in particular, changes that
occur in coronary artery dimensions and anatomy during and
after transcatheter therapy can be studied in vivo jn a maaner
otherwise not possible (1-4). This includes direct visualization
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Roiterdam-Dijksizt and Erasmus University, Rotterdam, The Netherlands; and
TWashinglon Hospital Center, Washington, D.C. Dr. von Birgelen is the
revipient of a fcllowship of the Gemman Rescarch Sciety (I3FG, Boan,
Gemany).
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Etufelandstrasce §5, 35132 Essen, Germany.

Aﬁdress for commespondence: Patrick W, Seirvys, Thoravcenter, University
Hospital Dijizizt, P.O. Box 1738, 3000 DR Retterdam, The Netherlands,

cortelated closely (r 2 0,95), and the minimal stenf lumen differed
only minkmally (8.6 = 2.8 mm? ¥s, §,5 = 2.8 mm?, p = NS), The
conventional analysis significantly overestimated the minimal
stent lumeit (9.0 £ 2,7 mm?, p < 0,005} In comparison with results
of both 3D analyses. Fourteen stents ($152) faited fo meet the
criteria by both 3D analyses, all of these not reachlng optimal
expansion, but only 7 (21%) were detected by conventional anal-
ysis {p < 0.02). Inlraohserver and interebserver comparisen of
stent lumen measuremenis by the automated appreach revealed
minimal differences (0.0 £ 02 mm?® and 00 % 0.3 mwm?) and
excellent correlatlons (r = 0,99 and 0.98, respectvely).
Conclusions. ECG-gated mage acquisition after coronary stent
deployment is feasible, permits on-line aufomated 3D reconstruc.
tiont and analysis and provides reliable and reproducible measure-
menls; these factors facilitate detection of the winimak lumen site.
 {J Am Coll Cardic} 1997;30:436-43}
©i1997 by the American Cotlege of Cardiology

of intensely echoreflective (but radiofucent) siainless steel
stent steuts (5-11), In an attempt to reduce both the analysis
time and the variability involved in planar IVUS measure-
ments, antomated three-dimensional (3D) image reconstruc-
tion and analysis systems have been developed (§0-20). How-
ever, cyclic changes in coronary dimensions and the movement
of the IVUS catheter telative to the cororary vessel wall
frequently cause image artifacts (Fig. 1) that geneally repre-
sent an important limitation to the applicability of 3D systers
for quantitative analysis (17,21,22).

One method of limiting ¢yclic artifacis combines electro-
cardiogram (ECG)-gated image zcquisition (22) and 2 previ-
ously validated program for awtomated 3D TVUS boundary
detection (18,19). We applied this techinique 1o the analysis of
34 coronary stents after successtul angiography-guided imptan-
tation to determine the feasibility, reliability and reproducibil-
ity of this approach 10 assessing on-line procedural resufts,
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Abbreviations and Amm’-m_q

CSA = crasssectional ares

ECG = electrocardogram, electrocardiographic
IVUS = intravascular ultrasound

D = three-dimensional

W = pwp-dimensioaat

Methods

Study patients. The study was approved by the Medical
Ethical Committee of the Erasmus University Hospital, Rot-
terdam. All patients provided wotten informed consent. The
study group consisted of 30 patients (24 men, 6 women, mean
age * SD 59.1 * 8.4 years) who had 34 stenis implanted is 30
target lesions, To simplify the ECG-gated acquisition proce-
dure, we chose for the study only patients who had 1) sirus
thythm, 2) =10 extrasystoles/min, and 3) no permanent or
temporary pacemnaker implaniation.

Intervention procedures and coronary angiography. All
patients received intravenous aspirin (250 mg) ard heparin
(10,080 U}, and subsequent heparin was administered hourly
to maintain an activated clotling time >300 s, The percutane-
ous transluminal angioplasty procedures were performed by
using 8F femoral artery sheaths and 8F guiding catheters. All
patienls were undergoing elective stent implantation for stable
{1 = 14) or unstable (n = 16) angina; therefore, conservative
balloon predilation was performed 10 enable sient placement
but avoid unnecessary dissection. The stents were placed in the
right {n = 20), left anferior descending {n = 9) and lefi
circumilex (n = 5) coronary arteries, The fellowing stents were
used: Palmaz-Schatz stent (Johason & Johnson Interventional
Systems, n = 15} Wallstent (Schneider, Bulach, Switzerfand,
n = I} Cordis balloon expandable coiled stent (Cordis
Corporation, n = 4), Muitilink sient {Advanced Cardiovascu-
lar Systems, n = 2); AVE Microstent {Applied Vascular
Engineering, Edmonton, Afberta, Canada, n = 1); ard NIR
stent (Medinol, Ltd., Tel Aviv, Istael, n = 1). After the
procedure, all patients were treated with an antiplatelet regi-
men of aspirin and ticlopidine,

On-line quantitative cororary angiography was performed
with the CAAS II syslem {(Pie Medical, Maastricht, The
Netherlands) according to previously described methodology
{£0,11}. The maximal diameter of the target segment and the

Figure £ Cyclic artifact in 3D IVUS image
set of stented coronazy sepment. Center and
right panels, Saw-shaped artifacts in two per-
pendicular longitedinal sections after non-
gated Image acquisition, tesulling fron: the
cyclic moverent of the echo-transducer rela-
tive to the corenary wall, may limit the on-
line applicability of systems for automated
contour detection. Left panel, Cross-sectional
image correspending to the horizontal cursor
in the lengitudinal sections,

84

interpolated reference diameter were used to select the diam-
eter of the balloon-expandable stents, The interpolated refer-
ence diameter of the stented coronary segments ranged from
25 to 47 mm. The proxima} and distal vessel diameter,
interpolated reference diameter and lesion [ength were taken
into account to select an appropriately sized self-espanding
Wallstent (11). Adjunct batlaon zngioplasty was performed by
using low compliance balloon catheters with a maximal nom-
inal size of 3,74 + 0.44 mm (bafloon/preintervention refer-
ence = 124 * 0.21; balloonfpostintervention reference =
104 £ (.14) at 2 maximal pressure of 164 + L7 atm,

After IVUS imaging was performed, any further treatment
was feft 1o the discretion of the operator. Although additional
IVUS examinations 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.

Anglographic end points. All procedures had achieved
angiographic success before IVUS examinations were per-
formed. A procedure was considered angiogeaphically success-
ful if all of the following three criterda were met: 1y smooth
centour of the lumen silhouette in the steated segmeat, 2)
diameter stenosis inside the steat in the “worst” {of at [east two
orthogenal) views <15% by guantitative on-line analysis, and
3) no inflow or outflow obstruction. IVUS examination was
then performed.

YUS imaging. IVUS imaging was performed after belus
injection of intracoronary nitroglycerin with use of a commer-
cially available mechanical sector scanner (CardioVascular
Imaging Systems) and 2.9F sheath-based IVUS catheters
(MicroView, CardioVascular Imaging Systems). This catheler
incorporates a 15-cm leng sonofucent distal imaging sheath
that alternatively houses the guide wire (during catheter
introductien) or, after the guide wire has been pulled back, the
30-MHz beveled single-¢lement transducer (during inzaging).

First, a continuous moforized puliback of the TVUS trans-
ducer at a pullback speed of 0.5 mmfs {within the imaging
sheath) was performed for conventional on-line two-
dimensional (2D} cress-sectional IVUS analysis. Next, the
transducer was readvanced for ECG-gated image acqaisition.
“The basic settings of the IVUS machine remained unchanged
1o ensuge an equal image quality during both pullbacks.
Between both pullbacks there were no significant changes in
the patieats’ heart rate and no difierences in the occurrence of
arthytamias, The ECG-triggered pullback device uses a step-
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Figure 2. Prnciple of ECG-gated
image acquisition and stepwise pulls
back. Images were acquired 40 ms
after the peak of the R wave and enly
accepted for computer storage {ar-
ruws) if the time interval between
two suceessive R owaves met a pre-
defined range. This range was based
on data (mean RR interval + 50 ms),
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1 1
Toms | 1340405 i foams 1000 ms taken before imaging was performed.
i H f an RR interval was too long or
i : short, images were rejected, and the
transducer remained at this site until
Accepted Step Rejected hocepted Step the image could be acquired during a

ping motor to withdraw the transducer in 0.2-mm axial incre-
menls through the statiomary imaging sheath, The ECG-
tripgered pullback device is controlled by a 3D ullrasound
work station (23} {EchoScan, TomTec, Munich, Germany).
The work statfon receives a video input from the IYUS
machine and an ECG signal from the patient. 1t measures the
RR intervals over a 2-min pedod preceding the imaging
sequence to define the upper and lower lmits of acceptable
RR intervals {mean valze * 50 ms). During the imaging
sequence it considers heart rafe variability and checks for the
presence of extrasystoles. If the RR interval meets the preset
range, images are 1} acquited 40 ms after the peak of the R
wave, 2} digitized (by the work station), and 3} stored in the
compiter memory, After an image is acquired, the IVUS
transducer is withdrawn 0.2 mm to acquite the next image at
that site (Fig. 2).

IVUS analysis profocol. All 34 stented lesions were ana-
lyzed on-line by two experienced IVUS analysts who had no
inowledge of each other’s results. One analyst (called the “2D
analyst”) performed conventional nranual 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 interveational cardiologists of the department
decided that, to be clinically useful, all on-lire analyses should
be completed within <10 min.

After an interval of =4 weeks, the 3D analyst performed a
blinded off-line reanalysis of the stared ECG-gated image set
from all 34 stents. This off-line rearalysis had no time limit.
Each image was carefully checked, the videotape was vsed to
confirm the automated measurenients, even small deviations
were corrected, and the results 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 confidence measure-
ments.

Intraobserver and Diterobserver variability of on-line 31 mea-
suremenis of the stent cross-sectional area were determined
from 10 randomly selected digitized stent image data sets (for

heart cycle with an appropriate RR
interval length. During the following
heart cyele, 1he transducer was with-
drawn 200 pm (Step) to the adjacent
image acquisition site.

a total of 1,112 cross-sectional IVUS images). Because actual
an-line cenditions cannot be reproduced, this comparison was
obtained from simulated on-line conditions, especially a max-
imal aralysis time of 10 min. Intraobserver variability was
determined fromy repeated measurements performed by the
3D analyst; interobserver variabitity was determined by com-
paring the measurements of the 31 analyst and those of a third
analyst who had no knowledge of previous data.

2D guantitative IVUS analysts. By using previously vali-
dated manual contour tracing techniques (24), the minimal
jumen cross-sectional area {CSA) within the stented segment’
was nieasured and compared with the proximal and distal
reference lumen CSA. These reference measurements were
abtained from the most normal-looking cross-sections within
S mm proximal and distal {o the steat edges. In additien, the
steat symmetry index {minimal/maximal stemt diameter) was
measured at the mininral lumen CSA site.

3D quantitative IVUS analysis. Quantitative 3D 1YUS
analysis was perfornied by using a contour detection program
{Fig. 3) developed at the Thoraxcenter, Rotterdam. This
system atlows the automated analysis of up to 200 IVUS
images. Two !ongitudinal sections are constructed in which
contour defection is performed fo 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
imape is indicated by a cursor that is used 1o scrolt through the
entire set of planar IVUS images 1o review the detected
contouss (Fig. 3). Corrections may be performed by “forcing”
the conteur through a visually identitied point (minimum cost),
which causes the entire data set to be updated (dynamic
programming). This algorithm has been validated with usc of a
tubular phantom (18) and in histolegic studies (19). Furthez-
more, the intraobserver and interobserver reproducibility of
in vivo CSA measurements after nongated acquisition of IVUS
images from nonsteated atherosclerotic corenary arteries have
been reported (18).
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Figure 3. 3D quantitative IVUS analysis. Up-
per panel, Prnciple of automated Tumen
contour detection. Two perpendicular longi-
fudinal sections (A, B) were reconstructed

from image data of the entire 3D “stack™ of
images. The lumen contours were detected
{£) by use of a minimum cost algorithm. Edge
information of these longitudinal contours

was represented as points on the planar

images (11} 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. Lower paned, Clinical example of
contour analysis in a stented coronary seg-
ment. A herizontal cursor {arrow) could be
used to scroll through the entire set of planar
images (left). This cursor indicated on the
wo perpendicular Jongitadinal sections (A,
B) the site corresponding to the planar image
displayed. On the longitudinal sections, note
the zelative smoothness of both Jumen and
external vascular boundaries.

Although the algorithm can also be used to detect the exter-
nal vessel bourdary (18,19), enly the measurement of the lumen
CSA (inside the echo-reflective struts of the metallic stents) and
the stent symmetry ratio {i.., minimal divided by maximal
stent diameter) Were used in the current study. Refereace
lumen CSA measurements were obtained at minimally dis-
cased sftes 5 mm proximal and distal {o the stented segmeit.

IVUS criteria for optimal stent deployment, Three IVUS
criteria, based on the experience of the Mifan group (5,6) and
our own data (i1), were used to define optimal stent deploy-
ment: 1} apposition = complete slent apposition 1o vessel wall
along the entire stented segment; 2} symmetry = ralio of
minimal/masimal stent diameter (stent symmetry indes) =0.7;

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

Stalistlcat analysis. Quantitative data were given as mean
value * 1 SD; qualitative data were presented as frequencies.
Continuous variables 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
differeat approaches was assessed by determining the mean
value = SD of the between-method differemces. A p
vatue < 0.05 was considered statistically significant.

Table 1. Comparison of On-Line and Off-Line Intravascular Ultrasound Analyses

Oa-Ling On-Line Cff-Line 4 On-Line 2D s, A On-Line 2D vs. A On-Line 3D vs.
iy 3D On-Ling 30 Of-Line 3D Oif-Line 3D

Stent

Mizimal lumea CSA (mm?) 9027 6128 E5x28 04 £ 056* 04207 0.1 +02

Symmetry index D8I £ 009 081 £ 007 031 £ 008 002 ¢ 062+ 003 0042
Relerence

Provimal lumen C$A (mm®) 127+38 1L12 18 124142 0623 n3+23 -03=13

Distal fumen CSA (mm?) l1=2§ 01+38 101237 %18 0x321 ax09
Suboptimal stent deployment T{21%) 14 (415%) 14 {{1%) =T{-H% -T{-U%H 0

*p < 0003 3p < 003 3p < 002 21 other differerces neze not significant. Valaes are expressed as mean value 2 1 8D or avmber (%) of stents, TSA =
criss-secional area; A = between-method difference; 3D, 203 = three- and teo-dimensional inlmvaseular ultrasound (IVLIS) measurements, respctivety.
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Figure 4. Results of lineas regression analyses, comparing the lamen
CSA measurcments of the minimal stent (upper panels), proximal
refezence (PROX REF, center panels) and distal reference (DIST
REF, lower panels), as obtained from on-ling 2D and both on-line and
off-line 3D 1VUS analyses. Correlations were excellent, especially
betwezn on-ling and off-line 3D IVUS measurements (the off-line 3
reanalysis represents the madmal confidence approach).

Resalts

Quanlitative anglographic data, Before intervention, the
minimal Ivmen diameter was .87 * 0.42 mm, and the
diameter stenosis 76 + 13.7%. After stenting, a smooth
angiographic lumen was achieved in all cases, with absence of
inflow or outflew obstruction. The finat minimal lumen diam-

eter was 3.2% = 041 mm with a corresponding diameter
stenosis of 8.4 = 3.4% (range 1% to 14%%). According to the
quantitative angiographic criteria, all steats were implanled
successfully.

Feasibility of ECG-gafed 3D IVUS image acquisition and
analysis. Afier angiographically successful stent deploymeat,
ECG-pated image acquisition was successfully performed in all
palieats with excellent toleraace. No subjective complaints of
the patients were reported, and continauous ECG monitoring
showed no evidence of ST segment alleration or increased
frequency of arshythmias during both pated and nongated
IVUS imaging runs. The ECG-gated image acquisition re-
quired on average 4.6 * 1.4 min (Tange 3.6 to 7.8), whereas the
image acquisition diring conventionat continuous pulibacks
required 1.7 % 0.3 min (range 1.5 to 2.4, p < 00001). The
on-line 30 analysis required 8,7 + 0.6 min (range 7.3 to 10.0),

87



Chapter 10

p<002 p<00z
27 "
=
=

=
——
===
=
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Figure 5. Detection of suboptimal 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 analysis demonstrated that 14 stents (4152) failed to meet
the IVUS criteria of optimal stent deployment, but only 7 (215) of
these stents were so classified by the on-line 2D analysis. Striped
bars = IVUS criteria fulfilled; solid bars = IVUS criteria not fulfifled.

whereas reviewing the videotape and manually tracing the 2D
IYUS images took 5.8 * 0.7 min (range 4.8 to 7.4, p < 0.001}.

IVLS measurements after sfent deployment, The results of
the different IVUS analyses are given in Table 1. There was a
slight but significant overestimation of the minimal stent lumen
CSA by the online 2D IVUS analysis when resulis were
cempared with those of bath on-line and off-line 3D analyses
(p < 0.005 and p < 0.00f, respectively). The other variables
measured (stent symmetry, proximal and distal reference lu-
men CSA) did net differ among analyses.

The between-niethod measurement variability, expressed as
the standard deviation of the between-methods differences,
was consistently higher for the on-line 2I» measurement versus
both the on-ling and the off-line 3D measurements than for the
two 3D measurements (Table 1), Nevertheless, the correla-
tions among the CSA measurements obtained from the on-fine
2D, on-line 3D and off-line 3D analyses were exceilent (Fip. 4).
Correlations of the stent symmetry measurements ranged from
0.62 (on-line 2D vs. 3D) to 0.93 {on-line 3D vs. off-line 3D).

IVUS criteria of optimal stent deployment, With the off-
line 3D amalysis (which provided the maxima! confidence
results), 14 (41%) of the 34 stents failed to meet the IVUS
criteria of optimal stent deployment {Table 1), Oniy 7 of these
stents were so classified by the on-line 2D analysis (p < 0.02),
whereas all 14 stents were also identified by the on-fine 3D
analysis (p < 0.62 vs. on-line 2D analysis) (Fig. 5). Inadequate
stent expansion was the constant reasen for the failure to meet
the deployment ctiteria (n = 14). There were no instances of
incomptete stent apposition; the one case of stent asymmetry
(which also had inadequate stent expansion) was revealed by
beth on-ling 3D and of-line 3D analyses, bt not by on-line 2D
analysis,

Procedural onlcome, After completion of the study proto-
cel, any further treatment was left to the discretion of the
operator. Additional angiography-guided batloon dilations
were performed in six stents that had not met the criteria by
both 2D and 30 IVUS (n = 2) or by 3D IVUS alone (n = 4).
Lack of further stent expansion despite high pressure dilation
with eversized balloons was the principal reason for omilting
further balloon dilations. There were no procedural or post-
procedusal in-hospital complications.

Reproducibility of on-Hoe 3D IVUS analysis. The intraob-
server and interabserver differences of steat CSA measure-
ments were 0.0 + 0.2 mm? and 0.0 = 0.3 mm? (relative SD
2.0% and 3.192), 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 infla-
tions {5,6,3,11,26). [VUS-guided stent implaatation has re-
duced the incidence of stent thzombosis 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 minimal fumen area may be difficult to
reliably identify visvally. Automated 3D reconstruction and

2 20
Figure 6. Intraobserver and intercbserver mea- e oayaod, PGS
surement variability of on.ine 3D IVUS. Correla: o 15 P 15 = o;a' ’
tion between the stent lumen CSA measurements s '
(mm?), pravided by repeated analyses of the same 2 &
observer (Teft panel, observations f and Z) and two £ 10 g 19
independent observers (right panel, observers 1 g g
and 2) using the 3D automated analysis method in 8 =
ECG-gated TVUS image s¢1s. Because actoal on- © 5 H
fine conditions cannot be reproduced, these data
were obtained by using simulated on-line condi-
tions, especially a maximal analysis time of 10 min. b —— | o —
[ 5 ) 15 2 0 5 50 15 EY

OBSERVATION 1

88

OBSERVER 1



On-line Three-dimensional reconstruction of ECG-gated IVUS images after coronary stent deployment

analysis may therefore help to resolve this problem, but it must
be both reliable and feasible during on-line application.

Previously, 3D teconstruction performed after stent jm.
plantation has been marred by cyclic image artifacts (18) (Fig.
1) that limited on-line application of autemated 3D contour
detection and anaiysis systems.

In the present study, to overcome this important limétation,
we used ECG-gated IVUS image acquisition (23} and a
validated anrtomated 3D aralysis system (18,19,27) on-line
after angiography-guided stent deployment. The importance of
ECG-gated image acquisition for off-line automated 3D [IVUS
measwrements has been demonstrated by other groups (16,21)
using alternative 3D contour detection systems. Sonka and
colleagues (16) have stated that the correlation belween
observer-defined and automated lumen contours by their
syslem improved as a result of ECG gating {r = 0.91 and 0.98
for nongated and ECG-gated, respeciively) {16). We found
that ECG-gated image acquisition resulted ia much smoother
vessel boundaries, readily facilitating the on-line contour de-
tection process.

The main results of this study were that ECG.gated EVUS
image acquisition and automated ondine 3D asalysis I) were
feasible to evaluate the procedural results after stert deploy-
ment, 2) provided reliable and reproducible measurements of
the lumen dimensions within the stented segment, and 3)
facilitated the detection of the minimal lemea site. Despite the
high correfation of the minimal lumen area measurements
provided by the on-line 2D and 3D analyses, there was a
significant overestimation of minimal lumen area with use of
the 2D approach; this was confirmed by the off-line measure-
ment. As 2 result, there were significant differences between
the on-lire 2D and 3D analyses in judging the adequacy of
stent deployment by using the defined IVUS criteria, Tke high
refiability of the on-line 3D approach in scrutinizing such
criteria was confirmed by the off-line measucement. The
on-ling 3D analysis time (8.7 £ 0.6 min) of the preseat study is
acceptably within the 10-mia range set by the board of the
Thoraxcenter senior interventional cardiologists, Nevertheless,
in parallet with the advances in computer technology and
further refinements in the software, further reduction of the
analysis time can be expected.

Clinicat implications, Although good clinical and angio-
graphic results have been reported for coronary stenting
without the vse of IVUS (28,29), previous studies using
conventional IVUS techniques (5,6,81) have suggested a con-
siderable frequency of suboptimal results, & finding that is
again confirmed by our methodology. We also found that
conventional 2D 1VUS itself underestiniated the frequency of
soboptimal stenting.

Nuomerous interventienal cardiclogists have praised 1VUS
as helpful in guiding (difficult} stent procedures and in inves-
ligating ambiguous angiographic results, but there is no blan-
ket recommendation ¢encerning the use of {VUS in routine
stenting (26). However, the indication for stenting is currently
broadening fo smalier vessels, longer lesions, wnfavorable
morphology, multivessel 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 will
remain at [east extremely valuable, often necessary, aad per-
kaps cost-effective, depending on long-term clinical results;
this aspect will undoubtedly be an objective of future trials
evaluating the usefulzess of IVUS guidance in complex coro-
nary steniing.

Study limitations. Nonuniform transducer rotation of me-
chanical IVUS catheters, noncoaxial catheter position or vas-
calar curvatures may ceeate image distortion and artifacts in
both planar images and 3D reconstructions {17); however,
segmenls are generally relatively straight after stenting. Al-
though caronary angiography itself has several limitations,
combined approaches using both angiographic and IVUS data
for 3D reconstruction of the vessel may resolve many of the
problems mentioned, but these techniques are laborious and
stitl restricted to research (22). As 3D reconstmuctions of IVUS
images generally do no! depict the true spatial coronmary
geomeiry, careful interpretation by an experienced investigator
is required.

Qur experience suggests that ECG-pated image acquisition
is feasible in 90% to 95% of patients referred for coronary
intervention, but it may be difticult in patients with arthythmias
and even impossible in the presence of atrial fibrillation, unless
cardiac pacing is performed. ECG-gated image acquisition
(23} requires more time than conventional motorized pull-
backs at a uniform speed; this Jonger duration may Hmit its use
before interventions in patients with critical coronary stenoses.
Further miniaterization of the IVUS catheters and the use of
imaging wires (31,32} may soon help to overcome this limita-
tion.

Cenclusions. ECG-gated acquisition of IVUS images dur-
ing automated transducer pullbacks is feasibie after coronary
stent deployment. The approach is clinjcally relevant, as it
petmits on-line automated 3D reconstruction and analysis,
provides reliable and reproducible measurements of lumen
dimensions and facilitates the detection of the minimal lumen
areg, thus guiding optimized stent deployment.
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Sumimnary

SUMMARY, DISCUSSION AND CONCLUSIONS

Part I: Three-dimensional reconstruction of
the heart and the coronary vesscls

Echocardiography has become a commeonly
used diagnostic modality in the daily practice of
cardiology. In this thesis, three-dimensional (3-
D) echocardiography of the heart and coronary
arteries for imaging and application of quantita-
tive analysis is described. To produce a 3-D
reconstruction of any object, a tomographic
data set must be acquired. Because of a lack of
the method allowing acquisition of tomographic
data set of a single heartbeat, a series of 2-D
acquired images must be compiled to build up
the 3-D data set. Due to heart motion and respi-
ration, the image acquisition must be ECG-trig-
gered, gated and respiratory gated. A system
capable of performing acquisition and produ-

cing dynamic 3-D volume rendered reconstruc-
tions of the heart is described in chapter 2. For
such a system to be utilized by practicing car-
diologists the provision of additional informa-
tion over 2-D imaging must be demonstrated.
3-D echocardiography provides computed
echocardiographic
views unobtainable
by other techniques.
The assessment of
volumes of the left
and right ventricles
without the need to
make geometric
assumptions, as is
necessary with 2-D
imaging is a techni-
que which has been
validated by comparis-
on with MRI1» 2, 3.D

reconstruction is a Fignre

computative intensive Here a Hewlett-Packard Sonos

k. f hich f 5500-ultrasound scanner is presen-

task, for which 1ast ..y This scamner can be equipped

and specialized grap- with an optional 3-D package. This

hics hardware and "akes it possible to acquire a fomo-

graphic dataset without the need for

latge  amounts  of 4y exyrq acquisition station, and fir-

internal memory and thermore the image data can be elec-

hard disk storage tronically transferred preserving
possible loss of image quality or

Space are NeCessary. japroduction of image artifacts.

These systems remain

expensive but are becoming cheaper. Since the

introduction of the 3-D acquisition and recon-

struction soft- and hardware (Echoscan system,

TomTec GmbH, Munich, Germany, 1993), the

calculation times for 3-D reconstructions have

Figure I

Here an overview of the new 3-D software of
TomTec is presented (running on a multi-processing
Windows NT™ platform). In panel A-C, 3-D recon-

structions can be sinltaneously generated. In
pael D, the acquired tomographic dataset with dif-
ferent cut-planes is given. In this case a patient
with a myxoma in the left atrium is presented. In
panel D, a 2-D cut-plane trough the tonographic
dataset can be appreciated, in all other panels (A-
C} 3-D reconstructions from the same patient are
generated.

been reduced from a half-hour to less than a
minute. On newer hard- and software platforms,
even muiti-processing has become possible
{Figure 1). Future software packages will provi-
de specialized programs to calculate valve ste-
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noses and septal defect sizes with improved
user friendliness, significantly less off-line ana-
lysis time and increased accuracy. Data acquisi-
tion improvements have also been made. The
functionality of the separate acquisition and
reconstruction stations (Echoscan) is now inte-
grated as an optional 3-D package in Hewlett-
Packard ultrasound scanners
Sonos 2500 and 5500 (Figure
2; Hewlett-Packard,
Andover, MA, USA). In
addition to the improved vser
friendliness of a single user
solilary console, less space is
occupied in the echolab, ope-
rating theatre or bedside, The

Figure 3

In this image a Hewlett-
Packard transthoracic pha-
sed array probe with imegra-
ted stepping motor can be
appreciated. This probe
makes it easier to perfornt a
transthoracic 3-D acquisition
since the other method, a
device rolating the complete
probe, uses a larger and
heavier device, which can
infroduce motion of the
observer’s hand during an

advent of digital data transf-
er has improved the quality
of imaging, as the previous
technique of video grabbing
was prone to image artifacts
{all chapters). Hewleti-
Packard has also introduced
a transthoracic probe (Figure
3), which is able {o rotate its
imaging array with an inte-

grated micro-motor, instead
of the previous method of rotation of the com-
piete probe (chapter 2). This prebe is much
smaller and lighter and reduces significantly the
chance of motion of the observer’s hand during
acquisition, which may create imagesfartifacts
in the 3-D reconstruction.

Chapter 3, 4 and 5 describe different aspects
of 3-D reconstruction of intracoronary ultra-
sound (ICUS) images. In chapter 3 the fechni-
que of acquiring ECG-triggered and gated
tomographic ICUS image data sets together
with the exploration of 3-D longitudinal recon-
structions is described. Chapter 4 describes an
in-vivo study investigating whether implanted
intracoronary stent structures can be identified
on 3-D reconstructed images and if the stent
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design influences 3-D reconstruction. We found
that stents designed with a predominantly lon-
gitudinal strut architecture were able to be
reconstructed better than stents with a predomi-
nantly transverse strut architecture. In chapter S
an in-vitro ultrasound examination of 26 intra-
coronary stents and their 3-D reconstruction is
described. The findings of chapter 4 could also
be confirmed in a targer group comprising dif-
ferent stent designs in an in-vitro set-up, While
the clinical usefulness of the techniques descri-
bed in chapter 3,4 and 5 seem Hmited, the ECG-
triggered gated ICUS image acquisition provi-
des the ability to produce dynamic reconstruc-
tions, and the described techniques resulls in a
smooth appearance of the vessel wall with tiny
details visible, evidenced by the recognition of
stent struts. The combination of angiography
with a pullback ICUS catheter 3-D reconstruce-
tion may have clinical application in the future3-3,
These techniques are able to produce 3-D
reconstructions with the true vessel curvature
{geometry) preserved and can therefore be used
to calculate parameters such as shear stress?. The
3-D true curvature technique currently under
investigation at the Thoraxcenter employs the
described acquisition technique.

The sequence of chapters, whilst alternating
between echocardiography of the heart and
ICUS, highlights the progressive improvements
in 3-D technology. Chapter 6 describes the
potential of Virtual Reality (VR) techniques and
inferactive computer systems for teaching and
training in cardiology. 3-D reconstructions
makes image interpretation on the one hand
easier through being anatomically more realis-
tic, but on the other hand more complex. A vie-
wer can become “lost in space” through having
the ability to examine a 3-D data set from an
infinite number of viewing positions. Virtual
Heart models, coupled to real-time echo images
reproducing pathological states, could help to
guide the cardiologist through the tomographic
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image data sets (“roadmapping”). Furthermore,
since most imaging modalities have as an end
product a digital format, the patient data can be
saved in computer databases (Figure 4). Sample
databases with varous pathologies could thus
be created for teaching and training purposes.
This, together with “dummy” equipment could
herald a revolution for training and teaching
echocardiography.

Figure 4

This image shows an example screen of an electro-
nic image database (Enconcert, Hewlett-Packard).
Echolab’s are now slowly transferring from analog
storage of the examinations (videotape)}, to electro-
nic storage {computer databases). This makes it
easier to share the examination resulis amongst
other hospital departients (surgeon’s, CCU, outpa-
tient clinic) and to preserve patient data.
Furthermore, it makes it easier to produce sample
databases incorporating rare pathologies for
teaching and training purposes.

Part I: Quantitative analysis of coronary
vessel dimensions

The second part of this thesis is focused on
the quantitative analysis of coronary vessel
dimensions, based on the acquisition technique
described in chapters 3-5. In chapter 7 the uni-
ting of two separately developed techniques is
described. The ECG-gated pullback device and
the 3-I> acquisition station (designed for echo-
cardiography of the “whole” heart), was used

with a quantitative analysis soffware package
for vessels (designed for analysis of off-line
video tape digitized from ICUS catheter pul-
Ibacks with a continuous speed of | or
0.5mm/s). This formed the basis for measuring
vessel dimension changes over the cardiac
cycle, with the ability to correct for longitudin-
al catheter motion which appeared to be present
in >90% of the investigated patients. The ICUS
catheter moves from distal {end-diasiole, peak
of the R-wave) to proximal (end-systole) doring
the heart cycle. If an operator is analyzing ves-
sel dimensions on the ICUS console 2-D ima-
ges, the catheter motion could influence the
resitlts and produce unexpected results, in parti-
cular smaller dimensions in diastole and larger
dimensions in systole. An ECG-triggered and
gated pullback examination can be used to
avoid artifacts caused by catheter motion. In
chapter 8, a study comparing ECG-gated versus
non-gated 3-D intracoronary ultrasound analy-
sis and the implication for volumetric measure-
ments is reporfed. It appeared that when ICUS
images were acquired ECG-gated, the volume-
tric measurements were significantly smaller
than when they were acquired non-gated, but
the studied patient population was rather small.
Further study of this method is therefore desira-
ble, since many studies incorporating ICUS
examinations are performed with non-gated
ICUS puilbacks. The drawback of extra equip-
ment costs could be overcome if the ultrasound
manufacturers incorporated this technology into
their ultrasound scanners, a policy, such as
found in the current commercially available
Hewlett-Packard echocardiogram machines.
The major clinical disadvantage of the ECG-
gated method is the longer pullback time nee-
ded for a study. This is three times longer than
the 0.5 mm/s continuous puilback study, and
takes approximately | minfem artery, Currently,
the fongitudinal step intervals of 0.2mm are
applied based on theoretical assumptions with
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regard to ICUS catheter resolution. it would be
desirable to perform a study to deternine which
axial step resolution could be used as a practical
lower limit. This could resuit in larger axial
steps being found adequate and thus reduced
acquisition times,

In chapter 9, the reproducibility and the
inter- and intra-observer variability of the ECG-
gated ICUS measurements :is described. The
smooth appearance of the coronary vessel wall
in the longitudinal computed sections not enly
praduces a more angiogram-like result, but also
results in significantly faster analysis times.
This is mainly due to the fact that the software
does not have to jump from a small lumen and
total vessel contours in mage x, to a relatively
much larger area in image x+/ {and vice-versa).
The catheter motion, earlier described, resuits
in the so-called saw-tooth appearance of the
vessel wall. The “hit-ratio” for correct contours
is higher in ECG-gated ICUS image data sets,
and less operator corrections of the contours are
necessary. This is not only of particular interest
for core laboratories but also for on-line use in
the cathlab. Chapter 10 describes the use of on-
line automated analysis of three-dimensional
ICUS after coronary stent deployment. The
study showed that application of the technique
is feasible and that the results are reliable and
reproducible, facilitating detection of the mini-
mal lumen site. The setup of the necessary
equipment is faboricus, and the need for the
ICUS scanner and three-dimensional acquisi-
tion and analysis station, can be a burden when
the space in the cathlab is fimited.
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Future developments

Three-dimensional echocardiograph
has been commercially available for 5 years. ;;
has been subject to many rescarch objectives
but is still mainly a research tooll> 2: 6-16, Rapid
developments in the computer technology and
in other areas, such as the military and fiim
industries, are bringing new opportunities for
further developments in this area. Cardiac 3-D
ultrasound is maybe the most challenging area
in imaging medicine, since the heart is a dyna-
mic organ. The developments of Virtual Reality
{VR) techniques are opening a whole new range
of possibitities for medical application,
teaching and training. The VR models which
now are used in off-line workstations, may
come to be incorporated in ultrasound scanners
and could help to guide the cardiologists on-line
in diagnostic and therapeutic manouvres,

Three-dimensional ICUS is also principally
subject to research only. It has however shown
great potential in the evaluation of new inter-
ventional techniques such as intracoronary sten-
ting”‘lg, in determining plaque progression/
regression in drug studies or after coronary bra-
chytheraphyQo: 21 and also for calculating
radiodensitometry. The new higher frequency
catheters (40 MHz, CVIS and 45 MHz, HP) are
showing improved imaging capabilities and are
offering better imaging resolutions, which
could improve 3-D reconstructions of coronary
vessels22 (Figure 5). The new generation of
ICUS ultrasound scanners will also offer digital
image data transfer and storage capabilities.
Workstations capable of performing quantitati-
ve coronary angiography (QCA) and quantitati-
ve ICUS analysis are under development, com-
bining infermation of lomen morphology obtai-
ned by QCA with information of the whole ves-
sel wall from ICUS. Improved analysis soft-
ware and 3-D reconstructions combining angio-
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graphy and ICUS producing reconstructions
with true curvature reproduction could help the
interventionalist and diagnostic cardiologist to
make even better judgments as to which inter-
ventional technique is best for a particular
patient.

3-D ICUS appears to have exciting
potential for the betterment of diagnostic and
therapeutic care of the patient with 'coronary
artery disease.

Figure §

In panel A, an in-vivo image of a 30 MHz ulira-
sound catheter is presented. In panel B, at almost
the same in-vive site an inage of @ 40 MHz ultra-
sound catheter is presented. It can be appreciated
that the image in panel B looks sharper. The media
behind the plaque is very well defined in panel B.
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Samenvaiting

SAMENVATTING, DISCUSSIE EN CONCLUSIES

Deel I: Drie-dimensionele reconstructie van
het hart en de kransslagvaten

In cardiologie is echografie én van de
meest gebruikte diagnostische hulpmiddeten. In
dit proefschrift wordt drie-dimensionale (3-D}
echocardiografie van het hart en de kransslag-
vaten voor beeldvorming en quantitatieve ana-
lyses (metingen) beschreven. Om ecen 3-D
reconstructie van een “object” te kunuen
maken, moet een zg. tomografische data set,
een serie van 2-D beelden, verkregen worden.
Door het gebrek aan een techniek, hedentenda-
ge, om zo'n tomografische data set van het hart
binnen één hartslag te verkrijgen (acquisitie),
moet een serie van 2-D beelden, verkregen
gedurende verschillende harislagen, bij elkaar
gevoegd worden om een 3-D data set op te bou-

wen. Door het bewegen van het hart en de
ademhaling van de patiént, moet het digitalise-
ren van de 2-D echobeelden worden gesynchro-
niseerd met de hartslag en de ademhaling. Een
systeem dat deze mogelijkheden biedt en in
staat is om 3-D volume gerenderde (renderen is
ket zichtbaar maken
van een 3-D beeld op
een 2-D  scherm)
reconstructies van het
hart te maken wordt
beschreven in hoofd-
stuk 2 (Echoscan sys-
tem, TomTee GimbH,
Miinchen, Duitsland,
1993). Voor zo'n sys-
teem gebruikt wordt
door een praktiseren-
de cardiocloog, moet
aangetoond worden
dat het extra voorde- Figuur 2

len biedi boven het Hieris een Hewlett-Packard Sonos
bruik de h 5500 echo-apparaat gepresenteerd.
geonnk van ae UR  pjr ochg-apparaar kan worden uitge-
welbekende 2-D  breid met een optioneel 3-D pakket.
echobeelden 3.y Dit maakt het mogelijk om een tomo-
o . grafische data set mef één enkel
echocardiografie apnaraw te verkrijgen, verder kan
bied: de mogelijkheid de data nu geheel digitaal worden
om 2-D echocardio- verwerkt zonder dal er een analoge
conversie slag behoeft plaais te vin-
grafische beelden ie  den, mer evetueel verlies van kwali-
reconstrueren, mub.v, feil.
de computer, vanuit perspectieven die niet
mogelijk zijn met de normale 2-D echocardio-
grafie te realiseren. Eén van de meest klinische
toepassingen van de 3-D techniek is het bereke-

nen van de volumina van de linker- en rechter-

Figuur 1

Hier is een voorbeeld van de nieuwe 3-D software
van TomTec afgebeeld, dit kan worden gebruikt op
een multi-processor Windows NT™ platform. De

panelen A-C, presenteren 3-D reconstructies die L1.1.
vroeger simultaan kurnen worden berekend. In
paneel D is te zien hoe de snijlijnen door de tomo-
grafische data set gaan en die in de andere panelen
zichtbaar gemnaaks zijn. De 2-D afbeelding in D is als
3-D, in A, gereconstrueerd. In dit geval betreft het
een timor die zich bevindt in de linkerhartboezem
van een patient.

ventrikel (kamer) zonder de noodzaak van geo-
metrische aannames, zoals noodzakelijk is met
2-D technigken. Deze nieuwe techniek werd
gevalideerd door het te vergelijken met MRI-
beelden!+2. Het berekenen van 3-D reconstruc-
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ties maakt het gebruik van krachtige computers,
die gespecialiseerd zijn in grafische processen
en die beschikken over veel geheugen, noodza-
kelijk. Deze systemen zijn duur, maar worden
op termijn goedkoper. Sinds de introductie van
het 3-D werkstation, Echoscan, is de tijd beno-
digd voor het berekenen van een 3-D recon-
stiuctie gedaald van een half
uur tot minder dan een
minuut. Op nieuwe hard- en
software platforms is zelfs
het gebruik van meerdere-
processoren (parallel proces-
sing) mogelijk  geworden
(Figuur 1). Toekomstige sofi-
< ware pakketten voor 3-D

Figuur 3

Hier is een thransthoracele
probe, Hewleit-Packard,
gepresenteerd. Deze probe,
met ingebowwde micro-stap-
penmotor; s in staat om het
beeldvormende element te
draaien. Veorlieen was het
aliéén mogelijk om de gehele
probe te draaten (hoofdsauk
2) waarvoor een groot appa-
raat om de probe moest wor-
den geplaatst. Deze kleine
probe is handzamer en lich-
ter wat de kans op bewegen
tijdens cen studie verkieint,

echocardiografische beelden
zullen de mogelijkheid bie-
den om gespecialiseerde
functies wit te voeren zoals
het berekenen van klep ver-
napwingen en de grootte van
gaten in het septum (VSD’s
enfof ASD’s) met verbeterde
gebruikersvriendelijkheid,
gereduceerde analyse tijden
en met verbeterde nauwkeu-
righeden.  Verbeferingen
voor het verkrijgen van 3-D

echocardiografische beelden zijn reeds gereali-
seerd. De functionalileit van het acquisitie
gedeelte van het 3-D werkstation is nu geinte-
greerd als een optioneel uitbreidingspakket in
de echocardiografische apparatur van Hewlett-
Packard (Sonos 2500 en 5500, Figuur 2;
Hewleti-Packard, Andover, MA, USA). Buiten
de zo verkregen gebruikersvriendelijkheid om
alles binnen één enkel apparaat te hebben (in dit
geval het acquisitie gedeeite), is het prettig om
minder schaarse ruimte te bezetten in het echo-
[ab, operatickamer of patiéntenkamer. Verder is
het nu mogelijk om de beelden geheel digitaal
te verwerken. Het 3-D werkstation gebruiki een
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techniek die de analoge video-beelden van de
echocardiografische apparatuur digitaliseert.
Deze extra omzetting kan leiden tot fouten in de
beelden (alle hoofdstukken). Hewlett-Packard
heeft ook een transthoracale probe geintrodu-
ceerd (Figuur 3), welke in staat is door m.b.v.
een geinlegreerde micro-motor het beeldvor-
mende segment te roteren, dit i.p.v. het roteren
van de gehele probe (hoofdstuk 2). Deze nieu-
we probe is veel handzamer en lichter van
gewicht, wal de kans op bewegen tijdens een
acquisitie reduceert, en welke de kwaliteit van
de 3-D reconstructies ten goede zou kunnen
komen,

In hoofdstuk 3, 4 en 5 worden verschillende
aspecten van 3-D reconstructies met intravascu-
laire ultrageluidbeelden (ICUS) beschreven. In
hoofdstuk 3 wordt de techniek van het verkrij-
gen van BECG-gesynchroniseerde acquisitie van
tomografische ICUS beelden en het produceren
van 3-D lengte-doorsneden van de kransslagva-
ten (coronairen) beschreven. Hoofdstuk 4
beschrijft een in-vivo studie betreffende het
preduceren van 3-D reconstructies op basis van
ICUS beelden, verkregen van gefinplanteerde
intracoronaire stents. Hierbif werd tevens
onderzocht of de stent architectuur van invloed
kon ziju op de 3-D reconstructies en of de archi-
tecivur in een 3-D reconstructie kon worden
herkend. De bevindingen waren dat stents met
draden {struts) die voornamelijk in de lengte
richting liepen wel gereconstrueerd konden
worden, terwijl stents met draden die voorna-
melijk in de dwars richting liepen (cirkelvor-
mig) niet zodanig konden worden gereconstiu-
eerd dat de stent kon worden herkend, In hoofd-

‘stuk 5 is een in-vitro (in een bak met water)

ICUS onderzoek van 26 coronaire stents in
combinatie met 3-D reconstructies beschreven,
De bevindingen van hoofdstuk 4 konden ook in
deze grotere groep, met vele verschillende sient
architecturen, worden bevestigd. De klinische
applicaties van de technicken beschreven in de
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hoofdstukken 3, 4 en 5 lijken gelimiteerd, de
ECG-gesynchroniseerde acquisitic van ICUS
beelden maakt het echter mogelijk om dynami-
sche 3-D reconstructies van de kransslagvaten
te produceren. Het grote voordesl van deze
techniek is dat het lumen van het kransslagvat
gerepresenteerd wordt zonder artefacten (met
een glad oppervlak, i.p.v. mel ribbels) waarin
zelfs kleine details zoals de draden van een

Figuur 4

Dt plaatje laat een voorbeeldscherm zien van een
electronische beelden database (Enconcert,
Hewlett-Packard). Moderne echo-laboratoria zijn
momenieel voorzichtig bezig om over te schakelen
van beeldopsiag op videobanden naar een electra-
nische beeldopslag. Dit maakt het verspreiden van
de informaiie, via ziekenhuis netwerken, fussen ver-
schillende departementen (chirurgie, patiénten
afdelingen, polikliniek) eenvoudiger en sneller. Het
maakt het ook mogelijk om databases aan te leggen
van bijzondere afwiikingen voor onderwijs en trai-
ning. ’

stent zichtbaar kunnen ziju. De 3-D reconstruc-
ties van kransslagvaten van patiénten die een
stent geimplanteerd hebben gekregen en waarin
de stent herkenbaar is, bewijzen dat deze acqui-
sitie- en reconstructie-techniek de werkelijk-
heid dicht benadert in gevallen waarin het stuk
kransslagvat dat onderzocht werd redelijk recht
was. De combinatie van coronair angiografie
met een tomografische ICUS beelden data set,
heeft mogelijk meer klinische waarde in de toe-
komst3-3, De techniek van het combineren van

de twee verschillende beeld modaliteiten biedt
de mogelijkheid om 3-D reconstructies van de
kransslagvaten te produceren waarin de oor-
pronkelijke ruimtelijke geometrie van het vat
behouden blijft. Deze reconstructies kunnen
bijvoorbeeld gebmikt worden om lokale wand-
spanningen in het vat te berekenen?. Deze nieu-
we 3-D technick is nu in onderzoek in het
Thoraxcentrum.

De volgorde van de hoofdstukken lijkt wei-
licht merkwaardig (van de hak op de tak), 3-D
echocardiografie (hele hart) — 3-D ICUS
{kranslagvaten) -> Virtual Reality (hele hart},
maar het geeft een goede weergave van de
progressie in de ontwikkelingen van 3-D echo
technieken (het is eigenlijk meer beschreven in
een chronologische volgorde). Hoofdstuk 6
beschrijft de mogelijkheden van het gebruik
van Virtual Reality (VR) technieken in combi-
natie met interactieve computersystemen voor
onderwijs en training in cardiologie. Een 3-D
reconsiructie maakt aan de ene kant de beeld
interpretatie eenvoudiger, maar aan de andere
kant meer complex. De 3-D data sets kunnen nl.
bekeken worden vanuit een oneindig aantal
observatie punten, dit werkt het in de hand dat
een gebruiker, na verloop van tijd en de nodige
veranderingen, niet meer weet wat zijn exacte
oriéntatie is. Virtuele hart modelien, gekoppeld
aan 3-D data sets kunnen dienen als een 3-D
landkaart voor het terug vinden van de juiste
oriéntatie. Bovendien, sinds de meeste diagnos-
tische beeldvormende technieken hedentendage
de beelden opstaan in een digitaal formaat, is
het mogelijk de patignten data te bewaren in
computer databases (Figuur 4). Zo kunnen er,
bijvoorbeeld, databases gecregerd worden met
voorbeelden van bijzondere afwijkingen aan het
hart weike kunnen dienen als lesmateriaal. Dit
in combinatie met een trainingsstation om echo-
cardiogrammen te kunnen simuleren, kan een
vernieuwing betekenen in het onderwijs voor
echocardiografie.
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Deel IT: Kwantitatieve analyse van de krans-
slagvaten

Het tweede deel van dit proefschrift handelt
over de kwantitatieve analyse van de kransslag-
vaten gebaseerd op de acquisitie techniek die in
de hoofdstukken 3, 4 en 5 wordt beschreven. In
hoofdstuk 7 wordt het combineren van twee
verschillende projecten beschreven die beide
bedoeld waren voor andere applicaties maar
werden gecombineerd t.b.v. 3-D ICUS. Aan de
ene kant is er het 3-D acquisitie station waar-
voor een speciaal ICUS catheter terugtrekappa-
raat werd ontwikkeld en aan de andere kant een
speciaal software pakket dat was ontwikkeld
voor de analyse van niet-ECG-gesynchroniseer-
de TCUS beelden data sets (de catheter, in dit
geval het beeldvormende element, wordt dan
teruggetrokken met een constante snelheid van
0.5mmv/sec en de beelden worden achteraf gedi-
gitaliseerd vanaf video-tape). Dit was de basis
om metingen te verrichten aan de dimensies van
de kransslagvaten (doorsnede en opperviak) in
verschiltende fases van de hartslag, met de
mogelijkheid om fe kunnen corrigeren voor
bewegingen van de catheter t.0.v. het kransslag-
vat tijdens de hartslag, welke in meer dan 90%
van de patiénten aanwezig bleek. De ICUS
catheter beweegt van distaal {eind-diastole, R-
top van het ECG) naar proximaal (eind-systole)
gedurende de harislag. Tijdens een analyse van
2-D beelden op het echo-apparaat zelf, zou
iemand op deze manier misleid kunnen worden
(de beweging van de catheler kan op deze
manier niet worden gecorrigeerd) en dit zou tot
onverwachte of zelfs foute resultaten kunnen
leiden. In hoofdstuk 8 wordt een studie beschre-
ven die het verschil aantoont in mestresulaten
tussen ECG-gesynchroniseerde en niet-gesyn-
chronisecerde verkregen 3-D ICUS data sets,
Het bleek dat wanneer de ICUS beelden ECG-
synchroon werden verkregen, de volume metin-
gen belangrijk kleiner waren dan de metingen
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op de beelden verkregen met de andere tech-
niek. Grootste nadeel van deze studie was dat
de patignten populatie betrekkelijk klein was
{n=15). Verdere studie en validatie van deze
techniek is wenselijk, mede door het feit dat de
niet-gesynchroniseerde techniek wijdverspreid
gebmikt wordt in grote multi-center studies die
aan moeten foren of een nieuwe behandelings-
vorm, of medicament, verbetering brengt in het
eindresultaat voor de patiént. Het nadeel van de
extra kosten van de ECG-gesynchroniseerde
techniek, terugtrekapparaat en exira werksta-
tion, zon overkomelijk kunnen zijn als deze
techniek geintegreerd zou worden in de
bestaande intracoronaire echo-apparatuur. Deze
politieck wordt momenteel al gevolgd in de
echo-apparatuur voor het hele hart (Hewlett-
Packard). De grootste klinische belemmering
voor het gebruik van deze methodiek is de lan-
gere tijd die de ICUS catheter in het kransslag-
vat verblijft, dit was gemiddeld 1 minuut per
“gescande’ centimeter (3 maal langer dan de
nict gesynchroniseerde techniek). Er werden
stappen genomen van 0.2mm tussen twee
catheterposities en dit was gebaseerd op de
theoretische beeldresoluties van de ICUS cathe-
ters. Het zou zo kunnen zijn dat grotere stappen
(eerder thuis) toegepast zouden kunnen worden
zonder dat dit leidt tot onnauwkeurigheden, Dit
dient echter nader onderzocht te worden,

In hoofdstuk 9 wordt de reproduceerbaarheid en
de inter- en intra-onderzoeker variabiliteit
beschreven van de ECG-gesynchroniscerde
techniek. De “gladde” contouren van de krans-
slagvaten in de gereconstrueerde lengtedoor-
sneden resulteerden niet alleen in een represen-
tatie (plaatje} dat meer feek op een rdntgen
afbeclding van de kransslagvaten, maar resul-
teerde ook in een belangrijke reductie van de
analyse tijd (met de helft). Dit kwam voorna-
melijk doordat er minder correcties nodig
waren in de contouren zoals die door de soft-
ware in eerste instantie werden gedetecteerd.
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De gladde contouren, verkregen met de ECG-
synchronisatie, zorgen er mu voor dat het soft-
ware algoritme een hogere score behaalt (min-
der foute contour detecties). Dit is niet alleen
van belang in zg. analyse laboratoria maar ook
voor direct (on-line} gebruik in het hartcathete-
risatielaboratorium tijdens het onderzoek.
Hoofdstuk 10 beschrijft het gebruik van de
ECG-gesynchroniseerde techniek en 3-D recon-
steucties voor het on-line bepalen of een gefm-
planteerde stent op de juiste manier geplaatst
was. Deze studie heeft aangetoond dat dit
mogelijk was en dat de resultaten reproduceer-
baar waren, De extra apparatuur noodzakelijk
voor deze techniek kan echter problemen geven
wanneer de ruimte in een hartcatheterisatielabo-
ratorium beperkt is. Tevens dient er personeel
aanwezig te zijn dat goed getraind is in het
gebruik van zowel de ICUS techniek als in het
bedienen van een 3-D werkstation,

Figuur §

In paneel A is een ICUS beeld van een kransslagvat
gemaakt, met een 30 MHz catheter, te zien. In
paneel B is heizelfde stukje vat te zien bij dezelfde
patiént maar nu gemaakt met een ICUS catheter
die werkt met 40 MHz. Het is goed te zien dat het
plaatje in paneel B “scherper” is dan in A. De
overgang van de plague naar de buiterwand valt
mooi te onderscheiden.

‘Toekomstige onfwikkelingen
Drie-dimensionele echocardiografie is nu
sinds vijf jaar commercieel beschikbaar. Vele
onderzoeksprojecten zijn er sindsdien mee uit-
gevoerd en hebben positieve resultaten
gebracht. Het wordt echter nog steeds weinig in
de klinische praktijk gebruikels 2, 6-16, One-
wikkelingen in de computer industrie en op
andere gebieden, zoals bijvoorbeeld de film en
de militaire industrie, brengen ook nicuwe
mogelijkheden op het gebied van 3-D recon-
structies voor de gezondheidszorg. 3-D recon-
structie van het hart is misschien wel het meest
nitdagende gebied, omdat het hart een orgaan is
dat veel beweegt. De ontwikkelingen in Virtual
Reality (VR) technicken openen nieuwe per-
spectieven voor medisch onderwijs en training.
De VR modelien zoals die nu gebruiki worden
in separate werkstations kunnen weilicht in de
nabije tockomst worden geinfegreerd in echo-
cardiografische apparatuur om de cardioloog te
helpen tijdens het onderzoek van een patiént.

Drie-dimensionele reconstructies, hier
bedoelt voor analyses, van de kransslagvaten
zijn momenleel ook voornamelijk alléén onder-
werp van onderzock. Het is aangetoond dat het
goed gebruikt kan worden in het evalueren van
nienwe interventie technieken zoals bij de intr-
acoronaire stents! 7-19, voor de bepaling van de
toe- enfof afname van plaques in de kransslag-
vaten m.b.v. medicijnen of met slra]ing20’ 21,
Nieuwe hoogfrequente ICUS catheters (40MHz,
CVIS and 45 Mz, HP) bieden buiten verbeter-
de beelden van de kransslagvaten ook een ver-
beterde resolutie welke van belang kan zijn
voor de kwaliteit van 3-D reconstructies22
(Figuur 5). De nieuwe generatie van ICUS
apparatuur biedt ook de mogelijkheid voor een
complete digitale verwerking van de ICUS
beelden, wat de kwaliteit zeker ten goede zal
komen, Werkstations die zowel in staat zijn om
kwantitatieve coronaire angiografie (aangeduid

107



Chapter 11b

als QCA) en kwantitatieve ICUS (vaak aange-
duid als QCU) komen commercieel beschik-
baar. Deze stations kunnen de sterke kanten van
de twee verschillende technieken combineren,
nl. lumen afbeeldingen m.b.v, QCA en de bui-
tenwand van de vaten m.b.v. QCU. Verbeterde
analyse software en 3-D reconstructie technie-
ken die de resultaten van QCA en QCU combi-
neren en die in staat zijn om de vaten te presen-
teren in 3-D met bun werkelijke ruimtelijke
geometrie, kunnen de interventie cardioloog
helpen in het kiezen van de juiste behandelings
strategie voor de patiént.

3-D reconstructies van het hart en de krans-
slagvaten gecombineerd met kwantitatieve ana-
lyses bieden de potentie voor een verbelerde
diagaose stelling en niteindelijk voor een ver-
beterde therapic van patiénten die lijden aan
problemen met het hart.
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