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Chapter 1

Introduction and Outline of Thesis

Two-dimensional echocardiography has
proven to be a very useful tool in the
evaluation of global and regional left ven-
tricutar function in patients with coronary
artery disease. It has also been used in rec-
ognizing viable versus non-viable myocar-
dinm, combined with exercise or pharma-
cological stress. Recent development in
transpulmonary ultrasound contrast agents
inspired new interest in the cardiologists in
myocardial perfusion imaging. Though most
agents have proven helplul in (& few agents,
including Optison™ and Leovist™, have
been approved for clinical application in
several continents) left ventricular border
delineation, their roles in myocardial perfu-
sion imaging has not been studied exten-
sively. The ability of two-dimensional
metheds in accurate assessment of the site
and extent of wall motion and perfusion
abnormalities is limited to the use of a few
selected cross-sectional views of the left
ventricle and employment of geometric as-
sumptions of the ventricular cavity and
walls, This leads to source of errors in
quantitative studies of non-symmetric ven-
tricles such as those undergone myocardial
infarction and geometric remodeling, Two-
dimensional echocardiography is also lim-
ited in the evaluation of the mechanism of
and in guantifying the severity of mitral
regurgitation in patients with ischemic heart
disease. Other complications of ischemic
heart disease such as intracardiac thrombus
can be diagnosed by two-dimensional echo-
cardiography, but a more reproducible tech-
nique, such as three-dimensional echocardi-
ography, may provide more reliable data on
the therapeutic results in serial follow-up
studies. Imaging of the blood vessels in-

cluding coronary and carotid arteries has
been relied mainly on invasive techniques.
Two-dimensional ultrasound has shown
limited promises in vascular imaging.

Both the heart and the blood vessels are
three-dimensional structures. An ideal ap-
proach in accurate and comprehensive ex-
amination of the heart and blood vessels is
one that can collect volumetric information
of the heart or vessels and is able to display
them in three dimensions. Three-
dimensional echocardiography has demon-
strated its superiority over two-dimensional
methods in guantification of chamber vol-
umes and function and in display of con-
genital or valvolar abnormalities. Its role in
the evaluation of coronary arlery disease has
not been fully explored.

The purpose of this thesis was to exam-
ine the potential of three-dimensional echo-
cardiography in qualitative and quantitative
evaluation of coronary artery disease and
related abnormalities.

Chapter 2 is an overview of three-
dimensional echocardiography and its ap-
plication in coronary artery disease. It al-
ludes to many new directions of three-
dimensional echocardiography and a need
of integrating various techniques to form a
mati-dimension, multi-modality and multi-
media technique in the future.

Chapter 3 examines the accuracy and
reproducibility of volume measurement in
normal and asymmetric left ventricles using
three-dimensional data acquired in various
intervals. It has important clinical implica-
tions in facilitates its daily application and
in serial follow-up studies by shorlening
data acquisition time.

Chapter 4 inlroduced, for the first time,
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a method of guantitating infarct myocardial
mass, based on the dysfunctional myocardial
mass by three-dimensional echocardiogra-
phy, in a setting of experimental acute coro-
nary artery occlusion.

Chapter 5 further validated the method
used in Chapter 4 by quantifving the dys-
functional myocardial mass in patients with
single episode of myocardial infarction.
Good correlation was obtained between
three-dimensional  echocardiography and
magnetic resonance imaging methods,

Chapter 6 explored the potential of
three-dimensional  myocardial  contrast
echocardiographic perfusion imaging in the
assessiment of the efficacy of reperfusion,
using an  infravenous contrast  agent
{(NC100100), by quantifying the myocardial
mass at risk of infarction during coronary
occlusion and the residual infarct mass fol-
lowing reperfusion therapy.

Chapter 7 presents the feasibility of
three-dimensional echocardiography in

coronary arlery imaging and its quantitative
accuracy in the assessment of the severity of
stentotic lesions, in comparison with coro-
nary angiography.

Chapter 8 demonstrates the ability of
three-dimensional ultrasound of carotid
arferies in guantitative analysis of the
plaque volumes and the severity of carotid
stentoses. It depicts the impact of endarcter-
ectonmy on the local vessel geometry.

Chapter 9 displays the qualitative as well
as quantitative ability of three-dimensional
echocardiography in studying various mass
lesions, including intracardiac thrombi and
intravascular atheroma.

Chapter 10 presents a quantitative study
of mitral valve regurgitation using three-
dimensional echocardiography, It demon-
strates the advantage of three-dimensional
reconstruction and display of the regurgitant
jets and points out possible problems and
future directions.



Chapter 2 5

CHAPTER 2

THREE-DIMENSIONAL ECHOCARDIOGRAPHY AND
CORONARY ARTERY DISEASE

This chapter is based on the following review papers:

L.

Jiefen Yao, Jos R.T.C. Roelandt. Three-dimensional echocardiography: a new era
of cardiac imaging, Current Med Literature: Cardiac Imaging 1997;Pilot Is-
sue:2-10

Jos R.T.C. Roelandt, Jiefen Yao, Jaroslaw D. Kasprzak. Three-dimensional echo-
cardiography. Current Opinion in Cardiology 1998,13:386-396

Fiefen Yao, Qi-Ling Cao, Geral Marx, Natesa G. Pandian. Three-dimensional
echocardiography: Current development and future directions. J Med Ultrasound
1996;4(1): 11-19

Stefano De Castro, Jiefen Yao, Francisco Fedele, Natesa G. Pandian. Three-
dimensional echocardiography in ischemic heart discase. Coronary Artery Dis-
ease 1998;9(7):427-434






Chapter 2

Three-Dimensional Echocardiography and Coronary Artery Disease

liefen Yao, MD; Stefano De Castro, MD; Natesa G. Pandian, MD; Jos R.T.C. Roetandt, M.

The development of echocardiography
has been a major advance in diagnostic car-
diotogy. While M-mode echocardiography
provides limited information on cardiac
anatomy and pathologies, cross-sectional
echocardiography has brought a revolution
of cardiac imaging due to its ability of to-
mographic viewing of the cardiac structures.
Combined with spectral Doppler and color
Doppler recording of intracardiac blood
flow signals, cross-sectional echocardiogia-
phy is able to provide us with plentiful in-
formation on cardiac structure, function and
hemodynamics both qualitatively and quan-
titatively in most cardiovascular disorders,'®
Nevertheless, every facet of the heart in-
cluding morphology, function and blood
flows are three-dimensional in nature. Ac-
carate evaluation of cardiac performance
and cardiac diseases from a limited number
of cross-sectional images of the heart re-
mains a difficult process of mental concep-
tualization that requires considerable expe-
rience. This process becomes further com-
plicated when the dimension of time is
added for structural and functional assess-
ment of a dynamic heart. The ability to ob-
jectively view the heart and its structures in
three dimensions as it is could complement
current modalities for echocardiographic
imaging and facilitate the diagnosis of vari-
ous cardiac abnormalities.

The attempt to develop three-
dimensional echocardiographic reconstruc-
tion and display of cardiac structures was
started in early 1970s and great progress has
been achieved since then. "' In its early
stage, three-dimensional echocardiography
was applied mainly in volume measurement

of the ventricles using multiple cross-
sectional images that employ laborious
manual tracing of the cardiac borders,'® '!
Reconstruction of those tracings into static
wire-frame pictures may demonstrate the
shape of the ventricular cavity, but does not
provide tissue-depicting information of the
heart,"® Recently, along with the rapid evo-
lution in computer technology, three-
dimensional echocardiography has grown
into a well-developed technique, such as
volume-rendered three-dimensional recon-
struction, able to display dynamic images of
the heart that also depict depth of the car-
diac structures in their realistic forms.'®"?
Many clinical and experimental studies have
demonstrated that it is now ready for clini-
cal employment.'$?

PRINCIPLES AND TECHNIQUES OF
THREE-DIMENSIONAL  ECHOCAR-
DHOGRAPHY

Real-Time Three-Dimensional Echocar-
diography.

The ideal but most challenging direction
for echocardiography is real-time three-
dimensional imaging when the ultrasound
examination is performed. A real-time
volumetric ultrasound imaging system has
been developed. The system is based on a
novel matrix, phased array transducer al-
lowing rapid steering of a two-dimensional
beam over a three-dimensional space in a
pyramidal format.**?* The heart can be im-
aged from various optimal acoustic win-
dows. This mode of three-dimensional echo-
cardiography has great potential in im-
proving anatomical visualization and fast
diagnosis of morphological cardiac disor-
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ders, left ventricular function assessment
and regional or global wall motion analysis
in various situations including stress or ex-
ercise tests. Because of a short image acqui-
sition time, this method would be optimal
for myocardial perfusion study, it modalities
necessitate for conirast echocardiography
such as harmonic imaging, transient imag-
ing and power Doppler imaging could be
implemented into the system. So far, this
method has been applied in surface exami-
nation only. For transesophageal use, the
size of the probe needs to be minimized.
Although initial results with real-time,
three-dimensional echocardiography are
promising, further improvement in image
quality is needed for its clinical application,
Three-Dimensional  Echocardiographic
Image Reconstruction.

The commonly used term “three-
dimensional  echocardiography”  usually
means off-line computer assisted recon-
struction of three-dimensional images from
a series of cross-sectional echocardiographic
images collected using conventional two-
dimensional transthoracic or transesopha-
geal transducers. Thovugh various methods
have been employed, the essential steps of
three-dimensional reconstruction are as fol-
lows: 1} data acquisition; 2) data processing
and; 3) three-dimensional image rendering
and display.

All commercially available ultrasound
instrument incorporated with either trans-
thoracic or transesophageal transducers can
be used for three-dimensional echocardio-
graphic image collection. Frequently, a
dedicated computer is coupled with the ul-
grasound unit for random and sequential
acquisition of images and for reconstruction
and analysis of three-dimensional data.
Some  commercially available  two-

dimensional echocardiographic systems are
now also equipped with three-dimensional
data acquisition and storage software. The
acquired data usually need an off-line work-
station for three-dimensional image recon-
struction or quantitative analysis. Devices
for intravascular, intracardiac and periph-
eral vascular three-dimensional imaging
have been developed as well, but are not
discussed in detail here,?*?

Data acquisition, Three-dimensional re-
construction requires accurate information
on spatial position of each image plane
relative to its location in the heart. Tempo-
ral information has to be considered for cor-
rect registration of the images in sequential
cardiac phases. Various approaches for data
acquisition have been developed that can be
divided into two major categories - random
imaging and sequential imaging.

Random data acquisition. Also known
as free-hand imaging, random mode data
acquisition requires a spatial sensoring de-
vice (imagnetic sensors or acoustic sensors)
to detect and registrate the location of the
transducer (or the imaging plane). The heart
can be scanned at one acoustic window by
tilting the probe or at different acoustic
windows.”® Thercfore, limitation by re-
stricted or sub-optimal acoustic windows is
minimized. However, care must be taken to
avoid big gaps between imaging planes for
accurate three-dimensional reconstruction.
The volmmnetric dafa set can be used to ex-
tract static wire-frame objects or surfaces of
selected structures, which are converted to
geometric rather than anatomic representa-
tions for projection onto a two-dimensional
screen. The three-dimensional images are
usually generated from manuvally derived
contours of the two-dimensional images,
from a tedious and fime-consuming process,
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While this approach has resulted in im-
proved measurements of chamber volumes
and evaluation of surface shapes, it has not
allowed tissue-depicting three-dimensional

Parallel Scanning

.

Fan-like Scanning

images.

Sequential data  acquisition. Three
modes of sequential data acquisition are cur-
rently available using predetermined steps
Rotational Scanning

Figure 1, Schematics showing various modes of three-dimensional echocardiographic data acquisition with prec
{upper drawings) and transesophageal (lower drasings) approaches.

for sequential image collection with ECG
and respiration gating for temporal image
registration (figure 1).

Linear scanning. Parallel equidistantly
spaced images can be collected by computer
controlled movement of the ultrasound
probe or transducer in a liner direction. A
surface probe can be moved in predefined
steps by a computer controlled sliding de-
vice adapted externally to it. A special
transesophageal probe was developed for
this mode of data acquisition, the distal part
of which consists of multiple semicircular
plastic segments that can be mechanically
straightened after the probe is advanced into
the esophagus. A sliding carriage, on which
the transducer is mounted, is housed in the
distal part of the probe and can be moved in

equal steps under the control of computer
considering cardiac and respiratory cy-
cles.®?? But this probe did not succeed in
routine clinical use because of difficult in-
traesophagus introduction and poor patient
acceptance for its size. The three-
dimensional data set resuited from paraliel
acquisition is prisin shaped and the “'step-
ping resolution” at each depth depends on
the distance between the parallel images,
with better resofution in data acquired with
smaller acquisition steps.

Fan-like scanming. A pyramidal data set
can be obtained by moving the ultrasound
transducer in' a fan-like arc at prescribed
angles. This is accomplished by computer
controlied motors adapted to the transducer
or probe in surface or transesophageal ap-
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proaches.* Distances between imaging
planes vary with depth with the largest gaps
in the far field, thus, this region contains
less structural information and has less
resolution.

Rotational scanning. In this approach,
the transducer is rotated in a semicircle of
180 degrees around the central axis of the
imaging plane that results in a conical vol-
ume data set. Computer-controlled rotation
of the transducer can be realized with a ro-
tational device adapted either to a multi-
plane transesophageal probe or a regular
surface probe.'® % We were the first,
among several pioneer centers, (o use rofa-
tional data acquisition which made this
technique practical and widely applied.”
This mode of data acquisition with a com-
mercially available uitrasound unit alone
(Hewlett Packard, SONOS 2500, Andover,

MA, USA) has been brought to clinical use
with both transthoracic and transesophageal
multiplane transducers,*® Rotation of the
transducer and collection of images at every
step is controlled by the ultrasound unit it-
self with ECG and respiration gating obvi-
ating the need of interfacing an additional
computer or an externally mounted motor-
ing device for transducer rotation and data
storage. This fashion of data acquisition
needs a relatively smaller acoustic window
comparing to the above two methods and is
the most commonly employed mode by now.
Distances between individual scanning

planes ohtained with rotational techniguoe
vary in both axial and lateral fields. This
results in different structural information
and resolution in any given point for each
cutting plane.

Y=g Be

Figore 2. Three-dimensional image of a atrial septal defect viewed en face fromy the right atrium. Size, shape and loca-
tion of the frregufar shaped defect {ASD) and the atrial septal aneurysm (*) is shown crisply. Direct measurements of the
maximal and minimal diameters of the defect on three-dimensicnal image (middle panel) are very close to surgical meas-
urements. Measurement of the surrounding tissue from the defect to superior and inferior vena cava, anterior aortic wall
and tricuspid valve annulus (right panel) provides usefil information for selection of interventional defect closing
method. SVC = superior vena cava; IVC = inferior ven cava ; ASD = atrial septal defect; TV = tricuspid valve; RV =

right ventricle.

Data processing, rendering and dis-
play. The two-dimensional iimages collected
in the above mentioned fashions are digit-
ized and realigned according to their spatial
and temporal sequences. Geometric trans-
formation is necessary for images acquired

in rotational or fan-like scanning manners to
convert the data points into an isotropic co-
bic data set. Gaps between individual images
are fitled by the computer with different in-
terpolation algorithms for ditferent acquisi-
tion medes, such as “trilinear cylindrical
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interpolation” for data from rotational scan-
ning. Then the pixels in two-dimensional
images are transformed into voxels in a
volumetric three-dimensional data set. Small
motion artifacts resulted from movement of
the patient, respiration-related movement of
the heart or movement of the probe as well
as artifacts caused by ultrasound noises can
be minimized using various image process-
ing filters. At this stage, the volumetric data
set can be sliced to derive cross-sectional
images in any desired cutting planes or be
rendered into various forms of three-
dimensional images.'™*!

With  voxel-based volumetric three-
dimensional data sct, cross-sectional cutting
planes can be derived arbitrarily using vari-
ous algorithms. Anyplane method is the ba-
sic algorithm in generating cross-sectional
images. Three perpendicular axes in the
three-dimensional data set referred to the
Cartesian coordipate system are used for
guiding cutting plane manipulation. Innu-
merable cross-sectional views of the heart
which is difficult or physically impossible to
obtain from conventional precordial or
iransesophageal acoustic windows can be
computed from three-dimensional data set
and displayed dynamically in cine-loop for-
mat. Paraplane method is used to derive
multiple parallel equidistant cross-sectional
views through a region of the heart at se-
lected intervals based on definition of one
anyplane image. Long-axis and short-axis
methods are used to produce multiple long
or short axis images of a ventricle or an ob-
ject in the heart with equally distributed in-
tervals (distances or angles), Mainpiane
method creates three orthogonal cutting
planes perpendicular to each other through
an interested region of the heart by defining
first one anyplane. These secondary derived
cross-sectional  images  form  three-

dimensjonal data set aids in systematic re-
view of the cardiac structures, selection of
optimal cutting planes and quantification of
regional volumes of a selected territory.

To view the heart in three-dimensions,
reconstruction and  display of three-
dimensional images from the processed
three-dimensionai data set is essential. Sev-
eral rendering technigues have been devel-
oped for this purpose. Wire-frame formation
is used to generate three-dimensional images
of the heart in a cage-like picture. This algo-
rithin is mainly vsed in randomly collected
data (though it can also be used for sequen-
tially collected images) and for chamber
volune quantification.”” Manual tracing of
the acquired cardiac images is required and
the reconstructed image is often displayed in
static mode. Although a surface calculated
by the computer can be applied to the wire-
frame image, this form of reconstruction can
not provide details of the cardiac structure or
texture of the cardiac tissue. Swiface ren-
dering technique extracts the contour of the
structure from three-dimensional data set
and dispiays in a solid appearance the sur-
face of the cbject that faces the observer.
Shadowing algorithms can be used to create
a three-dimensional perspective. Information
of the tissue beneath the surface is missing, '’
Volume rendering technique engages all the
information of the cardiac structures within
the volumetric data set to create three-
dimensional images that closely resemble
the true anatomy of the heart. Depending on
the level of opacification, shading and
lighting of a volume-rendered image, the
structure may either appear solid (similar to
the effect of surface-rendered images) or
transparent, the later allowing one to see
throngh the “surface”, Three kinds of shad-
ing techniques (distance shading, gray level
gradient coding, and texture shading) are
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usually used and mixed with different
weighting factors to generate a three-

dimensional display of the depths and tex-

dimensional effect can be further enhanced
by creating rotational sequences of the image
upon display.

Volume-rendered three-dimensional data

tures of the cardiac structures.* The three-

|

Figure 3. Volume-rendered three-dimensional images of a stenotic niitral valve in a longitudinal (left) and in transverse
formats viewed from above (upper right) and below (lower right} in diastole. The restricted opening and doming of the
leaflets are observed in all these projections. LA = left atriumy; AO = aorta; RV = right ventricle; LY = left ventricle;

LVOT = left ventricular outflow tract; A = anterior mitral leaflet; P = posterior mitral leaflet.

set can be electronically segmented and sec-
tioned. To display intracardiac structures,
the heart can be opened by choosing a cut-
ting plane and reconstruct the image beyond
this plane as if the heart is cut open in sur-
gery. Three-dimensional projections of the
heart in conventional orientations employed
in two-dimensional echocardiography are
easily perceived and enthusiasm is evoked by
projections of unconventional views and
those similar to surgeon’s views of the heart
not accessible with any other techniques.®
These can be achieved by manipulation of
the cutting planes and rotation of the three-
dimensional image to obtain ideal projec-
tions. Mitral and tricuspid valve can be
viewed either from above (simulating atriot-
omy) or from below (as with ventriculot-
omy). Likewise, the aortic valve can be visu-
alized from above with electronic aortotomy
and from below looking through the left
ventricular outflow tract. In dynamic mode
display, the opening and closing of the car-
diac valves can be observed readily. Atrial
and ventricular septa can be examined en

Juce with better perception of their spatial
relationship with adjacent structures. Lon-
gitudinal views are wseful to display cham-
ber size and ventricular function, as well as
valvular movements and intracardiac flow
jets. Special structures can be revealed by
various display projections including uncon-
ventional views, especially in patients with
complex congenital heart diseases. The
strength of offering unlimited number of
cross-sectional views and three-dimensional
projections could also be too intimidating.
Guidelines to identity clinically useful cut-
ting planes are being formulated for appli-
cation in various categories of disease."”

CURRENT EXPERIENCE WITH AND
CLINICAL APPLICATIONS OF
THREE-DIMENSIONAL.  ECHOCAR-
DIOGRAPHY

Three-dimensional echocardiography has
produced promising results from both ex-
perimental and clinical studies in the past
two and half decades. It has been applied in
vartous clinical scenarios with different set-
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tings including echocardiographic lahora-
tory, various in-patient care units, operating
room and emergency room. Favorable expe-
rience has been gained in its clinical appli-
cations with both transthoracic and trans-
esophageal image data acquisition. A volu-
metric data set of the heart can be achieved
in a few minutes, from which muitiple two-
dimensional and three-dimensional images
can be reconstructed and displayed off-line.
This might probably shorten the examina-
tion time of imaging plane manipulation for
morphologic study and decrease the dis-
comfort of the patient.
Unrestricted Cutting Planes

Limitations of acoustic access to discre-
tionary cutting planes and spatial registra-
tion of individual images with conventional
two-dimensional echocardiography can po-
tentially be overcome by three-dimensional
echocardiography.*! It is possible to select
any desired cutting planes of the heart from
a volumetric three-dimensional data set and
to display the corresponding cross-sectional
images, Slicing of a given region with par-
allel equidistant cutting planes can be per-
formed accurately in a fashion simifar to

computed tomography or magnetic reso-
nance imaging, A structure or a cavily can
be cut in true longitudinal or transverse
planes referred to a common “long-axis”,
independent to the transducer position dur-
ing image collection. Optimal cross-
sectional planes of the heart can be obtained
for accurate measurement of various dimen-
sions (of cavity or defect) and areas (of ste-
notic valve or regurgitant orifice) and for
better evaluation of morphology and func-
tion of a given structure with more objectiv-
ity and less operator dependency.
Three-Dimensional Display Projections

A major advantage of three-dimensional
echocardiography over any two-dimensional
approaches is that it can reproduce numer-
ous novel cross-sectional cutting planes and
three-dimensional display projections of the
cardiac  structures.  Dynamic  volume-
rendered three-dimensional reconstructions
provide accurate spatial and temporal infor-
mation valuable for comprehensive evalua-
tion of cardiac function and morphologic
abnormalities. The reconstructed images can
be displayed in dynamic (cine-loop), static or
frame-by-frame fashion

Figure 4. Three-dimensional images from a patient with mitral valve prolapsc (arrow) in longitudinal (left) and trans-

verse views observed from above (middle) and from below (right) in systole. The abbreviations are the same as in figure

3.

Three-dimenstonal echocardiography has
been proven valuable in congenital heart
diseases for better evaluation of morphologic

abnormalities and understanding of complex
. . . 30, 35 A

spatial relationships,? 21 70 3 4446 T ee.

dimensional en face views of atrial or ven-
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tricular septal defect, from right or left side,
not only provide surgeon’s view of the defect
before the heart is open but also enable accu-
rate measurement of the dimensions of the
defect directly on three-dimensionai images
and, most importantly, measurement of the
tissues swrrounding the defect, the later be-
ing crucial for planning interventional pro-
cedures espectally for close-chest closure of
the defect using transcatheter closing device
(Figure 2). Various three-dimensional pro-
jections help in discern congenital malfor-
mations of the heart such as bicuspid aortic
valve and subaortic membrane and in differ-
entiating mitral valve from tricuspid valve in
patients with transposition of great arteries.
Other congenital anomakies such as cleft or
parachute mitral valve and tricuspid valve

atresia can be demonstrated by three-
dimensional reconstruction and direct meas-
urement such as extent of mitral valve cleft
derived,

Figure 5. Three-dimensional images of a normal aortic
valve viewed from above in systole (left) and diastole
(right). The three cusps and their coaptation lines are
clearly defined. N = non-coronary cusp: R = right-
coronary cusp; L = left coronary cusp. The other abbre-
viations are the same as in figure 3.

Figure 6, Various projections from three-dimensional reconstruction of multiple aortic valve vegetations of a patient with
infective endocarditis. The left image is in a longitudinal format. Two vegetations (small and big arrows) are seen on
non-coronary {the smatler one) and right-coronary (the bigger one) cusps separately. In dynamic display, the mobility of
the vegetations along with the movement of the aortic valve ave better appreciated, The bigger vegetation is seen in short
axis view from aorta during systole (middle image) and prolapse into left ventricuiar outflow tract during diastote (right
image) as observed in a foreshoriened four-chamber format. AA = ascending aorta; RA = right atrinm; RVOT = right

ventricular cutflow tract. The other abbreviations are same as in figure 3.

Evaluation of valvular heart discases can
also be improved by three-dimensional echo-
cardiography.”™ **? Diastolic doming and
restricted motion of stenotic mitral valve,
thickness of the mitral valve leaflets and
involvement of the subvalvular structures
can be displayed with longitudinal and
transverse views from different directions

(Figure 3). Mitral or tricuspid valve prolapse
is shown on three-dimensional images as a
bulging or protrusion on the atrial side of the
mitral valve and a depression on the ven-
tricular side. The exact location and exten-
sion of prolapse can be visualized and it can
be important information for the surgeons
for planning surgical procedures (Figure 4).
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Similarly, aortic and pulmonary valve ab-
normalities can be observed in multiple pro-
jections as well (Figure 5 and 6), Prosthetic
valves can be reconstructed and their sitting

and function be evaluated. When combined
with color Doppler flow imaging, intracar-
diac flow jets with relatively high velocities,
such as

blood

jets  or

regurgitant

Figure 7. Multiple projeciions of three-dimensional reconstruciions of eolor Doppler flow imaging from a patient with a
perivalvular leakage (big arrow) after initral valve replacement with a single-disc mechanical prosthesis. The origin, size
and direction of the jet is well defined. The mechanical prosthesis in miteal valve position is observed and closes well

(smail arrows). The abbreviations are the same as in figure 3.

flow through a stenotic valve, can be recon-
structed and displayed in three dimen-
sions.™** The site of origin, direction of
trajectory, geometric distribution and mor-
phology of the jet is better appreciated (Fig-
wre 7). Muitiple jets, unusual path of jet
traveling and interaction between compound
jets can be better understood with dynamic
volumetric display. Three-dimensional echo-
cardiography might also provide a better
access for quantitative evaluation of valvular
abnormalities using proximal flow conver-
gence or vena contracta of the flows.
Three-dimensional echocardiography has
been used in almost all kinds of cardiac dis-
orders and various benefits have been
achieved. Evaluation of intracardiac or in-
fravascular masses including vegetations,
tumors, thronibi or plagues is facilitated both
qualitatively (by three-dimensional display
of their site, size, attachment and mohility)
and quantitatively (by accurate measurement
of their dimensions and volumes) (Figure

8).”> We have also examined aortic diseases
such as dilatation, aneurysm, dissection or
coarctation with three-dimensional echocar-
diography and incremental information was
obtained.

Figure 8. Diastolic (left) and systolic (right) three-
dimensional images of a thrombus originated from left
atrial appendage extended to left atrium in a patient with
mitral valve stenosis. LAA = left atrial appendage; The
other abbreviations are the same as in figure 3.

Volume Quantification

Application of three-dimensional recon-
struction for guantitative volume measure-
menis of the left and right ventricles pro-
vided good correlations with angiography,
magnetic resonance intaging or established
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two-dimensional methods (in  vivo) and
anatomical measurements (in vitro} (Ta-
ble),'® # 3665 At present, ventricular vol-
umes are calenfated by manual endocardial
tracing of sequential short axis views derived
by parallel slicing through  three-
dimensional data set at prescribed thickness
intervals at either end-systole or end-
diastole. Volume quantification is achieved
by summation of the voxels included in the.

Figure 9. Principle of left veatricular volume calculation
using a three-dimensional data set. An end-diastolic lon-
gitudinal view is selected as a reference image (lefl panel)
and the lefi ventricle is sectioned into paraliet short-axis
stices with equal thickness (middle panels). The contour of
the left ventricular cavity is traced and the volume of each
slice is calculated, Summation of the voluemes of all slices
provides the total volume of the left ventricle {right panel}.
If volumes are measured for both end-diastole and end-
systole, stroke volume of the left ventricle can be calcu-
lated by subtraction of systolic from diastolic volume.

traced area with subsequent summing of the
subvolumes of each slice with known slice
thickness (Figure 9). Siroke volume and
gjection fraction of a given chamber can be
derived from its end-systolic and end-
diastolic volumes. The rationale behind the
accuracy and reproducibility of volume
measuiement with three-dimensional echo-

cardiography in comparison with any two-

dimensicnal method is that the three-
dimensional approach obviates any geomet-
ric assumptions of the shape of the measured
chamber, Therefore, three-dimensional vol-
ume measurement can be applied to any ob-
jects such as intracardiac masses or abnor-
mal blood flow jets
Limitations

The currently used volume-rendered
three-dimensional echocardiography, though
well-accepted for clinical application, has
the following limitations: 1) The prescribed
data acquisition require minutes {2-10min),
with ECG and respiratory gating. This
might prevent it from being used for stress
or contrast echocardiography in which the
time window for data acquisition is very
much limited. The longer the acquisition
time, the greater the potential is in produc-
ing motion artifacts from movements of the
patient or the probe; 2) the acquired data
requires processing before three-dimensional
reconstruction can be performed. Effort is
being made to make this process faster. 3}
There is a non-negligible learning curve in
three-dimensional reconstruction, which
takes minutes {o hours, depending on the
experience and expertise of the operator in
three-dimensional echocardiography.

POTENTIAL. APPLICATIONS OF
THREE-DIMENSIONAL  ECHOCAR-
DIOGRAPHY IN CORONARY AR-
TERY DISEASE

Coronary heart disease is one of the most
commonly encountered diseases for the car-
diologists. Two-dimensional echocardiogra-
phy is often limited in accurate evaluation of
regional wall motion abnormalities and the
myocardial mass at risk of injury or infarct
mass in patients with ischemic hear{ disease,
due to geometric remodeling of the left ven-
tricle. Three-dimensional echocardiography
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has shown its potential in accurate evalua-
tion of volumes and function of both normal
and deformed ventricles and in analysis and
quantitative measurements of regional wall
motion abnormalities and myocardial perfu-
sion territories.®> %
Evaluation of regional wall motion ab-
normalities

The extent of myoccardial damage during
acute myoccardial infarction is an important
determinant of long and short term progno-
5is.5%%° While two-dimensional ecchocardi-
ography can detect the location and severity
of regional wall motion abnormalities, its
ability in quantifying the real myocardial
mass involved in dysfunction is limited by
using just a few cross-sectional views of the
left ventricle. The inability of conventional
two-dimensional echocardiography in ob-
taining true short-axis views and unforshort-
ened apical views of the lefl ventricle could
lead to errors in the evaluation of the true
extent of regional wall motion abnormalities
by employing geometric assumptions. In
addition, because of the movement of the
heart, the imaging plane on two-dimensional
echocardiogram is constantly changing.
Three-dimensional  echocardiography, by
obtaining a volumetric data set of the left
ventricle, can produce multiple parallel short
axis views of the left ventricle, which can be
used in accurate assessmient of global or re-
gional left ventricular function withont the
need of any geometric assumption, The
three-dimensional data can be displayed in
dynamic mode and analyzed in static frames.
It has been demonstrated that the infarcted
myocardial mass resulted from coronary
occlusion can be quantified based upon the
dysfunctional mass of the left ventricle from
three-dimensional echocardiography.® The
three-dimensional echocardiographic
method in quantifying dysfunctional myo-

cardial mass is explained in detail in chap-
ters 4 and 5.
Evaluation of regional myocardial perfu-
sion abnormalities

After acute coronary occlusion, the dys-
functional myocardial region represents the
region at risk of infarction and indicates the
extent of infarction only if no revasculariza-
tion procedure is performed. In patients with
chronic coronary artery disease, especially
previous myocardial infarction, or after re-
perfusion therapy, the dysfunctional mass
can not be used to quantify the infarcted
myocardial mass. In these patients, dysfunc-
tion of the myocardium could result from
multiple causes including myocardial stun-
ning and hibernation, eventhough blood flow
has been restored in these regions, Conirast
echocardiography is potentially useful - in
differentiating viable from nonviable myo-
cardium by using microbubbles to indicate
the presence or absence of blood flow. Two-
dimensional contrast echocardiography has
shown to be useful in the detection of myo-
cardial perfusion abnormalities. It suffers
from the same limitations of two-
dimensional methods in quantitative analysis
of regional myocardial dysfunction. The
potential of three-dimensional contras( echo-
cardiography in myocardial perfusion im-
aging has raised great interest.”®’! The de-
velopment of transpulmonary ultrasound
contrast agents has greatly facilitated the
procedure of contrast echocardiography by
using intravenous, instead of transcatheter,
administration of contrast agent. It is still
challenging to obtain a good three-
dimensional data set following a bolus pe-
ripheral administration of contrast agent.
We have reported accurate quantitation of
infarct myocardial mass from perfusion de-
fect myocardiuin by three-dimensional con-
trast echocardiography following prolonged
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coronary artery occlusion, as well as fol-
lowing reperfusion therapy, using peripheral
contrast administration.”’ Chapter 6 is a
report of our recent study in the feasibility
and accuracy of three-dimensional contrast
echocardiography in guantifying myocardial
mass at risk during acute ischemia and the
infarcted myocardial mass following reper-
fusion therapy, and thus the salvaged myo-
cardium and the efficacy of reperfusion.
Evaluation of coronary artery lesions

Two-dimensional echocardiography has
been attempted in the visualization of the
proximal coronary arteries, which is often
limited, by the orientation of the cutting
plane, in obtaining optimal views of the
coronary arteries. Three-dimensional echo-
cardiography can overcome this limitation
with ability of anyplane reconstruction. Be-
sides, most of the proximal segments of the
coronary arteries can be obtained within one
data set with the probe in a fixed position,
using rotational imaging method.” This may
minimize the discomfort to the patient due o
the manipulation of the transducer in
searching for optimal views of the coronary
arteries, often happens in {wo-dimensional
studies. Stenotic lesions in variouns segments
of the coronary can be displayed in both two-
dimensional (anyplane} views and three-
dimensional images. Spatial relationship
between the stenotic lesions and the cardiac
structures can be demonstrated by three-
dimensional data, which may provide useful
information for interventional procedures
such as coronary bypass surgery or inlra-
coronary stent placement.

Evaluation of other coronary artery
disease related abnormalities

Three-dimensional reconstruction has
also proved useful in providing incremental
information in other coronary artery related
abnormatities.

In patients with ischemic mitral regui-
gitation, not only the regional myocardial
dysfunction can be localized and quantified,
the mechanism of mitral regurgitation caun
be better understand by comprehensive
analysis of the regional wall motion, re-
gional shape changes of the left ventricular
cavity and the function of the papillary mus-
cles. The regurgitant jet can be displayed in
three dimensions and its origin, distribution
and size are better appreciated.”

Mural thrombus is not an infrequent
echocardiographic findings in patients with
ischemic heart disease, especially ischemic
cardiomyopathy and left veniricular aneu-
rysm due to niyocardial infarction. It can be
a source of systemic embolization. A repro-
ducible  documentation  with  three-
dimensional echocardiography of the loca-
tion, mobility and size of the thrombus can

be useful (figure 10},
: Figure 10. Tiwee-
dimensional image
of the left atrium
(LAY and left
ventricle (LV) fiom
a  patient  with
anterior myocardial
infarction. An
apical thrombus
(black amrow) is
clearly seen from a
data set was
obtained with a
trans-  eso-phageal
approach.

FUTURE DIRECTIONS
Three-dimensional echocardiography is
likely to become a standard echocardio-
graphic examination in the future, It pro-
vides clinicians with more confidence in the
diagnosis of cardiac disease and adds in-
sights to the understanding of complex pa-
thologies. Further development and im-
provement for its use in clinical practice
include faster or on-line data acquisition,
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processing and reconstruction and easier and
more versatile approaches to quantitative
analysis including surface area measure-
ment. A number of new technologies have
emerged and showed promising results in
mnltidimensional study of the heart and ves-
sels. Progress is made in improving the im-
age quality and incorporating various mo-
dalities such as second harmonic imaging in
real-time three-dimensional echocardiogra-
phy. Three-dimensional data acquisifion is
no longer a time conswming process with tie
newly developed ultrafast or real-time data
acquisition technique. Color coded display of
intracardiac blood flows and digitized local
velocity information may allow better
evaluation of many valvular or congenital
cardiac disorders. Three-dimensional physi-
ologic imaging such as tissne Doppler im-
aging and myocardial perfusion imaging
may provide additional in depth under-
standing of the disease process, Analysis of
the global and regional shape and wall stress
may aid in clinical prognosis of ischemic
heart disease and cardiac function, New dis-
play methods such as holography allows for
multi-projection  display of the three-
dimensional structure of the heart on a two-
dimensional surface.”*"" Virtual reality
technique may aid in better understanding of
complex spatial relationships of normat and
pathological cardiac structures and its inter-
active ability may be used in better and real-
time guidance in interventional proce-
dures.”® Stereolithography or modeling of
the cardiac structures may present the clini-
cians with solid cardiac specimen of the live
patients before cardiac surgery or non-
surgical interventions.”
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Appropriate Three-Dimensional Echocardiographic
Data Acquisition Interval for Left Ventricular Volume Quantification:
Implications for Clinical Application

Jiefen Yao, MD; Jaroslaw D. Kasprzak, MB); Youssef F.M. Nosir, MD; René Frowijn, MSc;
Wim B. Vletter, MSc¢; Jos R.T.C. Roelandt, MD, PhD

Backgrounsd: Volume-rendered three-dimensional echo-
cardiography (3DE) acquired with small imaging inter-
vals has been validated for accurate left ventricular (LV)
volume measurement. However, its ¢linical application is
often impeded by the lengthy acquisition time. The aim of
this study was to examine the accuracy of LV volume
measurement from 3DE data acquired at different inter-
vals. Methods: Transthoracic 3DE data sets of LV were
acquired at intervals of 2°, 6°, 9°, 12°, 15°, 18° and 20° in
F3 human subjects with various cardiac shapes and func-
tion. The LV end-diastolic volume (EDV) and end-
systolic volume (ESV) were measured from each 3DE
data set using the “summation of discs” method. Inter- &
intra-observer variabilities were also examined. Meas-
urements obtained from data acquired at 2° intervals were
used as references of comparison. Resultst From 10
subjects, a total of 70 3DE data sets were obtained. Data

acquisition time decreased from [89+[43 minutes at
intervals of 2° to 196 minutes at 20°, .V EDV and ESV
slightly decreased from data obtaired at larger intervals,
but no statistical significance was found among the meas-
urements derived from data obtained at various intervals,
Excellent agreement was obtained hetween intra-observer
measurements {r=0.97, SEE=6.8 ml and mean difference
= (.7+5.6mt for LYEDV; and r=0.96, SEE=6.0ml and
mean difference=-1.2£6.6ml for LVESY). Conclusion:
Data acquired at 12° and 15° remained accurate for LY
volume measurement and saved over 80% of time in
comparison with data acquired at 2° intervals. Further
increase in imaging intervals tended to underestimate LV
valumes without significant acceleration of the procedure.

Key Words: Three-dimensionat echocardiography, left
ventricular funclion

Volume-rendered three-dimensional
echocardiography (3DE} acquired with
small imaging intervals between scan planes
has been validated for accurate left ven-
tricular (LV) volume measurement.'? 3DE
data acquisition with small intervals usually
takes minutes or even longer, depending on
the heart rate and rhythm of the patient. The
lengthy acquisition time is one of the major
limitations of 3DE in its clinical applica-
tion. The smalter the intervals, the longer it
takes for data acquisition, the more the
chances are to result in motion artifacts.
This comprehended the employment of 3DE
in its daily clinical apptication, as well as in
many emergency settings, despite its superi-
ority over two-dimensional echocardiogra-
phy (2DE) in the accuracy of LV volume
and function measurement, The aim of this
study was to examine the accuracy of LV
volume measurement from 3DE data sets

acquired at different imaging intervals and
the time spent for data acquisition.

Methods

3DE data acquisition was performed in
10 subjects (9 males, age 49419 years old,
ranged from 25-74 years). They included 3
normal volunteers with normal LV shape
and function, 2 patients with regional wall
motion abnormalities due to coronary artery
disease and 5 patients with hypertrophic
cardiomyopathy. From each subject, 7 data
sets were obtained at the apical window
using rotational scanning format gated to
electrocardiogram and expiration, with im-
aging intervals of 2° 6° 9° 129, 15° 18°
and 20°, respectively, after an informed con-
sent was obtained. A coumnercialfy available
3DE processing system {TomTec, EchoScan
3.1, TomTec Imaging System GmbH, Mu-
nich, Germany)} was used in controtling
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imaging plane rotation, storing and proc-
essing of the acquired images and quantita-
tive measurement of LV volumes from the
3DE data sets. From each data set, the LV
was sectioned into 8 parallel, equidistant
slices. By manually tracing the endocardial
borders on all slices, LV end-diastolic vol-
ume {LVEDYV) and end-systolic volume
(LVESV) were measured using “summation
of discs” method, All measurements were
repeated by the same observer two weeks
later and also by ancther observer to test
inter- and intra-observer agreements and
variabilities.

Figure 1. Exampfes of mid-LV shor-axis views recon-
structed from 3DE data sefs acquired at rotational scan-
ning intervals of 2° 6° 9°, £2°, 15°% 18° and 20°, re-
specively, as annotaied in each panel. The upper left panel
is a L.V d-chamber view used as a reference image to
confirm reconstruction of true shor-axis views and to
decide the thickness of the LV short-axis slices so that the
whole LV chamber is included for measurement.

All values were expressed as mean + SD
or mean £ SEE. Results from data acquired
at 2° intervals were used as reference, Com-
parison between data obtained with various

intervals were examined using linear regres-

sion method, paired student t test and
Bland-Altman analysis. A p value of < 0.05
was defined statistically significant.

Sec.
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Figure 2. Time used for 3DE data acquisition (y axis,
mean + SD)} at rotational scanning inteivals of varicus
degrees (x axis).
Resulls

A total of 70 3DE data sets at rotational
scanning intervals of 2° 6°, 9°, 12°, 15°, 18
and 20° were obtained from [0 subjects.
Figure 1 are examples of mid-LV short-axis
views reconstruncted from 3DE data sets ob-
tained at intervals of 2%, 6°, 9°, 12°, 15°, 18°
and 20° from a patient. The data acquisition
fime was 189143 (88 to 570) seconds at 2°
intervals. Data acquisition time decreased
with increase of intervals. At intervals of
20°, the 3DE data acquisition time was 19x6
(15 to 36) seconds (figure 2). Both LVEDV
and LVESV from data obtained at different
acquisition intervais correlated well with
that from 2° intervals. However, there was a
tendency of decrease in measured LV vol-
wmes with the increase in data acquisition
intervals, eventhough o significant differ-
ence was observed between values of LV
volumes from data acquired at various in-
tervals and in comparison with data from 2°
intervals, Good correlation was obtained
between both  inter-observer and intra-
observer measurements, with less variabil-
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ities at smatler intervals. No significant
difference was observed even at data ob-
tained at infervals as big as 20° (Table ).
Good agreement was also obtained from

intra- and- interobserver measurements with
increased, but nonsignificant, variabilities at
larger intervals.

Table 1. Comparison of time and LV volume measurements between data acquired at

various intervals as compared to that at 2° intervals.

In. Time LVEDV LVESV r SEE Diff. P
2°  189:143 119123 74221 - - - -
6° 78239 15423 73221 (.99 4.0 <0001 -25240 NS
9°  47+27  [12+28 73s20 098 7.1 <0001 4.1:68 NS
12 3311 111£30 7020 097 82 <0001 -6.0£78 NS
15° 30«21 111£28 7020 097 85 <0001 -6.3:8.1 NS
18° 25220 10843l 6819 0.94 I17 <0001 -83+[i.1 NS
200 196 10327 09+18 095 05 <0001 -10.5499 NS
6% vg 2° 9° vs 2° 12° vg 2°
200 200 200
y=097x+0.8 / ¥ =0.98x - 2.4 y=L02x-7.9
2— _
150 R230.98 |24 150 1 R*=(.95 9 150 R270.94 0
1=20 / n=20 & n=20
100 < 100 100 {o
‘:%‘/oa &

F g o8
50 / 50

50*/"“

0 T ¥ T Q /

0 S0 1006 150 200 g 50

100 150 200 4] 50 160 150 200

15° vs 2° 18° vs 2° 20° v 2°
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y=09x-33 y=09%x-69 = y=087x+1.6
1501 R¥=0.94 1501 R¥=0.89 150 | R¥=0.90 /
=20 =20 ¢ n=20 .
160 K 100 7 ° 100 0, 200
%o o, ,?} o & :}
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Figure 3. Comparison of the measurements of LVEDY and LVESV from 3DE dala sets obtained at various rofation:l
sacnning intervals with that obtained at 2°, using linear regression method,

Discussion
The significance of accurate assessment
of LV volume and function has been widely
recogiized by clinicians in the management
of patients with primary or secondary ca-
diac abnormalities, Various geometric as-

sumiptions of the LV have been used when
measwring the LV volume or ejection frac-
tion by 2DE.*” These geometric models
work well with normal LV, but less so with
abnormal LVs, At times when the function
and/or the shape of the LV changes, often
are times when the estimation of the LV
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volume and/or function important in clinical
patient management. The limitation of 2DE
in the accuracy of LV volume measurement

6% vs 2°

9° vg 2°

is mainly due to the use of limited number
of cutting planes and off-axis views in ex-
trapolating the whote LV cavity. 3DE, on

12%vg 2°

+28D
Mean
-28D
0 50 100 £50 200 9O 50 106 150 200 0 50 100 150 200
15° vg 2° 18° vs 2¢ 20° vs 2°
40 40 40
30 | 30 30
20 1 20 9 20
10 §--mmmmmees '; "0"'6““6““6 ““““““ 10 ° 10 """"-;);3""6 ————————————— +28D
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Figure 4. Bland-Altman analysis showing the discrepancies between measurements of LVEDV and LVESV from data
acquired at various intervals in comparison with that obtained at 2°.

the other hand, uses the volumetric data of
the LV i calculating its volume, obviating
the need of geometric assumptions. It is,
therefore, more accurate than 2DE methods,
even in abnormal LV, However, the clinical
application of 3DE in daily clinical practice
for LV volume and function assessment is
hampered by its lengthy data acquisition
time and processing time. The later has
been improved by shortening the image
processing time and by facilitating and sim-

vals yielded accurate and reproducible
measurements of LV volumes in comparison
with data acquired at 2° intervals. Further
increase im acquisition intervals (15° or
more) did not accelerate data acquisition
significantly, but tended to underestimate
LV volumes and increase measurement
variabilities (Table 2).

Table 2. intra-observer and inter-observer variabilities in
the measurement of LY volaes from 3DE data sets
acquired at varicus rotational intervals.

plifying data analysis and quantitative

Intra-cbserver Inter-observer

measurement methods. In our study, sub-
jects with various shapes and functionat
status of LV were chosen to test the accu-
racy of 3DE acquired at different intervals.

Int R SEE Difi. K? SEE Diff.

x L6 63 1.0+64 58 43 0.314.1
& 96 63 0.143.2 o3 6.8 D7£38
ki o8 46 0.2+4.7 92 84 2.8+0.1
12 96 65 0070 81 9.9 0.7:10.1
15 47 6.4 1316, B4 123 -l5xi29
ig* 97 6.0 -0.7¢6.7 9 154 07159
w54 75 0.2+72 .18 160 54x15.2

The results showed that, by saving over 80%
of time, 3DE data sets acquired at 12° inter-

Int. = interval, Diff, = mean difference.
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This study had the following limitations.
The number of subjects was too small to be
divided into subgroups of different catego-
ries of diseases, However, the preliminary
resulis were obtained from subjects of whom
the majority had abnormal LVs. A future
study in a larger group of patients with vari-
ous abnormalities and shape changes of LV
may further define the appropriate 3DE data
acquisition interval in different subgroups.
We did not compare the 3DE measurement
of LV volume from data acquired at various
intervals with an independent technique
since the accuracy of LV volume measure-
ment from data obtained at 2° rotational
scanning intervals has been previously
proven.
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Three-Dimensional Echocardiographic Estimation of Infarct Mass Based
on Quantification of Dysfunctional Left Ventricular Mass

Jiefen Yao, MD; Qi-Ling Cao, MD; Navroz Masani, MBBS; Alain Delabays, MD;
Giuseppina Magni, MD; Philippe Acar, MD; Cleo Laskari, MD; Natesa G. Pandian, MD

Background. Two-dimsensional echocardiography
is usefud for estimating the extent of infarct-related wall
motion abnormalities. Such estimation however is based
on a few selected, non-parallel views and extrapolated
for the whole left ventricle (I.V). Tiis approach does
not provide us with the actual amount of dysfunctional
myocardiom. Volume-rendered 3-dimenstonal echocar-
diography (3DE) might be able to overcome these limi-
tations. In this smdy we explored: 1} how well volume-
rendered 3DE delineates regional dysfunction of the
infarcted LV; and 2) how well dyslunctional myocardial
mass quantiffed by 3DE reflects the aciual anatomic
infarct mass.

Methods and results. 3DE was performed before
and 3 hours after coronary occlusion in 16 dogs. View-
ing the LY in parallel equidistant short axis slices, the
region of dysfunction on each slice was demarcated,
from which the dysfunctional myocardial mass was
derived. Using tripheny! tetrazolium chloride staining,
anatomic infarct regions were delineated, dissected and
weighed to obtain anatomic infarct mass, we also ex-
amined the accuracy of three-dimensional echocardio-
graphic quantification of lefl ventricular infarction when

data were acquired in steps of 1, 2, 3 and, 5 degree
incrermsents in 8 dogs. The anatomic infarct mass was
16.3 = 7.7 gm {mean+SD) (range: 6.4 to 31.4 pmy}; the
dysfunctional mass estimated by 3DE was 174 + 9.1
gm (range: 5.2 to 39.0 gm). The mean difference was
1.0 gm. The correlation between dysfunctional mass (y)
and infaret mass (x) wast y = L.Ix-06,r=093 (P <
0.0001). The perceat of LV invelved in infarction was
18.2 x 5.8% {range: 9.1 to 26.1%); the pereent of LY
involved in regional dysfunction was 183 + 6.9 %
(range 7.9 10 31.2%) .The mean difference was 0.1%.
The corrclation between percent of LV involved in
infarction (x) and percent of LV invelved in dysfunction
(v) was y = L.0x - 1.I, r = 0.92 (P < 0.0001). No signifi-
cant differentce was found between three-dimensional
imcasurements from data acquired with 1, 2, 3, or 5
degrees.

Conclusions. Volume-rendered 3DE crisply dis-
plays regional dysfunction of infarcted L'V, 3DE meas-
ured dysfunctional mass accurately reflects the ana-
tomically infarcted mass.

Key Words. echocardiography, myocardial infarc-
tion, cardiovascular diseases, myocardium, infarction

Accurate estimation of myocardial in-
farct size is known fo have prognostic and
therapeutic implications.'” Two-dimensional
echocardiography has become the most
commonly used technique to identify re-
gional myocardial dysfunction caused by
infarction and to estimate the extent of dys-
functional ieft ventricular myocardium.
Two-dimensional  echocardiographic  as-
sessment of dysfunctional myocardium has
been shown to correlate with infarct size
both in experimental and clinical studies.”
However, most such studies employed a few
selected two-dimensional views in short-axis
or apical orientations, from which the extent
of the wall motion abnormality was com-
puted. A percentage of dysfunctional myo-
cardinm was often derived either for a given
two-dimensional slice or extrapolated for the

whole ventricle.®'! Effort has not been di-
rected to evaluate how well the extent of
regional dysfunctional myocardium reflects
the actval anatomic mass of the infarcted
myocardiunl, One of the major reasons for
this is the inability of two-dimensional echo-
cardiography, hampered by the limited num-
ber of imaging planes available to examine a
three-dimensional organ, fo accurately
measure left ventricular mass and in par-
ticular the mass of a given myocardial re-
gion, This difficulty is compounded when
the infarcted region undergoes expansion
which leads to regional geometric distortion
of the left ventricle. Such distortion could
lead to errors when one attempts to extrapo-
late functional infarct size from limited two-
dimensional views, If the whole ventricle
could be interrogated with more imaging
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samples, the resulting three-dimensional data
could aid in more accurate quaniitation of
dysfunctional myocardium. Although at-
tempts bhave been made to employ three-
dimensional reconstruction techniques to
examine ischemic myocardial dysfunction,
they have not been applied widely because
they were rather laborious and did not allow
visualization of the left ventricular myocar-
dium. Volume-rendered three-dimensional
echocardiography has recently proven to be
clinically feasible.'*’ This technique is ca-
pable of reproducing dynamic cardiac anat-
omy in all its dimensions and also yielding
quantitative data. Preliminary studies have
suggested that it might be possible to meas-
ure myocardial mass.”> However, the utility
of three-dimensional echocardiography in
qualitative depiction of wall motion abnor-
malities and in quantitative estimation of the
extent of dysfunctional myocardium is not
known. This study was designed to address
the following questions: (1} how well vol-
ume-rendered three-dimensional echocardi-
ography demonstrates regional myocardial
dysfunction in three-dimensional display
projections; and {(2) how well (three-
dimensional echocardiographic quantifica-
tion of dysfunctional left ventricular mass
reflects actual anatomic infarct mass.

Methods

We employed three-dimensional echo-
cardiography in an open-chest canine model
of acute myocardial infarction. Using a rota-
tional mode of data acquisition, three-
dimensional data sets were collected, three-
dimensional reconstructions were performed
and display projections derived from various
orientations to identify regional dysfunction.
The mass of the whole left ventricle and that
of the dysfunctional region were quantified
from the three-dimensional data set. Tri-

phenyl tetrazolium chloride (TTC) staining
was utilized to delineate and quantify in-
farcted regions in the aufopsied hearts. The
mass of the whole left ventricle and that of
the infarcted region were determined. The
echocardiographic data were compared to
the actual anatomic data.
Animal preparation

Sixteen mongrel dogs (22 = 4 kg in
weight) were sedated with intramuscular
acepromazine (20-30 mg), anesthetized with
intravenous sodium pentobarbital (25 mg/kg
of body weight), intubated, and ventilated
with room air using a volume cycle respira-
tor. Lead II of the electrocardiogram was
monitored throughout the experiment. A
femoral artery and vein were instrumented
with fluid-filled catheters for the purpose of
monitoring arterial pressure and fluid and
drug administration. The chest was opened
by mid-line sternotomy. A pericardial cradie
was created and the heart exposed. One of
the main coronary arterial branches or its
major secondary branches (left anterior de-
scending coronary artery in {0 dogs and
posterior descending coronary artery in 6
dogs) was isolated and occluded with a silk
snare. Lidocaine (1 mg/kg bolus before
coronary occlusion and 0.5 mg/min continu-
ous infusion thereafter) was given intrave-
nously to prevent ventricular fibrillation.
Three hours after coronary occlusion, a wa-
ter-bath was arranged above the pericardial
cradle for ultrasound transmission without
affecting the hemodynamics of the heart.
Data acquisition for three-dimensional echo-
cardiography was then performed. At the
end of the experiment, the dog was eutha-
nized with an intravenous injection of 10 ml
potassivm chloride (109) and TTC staining
performed for measurement of the anatomi-
cal mass of infarcted myocardium.
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Figure I.  Asatomical specimen from a canine heard
showing infarct demarcation by triphenyl tetrazolium
chioride (TTC) staining. The infarct zone is seen as a
pale region. Whereas the non-infarct region is stained
red (dark) by TTC. There is a clear delineation between
infarct and non-infarct regions (arrows).

Measurement of total left ventvicular
mass and infarct mass

A solution of 1% TTC was prepared at a
temperature of approximately 37 °C and 250
mi was perfused into the root of the aorta at
a pressure of 120 mmHg immediately after
the dog was sacrificed while the ascending
aorta was clamped. The heart was explanted,
the left ventricle isolated, weighed and cut
into 6 to 8 parallel transverse slices; each
slice was = | cm thick. The infarct region
was defined visually based on its pale ap-
pearance in contrast to the non-infarct area
stained red by TTC (Figure 1). After deline-
ating the infarct region by examining both
sides of each slice, the infarct zones were
carefully dissected out in each slice and
weighed. From the total left ventricular mass
and the infarct mass data, the percentage of
left ventricle involved in infarction was cal-
culated.
Data acquisition for three-dimensional
echocardiography

A commercially available ultrasound unit
(Sonos 2500, Hewlett-Packard, Aadover,
Massachusetts) was employed for two-
dimensional image acquisition, This instru-
ment was interfaced with a commercially
available three-dimensional image process-
ing system (EchoScan, version 3.0, TomTec
Imaging Systems, Boulder, Colorado) for
on-line data acquisition and storage, and off-

Figure 2.  Method for quantitation of dysfunctional
myocardial mass by volume-rendered three-dimensional
echocardiography. The three-dimensional data set of the
left ventricle was electronically cut inte 12 to I5 equi-
distant slices (A). For determining total left ventricular
mass, the myocardium of the left ventricle on each
transverse slice was contoured and labeled (B). By
integrating the slice thickness with the slice area, the
volume of each slice and the total volume of all myo-
cardial slices were computed in an astomated manner.
Mpyocardial volume (ml) multiplied by assumed specific
gravity (1.04 gm/ml) provided myocardial mass (gm}.
For measurement of the mass of dysfunctional myocar-
dium, cach parallel short-axis two-dimensional left
ventricular slice extracted from the three-dimensional
data set was viewed in a dynamic mede. The segiments
that exhibited discrete akinesis or dyskinesis were de-
marcated {C). These segments were contoured and
labeted {D). The volume of the dysfunctional myocar-
dial scgments (the labeled regions) was derived, and
multiplied by the specific gravity of the myocardiuin,
the mass of the dysfunctional myocardivm was gener-
ated.

line data processing, three-dimensional re-
construction, display and quantification. A
carriage device with a rotational motor was
mounted onto a 2.5/5 MHz imaging trans-
ducer which was then positioned to image
the heart through the waler-bath from an
anterior epicardial orientation. The rotation
of the transducer and thus the imaging plane
was controlled by the three-dimensional
system in a predefined manner. Two-
dimensional nmaging of the left ventricle
was initiated in a long-axis orientation and
images were obtained at every three degrees
from O through 180 degrees. In 8 dogs, ad-
ditional data acquisitions were performed
with intervals of 1, 2 and 5 degrees, respee-
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tively. Electrocardiographic and respiratory
gating were used for spatial and temporal
registration of the images. The acquired data
were calibrated, reformatted and stored i
the computer and transferred onto optical
laser disks for off-line processing and analy-
sis
Echocardiographic  data  processing,
three-dinmensional reconstruction, display
and quantification

The acquired ultrasound data were post-
processed and interpelated into a voxel-
rendered three-dimensional data set. Thaee-
dimensional images of the left ventricle be-
fore and after coronary occlusion were re-
constructed using different cutting planes
and projections. The feasibility and ease of
displaying and identifying regional left ven-
tricular dysfunction from longitudinal, sag-
ittal and coronary sections were assessed.

Three-dimensional  echocardiographic
quantification of dysfunctional mass was
performed by a blinded observer. The three-
dimensional data set of the left ventricle was
electronically segmented into 12 to 15 equi-
distant slices (5.6 - 5.8 mm thick) in short
axis orientation for computation of total left
vemtricular mass and for calculation of dys-
functional myocardial mass (Figure 2A). For
determination of total left ventricular mass
each short axis slice was reviewed in real
time and frame by frame. The left ventricular
epicardial and endocardial borders were
traced at end diastole using a trackbail and
digitizing system integrated in to the three-
dimenstonal processing computer. The cross
sectiontal area of the left ventricular myocar-
dium obtained between the epicardial and
endocardial contours was given a computer
derived "label”. (Figure 2B). By integrating
the slice thickness with the slice area, the
volume of each slice and the total volume of
all myocardial slices were computed in an
automated manner by the following quantifi-
cation algorithm: volume (ml) = X(area of

each slice [mm®] x slice thickness [mm]).
Myocardial volume multiplied by assumed
specific gravity (1.04 gm/ml} provided myo-
cardiat mass (gm). For measurement of the
mass of the dysfunctional myocardium, each
paraplane short axis slice was viewed in dy-
namic mode. Discrete akinetic or dyskinetic
segments were identified, a contour drawn
around them from endocardium to epicar-
dium (Figure 2C) and a label derived (Fig-
ure 2D). The volume and mass of the dys-
functional segments (the labeled regions)
were calculated as described above. From
these data, the percentage of the total left
ventricular myocardium involved in regional
myocardial dysfunction was calculated. The
three-dimensional data set was processed
and quantitative data derived weeks apart in
a blinded manner for evaluating intra-
observer variability. Another investigator
anafyzed the data for obtaining inter-
observer variability.
Segmental analysis

To identify the site of infarction, the
transverse cut in which the papillary muscles
were largest was examined in both anatomi-
cal specimens and in short axis images from
the three-dimensional data set by 2 blinded
observers. A transparent overlay with 16
equally spaced radii was used to divide the
specimens and images into 16 segments. The
zero point was located at the anterior ven-
triculo-septal junction and the center of the
grid placed at the center of the left ventricu-
lar cavity. Segments with evidence of in-
farction by TTC staining and akinesis or
dyskinests by echocardiography were identi-
fied and compared. 112 segments in 7 dogs
were analyzed for this purpose.
Statistical analysis

Echocardiographic and anatomic data are
expressed as mean + standard deviation. To
detect differences between three-
dimensional echocardiographic measure-
ments with anatonyic data, we used Student's
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paired ¢t test. Data was compared using sim-
ple linear regression and the mean differ-
ences and limits of agreements were ana-
lyzed by Bland and Altman's method. Inter-
and intra-observer variability are expressed
as the coeflicient of variance. For the above
analyses, a p value of <0.05 was considered
significant. To detect differences between
three-dimensional  echocardiographic  ac-

quired using different degree increments,
analysis of variance (ANOVA) was used
with a Bonferroni-Dunn correction for which
a p value of <0.005 was considered signifi-
cant.

Figure 3.  Diastolic (feft} and systolic {right} three-
dimensional echocardiographic projectionsin a four
chamber format after occlusion of the left anterior de-
scending coronary artery. The heart was cut in such a
way as if the observer views the heart in an anterior
lateral position. Regional cavity dilation in the apical
portion and dyskinesis are evident (arrows).

Results
Three-dimensional echocardiographic
display of ischemic myocardial dysfunc-
tion

This study yielded good quality three-
dimensional reconstructions in all experi-
ments. Myocardial regions that exhibited
regional dysfunction could be well identified
in dynamic three-dimensional projections.
The left ventricle before coronary occlusion

showed normal contraction and wall thick-
ening in all regions during systole in all 16
dogs. Regions of dysfunctional myocardium
following coronary occlusion displayed
varions regional wall motion abnormalities
in  volume-rendered  dynamic  three-
dimensional images (Figure 3,4). Dynamic
displays also demonstrated regional cavity
dilation in all dogs following coronary oc-
clusion. In addition to dynamic displays,
extraction of the whole myocardinm and
dysfunctional regions could be performed in
all dogs (Figure 5). Such displays allowed a
direct three-dimensional perception of the
location and extent of dysfunctional myo-
cardium. The dysfunctional temitories ex-
hibited various sizes, shapes and locations in
different dogs depending upon the site of
coronary occlusion,
Comparison of three-dimensional echo-
cardiographic quantification of dysfunc-
tional myecardium to measurentents from
anatomic heart specimens

TTC staining demonstrated evidence of
infarction in all canine hearts. Total left
veniricular mass was 87 & 21 g {range: 54
to 123 gm). The mass of infarcted myocar-
divm was 16.3 x 7.7 gm (range: 6.4 to 314
gm} and the mass of dysfimctional myocar-
dium determined by three-dimensional echo-
cardiography was {7.4 x 9.1 gm {range: 5.2
to 39.0 gm) (p = NS) (Figure 6A). The per-
centage of the left ventricular mass involved
in infarction based on TTC staining was 18.2
+ 5.8% (range: 9.1 to 26.1%) and was not
significantly different from the percentage of
dysfunctional myocardinm derived from
three-dimensional echocardiography (18.3 &
6.9 %, range 7.9 to 31.2%) (p = NS) (Figure
6B).
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Figured, Diastolic (lefl) and systolic (right} three-
dimensional echocardiographic projections after occlu-
sion of the posterior descending coronary artery. Dyski-
nesis of the lateral posterior wall is displayed (arrows),

Total LV Mass .
Figure 5.

mensional im-

Volume-rendered
ages extracied from the three-dimensional data set of
the contoured left ventricle displaying the whole left
ventricular myocardium, normally functioning myocar-
dium, and dysfunctional myocardivm.

The  correlation  between  three-
dimensional echocardiography (y) and anat-
omic measurements (x) in the determination
of total left ventricular mass was: y = 0.8x +
7.3, r = 096, P < 08,0001, The mean differ-
ence between these two methods was 1.2
gm. ( p= NS ). The correlation between dys-
functional mass determined by three-
dimensional echocardiography (y) and in-
farct mass derived from TTC staining (x}
was: y= L1x-0.6,r=0.93,P < 0.0001. The
difference between these two methods was
1.0 + 3.3 gm. (p = NS) (Figure 7). The cor-
relation between the percentage of left ven-
tricle involved in dysfunction as determined
by three-dimensional echocardiography (y)
and in anatomic infarction defermined by
TTC staining (x) was: y = 1.0x - 1L, 1r =

0.92, P < 0.0001. Difference between these
two methods was 0.1 £ 3.2 %, p = NS (Fig-
ure §).

SV Invetved 4LV invalved

infarct Mass  Dysf Mass

by TTC by 30E
Figure 6,  Bar graphs showing: A. infarct mass and
dystunctional mass; and B. Percent of left ventricular
myocardinm infarcted and percent of myccardium that
was dysfunctional. TTC = TTC staining, Dysf. = dys-
functional, 3DE = three-dimensional echocardiography,
%LV = percent of Ieft ventricle,

inInfarction  in Dysfunction

When we analyzed the measurements of
dysfunctional mass, left ventricular myocar-
dial mass and percent of dysfunctional myo-
cardinm obtained with different imaging
intervals (1, 2, 3 and 5 degrees), we ob-
served that there was no difference in the
correlations with anatomic infarct mass.
Mean differences were not significant (table
1}, No significant difference was found be-
tween three-dimensional measurcments of
data collected with different degree incre-
nents,

In 7 dogs, 112 left veniricular segments
{from 7 slices, one slice in each dog) were
analyzed by both three-dimensional and
anatomical method. Among these segments,
29 showed evidence of infarction by TTC
staining. 28 segments on two-dimensional
images of the three-dimensional data set
showed regicnal dysfunction (Table 2). The
predictive accuracy for infarct location by
3DE was 90%. The discordance between
echocardiographic and anatomic identifica-
tion of the infarct segments was limited to
one adjacent segment in each study which
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may have been due to the difference in defi-
nition of the zero point.
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Figare 7,  A: Regression plot showing the correlation
between dysfunctional mass measured by three-
dimensicnal echocardiography and infarct mass by TTC
staining; B: Bland-Allman scattergram depicting the
difference (y axis) between dysfunctional mass meas-
ured by three-dimensional echocardiography and infarct
mass. The solid line shows the mean value and dotted
lines 42 standard deviations. 3DE = three-dimensional
echocardiography, Difference = difference belween
dysfunctional mass by three-dimensional echocardi-
ography aad infarct mass by TTC staining.
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Figure 8.  A: Regression plot showing the correlalion
between percent of left veatricular myocardium in-
volved in dysfunction and percemt of left ventricle in-
volved in infarction. B: Bland-Altman scattergram
showing the difference (y axis) between percent of left
veniricle involved in dysfunction and the percent in-
volved in infarction. %LV = percent of left ventricle,
Difference = difference between percent of left ventricle
involved in dysfunction and percent of lefi ventricle
involved in infarction.

Intra- and inter-observer variability of
quantitative analysis of three-dimensional
data

In determining dysfunctional myocardial
mass with three-dimensional echocardiogra-
phy, the intra-observer variability was 2%,
the difference between two measurenients

was 0.320.7 gm, The intraobserver variabil-
ity for determining the percentage of dys-
functional left ventricular myocardium was
2%. The difference between these measure-
ments was 0.3x0.9% with no statistical sig-
nificance. The inter-observer variability for
determining dysfunctional mass was 7.9%.
The difference between measurements by
two observers was 1.8+1.9 gm (p=NS). For
guantifying the percent of left ventricular
myocardial mass involved in dysfunction,
the inter-observer variability was 11%. The
difference between two observations was
1.623.1% (p=NS).

Discussion

Our animal study demonstrates that the
actual mass of infarcted myocardium can be
determined based on in vive volume-
rendered  three-dimensional  echocardio-
graphic quantitation of the mass of dysfunc-
tional myocardium in the setting of acute
coronary occlusion. There was an excellent
correlation between the mass of dysfunc-
tional myocardium and pathologic Hifarct
mass without systematic over- or underesti-
mation, Furtherimore, this three-dimensional
echocardiographic method yielded an accu-
rate measure of the percent of left ventricular
myocardium that was dysfunctional and thus
the percent of infarcted myocardium. In
contrast to previous echocardiographic
studies that derived the percent of infarcted
myocardium by extrapolation from a few
two-dimensional slices, three-dimensional
echocardiography allowed analysis of multi-
ple parallel and equidistant slices and thus
more reliable quantification of the mass of
dysfunctional myocardiom. In addition to
quantitative information, this technique also
yielded dynamic three-dimensional projec-
tions of the left ventricle in numerous cutting
planes and aided in visual appraisal of the
wall motion abnormalities and infarct-
induced alterations in regional shape.
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Table 1. Quantification of Dysfunctional Myocardial Mass, Percent Dysfunctional Mass and LV Mass from 3D Data
Set Acquired With Different Steps Compared With Anatomic Measurements,

Comparison with

Anatomic DPata and Regression Difference,
Acquisition Interval  MeanzSD p Equation r MeanzSD p
Dysfunctional mass, g
I° 18.9x10.4  <0.001 y=10x-0.1 096 09«29 NS
2° 20,1127 <0.001 y=1.3x-3.0 096 2.1+43 NS
a° 19.6x11.9 <0.001 y=1.2x-1.6 095  [.7+4.2 NS
5° 19.3x12.0  <0.00¢ y=12x-1.9 094 3244 NS
Dysfunctional mass, ¢
1° 19.3+7.2 <0.001 y=1.0x+0.7 0.94 12425 NS
2° 2049 4 <0.0(1 y=1.3x-3.7 .93 1.8+d.1 NS
3° 19.248.5 <0.001 y=1.kx-1.6 090 1.0+39 NS
5° 20,1194 <(0.01 y=1.2x-2.0 086 1.915.0 NS
LV mass by 3DE, g
1° 94.5+25.1  <0.000] y=1.0x+0.7 098  0.3+47 NS
2° 93.3223.6  <0.0001 y=0.9x+5.3 098 [5#5.1 NS
3° 95.8+26.2  <0.0001 y=1.0x-0.9 097 1.0264 NS
5° 9F.5£22.3 <(L.0001 y=0.9x+8.6 098 344458 NS

Two-dimensional echocardiography in the
evaluation of the extent of myocardial
infarction

If accurately measured, the extent of re-
gional myocardial dysfunction could be used
to assess the size of myocardial infarction.
Among several imaging techniques em-
ployed to assess the effects of infarct on re-
gional left ventricular function, two-
dimensional echocardiography has been used
extensively for quantitative assessment of
regional wall motion abniormalities and vari-
ous methods have been utilized to obtain a
quantitative estimate of regional dysfunc-
tion."!! In many studies, the left ventricle
was imaged in a few two-dimensional echo-
cardiographic views (usnally 3 to 4 short
axis views and 1 or 3 apical views) and the
circumferential extent of dysfunctional myo-
cardium was determined based on a quanti-
taitve or semiquantifative method, From
such measurements the fraction of left ven-
tricle that was dysfunctional was extrapo-
lated. Such data were then correlated to in-
farct size determined pathologically. Pandian
et al showed that the fraction of the left ven-
tricle that was dyskinetic correlated well

with anatomically determined infarct frac-
tion of left ventricle (r=0.92 and ¢.94 at 20
minuwtes and 2 days after coronary occlu-
sion).” Weiss et al demonstrated a correla-
tion coefficient of 0.90 between the circum-
ferential extent of myocardial akinesis and
dyskinesis and the circumferential extent of
transmural infarction.” Guyer et al compared
the percentage of endocardium with abnor-
mal wall motion with that of the endocardial
surface overlying histochemicatly deter-
mined infarction; a correlation of r=0.86 was
obtained."! While a good correlation be-
tween the proportion of dysfunctional left
ventricular myocardium and the percentage
infarct size was shown in these studies, it has
not been possible previously to estimate the
actual infarct mass in grams. The disadvan-
tages of these conventional approaches in-
clude: (1} Only a few two-dimensional echo-
cardiographic views were used to extrapolate
for the whole left veniricle, (2) Internal ana-
tomical landmarks were used for obtaining
the short-axis images and slice distances
were impossible to determine. Furthermore,
the short-axis images were usually recorded
from one acoustic window by tilting the
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probe, therefore the acquired images were
not truly parallel. {3) During the cardiac cy-
cle, the heart rotales and moves transversely
and fongitudinally in the thoracic cavity,
complicated by movements caused by respi-
ration leading to errors in analysis of two-
dimensional slices.

Table 2. Segmental comparison of dysfunctional and
infarct myocardium.

Anatomy
3DE +
+ 23 5
- 6 78

Anatomy = segments of infarction on TTC stained
specimen; 3DE = segments of dysfunction cn three-
dimensional echocardiography.

The advantages of volume-rendered
three-dimensional echocardiography in
myocardial infarction

Three-dimensional echocardiography
overcomes  the drawbacks of  two-
dimensional echocardiography in quantita-
tion of infarct-refated dysfunctional myocar-
dium in the following aspects. Systematic
step-wise data acquisition permits imaging
of the whole ventricle. The interpolated
three-dimensional data set can then be elec-
tronically segmented into equidistant parallel
slices which enables automatic volume com-
putation with a computer algorithm. The
extrinsic movement of the heart caused by
respiration can be minimized with the appli-
cation of respiratory gating using thoracic
impedance. Geometric assumptions em-
ployed often in two-dimensional echocardi-
ographic methods are made unnecessary.

The volume-rendered three-dimensional
echocardiographic approach we employed
has particolar strengths. Studies that em-
ployed two-dimensional data acquisition
guided by position-locator devices did not
yield dynamic three-dimensional projections
and required extensive border tracing for
derivation of quantitative data.'® In an in
vitro study in which pins were placed on the

myocardium to simplate “infarct areas”,
good correspondence was shown between
the three-dimensional surface area and the
simulated “infarct area”.!” However, this
algorithim has not been validated in vive for
guantitation of infarct-related myocardial
dysfunction. Furthermore this study did not
provide tissue-depiction in three-
dimensional projections.

With volume-rendered three-dimensional
echocardiography, gaps  between  two-
dimensional image slices can be interpolated
and pixels turned into voxels while retaining
the characteristic appearance of cardiac tis-
sue in gray scale. Dynamic three-
dimensional images can be reconstructed
without any tracing of the cardiac silhouettes
on two-dimensional images. Manual labeling
is required only for quantitative data. With
the application of various shading techniques
such as distance, texture and gradient of the
examined object, the reconstructed three-
dimensional echocardiographic images por-
tray cardiac structures in a more realistic
appearance, ' Furthermore, volume-rendered
three-dimensional echocardiography has the
ability of displaying cardiac images in a dy-
namic mode. This allows visual appraisal of
global and regional left ventricular function,
detection of wall motion abnormalities and
aneurysmal deformations. Another important
strength of our approach is the ability to
quantify the mass of the whole ventricle and
that of the dysfunctional region.

An interesting observation in our three-
dimensional echocardiographic study is the
lack of overestimation of infarct size based
on the quantification of dysfunctional mass;
this is in contrast (o previous {wo-
dimensionai echocardiographic observations.
This is intriguing to us. While there is no
clear answer to why it is so, we feel that this
could be explained by the following: (1) In
quantifying regional dysfunction, only dis-
cretely akinetic or dyskinetic segments were
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included. Previcus two-dimensional echo-
cardiographic investigations often included
hypokinetic segments in their analysis; (2)
The actual mass of dysfunctional region was
determined in our study while two-
dimensional echocardiographic studies em-
ployed extrapolation of percent dysfunction
per slice or for the whole ventricle; (3) We
employed a multitude of equidistant parailel
slices for determining the mass of regional
dysfunction. In previous studies, only a few
short or long-axis slices were analyzed and
often they were not truly tomographic, par-
allel or equidistant since images were often
derived by tilting or rotating the fransdacer
relying on internal landmarks; (4) The in-
farct was transmural in all our dogs while
many past studies included nontransmurat
infarcts as well; and (5) In determining anat-
omic infarct after TTC staining, we dissected
the infarct regions and weighed them; in
most previous studies, the infarct regions
were traced, the areas measured and infarct
size indirectly extrapolated. We feel that
these methodological differences between
our study and previous investigations could
explain the Iack of overestimation of infarct
size by our three-dimensional echocardio-
graphic approach.

One may consider that, for accurate three-
dimensional echocardiographic quantifica-
tion, data acquisition at smallest interval
(such as at 1 degree) with more samples,
would provide more accurale measurement
than those collected with larger intervals.
Our data in the last 8 dogs demonstrated that
3-degree interval for data acquisition is as
good as | and 2 degrees for accurate meas-
urement of dysfunctional myocardial mass,
even in the setting of small infarcts. Acqui-
sition with S-degree intervals also yiclded
good correlation with anatomical measure-
ments, especially in quantifying left ven-
tricular mass.

Limitations of our study

There are some limitations in this study.
1} In our open-chest dog experiments, we
employed an anterior epicardial window for
image acquisition, How well three-
dimensional echocardiographic data collec-
tion from the parasternal and apical acoustic
windows provides reliable quantitative in-
formation can not be determined from this
study. 2) While an excellent relationship
between dysfunctional mass and infaret mass
was shown in this study, the effect of reper-
fusion on such a relationship cannot be de-
rived from this study. This, however, could
be addressed separately using a reperfusion
model. 3) In our series of dogs, all infarcts
were transmural. Our observations on the
estimation of infarct imass can not be directly
applied to nontransmural infarcts. This im-
portant aspect requires further investigation.
4) While computation of the mass of labeled
dysfunctional regions was done automati-
cally by the image processing unit, the de-
marcation of regional dystunction on para-
plane two-dimensional slices was performed
manually since automated edge detection
software for three-dimensional data analysis
was not available. Such software is being
developed and could, in the future, make the
analysis easier. Despite visual delineation of
dysfunctional areas, the method has pro-
vided excellent estimates of dysfunctional
and infarct masses. 5) This study was not
designed to provide a segment-by-segment
echocardiographic versus anatomic compari-
son. To verify that our identification of dys-
functional myocardiom was correct, we per-
formed such an analysis in a single slice in
which anatomical landmarks were identified
most reliably. This could have biased our
segmential data to a certain degree.
Coenelusion

Demonstration  that  three-dimensional
echocardiography can yield quantitative
measures of the mass of whole left ven-
tricular myocardium, dysfunctional region
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and thus infarct size has important investi-
gative and clinical implications. This method
could be used to study the effects of physi-
ologic, phannacologic and therapeutic inter-
ventions on infarcted myocardium in a more
versatile manner than hitherto feasible. Dy-

namic  volume-rendered

three-dimensional

display and accurate quantitation of global
and regional left ventricular function could
be of value in patients with myocardial in-
farction and a variety of other pathophysio-
logic scenarios; this requires clinical investi-
gation,
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Three-Dimensional Echocardiographic Assessment of the Extension of
Dysfunctional Mass in Patients with Coronary Heart Disease

Stefano de Castro, MD; Jiefen Yao, MD; Giuseppina Magni, MD; Luca Cacciotti, MD;
Paolo Trambaiolo, MD; Marcello de Sanctis, MD; Francesco Fedele, MD

Two-dimensional (2D} echocardiographic estimation of
infarcted mass is limited by having only a few selected
nenparalle] views for data analysis. Volume-rendered
three-dimensional (3D} echocardiography may be able to
overcome the above limitations, because it uses muftiple,
parallel 2D images to derive quantitative data. Previcus
experimental studies demonstrated that 3D echocardi-
ography is an accurate and reproducible method to assess
dysfunctional mass. To estimate the accuracy of 3D echo-
cardiography in humans, we evaluated 10 patients who
had a single myocardial infarction. All patients underwent

2D and 3D echocardiography using the transesophageal
approach, and confrast (gadolinium) magnetic resonance
imaging (MRI), considered a reference standard for in-
farcied tissue detection. The mean extent of dysfunctional
mass by MRI was 28+13 g and by 3D echocardiography
was 30412 g; the mean difference wasl.9+2.3 g (p = not
significant). Linear regression between the 2 measure-
ments was ¥ = 0.97x - 1.12, r = 0.98. Dysfunctional mass
derive from 3D echocardiography reflects the real site and
extension of damaged myocardium.

Echocardiography has evolved over the
last 3 decades from single beam imaging to
sophisticated two-dimensional (2D) and
Doppler techniques, which allow the study
of cardiac structure, function and hemody-
namics in detail. However, an inherent
limitation of conventional echocardiography
is that it uses only 2 dimensions in depicting
complex three-dimensional (3D} structures,
such as the heart and great vessels, This
may imply an incomplete appreciation of
the spatial relationship between -cardiac
structures and geometric assumptions may
be needed to extrapolate quantitative data,
particularly when the shape of the cardiac
chambers are deformed.

The extent of myocardial damage during
acute myocardial infraction is the most im-
portant determinant of prognosis."” The 2D
echocardiographic estimation of infarcted
mass is limited by the use of a few selected
nonparallel views exirapolated from the
whole left veniricle,. Dynamic volume-
rendered 3D echocardiography has become
a practical reality, able to overcome the
above mentioned limitations, since it util-
izes multiple, parallel 2D images to produce

quantitative data.** Previous studies demon-
strated that 3D echocardiography is an ac-
curate and reproducible method to assess
left ventricular mass and dysfunctional mass
in experimentally created infarcted ventri-
cles.>” In this study, we report the prelimi-
nary results of a comparative analysis be-
tween 3D echocardiography and magnetic
resonance imaging {MRT} in the assessment
of regional dysfunctional mass in patients
with ischemic heart disease.

Methods

The study group consisted of 10 selected
patients (all men; mean age 56+7 years)
who had a previous and single episode of
myocardial infarction. All patients were
asymptomatic, without complex cardiac
arrhythmias. After a diagnostic examination
and MRI with a gadolinium contrast agent
for infarcted tissue detection. MRI and 3D
echocardiographic studies were performed
within 1 week. Informed consent was ob-
tained from each patient.

Instrumentation and 3D echocardio-
graphic data acquisition: A 64 element
phased-array  echocardiographic  system
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(Sonos 2500; Hewlett-Packard, Andover,
MA, USA), with integrated software able to
rotate the ultrasound beam in a predeter-
mined manner, was used. The multiplane
transesophageal probe was introduced info
the esophagus with the patient in the left
decubitus position after local anesthetic
spray (lidocaine 2%) to the hypopharynx,
and general sedation (infravenous diazepam
2.5 — 10 mg). The probe was positioned at
the mid-esophageal window for image ac-
quisition and was kept stationary during the
study. The transducer was rotated every 3°
in a 0 -180° arc, with the reference position
corresponding to the 4-chamber view. Elec-
trocardiographic and respiratory gating,
automatically provided by the integrated
software, were used for spatial and temporal
registration of acquired images., A total of
60 sequential cross-sections during a com-
plete cardiac cycle were acquired and
transferred onto a laser disk for subsequent
postprocessing and data analysis, For meas-
uremient of the total left ventricular mass
and for calculation of dysfunctional mass,
multiple short-axis cross-sectional views
were electronically segmented into 12 — 15
equidistant stices (5 mm in slice distance)
form the apex to the mitral annular level
{Figure 1). For determining left ventricular
mass, the myocardium of left ventricle on
each transverse slice was conioured and
labeled. By integrating the slice thickness
with the slice area, the volume of each slice
and the fotat volume of all imnyocardial slices
were computed in an automated manner by
a new quantification algorithm. Myocardial
mass volume multiplied by assuined specific
gravity (1.05 g/ml) provided myocardial
mass {weight in grams). For measurement
of dysfunctional myocardial mass, the fol-
lowing steps were performed: each short-
axis 2D slice extracted from the 3D data set

was viewed in a dynamic fashion In these
images, regional wall motion abnormalities
were clearly evident. The segments that
exhibited discrete hypokinesis, akinesis, or
dyskinesis were demarcated. These seg-
ments were contoured and labeled. The vol-
ume of the dysfunctional myocardial seg-
ments (the labeled regions} was provided
automatically by the computer as mentioned
above. Using the specific gravity of the
myocardiuin, the mass of the dysfunctional
myocardium was generated. From theses
data, the percentage of the total left ven-
tricular myocardium involved in regional
myocardial dysfunction was calculated as
well (Figure 2).

Figure 1.Three-dimensional reconstruction of the left
ventricle in a 5-chamber projection in a patient with aki-
nesis of the interventricular septum. The endocardium at
the level of the lateral wall and apex is well delineated.

Instrumentation and MRI acquisition:
Images were obtained from a conumercially
available [-Telsa superconducting magnet
(magnetom Impact; Simens, Erlangen,
Germany) with body-atray coil. Then, 10 —
20 minutes after intravenous injection of
paramagnetic contrast agent (Gd-DTPA
Magnevist; Schering: 0.2 mg/kg), a double
oblique orientation fast GRE (FLASH) sin-
gle-slice-multiphase technique (TR 5 msec,
TE 2.2 msec, flip angel 25°, [28 x, FOV
350 mm, 10-mm slice thickness) was em-
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ployed, encompassing the entire left ventri-
cle along its long axis with repeated breath-
hold acquisitions (I8 sec) of 5 electrocar-
diographically gated short-axis images for
each slice level without interslice gap.

Figure 2. Quantitation of total left ventricular mass and
regional dysfunctinal mass by 3Dechocardiography.
Delineation and computation of regional dysfunctional
mass {left) and total left ventricular mass (right} by 3D
echocardicgraphy. In this example, the total extent of
interventricular septum was akinetic.

Visual assessment of infarct location was
based on the (10 presence of areas with sig-
nificantly increased signal intensity (inten-
sity ratio > 1.4),%° and (2) evidence of wall
motion abnormalities on the cineloop view
of single-phase, multi-slice, short-axis im-
ages. In the presence of apical left ventricle
involvement, additional multi-phase long-
axis acquisitions were employed to obtain a
better definition of apical left veniricle dys-
function. All sets of images were then sub-
jected to quantitative functional analysis by
means of a dedicated software package for
short-axis MRI (ARGUS; Simens, Erlan-
gen, Germany). After manual boundary
delineation on end-diastolic and end-systolic
short axis magnified images of each level,
leaving out the papillary muscles, a center
of mass (epicardial centroid floating) was
determined by the image processing soft-
ware, and the left ventricular myocardinm
was divided clockwise into 12 equally

spaced segimentis by radii generated from the
center of the mass, with computerized as-
sessment of segmental end-diastolic wall
thickness and absolute systolic wall thick-
ening. To assess interobserver variability
with respect to manual boundary tracing,
MRI images were independently evaluated
by 2 experienced observers without knowl-
edge of previous echocardiographic results;
measurements were repeated by 1 observer,
1 month after the first evaluation to assess
in{rachserver variability,

The results of quantitative functional
analysis were transterred to the baseline
images, stmming at each slice level the
segmental areas (em?) with significant dys-
function (absolute systolic wall thickening
<2)," then multiplying the obtained value
by slice thickness {1 cm) and standard myo-
cardial density (1.05 g/em®), thus obtaining
the dysfunctional left ventricular mass
{grams).

Statistical analysis: 3D measurements
were compared with MRI data using simple
linear regression analysis and Student’s
paired 1 test. Difference between 3D echo-
cardiographic and MRI measurements was
evaluated with Bland-Altman analysis.!
Inter- and intra-observer variability was
calculated as the difference between 2 ob-
servations divided by the mean values.

Results

Good quality 3D reconstructions were
obtained in all patients. The extent of dys-
functional mass by MRI was 10-54g {mean
28 + 13 g), and by 3D echocardiography
was 11 —60 g (mean 30 + 12 g}; the mean
difference was 1.9 £ 2.3 g (p = not signifi-
cant). Linear regression analysis between
the 2 measurements was y = 0.97x —~1.12; (r
=0.98; p<0.0001). Mean left ventricular
mass by MRI was 147 + 17 g (range 122-
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170 g), and by 3D echocardiography, 149 +
I7 g (range 127-175 g); the mean difference
between the 2 techniques was 2.2+ 1.1 g (p
= not significant). Linear regression analy-
sis was y = 0.8lx + 253 (r = 0.80,
p<0.001). The mean percent dysfunctional
mass by MRI was 19 + 10% and by 3D
echocardiography was 20 + 9% (p = not
significant). Interobserver variability for
dysfunctional mass by 3D echocardiography
was 5 + 2%.

Discussion

According to our preliminary results, we
can affirm that 3D echocardiography is a
feasible and a reproducible method for
quantitation of dysfunctional mass in pa-
tients with ischemic heart disease, In fact,
we found an excellent correlation between
the extent of dysfunctional mass obtained by
3D echocardiography and MRI without sig-
nificant under- or overestimation. In addi-
tion, a good correlation was found between
the percentage of left ventricular dysfunc-
tional myocardivim calculated by MRI and
by 3D echocardiography.

Conventional 2D echocardiography is an
established method for noninvasive evalua-
tion of regional myocardial dyssynergy.

Clinical and experimental studies have
demonstrated a clear relation between the
site and extent of echocardiographically
defined regional dysfunction and the
pathologic evidence of infarction.'™* Un-
fortunately, quantitative analysis of regional
dysfunction is affected by translation and
rotation of the heart, respiratory movenents
and a relatively poor precordial resolution of
he left ventricle. Using various echocardio-
graphic techniques,'"®  semiquantitative
analysis is usuvally extrapolated from a few
nonequidistant or nonparallel 2D images (3
short-axis and | or 2 apical views) using
internal anatomic landmarks as a reference
position.

Previous experimental animal studies
demonstrated that 3D echocardiography is
able to overcome the above limitations,
since the extent of dysfunctional mass is
caleulated from multiple parallel views pre-
cisely realigned according to a predefined
respiratory and  electrocardiographic  gat-
ing.™ Our results also confirm that 3D
echocardiography is an accurate technique
for the definition and guantitation of dys-
functionat myocardial regions in a clinical
setting.

Table 1, Assessment of dysfunctional versus tofal ventricular mnass.

Pafient No, MRIDM,g 3DEDM,g MRILVM,g 3IDELVM,g DM3IDE, % DMMRL %
1 12 15 160 145 10 8
2 41 40 170 165 24 25
3 15 18 150 155 12 10
4 28 31 155 175 18 16
5 22 25 155 147 17 15
6 10 it 130 127 9 8
7 1 40 139 137 29 27
8 43 40 122 129 31 33
9 54 60 164 170 35 32
10 21 22 123 140 16 15
Mean 28 30 147 149 20 19
SD 13 12 16 17 9 i

3DE DM = extent of dysfunctional mass by 3D echocardiography; 3DE LVM = left ventricular mass by 3D echocardi-
ography; MRI DM = extent of dyslunctional mass by MRI; MRI LVM = left ventricular mass by MRI; %DM = percent-
age of dysfunctional mass determined by the ration between dysfunctional mass and left ventricular mass,



Chapter §

5

Limitations

We acknowledge that our results are
preliminary and therefore the real feasibility
of 3D echocardiography in the clinical sce-
nario needs to be established, Moreover, the
assessment of dysfunctional mass was based
on visnal assessment using both MI and 3D
echocardiography techniques. The 3D ex-
amination were obtained through a trans-
esophageal approach and therefore is a
semi-invasive technique, which cannot be,
at the moment, widely applied to all patients
with ischemic heart disease,
Conclusion

Ouy results demonstrated that 3D echo-
cardiography is able to clearly display and
quantify wall motion abnormalities in pa-
tients with previous myocardiai infarction.
The percentage of dysfunctional myocar-
dium can also be assessed, giving important
physiologic and clinical information for the
treatment of patients with ischemic heart
disease.
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Quantitative Three-Dimensional Contrast Echocardiographic Determination of
Myocardial Mass at Risk and Residual Infarct Mass After Reperfusion: Experi-
mental Canine Studies With An Infravenous Contrast Agent - NC100100

Tiefen Yao, MD; Claudivs Teupe, MD; Masaaki Takeuchi, MD; Erick Avelar, MD; Malachi
Sheahan, MD, Raymond Connolly, PhD, Jonny Ostensen, PhD and Natesa G. Pandian, MD

Background. Accurate assessment of the efficacy of
reperfusion therapy aids in the management of patients
with acute myocardial ischemia. The aim of this study
was to examine the quantitative value of conirast three-
dimensional echocardiography (3DE) in estimating myo-
cardial mass at zisk (RM), salvaged mass (SM) and resid-
ual infarct mass {IM), Methods and Results, We created
2-3 hour coronary occlusion followed by 2-4 hour reper-
fusion in 10 dogs. 3DE data with and without contrast
were acquired at the end of each stage. The RM was
determined using Evans Blue dye method and IM by
2,3,5 triphenylietrazolium chloride (1'TC) staining. From
the 3DE data set, the perfusion defect mass (PDM) and
dysfunctional mass (DFM) were measured. The RM
during coronary ecclusion {x) (27.1x14.6g or 23.8+9.7%
of LV} correlated well with PDBM (y) both in weight {y=
0.55+8.9, r= 0.90, p<0.001, mean difference= -4.848.1g,
p= NS} and in % of LV (y= 0.7x+6.5, r= 0.83, p< 0.01,
mean difference= -0.1£5.4%, p= N8); and with DFM (v}
in weight (y= 0.6x+7.6, r= 0.89, p< (LGOS, mean differ-

ence= -3.7+7.5g, p= NS) and in %% of LV (y= 0.93+2.3,
r=0.95, p< 0.0001, mean difference= 1.3£3.0%, p= NS).
Atfter reperfusicon, the IM (x) (9.328.1g or %.1+£8.8 % of
LV) correlated well with PDM (v} in weight (y=
1.2x+1.2, 1= 0.93, p< 0.001, mean difference= 2.334.0g,
p= N8} and in % of LV (y= [.3x, = 0.98, p< 0.0001,
mean difference= 2.743.7%, p= N8); and moderately well
with DFM in weight (y) (y= 0.7x+7.9, r= 0.79, p<0.05,
mean difference= 5.6+5.0g, p= NS) and in % of LV (y=
0.8x+6.5, 1= 0.83, p< 0.05 mean difference= 5.9+5.7%,
p=NS). The SM was 13.6£11.0% of LY irom anatomic
methods and 14.2+13.0% by contrast 3DE. Conclusion:
Myocardial contrast 3DE wusing intravenous contrast
injection could quantify the actual RM during acutc
ischemia and the residual IM in the setting of reperfusion.
Thus, the SM and the efficacy of reperfusion can be
evaluated as well,

Key words: Contrast echocardiography, coronary dis-
ease, myocardial infarclion, three-dimensional echocardi-
ography, reperfusion

In the management of patients with
acute myocardial ischemia/infarction, accu-
rate estimation of fhe myocardial mass at
risk (RM) and the residuai infarct mass
(IM) following revascularization procedures
is essential for assessing the efficacy of re-
perfusion and assisting in clinicat decision
making,'” Though conventional two-
dimensional echocardiography (2DE) is able
to display regional wall motion abnormali-
ties, differentiation between  ischemic,
stunued or infarcted myccardium has been
difficult.”® Pharmacologic stress echocardi-
ography, wnuclear imaging techniques and
contrast enhanced magnetic resonance im-
aging and computed tomography have
shown to be helpful in differentiating viable
versus non-viable regions, Their availability
and potential for repetitive studies could be

limited in acute clinical settings.” "’
Microbubbles have been used in myo-
cardial contrast echocardiography based on
the phenomenon that they exhibit backscat-
ter and resonance. Early nltrasound contrast
agents could not pass through the pulmo-
nary circulation and had to be injected di-
rectly into the coronary artery, aortic root or
left atriun, requiring catheterization proce-
dures.”*'S Recently, a new generation of
confrast agents have been developed that
can trespass the pulmonary circulation to
reach the left heart after peripheral venouns
administration. Such agents provide us with
a new means to study the myocardial perfu-
sion using a non-invasive technique.'™!®
Two-dimensional myocatrdial contrast echo-
cardiography has been shown capable of
defining perfusion abnormalities, It is diffi-
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cult, however, to quantify the actual myo-
cardial mass affected by hypoperfusion by
using one or only a few sclected views of the
left ventricle (LV). As demonstrated in
studies of regional wall motion analysis,
three-dimensional echocardiography (3DE)
can be used in quantifying regional dys-
functional myocardial mass (DFM), without
the need of geomeltric assumptions.'** Two
recent studies proved the feasibility and
accuracy of myocardial contrast 3DE in
estimating myocardial perfusion defect mass
(PDM) using contrast injection directly in

the left atrium. These approaches are inva-
sive, requiring left heart catheterization.*"**
Our earlier studies using contrast infusion
directly into the aortic root and recently,
using intravenous contrast injection during
3DE data acquisition indicated that IM can
be accurately estimated following coronary
occlusion.”* In the present study, we
sought to validate the accuracy of 3DE in
quantifying RM during acute ischemia and
residual ITM following reperfusion therapy
using infravenous contrast injection.

Figure 1. Myocardial perfusion demonstrated in multiple parattel equidistant short-axis views of 1.V reconstructed from
a 3DE dada set. The LV long-axis view in the upper left comer was used as a reference image to produce true short-axis
views of LV, The transverse lines across the reference image represent the levels of the cutling planes. The regions of

perfusion defects are demarcated by black arrows.

Methods
Myocardial contrast 3DE was per-
formed in an open-chest canine model of
acute ischemia followed by reperfusion. A
contrast agent, NCL00G100, was adminis-
tered intravenously as a bolus and 3DE data
were acquired in a rotational scanning for-

mat. The RM during acute ischemia and
residual IM following reperfusion were es-
timated from the PDM by 3DE and were
compared with that measured anatomically
by Evens blue dye and 2,3,5 triphenyltetra-
zolinm chloride (TTC) staining methods.
This study was carried out in conformity
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with the American

Figure 2. Myocardial perfusion demonstrated in muitiple long-axis views of LV. As shown in the upper left reference
image, the long-axis views were derived from equally spaced cutting intervals (angles) of LV, represented by the radiat-
ing lines. The regions of perfusion defects are demarcated by black arrows.

Assaciation for Accreditation of Laberatory
Animal Care guidelines for the use of ani-
mals in research and followed the regula-
tions of and was approved by the Institu-
tional Animal Research Committee at New
England Medical Center, Tufts University.
Animal Preparation and imaging protocol
Ten mongrel dogs (weighed 21-34 kg,
mean 2745 kg) were used in this study. The
dog was sedated with intramuscular ace-
promazine (20-30 mg) and was anesthetized
with intravenous sodium pentobarbital (20-
25 mg/kg). Additional doses were given
when necessary during the experiment. It
was then intubated and ventilated mechani-
cally with room air using a volume cycle
respirator. An intravenous line was open for
fuid and medicine administration. A fluid-
filled catheter was introduced into a femoral
artery for continuons blood pressure moni-

toring and another into a femoral vein for
contrast agent administration. Lead H elec-
trocardiogram  and %0, saturation was
monitored throughout the experiment, The
chest was opened by mid-line sternotomy.
The pericardium was cut and suspended to
formy a cradle. Either the left anterior de-
scending coronary artery (in 6 dogs) or the
circurmflex coronary artery (in 4 dogs) was
isolated and occluded with a silk snare.
Lidocaine was given intravenously to pre-
vent ventricular fibrillation (! mg/kg bolus
injection before coronary occlusion followed
by 0.5 mg/min continucus infusion till the
end of study). After 2 to 3 hours of coronary
occluston, a water-bath was arranged above
the pericardial cradle for ultrasound trans-
mission. 3DE data were acquired twice,
once in a continuous mode without contrast
and once in triggered mode after intrave-
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nous contrast administration. Then the silk
snare that cccluded the coronary artery was
released but not removed to allow compiete
opening of the artery and to assure later
reocclusion at the same site. 2 to 4 hours
was allowed for reperfosion before 3DE data
acquisition was repeated in continuous
mode and in triggered mode with contrast
following intravenous dipyridamole (0.84
mg/kg infused in a period of 6 minutes).
The time allowed for occlusion and reperfu-
sion and the level of coronary occlusion
varied among the dogs to produce various
sizes of risk and infarct regions. At the end
of each experiment, the coronary artery was
reoccluded at the same site followed by in-
jection of 50 mi of Evans Blue dye into the
left atrium. Normal circulation was allowed
for 10 minutes before the dog was eutha-
nized with an overdose of potassivm chlo-
ride. The heart was then removed for meas-
urements of the RM from Evans Blue Dye
staining and IM from TTC staining.
Imtravenous confrast agent, NC100100

NCI10GI06 (Nycomed, Oslo, Norway)
is an investigational wultrasound contrast
agent. It contains mricrobubbles filled with a
perflourocarbon gas, stored under room
temperature as a dry powder, It is reconsti-
tuted using sterile water to form a suspen-
sion of 10 pl/ml microbubbles with a me-
dian diameter of 3 pm. For 3DE data acqui-
sition, a bolus of 0.2 ml NCi00100 was
administered intravenousty, followed by 3mi
saline.
Three-dimensional echocardiograply

Data acquisition. A commercially
available ultrasound unit (HP Sonos 5500,
Hewlett-Packard, Andover, Massachusetts},
with the ability of harmonic triggered im-
aging, was interfaced with a commercially
available 3DE image processing system
(EchoScan, version 3.1, TomTec Imaging

Systems, GmbH, Munich, Germany) for
3DE data acquisition. A rotational motor
device was mounted onto the ultrasound
imaging transducer (transmitting frequency
at 1.8 or 2.1 MHz and receiving frequency
at 3.6 or 4.2 MHz). The images were ac-
quired from an anterior epicardial orienta-
tion. Rotation of the transducer was con-
trolled by the 3DE system at 3° intervals
through 180° with electrocardiographic and
respiratory gating. Continuous imaging
without contrast agent was used for regional
wall motion analysis and triggered imaging
(one in every cardiac cycle) following intra-
venous contrast agent was used for analysis
of myocardial perfusion abnormalities. A
low ultrasound outpuf power with a me-
chanical index of 0.3 was used to minimize
microbubble destruction and to prolong the
persistence of the agent in the circulation.
Collection of images was started when the
LV cavity was filled with microbubbles and
the myocardium was brightened, with no
significant attenuation in the far field. The
acquired data were calibrated, processed and
stored onto optical magnetic disks.

Data analysis. The 3DE data were reviewed
off-line by blinded observers. From the
static contrast 3DE data, the LV was recon-
structed in multiple two-dimensional short-
axis and long-axis views for delineation of
the extent of perfusion abnormalities (fig-
ures | and 2). From dynamic 3DE data, the
LV was reconstructed and viewed in multi-
ple parallel short-axis images and the site
and extent of regional dysfunction were
appraised, From 8 parallel, equi-distant
short-axis slices of the LV, the volume of a
given myocardial region (e.g. dysfunctional
or hypoperfused zone) was measwred on
each slice by manuaily tracing and applying
a volumetric label to that region (volume =
area x slice thickness). Using “summation
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of discs” method, the fotal volume of that re
gion on ail slices was derived. The myocar-
dial mass was calculated from its velume

and the specific gravity of the myocardium
(1.04g/ml).

Figure 3. An example of myocardial perfusion abnormalities (arrows) in a dog during occlusion of the left anterior
descending coronary artery (top) and following reperfusion (bottom), Note the decrease in the extent of the perfusion

defects on multiple short-axis views of LV,

The PDM was measured from the 3DE
data obtained during coronary occlusion and
afier reperfusion, respectively. Each short-
axis slice of the LV reconstructed from the
conirast data was examined. Dark areas of
the LV myocardium were considered re-
gions of perfusion defect in comparison to
normally pertused myocardium, which ap-
peared bright due to contrast enhancement
(figures 3 and 4). These regions were traced
and labeled on all slices to derive the PDM.
The total LV mass was obtained by con-

touring the whole myocardial area on all LV
slices. The percent of LV involved in perfu-
sion defect was calculated as well. The sal-
vaged myocardial mass (SM) by reperfusion
was estimated from contrast 3DE by sub-
fracting the PDM following reperfusion
from the PDM during coronary occlusion.
The DFM was also measured from the dy-
namic 3DE data acquired at each stage. By
examining all the slices, the akinetic or dys-
kinetic region of the myocardium on each
stice was defined and labeled to derive the
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total DEM and the percent of LV involved
in dysfunction,

Each labeled region of the L'V was ex-
tracted and reconstructed. For example, the
normally perfused myocardium could be
displayed as if the perfusion defect region
had been removed. Side-by-side display of
the perfused and non-perfused regions fa-
cilitated the visual appreciation of the extent
of perfusion abnormalities (figure 5).
Anatomical determination of myocardial
mass af risk and infaret mass

After the heart was removed, the atrial
tissue was excised and the veniricles were
sectioned parallel to the mitral annulus into
Iem thick slices, The myocardial territory of
the occluded coronary atrtery was void of
Evans Blue dye, representing the RM. The
normally perfused myocardivm was stained
blue. The risk area and the total LV myo-
cardial region on both sides of the slice were
plotted onto transparencies. The percent of
LYV at risk of infarction was calculated from
the unstained area and the total LY myocar-
dial area, which was used later to calculate
the weight of the RM from the total LV
mass.

After finishing the above measure-
ments, the ventricular slices were bathed in
1.2% TTC solution at 37°C for 20 minutes.
All the slices were inspected on both sides.
The infarct region was defined visually
based on its pale appearance in contrast to
the non-infarct area stained red by TTC.
Both the infarct region and the total myo-
cardial region were plotted onto transparen-
cies, Then the right ventricular tissue was
removed and the total LV mass was
weighed in grams. The infarct zones on all
slices were then dissected after carefully
examining both sides and weighed to derive
IM. The percentage of LV involved in in-
farction was calculated from the total LV

mass and the IM.
Statistics

All data were expressed as mean =+
standard deviation. Results from 3DE meas-
urements were compared with anatomical
data using simple linear regression, The
differences and limits of agreement between
them were analyzed by paired student ¢ test
and Bland-Altman analysis. A p value of
<0.05 was considered statistically signifi-
cant,

Results

One dog died during the early stage of
coronary occlusion and another during re-
perfusion, due to ventricular fibrillation.
Therefore, only 9 dogs had 3DE data at the
end of coronary ccclusion and 8 dogs fol-
lowing reperfusion. The 3DE data acquisi-
tion time was around 1 minute {45 to 75
seconds). Two-dimensional images of the
LV reconstructed from 3DE data sets de-
lineated regional wall motion abnormalities
and perfusion defect regions in both trans-
verse and longitudinal orientations of the
LV. The location of perfusion defect and
dysfunctional regions corresponded with the
territories of the occluded coronary arteries,
Myocardial mass at risk of infarction
The RM during coronary occlusion deter-
mined by Evans Blue dye staining (x) was
27.1x14.6g or 23.84£9.7% of LV. The PDM
from 3DE data (y) was 22.337.9g
(y=0.5x+8.9, r=0,90, p<0.001, mean differ-
ence=-4.8+8.1g, p=NS) or 23.61+8.4% of LV
(y=0.7x+6.5, 1=0.83, p<0.01, mean differ-
ence=-0,1£5.4%, p=NS) (figure 6). The
DEM during corenary occlusion by 3DE (y)
was 23x10g (y=0.6x47.6, r=0.89, p<0.005,
mean  difference=-3.7+7.5g, p=NS} or
25.149.8% of LV (y=0.9x+2.3, r=0.95,
p<0.0001, mean difference=1.3£3.0%,
p=NS) {figure 7). Good correlation was also
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obtained between DFEM (y} and PDM (x)
from 3DE, either in weight (y=1.1x-1.4,
1=0.92, p<0.001, mean diffenrence = 1.1+

3.8g, p=NS) or in % of LV (y=1.1x40.2,
r=0.91, p<0.001, mean differrence= [.5%
4.1%, p=NS).

Figure 4. An exaniple of myocardial perfusion abnormalities (arrows) in a dog during occlusion of the circumflex coro-
nary artery (top) and following reperfusion (bottom). During coronary artery occlusion phase, the second slice of the LV
from the base (upper right image) showed subendecardial perfusion defect, which aise indicates that the defect was not
caused by ultrasound attenvation. After reperfusion, both the longitudinal and circumferential extent of the perfusion

defect decreased.

Residual infarct mass following reperfu-
sion

The residual IM determined by TTC
staining {x) was 9.3+8.1g or 9.128.8% of
the total LV mass. The PDM firom 3DE (y)
was  12.2x103g  (y=1.2x+1.2, 1=0.93,
p<0.001, mean difference=2.324.0g, p=NS)
or 11.7+11.6% of LV mass (y=1.3x, 1=0.98,
p<0.0001, mean difference=2.7+3.7%,
p=NS) (figure 8), The DFM from 3DE fol-

fowing reperfusion {y) was 14.8+7.5g (y=
0.7x+7.9, r=0.79, p<0.05, mean differ-
ence=5.6£5.0g, p=NS8) or 14.1£8.9% of LV
(y=0.8x+6.5, r=0.83, p<0.05 mean differ-
ence=5.9+5.7%, p=NS) (figure 9). Only
moderate correlation was obtained between
DEM (y) and PDM (x), either in weight
(y=0.5x-8.3, 1=0.74, p<0.03, mean diffen-
rence=2.6:6.9g, p=NS) or in % of LV
(y=0.6x+0.9, r=0.81, p<0.05, mean diffen-
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rence=2.4+6.9%, p=NS}.
Salvaged myocardial mass
From the above measurements, the SM
could be arrived at in each study, calculated
from the RM or PBM during coronary oc-
clusion subtracted by the residual IM or
PDM following reperfusion. According to
the anatomic measurements, 13.6+11.0% of
LV was satvaged by reperfusion. From 3DE
measurements of the PDM, 14.2+£13.09% of
LV was salvaged, close to anatomical meas-
urements. 3DE  measur dysfuncti

-Regional Segmentation —

Figure 5. A representative exnmple of the efficacy of reperfusion

mass also decreased in 10.2+7.0% of LV
{(figure 10).
Validation of left ventricular mass meas-
urement

The accuracy of 3DE measurement

was validated by comparing the LV mass
foliowing reperfusion by 3DE (113.42£26.7g)
(y) with LV mass by anatomiic measurement
(109.8+29.1g) (x). Good correlation was
obtained between the two (y=0.8x+26.6,
r=0.86, p<0.005, mean difference=3.5+
9g, p=NS).
Peifused |
* Myocardium

Non-Perfused |
Myocardium

During Occlusion

After Reperfusion

a dog with anterior descending coronary artery

acclusion {top panels) followed by reperfusion (bottom panels). As shown in the [efi images with multiple short-axis
slices of LV, the regions with perfusion defect were contoured and a dark gray label was applied. The normally perfused
regions were Jabeled in light gray, Not only the volume of each labeled area was calculated by the computer, the volu-
nietric labels could be extracted and displayed individually, as shown here, demonstrating the size of the PDM in contrast
to the normally perfused mass, during occlusion and reperfusion stages respectively.

Discussion
Our observations in this experimental
study indicate that 3DE using an intrave-
nous contrast agent, NC 100100 in this

case, is able to estimate the RM during
coronary occlusion and the residual IM after
reperfusion by guaniifying the PDM, The
DFEM may represent the RM during acute
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ischemia. If reperfusion therapy is insti-
tuted, the accuracy of DFM in predicting the
residual IM decreases.

Accurate assessment of the RM and
the residuat IM following revascularization
is very helpful in clinical evaiuation of the
efficacy of reperfusion therapy. 3DE has
been used for evaivating global LV function
and regional wall motion abnormalities. In
the setting of acute myocardial infarction,
the myocardial mass that is akinetic or dys-
kinetic may represent the IM.'® As it is al-
ready well known, if revascularization pro-
cedure is performed at this time, the ischie-
mic myocardium can be salvaged, but the
function of the salvaged region does not
recover immediately. In other words, after
reperfusion therapy, the DFM no longer
represents the exact 1M,
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The development of transpulmonary
microbubbles and the evolution of new ul-
trasound techniques make it possible to
evaluate the myocardial perfusion noninva-
sively.'""'® A combination of the function
and perfusion study should be able to differ-
entiate viable from nonviable dysfunctional

myocardial regions.”® Though studies with
2DE have proven that myocardial perfusion
imaging can define the extent of perfusion
defect following peripheral administration
of contrast agents, the accuracy of 3DE with

intravenous contrast injection was nol
known.
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Myacardial contrast echocardiography

2DE studies have indicated that con-
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trast microbubbles are susceptible to damage
by ultrasound.”® The persistence of micro-
bubbles in the circulation is inversely re-
lated to the time of exposure to ultrasound
and the transmitting power of ultrasound.
Therefore, triggered or transient imaging is
used in most of the current studies.”’ Har-
monic imaging
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Figure 9. Linear regression (left panels) and Bland-
Altman analysis (right panels) of the correlation and
disagreement beiween DFM following reperfusion by
3DE and the residual IN by TTC staining, in grams (lop)
and in percent of LY (bottom).
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Figure 10. Bar graph showing 3DE estimation of RM
during coronary occlusion, residual IM after reperfusion
and SM, from PPM or DEFM, in comparison with the
anatoric measurements.

increases the signal to noise ratio of the
contrast images, reduces the optimal trans-
mitting power of ultrasound, decreases the

dose of contrast agent and minimizes the
attenuation effect of microbubbles.”® It is
worthwhile to point out that in most 2DE
perfusion studies, the trigger interval for
transient imaging is usually longer than one
heart beat (2 to 8 beats, or even longer) to
allow for sufficient time for microbubble
replenishment. However, it is not possible
currently to perform 3DE data acquisition
with trigger intervals longer than one heart
beat. Besides, 3DE data acquisition time is
limited upon a bolus administration of con-
trast agent and may not allow for longer
trigger intervals. Interestingly, the images
we obfained from 3DE using 1 to | trigger-
ing under a low mechanical index showed
very good perfusion of the myocardium in
the normally perfused regions and clearly
delineated perfusion defects in the territory
of occluded coronary artery or infarct re-
gion. Our explapation is that though 1 to 1
triggering was used for 3DE data acquisi-
tion, each of the original images was
scanned from a different cutting plane,
similar to the result of transient imaging.
Besides, the low ulirasound output power
may also have contributed to minimizing
destruction of microbubbles, Another prob-
lem often encountered in contrast echocar-
diography is the attenuation of signals in the
far field (in this experimental setting, the
posterior wall). This problem was mini-
mized in this study by slow administration
of the contrast agent and the following sa-
fine flush, avoiding too high dose of contrast
and initiating data acquisition after the early
attenuation phase. The contrast agent we
employed in this study, NC100100, had
minimal attenuation artifacts.
Rationale for three-dimensional contrast
echocardiograply

The LV is a three-dimensional struc-
ture and its cavity size and shape may vary



Chapter 6

65

in different time period of ischemia, infarc-
tion or intervention due to physiological
remodeling. Besides, the coronary territories
are btrregular in shape and varies in size
attributed to different coronary branches at
different levels. Although 2DE, by inte-
grating information from various views of
the LV, is able to provide a qualitative or
semiquantitative assessment of the extent of
myocardium with regional wall motion or
perfusion abnormalities, accurate delinea-
tion of the topography of a perfusion defect
region or guantitation of PDM is not possi-
ble by using only one or a few views. To
examine the efficacy of reperfusion thera-
pies, a more reproducible method, which
should be independent of the acoustic win-
dow and cutting plane variation, independ-
ent of data acquisition operator and able to
provide accurate location and quantitative
data of the abnormalities before and after
reperfusion, is needed. 3DE could be the
method that might be able to fulfill the
above requirements. It allows reconstruction
of images in any orientation independent of
the acoustic window for data acquisition,
provides quantitative information of global
or regional myocardial region without the
need of geometric assumptions and is repro-
ducible on data acquired at different times
or by different operators, or analyzed by
different observers.'”””° Two studies have
demonstrated that contrast 3DE is able to
quantify RM or IM accurately.”** These
studies, however, employed deposit micro-
spheres (mean diameter = 10 » m) that
could not pass the pulmonary circulation
and had to be injected into the left afrium
using cardiac catheters. We had also dem-
onstrated the feasibility of 3DE using cen-
tral and peripheral contrast administration
in guantifying small and large perfusion
defects in acute coronary occlusion mod-

els.”** The present study further validated
the feasibility and accuracy of 3DE using an
intravenous contrast agent in the estimation
of RM during coronary occlusion and resid-
ual IM following reperfusion by quantifying
PDM in each stage. Techniques currently
employed to assess myocardial viability in-
clude stress echocardiography and stress
nuclear imaging.**' Following reperfusion
therapy, the functional status of the myocar-
dium may not reflect the presence or ab-
sence of viability, contrast echocardiography
may show normal perfusion pattern in the
viable area.’? Contrast 3DE may allow for
more accurate quantification.

Discrepancy between regional wall motion
and perfusion abnormalities

As shown in our study, the DFM and
PDM during coronary acclusion had good
agreements with each other and with ana-
tomically measured RM. However, follow-
ing reperfusion, the mean difference be-
tween DEM and PDM became larger. The
DFM was bigger than both the PDM and the
true IM. Following reperfusion, the DFM
correlated less well with the PDM and the
real IM fthan it did during the occlusion
phase. The PDM measured following flow
restoration, however, correlated more
closely with the residual IM, indicating that
contrast imaging is of great value in as-
sessing SM.

We were still surprised by the fact that
there was correlation at all between the
DEM and the residual M following reperfu-
sion and the over-estimation of the IM based
on analysis of DFM was not significantly
high. Previous two-dimensional studies sug-
gested that the DEM significantly overesti-
mate the true infarct size after revasculari-
zation procedures due to stunning of the
reperfused myocardium.® Part of the reason
might be that the dysfunctional myocardium
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in this study was defined as the akinetic or
dyskinetic regions only and regions that
were hypokinetic were excluded.

Critigue of our study

There are several limitations in this
study that need to be aware of when apply-
ing this technique to clinical scenarios since
significant difference may exist between
experimental and clinical settings. Besides
the physical and anatomical differences
between species, the acute coronary occlu-
sion and reperfusion canine model was pro-
duced in normal animals free of pre-existing
coronary artery disease, while patients suf-
fering from acute myocardial ische-
miafinfarction often have various degrees of
atherosclerosis preceding the event or even
history of previous myocardial infarctions.
Therefore, the human physiological re-
sponse to coronary artery occlusion and re-
vascularization (including mobilization of
coronary reserve and collaterals) and thus,
the regional wall motion and myocardial
perfusion may differ from our animal
model.

Adequate myocardial perfusion time
foltowing a bolus intravenous administra-
tion of contrast agent was obtained for 3DE
data acquisition in this experimental study,
which was relatively short comparing with
the time required in most clinical studies,
How well this methiod could be applicable in
human studies needs (o be examined. If not,
continuous intravenous infusion of the con-
trast agent may be considered. Real-time
ADE is able in on-line display of multiple
cross-sectional views (orthogonal or paral-
iel) of the heart at the same time and allows
for ultra-fast 3DE data acquisition. How-
ever, the image quality from this approach
has not been satisfaclory and, furthermore,
it also need post-acquisition processing to

develop three-dimensional images.

3DE requires post-processing of the
raw image data in our approach as well.
Progress is being made in speeding up this
process. Due to interpolation of the original
images during data processing, the resolu-
tion of reconstructed images decreases com-
pared to the original 2DE images. Quanti-
tative data analysis still requires manual
tracing. Automatic thresholding technique
by calibrating gray-scales of the data may
make the analysis easier and more objec-
tive,??

3DE data were obtained only once at
each end of occlusion and reperfusion
stages. Perfusion patterns and functional
behavior of the LV may change over time
following repertusion therapy. This aspect
was not explored in this study. Evaluation of
the influences of duration of coronary occlu-
sion and duration of reperfusion requires a
more extended study in different groups of
animais. We chose to use dipyridamole fol-
lowing reperfusion to magnify the difference
between normally perfused regions (which
might have hyperemic reactions) and the
hypoperfused regions (which should have
less or no hyperemic reactions or even more
deterforated hypoperfusion due to “steal of
flow” phenomenon™} in confrast enhance-
ment, How well it might work with dobuta-
imine was not tested in this sfudy and it
would be interesting to examine.
Conclusion

This experimental study demonstrated
that myocardial contrast 3DE using intrave-
nous NCIO0100 could estimate accurately
ihe RM during acute ischemia and the re-
sidual IM following reperfusion. Although
both PDM and DFM during acute ischemia
could represent the RM, examination of
myocardial perfusion abnormalities ap-
peared superior to wall motion analysis in
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evaluation of residual IM in the setting of
reperfusion and, thus, the SM and the effi-
cacy of reperfusion.
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Usefulness of Three-Dimensional Transesophageal Echocardiographic
Imaging for Evaluating Narrowing in the Coronary Arteries

Jiefen Yao, MD; Meindert A. Taams, MD; Jaroslaw D. Kasprzak, MD; Pim J. de Feijter, MD;
Folkert |. ten Cate, MD; Lex A, Van Herwerden, MD; Jos R.T.C. Roelandt, MD.

Coronary artery (CA) imaging has relicd upon inva-
sive techmiques for diagnosis of stenotic lesions. Two-
dimensional techniques are limited in obfaining optimal
[ongitudinal views of all segments of the CA, due o their
spatial odentations. Three-dimensional echocardiography
{3DE) may produce any desired cross-sectional views and
reconstruct 3-dimensional images from a volumetric data
set, Its role in CA imaging has not beea fully explored.
The aim of this study was to evaluate the potential of 3DE
in visualizing CA and in assessing the severity of stenosis.
We performed transescphageal 3DE in 46 patients. Im-
ages were collected sequentially with the transducer ro-
tated through 180°. From the 3DE data scts of all 46
patients, cross-sectional views and 3-dimensional images
of CA were reconstructed, For segment-by-segmeat com-
parison between CA angiography and 3DE in semi-
quantitatively analysis of coronary stenosis, 5 segments
were defined for the proximal CA tree in 20 patients who

had both procedures. The feft main, anterior descending,
circumflex and rght CA were visualized from 3DE in
100%, 100%, 98%, and 72%. The available lengths of
these segments from 3DE were 1244 {4-22), 1526 (6-30),
30+[2 (13-60) and [8+9 (6-36) mum, respectively. Com-
parison between 3DE and CA angiography in semi-
quantitative cstimation of CA stenosis resulted in com-
plete agreement in 83% of the segments (Kappa value =
0.7). The sensitivity and specificity of 3DE in detecting
significant stenosis (250%) were §4% and 97%. In con-
clusion, transesophageal 3DE atlows imaging of the
proximal CA, detection of stenotic Iesions and estimation
of the severity of stenosis.

Key Waords: Three-dimensional Echocardiography,
coronary artery disease, transesophageal echocardiogra-

phy

Imaging of the coronary artery (CA) and
diagnosis of stenosis have relied mainly on
invasive techniques including coronary an-
giography and infravascular ultrasound. A
number of noninvasive techniques, includ-
ing 2-dimensional echocardiography, fluo-
roscopy, magnetic resonance imaging and
computer tomographic scanning, have also
been explored in evaluating CA stenosis.'™
Among them, 2-dimensional echocardi-
ography is one of the most widely investi-
gated methods. It is limited in the mimber of
available views due to restricted transducer
orientation and beat-to-beat variation of the
images caused by the movements of the
heart. Volume-rendered  3-dimensional
echocardiography (3DE) provides good de-
lineation of not only gross anatomy but also
delicate structures of the heart,'™'" Previous
study has demonstrated its feasibility in
visualizing proximal CA."” However, the
qualifative and quantitative abilities of this

potentially useful tool have not been fully
explored and a systematic study is required
to evaluate this technique. We explored
various approaches in CA reconstruction
and analyzed the severity of CA stenosis in
each segment,
METHODS

Patient Population

We recruited 46 patients (32 men, 4
women, age 58+14 years old, ranged from
18 to 85 years), who were referred for trans-
esophageal echocardiography with various
clinical indications (valvular diseases in {5,
diseases of aorta in 7 and congenital defects
or rule out thrombus in 3) or requested in-
tra-operative monitoring (valvuioplasty or
replacement in 5, coronary bypass in 15 and
pericardiectomy in 1), OF them, 20 had both
3DE and CA angiography within 3 months
(46435 days, range: 6-90 days). These 20
patients formed the subgroup for compari-
son between these two techniques in semi-
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guantitative segmental evaluation of CA
stenosis. All patients were in sinus rhythm,
except 5 in artificially paced rhythm. In-
formed consent was obtained from each
patient,

Figure 1. Schematic drawing demonstrating the definition
of proximal CA segments for comparison between 3DE
and CAA in semi-guantitative cvaluation of CA stenosis.
LA = left main CA, LAD = proximal left anterior de-
scending CA, Cx{ = the first segment of left circumflex
CA before the first marginal branch, Cx2 = the second
segment of the circumflex CA distal to the first marginal
branch, and RCA = proximal right CA.

Definition of the proximal CA segments

For the convenience of blind analysis
and comparison between 3DE and CA angi-
ography in semi-quantitative evaluation of
the severity of CA stenosis, 5 segments of
the proximal CA was defined. They in-
cluded left main, proximal 2em of left ante-
rior descending, the first and second seg-
ments of {eft circumiflex (before and 2cmn
after the first marginal branch} and proxi-
mal Zem of right CA (Fig. 1). Only these
segments  were analyzed in the semi-
guantitative study, though more were avail-
able sometimes,
CA angiography

Selective CA angiography of both left
and right CA was performed in multipie
projections in a standard manner. The an-
giograms were reviewed by an observer

blinded to the results of 3DE. Each CA
segment was observed from multiple pro-
jections to decide the presence or absence
and the severity of stenosis. Visual estima-
tion of the severity of stenosis was graded
into 0% (normal), 0-50%, 50-90% and
>90%, Significant stenosis was defined
when reduction of the CA lumen was more
than 50%.

Three-DE

Data acquisition and processing, A
comimercially available ultrasound unit (HP,
SONOS 2500, Hewiett-Packard), incorpo-
rated with 3DE data acquisition software,
was employed for both 2-dimensional ex-
amination and 3DE data acquisition using a
5 MHz mwltiplane transesophageal trans-
ducer. 3DE data acquisition was initiated
when the fransducer was advanced to the
mid-esophagus level, with the aortic root
slightly to the left of the mid-line in the
image sector, with no effort in searching for
the CA. With the probe in a fixed position,
the transducer was steered from O through
{80° at 3° intervals. Images were collected
at each step with electrocardiogram and
respiratory gating and stored onto a mag-
netic optical disk for off-line processing,
reconstruction and data analysis uvsing a
dedicated 3DE  processing  computer
{EchoView 3.1, TomTec Imaging Inc.).
Gaps between the original images were
filled auwtomatically using a cylindrical in-
terpolating algorithm to produce a voxel-
based volumetric 3DE data set.

Methods of recomstruction. From the
3DE data sets, images of CA were recon-
structed and displayed in 3 formats. They
included: 1) anyplane cross-sectional im-
ages; 2) volume-rendered 3DE images and;
3) extracted CA lumen in 3-dimensions.
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Figore 2. Multiple cross-sectional images of CA (arrows)
reconstructed from a 3DE data set. A. Longitudinal image
of the left main CA bifurcating into anterior descending
and circumilex arteries. B. A different view of the left
mnin CA extending into the anterior descending CA. C.
Cross-sectional images of the distal left main CA and
proximal segments of ciccumflex and anterior descending
arteries. D, Cross-sectional view of the left main CA. PA
indicates pulmonary attery; Ac = aortic root; LA = left
atrium; RVOT = right ventricular outflow tract; MV =
mitral valve, LV = left ventricle; RV = right ventricle.

Secondary cross-sectional images were
reconstructed from the 3DE data sets, inde-
pendent of the position and orientation of
the transducer during data acquisition. Us-
ing anyplane method, the cutting plane
could be steered in arbitrary directions to
praduce optimal views of each CA segment
(Fig. 2). Employing segmentation, thresh-
olding and gray-scale shading techniques,
3DE images of CA along with other cardiac
structures were reconstructed in  various
projections and displayed dynamically. The
ostia of CA were viewed en foce from
within the aortic root as if aortotomy had
been performed, Each CA segment was re-
constructed in longitudinal and cross-
sectional views (Fig. 3). The CA lumen was
manually traced in Imm thick slices on
multiple parallel images. A volumetric label
was applied to the traced region to extract

and reconstruct images of the CA lumen,
delineating spatial CA anatomy (Fig. 4).

A 8,

Figure 3. Volume-rendered 3D images of CA (arrows).
A. An en face view of the ostium of leit main CA from
within the aortic root. B. Proximal scgment of the lefi
main CA (LM) arising from the left coronary sinus, C,
Longitudinal view of the middle and distal portions of left
main CA. D, Longitudinal view of the left mmin CA ex-
terding info circumflex {Cx) and anterior descending CA
(LAD). LA indicates left atrium, MV = mitral valve, LV
= left ventricle, RV = right ventricle, RA = right attium,
PA = pulmonary artery, AQ = aorlic rool; LAA = left
atrial appendage, RVOT = right ventricular ontflow tract,

Data analysis, The proximal CA was
exammined using different reconstruction
methods mentioned above. The lengths of
all available CA segments were measured at
end-diastole. The diameter of the left main
CA was measured at 3 different levels of the
stem and an average value was taken. Two
independent observers, unaware of the CA
angiographic results, analyzed the 3DE data
of those 20 patients who underwent both CA
angiography and 3DE. The presence or ab-
sence and the severity of stenotic lesions in
each designated segment were evaluated
{Fig. 5). The severity of stenosis was esti-
mated visually, by integrating the informa-
ticn obtained from multiple cross-sectional
and 3DE images, as percent narrowing of
the CA lumen. Similar to angiographic
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analysis, the severity of stenosis was as-
sessed as 0%, 0-50%, 50-90% and >90%.
Significant stenosis in a CA segment was
diagnosed when a reduction of lumen size
was >509%. Inter- and intra-observer vari-
abilities in semi-quantitative assessnment of
CA stenosis were also studied.

Figure 4. Two examples of 3-dimensional images of
extracted CA lumen. RCA indicates right CA; AOQ =
aortic root; LM = left main CA, LAD = left anterior
descending CA; Dgni = diagonal branch of left CA.

Statistical methods

All measurements were expressed
as meantSD. The severity of CA steno-
sis derived from 3DE and that from an-
giography were presented in 2-way ta-
bles and compared using Kappa analy-
sis. Kappa values less than 0.40 were
defined as poor agreement between the
two, values between 0.40 and 0.75 as
fair to good agreement and values
above 0.75 as strong agreement. Com-
pared to CA angiography, the sensitivity,
specificity and positive and negative
predictive values of 3DE in diagnosis of
significant CA stenosis were obtained.

RESULTS

Feasibility of CA imaging by 3DE

Three-DE data was available in all
studied patients. It took 2 to 5 minutes for
3DE data acquisition, 10 to 15 minutes for
data processing and 10 to 40 minutes for
image reconstruction and semiquantitative
analysis of CA lesions. Various lengths of
CA were obtained from transesophageal

3DE in all 46 patients (100%). The left
main, anterior descending, circumflex and
right CA were observed in [00%, 100%,
98%, and 72% of patients. Their lengths
measured 12+4 (4-22) mm, 1536 {(6-36)
mm, 30x12 (13-60) mm and 1849 (6-36)
min, respectively. The diameter of the left
main ranged from 3.0 to 5.2 mm (4.120.6
mmy). In 30 of 46 patients, stenotic lesions of
various severity and locations were observed
from reconstructed cross-sectional or 3DE
images.
A B

Figare 5. Reconstructed cross-sectional {A, C and D) and
3-dimensional CA images showing stenotic lesions (ar-
rows). A, Reconstructed cross-sectional image of the left
main (LM) and anterior descending (LAD) showing two
eceentric stenotic lesions, B, Volumetric 3-dimensional
reconstruction of the same lesions as in panel A. C. Cross-
sectional image of a concentric stenosis at the beginning
of the circumilex CA (Cx). D, Cross-sectional view
showing an eccentric stenosis in LAD. Ao indicates aortic
root, LA = left atrium, LAA = left atrial appendage, LV =
left ventricle.

Segmental semi-quantitative evaluation of
CA stenosis

In the subgroup of 20 patients, who un-
derwent both 3DE and angiography within
3 months, the severity of CA stenosis was
compared segment-by-segment between the
2 techniques. With 5 segments in each pa-
tient, a total of 100 segments of the proxi-
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mal CA were analyzed from angiography,
but 13 of them were excluded due to their
absence or inadequate lengths in the 3DE
data sets. Therefore, a total of 87 segments
remained for comparison between 3DE and
anglography in the evaluation of CA steno-
sis. Of these 87 segments, stenoses of vari-
ous degrees were diagnosed in 34 (19 sig-
nificant stenoses) by angiography and 35
(18 stgnificant) by 3DE. Compared to angi-
ography, the sensitivity, specificity, positive
predictive value and negative predictive
value of 3DE were 91%, 92%, 89% and

94% (92% agreement) in detecting all CA
stenoses and were 84%, 97%, 89% and 96%
(94% agreement) in defining significant
stenosis (table 1). Complete agreement be-
tween these 2 techniques was obtained in
83% of the segments in defining the severity
of stenosis. A value of 0.70 was obtained
from Kappa analysis, representing good
agreement between them (table 2). Both
intra- and inter-observer 3DE analyses of
the severity of CA stenosis resulted in good
agreements, with Kappa values of 0.66 and
0.60, respectively (table 3).

Table 1. 3DE in evaluation of CA stenosis in comparison with angiography.

Angiography Angiography
- + Non-significant Significant

- 49 3 Non-significant 66 3
iDE IDE

+ 4 3 Significant 2 16
sensitivity 91% 84%
specificity 92% 97%
PPV 39% 89%
NPV 94% 96%
overall accuracy 92% 94%

Additional information from 3DE DISCUSSION

Using various formats of image recon-
struction and display, the proximal CA
segments could be studied comprehensively.
The spatial distribution of the CA tree and
its relationship with other cardiac structures
(such as aortic root, right ventricular out-
flow tract, and the left atrial appendage)
were demonstrated and easily appreciated
(Fig. 3 and 4). The location, extension and
eccentricity of CA plaques were delineated
nicely in both cross-sectional and 3-
dimensional images (Fig. 5).

Table 1I. Segmental semi-quantitative analysis of CA stenosis by
3BE and angiography,

Significant proximat CA stenosis is
known to be associated with ischemic
events, including myocardial infarction, and
higher mortality rates in patients undergo-
ing major interventional procedures,’"
Most of them are also markers of diffuse CA
disease. Accurate evaluation of these lesions
may lead to important clinical decision
making. Three-DE can be easily coupled
with clinically indicated 2-dimensional ex-
aminations and could be a potentially useful
method for evaluating proximal CA lesions.
Previous techniques for coronary artery
imaging

CA angiography remains the "gold stan-

dard" and the most widely used method in
assessing CA lesions."™'® However, its dis-
crepancy in evaluating the severity of CA

' Angiography
V0% <50%  5090% »>%0%  Sum
3 0% 49 3 0 0 52
D <50% 1 4 0 2 i 17
E 5000% 1 0O 2 9 [ 12
S00% 5 0 0 2 4 [
Sum ¢ 53 15 13 [ 87

stenosis, especially lesions in left main CA,
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has been shown by both pathological and
intracoronary ultrasound studies.'”' Even
with multiple projections, angiography can
not overcome the problems of foreshorten-
ing and overlapping on planar projections.
It indirectly displays the plaques from the
lumen silhouette.” Intra-coronary ultra-
sound provides direct information of the
plagues and is accurate in assessing CA
stenosis, It is limited by the invasiveness
and highly cost. Among noninvasive tech-
niques, fluoroscopy and computer tomogra-
phy are only sensitive to calcified plaques.
Non-calcified lesions require the use of
contrast. Magnetic resonance imaging has
also shown encouraging results. These tech-
niques are expensive and not widely avail-
able.”® Two-dimensional echocardiography
is applied daily in various clinical seltings
for a variety of indications. Promising re-
sults have been achieved with the develop-

ment of newer imaging modalities.”* Nev-
ertheless, 2-dimensional echacardiography
is highly operator dependent for obtaining
satisfactory views due to the restriction in
acoustic windows and movement of the
heart.
Rationale and feasibility of 3DE in CA
imaging

Volume-rendered 3DE provides a volu-
melric data set of the heart. With the ability
of anyplane display, it extends the potential
of 2-dimensional echocardiography in CA
imaging by creating unconventional views.
The ability of 3DE in still frame analysis
makes CA examination easier, Three-DE
demonstrates spatial anatomic relationships
between CA and other cardiac structures,
which may provide important information
for interventional procedures such as CA
bypass surgery or intra-coronary stent
placement,

Table II. Intra- and inter-observer agreements in 3DE analyses of CA stenosis.

Ob-[A agreement Kappa
0%  <50% 50-90% >90%
0% 48 3 0 o
0Ob-1B <50% 6 It 1 0 8d% 0.66
50-90% 0 2 8 1
>90% 0 0 1 4
0%  <S50% 50-90% >90%
0% 47 4 2 0
Ob-2 <50% 4 10 3 4] T18% 0.60
50-90% 0 L 4 3
>30% {} (} 1 2

Evaluation of CA stenosis by 3DE

Free placement of the cutting plane in
3DE helps us in avoiding foreshortened
views of CA. This may avoid over- or un-
der-estimation of the severity of CA lesions.
From this study, good agreement was ob-
tained between 3DE and angiography.
While agreement was obtained in 83% of
the segments, the discrepancy in most of the
other segments was 1 grade (Table 4). No
systemic over- or wnder-estimation of the

severity of CA stenosis was observed. In
addition, 3DE also provided information of
other cardiac structures. Whether the echo-
genicity of the plagues could represent the
degree of calcification needs to be studied in
future investigations,
Limitations of this study

Only patients with sinus rhythm or
pacemaker rhythm were investigated. Atrial
fibrittation, particularly with significant
variability of heart rate, may have extended
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3DE data acquisition time, Therefore, the
accuracy of 3DE in evaluating CA disease
in patients with atrial fibrillation is not
known. Among a total number of 46 pa-
tients in the feasibility study, only 20 were
eligible in the semiquantitative study, since
we didn't request angiographic studies in
those with no chunical indications. The
number of stenotic CA lesions was not suffi-
cient to allow a further subdivision by sites
to study the accuracy of 3DE in eaclr seg-
ment. A future study in a large cohort of
patients with various cardiac thythms and a
wide spectrum of CA lesions would be
helpful in addressing some of the limita-
tions. We did not compare 2-dimenssional
and 3DE methods in evaluating CA lesions,
which would have extended the time of ex-
amination and increased the discomfort of
the patients. The lengths of the left anterior
descending and right CA were limited in
this 3DE study, due to decreased image
resolution in the far ultrasound field, yet the
total lengths of CA from 3DE exceeded that
in most of the previous 2-dimensional stud-
ies. Importantly, symptomatic stenotic le-
sions oceur more often in the proximal seg-
ments. Requirement of data processing pre-
vents 3DE from real-time visualization of
CA. Analysis of 3DE data is time consum-
ing and requires experience of the observer.
There was considerable inter- and intra-
observer variability in this study in analyz-
ing CA lesions, though most of the discrep-
ancies were small, It would be ideal to per-
form quantitative analysis of coronary ste-
nosis from 3DE data and compare with an-
other quantitative technique. However, in
daily clinical practice, semiquantifative ai-
giographic assessment of the narrowing of
coronary arteries is being used more often.
Althougl this “eyeballing” method has con-
siderable observer variability, when coupled

with clinical symptoms it has proven very
helpful in clinical decision making.
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Three-dimensional Ultrasound Study of Carotid Arteries
Before and After Endarterectomy:
Analysis of Stenotic Lesions and Surgical Impact on the Vessel

Jiefen Yao, MD; Marc R.H.M. van Sambeck, MD; Anita Dall' Agata, MD;
Lukas C. van Dijk, MD; Micheala Kozakova, MD; Peter J. Koudstaal, MD, PhD;
Jos R.T.C, Roelandt, MD, PhD

Background and Purpose it has been provea that symp-
tomatic patients with severe carotid stenosis benefit from
endarterectomy, Currently used methods for quantitation
of the severity of carotid stenosis have limitations and the
impact of endarterectomy on the operated region of carotid
artery remains uokaoown. The purpose of this study was to
examine the accuracy of a three-dimensional ultrasound
system for quantitation of stenotic lesions and to evaluate
changes in regional vessel volume and cross-sectional area
after carotid endarterectomy. Metheds [4 patients were
studied with both carotid angiography and three-
dimensional ultrasound, Of 13 patients undcrwent sucgery,
12 were reexamined with three-dimensional ultrasound
after surgery. The length and volume of 20 random se-
lected plaques were meastured from three-dimensional data
sets, The severily of stenosis was quantified by three-
dimensional ultrasound using both diameter method and
area method on cross-sectional views at the most stenotic
site and the results were compared with that by carotid
angiography. The segmental vessel volume and average
cross-sectional area of the operated artery both before and
after endarterectomy were measured from three-
dimensional ultrasound data. Results Good correlation
was oblained between

three-dimensional ultrasound and carotid angiography in
quantitative analysis of carotid stenosis (SEE=12.4%,
r=0.76, mean difference=-7.0£12.3% using the diameter
method and SEE=105%, r=0.82, mean differcice =
1.8+10.5% using the area method by three-dimensional
ultrasound}. Three-dimensional ultrasound had excellent
reproducibility and small intra- and inter-observer vari-
ability in plaque length and volume measurements. No
significant change in segmental vessel volume and average
cross-sectional area of the operated arfery was observed
after surgery in patients with seture closure. However, a
significant increase in segmental vessel volume was ob-
fained in patients with polyfluorethylene patches applied
1o the surgical opening of the artery. Conclusions Three-
dimensional wltrasound can be used for both qualitadive
and quantitative analysis of plagues in the carotid artery
and to detect and quantify significant carotid stenosis, Its
volumetric potential bas important clinical implications in
serial follow-up studies for observing the progression or
regression of stenotic lesions and for evaluating the out-
come of interventional procedures such as endarterectomy
or stent placement.

Key words: carotid arteries, atherosclerosis, carotid steno-
sis, ultrasonics, carotid endarterectomy

It has been proven that symptomatic pa-
tients with severe carotid artery stenosis
(=70%) benefit from endarterectomy.'? Selec-
tion of candidates for surgery mostly relies on
carotid angiography.”® Because of the inva-
siveness and the associated complications and
mortality of this technique, noninvasive proce-
dures have been employed for evaluating the
severity of carotid artery stenosis.”?? Two-
dimensional ultrasound scanning, in combina-
tion with Doppler, has been used either as an
adjuvant or as the decisive examination for

surgical candidate selection."® One of the
major limitations of the two-dimensional
methoed is that it requires mental reconstruction
of the shape of the plague and the stenotic ves-
sel lamen from limited cross-sectional views.
Three-dimensional reconstruction technique
has been investigated in carolid artery imaging
employing varions modalities and demon-
strated  some  encowraging  findings.”*
Whether volume-rendered three-dimensional
ultrasound reconstruction could allow better
appreciation of the stenotic lesions and accu-
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rate assessment of the severity of stenosis of
the cervical carotid artery is not known. Nei-
ther is the impact of endarterectomy on the
volumetric properties of the regional carotid
artery futly understood.”” We have employed a
prototype three-dimensional vascular ultra-
sound reconstruction system to evaluate its
reproducibility in the measurement of plaque
length and volume and its value in quantitative
assessment of the severity of stenosis com-
pared with angiography. The changes in seg-
mental vessel volume and average cross-
sectional area of the carotid artery before and
after endarterectomy were evaluated as well.

Subjects and Methods

Patients

In this study, we recruited 14 patients (4
females, mean age 64 years, ranged from 41 to
77 yeavs), each with a recent TIA or minor
stroke. Carotid angiography showed at least
one severe stenosis (270%) of the carotid ar-
tery. All were considered candidates for ca-
rotid endarterectomy. Three-dimensional wltra-
sound of both carotid arteries were performed
within 3 months of carotid angiography or less
than three weeks before surgery (baseline
study), 13 of these patients underwent carotid
endarierectomy. Three-dimensional ultrasound
of the operated artery was repeated in 12 pa-
tients within one week after surgery (post-
operative study). Informed consent for this
study was obtained from each patient.
Carotid artery angiography

Selective carotid artery angiography was
performed in standard manners employing
Seldinger technique. Each carotid artery was
imaged from multiple projections. All angio-
grams were reviewed by an experienced inde-
pendent observer to assess the site and severity

of carotid artery stenosis with the method used
in Buropean Carotid Surgery Trial! A de-
crease of 250% of the estimated original lu-
men was defined as significant stenosis. Se-
vere stenosis was diagnosed when the lumen

diminishment was =70%.
Carotid endarterectomy

Carotid endarterectomy was performed in
the classic way.”*** During the procedure, the
cerebral perfusion was monitored with efectro-
encephalography (EEG). A shunt was used
only on indication of ischemia, when the EEG
became asymmeiric. After exposure and
clamping, the artery was dissected {ongitudi-
nally to expose the lumen and the intima-
media complex of the stenotic segment was
excised. After close examination to ascertain
that there was no debris left in the Tumen, the
artery was primarily closed with a running
suture. In case the operated segment was of
small diameter, the incision was closed using a
polytetrafinorethylene patch to prevent the
lumen from being too much narrowed.

3-Dimenslonal Data $et
Data Acquisition
Figurel. Schematics showing the principle of three-
dimensional ultrasound data acquisition and production of
a volumetric data set of the carotid artery.
Three-dimensional ultrasound of carotid
arteries
Instrumentation. A commercially avail-
able ultrasound system with a prototype probe
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and computer software for three-dimensional
data acquisition and reconstruction (AU3 Part-
ner, Esaote Biomedica, S.p.A., Florence, Italy)
was used for imaging of the carotid arteries.
The prototype probe has a dual frequency of
10/5 MHz with the transducer steered in a fan-
like fashion by an internally incorporated mo-
toring device. The transducer frequency of 10
MHz was used for three-dimensional data ac-
guisition. A prism three-dimensional ultra-
sounrd data set can be acquired by automatic
sequential collection of images in a push but-
ton manner with the probe held in a lixed po-
sition. Two-dimensional images could be col-
lected consecutively without ECG gating Lo
produce a static data set, or a dynamic data set
could be obtained by registration of ECG gated
images to their correspondent cardiac phases.
The range of transducer movement can be pre-
deterimined at 30 to 65°. The probe also has the
ability of two-dimensional and spectral and
color Doppler imaging.

Data acquisition and processing. In each
patient, both carotid arteries were imaged.
Two-dimensional ultrasound imaging and
color and spectral Doppler were performed
first to select the optimal acoustic window for
three-dimensional data acquisition. A multi-
tude of two-dimensional images of the carotid
artery were collected sequentiatly at equal in-
tervals by steering the transducer through 65
degrees without ECG gating. Spaces between
the images were filled automatically by the
computer using a specific interpolation algo-
rithm during data processing to produce a
volumetric three-dimensional data set {(Figure
1). The three-dimeunsional data were stored in a
digital format for off-line analysis. Images of
the two-dimensional ultrasound before and
during three-dimensional data acquisition were

stored onto VHS videotapes for necessary re-
view,
S{%)=(D, DD 2100
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Figure 2. A schematic description of the diameter method
and the area method for measuring the severity of carotid
stenosis on the cross-sectional image reconstructed from a
three-dimenstonal ultrasound data set. ICA indicates inter-
nal carotid artery; ECA, external carotid artery; CCA,
common carelid artery; S, stenosis; Dy, minimal diameter
of the free lumen; D, diameter of the original vessel; Aq,
minimal area of the free lumen; Ay, cross-sectional area of
original vessel.

Data analysis. The three-dimensional data
sets were reviewed by an independent ob-
server, unaware of angiographic results, to
determine the presence or absence of plagues
and the site of stenosis. Measurement of
plague length and volume and severity of ste-
nosis were performed separately by two
blinded observers and repeated by one of them
with intervals of one week or fonger.

By moving the cutting plane through the
three-dimensional data set in various direc-
tions, multiple views of the carotid artery were
praduced, The length of a plaque was meas-
ured in a longitudinal view of the vessel. By
defining both ends of the plaque, multiple (as
many as 20) equidistant cross-sectional cutting
planes perpendicular to the longitudinal view
of the plaque were generated automatically.
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Volume of the plague was computed by man-
ual tracing of the plagque on each cross-
sectional image. The severity of stenosis was
computed from measuremients on the cross-
sectional image with the smallest lumen area
using two methods. With the diameter method,
the severity of stenosis was derived from
measurements of the smallest free lumen di-
ameter and the diameter of the original vessel
fumen. With the area method it was derived
from the cross-sectional free lumen area and
the original vessel lumen area (Figure 2).
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Figure 3. Linear regression {left) and Bland-Altman
analysis {right} between the severity of carotid stenosis
measured from angiography and that from three-
dimensional ultrasound using the diameter method (top)
and the area method (hottom).

In patients who underwent carotid endar-
terectomy, segmental vessel volume of the
carotid artery bifurcation was measured before
and after surgery. A longifudinal cutling plane
of the carotid artery bifurcation showing the
common, internal and external carotid arferies
was selected as a reference image from the
thiree-dimensional data set. A segment of 2 cm
of the vessel, including 1 cm of the common
carotid artery proximal and 1 cm of both inter-
nal and external carotid arleries distal from the

bifurcation, was defined. 20 parallel equidis-
tant cross-sectional images of this segment
was automatically generated. The area of the
carotid artery within the adventitia, ignoring
any plaques if present, was traced manually on
each image to derive the segmental vessel vol-
umine. Divided by the predefined length of the
segment (2 cm), an average cross-sectional
area of the carotid bifurcation was also com-
puted.
Statistics

All data were expressed as mean + stan-
dard deviation (MzSD). Comparison between
measurements by three-dimensional ultrasound
and angiography, before and after surgery and
intra- and inter-observer variability were ex-
amined using linear regression, paired student /
test and Bland-Alman analysis. A p value of
less than 0.05 was defined as statistically sig-
nificant,

Resulfs

Carotid Endarterectomy

Endarterectomy was successful in all 13
patients who underwent this procedure,
Among the 12 patients who had three-
dimensional ulirasound both before and after
surgery, 3 required intraoperative shunt, 3 had
polytetratluorethylene patches upon closure of
the arterial incision. 2 patients suffered from
post-operative  bleeding that required re-
operation within 24 hours after surgery. There
were no other major peri-operative event.
Carotid artery angtography

In ail 14 patients, 26 significant stenoses
(51-100%, 82+17%) were found in 19 of 28
examined vessels by carotid artery angiogra-
phy. Eight of these stenoses were localed in
internal, 8 in external, I in common carotid
artery and 9 at the bifurcation extending from
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comunon to internal carotid artery. Of these
stenoses, 21 were severe (>70%).
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Figure 4. A. Comparison between intra-observer (top) and
inter-observer (bottom) measurements of the lengths of 20
randomly selected plaques. B. Comparison between intra-
observer (top) and inter-observer (boftom) volume meas-
urements of 20 randomly selected plaques.
Three-dimensional ultrasound of carotid
artery

Three-dimensional ultrasound was success-
ful in all 14 patients in baseline studies and {2
patien{s in post-operative studies. It ook less
than 2 seconds for acquisition of each three-
dimensional data set.

Carotid Stenosis. All the significant ste-
noses diagnosed from angiography were rec-
ognized {rom thiee-dimensional ultrasound

except one in exfernal carotid artery due to
sub-optimal image quality. The severity of
stenosis measured from three-dimensional
ultrasound ranged from 45 to 100% (74219%)
using the diameter method and 40 to 100%
(83+18%) using the arca method. The correla-
tion between the percentage of stenosis meas-
ured from angiogram and that measured from
three-dimensional ultrasound using the arca
method (SEE=10.5%, 1=0.82, mean differ-
ence=1.8+10.5%) was better than that using
the diameter method (SEE=12.4%, r=0.76,
mean difference =-7.0£:12.3%) (Figure 3), The
sensitivity, specificity, positive predictive
value and negative prediclive value of three-
dimensional ultrasound in defining severe ca-
rotid stenosis were 05%, 100%, 100% and
65% using the diameter method and 90%,
92%, 95% and 86% using the area method,
Plaques. From three-dimensional ultra-
sound data sets of the caratid artery, the length
and volume of 20 randomly selected plaques
were measured. They ranged from 3 to 35 mm
(1548 mm) in length and 45 to 2980 mm’
(703£734 mm”) in volume. There was excel-
lent correfation for both itra- and inter- ob-
server measurements (Figures 4A and 4B).
Surgical impact, At the most stenotic site,
the cross-sectional area of the carotid artery
free lumen changed from 6.4£6.3mm?* before
endarterectomy to 50.6x18.8 mm? afterwards,
The segmental vessel volume and the average
cross-sectional area of the operated artery
{Zcm long including the bifurcation) changed
in average from 2227 min® {874 to 3240 mm3)
and 111 mm® (44 to 162 mm?) before surgery
to 2318 mm® (1648 to 3368 mm®) and 115
mm® (82 to 168 mm?) after surgery with a
slight but non-significant increase (Figare 5).
By dividing the patients into a group with
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patches applied during swgery and a group
without patch, a significant increase was
observed in the segmental volume in the for-
mer group. In the later group of patients with-
out patch, the segmenial volume had no sig-
nificant change, although the average value
slightly decreased (Figure 6).
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Figure 5. Graphs showing changes in segmental vessel
volume (left) and average cross-sectional area (right) of
the carotid artery before endarterectomy (pre-EAT) and
after (post-EAT). Since the lengths of all the measured
segments were the same (2cm), the changes in segmental
volume and in cross-sectional area are proportional.

Additional information. Besides the
quantitative information of the carotid artery
and stenotic lesions, we were able to obtain
some incremental information of the carotid
artery, plaques and surrounding structures
from three-dimensional ultrasound. Not only
the longitudinal, but also the circumferential
extent of the plaque was well appreciated at
various levels. The eccentricity of the plaque
distribution and the cross-sectional area and
skape of the free vessel lumen were better
porirayed throughout the segment of the ca-
rotid artery that was within the three-
dimensionat data set (Figure 7). Presence or
absence of calcification in the plaque or the
vessel wall could be predicted from the inten-
sity of the ultrasound signal in comparison
with surrounding tissues with the calcified
plaque or vessel wall appeared brighter and

usually caused shadows or ultrasound attenua-
tion.

(Patient}

no patch used

Figure 6. Plots showing changes of segmental vessel
volume at baseline (black bars} and post-operative (gray
bars) in each individual patient (top} and in the groups of
patients with (bottom left) and without (bottom right)
polytetrafiuorcthylene patches during  endarterectomy
upon closure of the artery. Patient 4, 5 and 12 was applied
with patches (underlined). The post-cperative segmental
vessel volume in the group of patieats with patches had
significant increase compared with baseline measurement

(*).

Discussion

Imaging techniques for the carofid artery

Among the techniques that have been used
for evaluation of carotid artery stenosis, angi-
ography is the most widely used and accepted
one for selection of candidates for carotid end-
arterectomy, as it was in the American Symp-
tomatic  Carotid  Endarterectomy  Trial
(NASCET) and the European Carotid Surgery
Trial (ECST)."® However, carotid angiography
is an invasive procedure which has non-
negligible complications and peri-procedure
risk, especially in patients with severe steno-
sis.”® 3 Besides, the technique provides
solely free lumen projections ignoring details
of the plaques, the vessel wall and the sur-
rounding tissues and structures. Therefore, the
assessment of the percentage of carotid artery
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narrowing at the stenotic site requires either
extrapolation of the original diameter of the
vessel lumen at the same site (ECST) or meas-
urement of vessel diameter at a reference site
such as the segment of the vessel distal to the
stenosis (NASCET) or the common carotid
artery.”® * Two-dimensional ultrasound is
able to overcome some of the drawbacks of
carotid angiography and has proven reliable in
some studies in evaluating carotid artery ste-
nosis, especially when combined with Doppler
imaging.'""'® However, its feasibility and accu-
racy has been challenged by the physical inac-
cessibility of some cuotting planes which, in
some circumstances, might be the optimal
ones. Besides, two-dimensional ultrasound is
technically operator dependent to acquire all
the useful information on-line. Magnetic reso-
nance angiography and computed tomographic
angiography of the carotid arfery have been
investigated as well."”** Both techniques are
not available at bedside and are expensive. The
later also requires contrast injection. There-
fore, they are limited in routine application.
Experience with intravascular ultrasound in
carotid artery imaging is very preliminary.®
Although it may provide imformation of the
arterial wall and stenotic lesions on cross-
sectional views, il gives less information on
the longitudinal extension of the lesions. Be-
sides its invasiveness and expensive cost, in-
travascular ultrasound is limited in use in se-
vere carotid stenosis,
Three-dimensional ultrasound of the ca-
rofid artery

Three-dimensional surface ultrasound is
realized by sequential collection of two-
dimensional images of the carofid artery (o
produce a volumetric digital data set, There are
several advantages of this technique. First, it is

noninvasive and can be performed in various
clinical settings, Second, it may minimize the
discomfort for the patient caused by a routine
two-dimensional ultrasound study by reducing
the examination time and probe manipulation.
A three-dimensional data set of the carotid
artery can be collected within 2 seconds with
the probe hold in a fixed position, Close ex-
amination of the carotid artery can be achieved
off-tine and images of the carotid artery can be
reconstructed in unrestricted directions from
the three-dimensional data set. Third, it pro-
vides volumetric information of not only the
free lumen of the carotid artery, but also the
plaques, the vessel wall and the adjacent tissue
and structures such as the jugular vein. Infor-
mation of the shape and distribution of plagues
and the degree of calcification may be helpful
in clinical management of the patients such as
selection of appropriate interventional meth-
ods. And last, three-dimensional uitrasound
permits volume quantification of either a
plaque or a segment of free lumen or original
vessel lumen. The reproducibility of plaque
fength and volume measurements was excel-
lent in this study both from the same observer
and from different observers. This may have
important clinical implications in serial follow-
up studies. For example, it may provide a reli-
able method for observation of the progression
or regression of a plaque and/or changes in the
severity of stenosis in a segment of the carotid
artery. It may also provide a reliable method in
follow-up studies after interventional proce-
dures such as carotid endarterectomy or en-
doluminal stenting to observe the local vessel
change, plaque reformation or stent dysfunc-
tion such as inadequate expansion or recoil.
Changes of the segmental vessel volume
and, therefore, the average cross-sectional arep
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of the original carotid artery (ignoring the
plagues) increased after endarterectomy in
patients with patches used upon closing of the

Figure 7. Images reconstructed from three-dimensional
ultrasound of the carotid arteries in different patients la-
beled A, B, C and D, The thick arrow in each panel under
the capital letter indicates the direction of carotid artery
from proximal to distal. Four images are shown in cach
panel as they appear on the screen of the three-
dimensional ulirasound unit. The upper left image shows
the orientation of the volumeiric data set in a cube. A
cross-sectional cutting plane of the carotid artery can be
reconstructed guided by a spatial coordinate system {upper
right image). At the same lime, two other cutiing planes
perpendicular to the first are displayed automatically and
their positions are indicated by two vertical lines (1 and 2).
Panel A shows three-dimensional reconstriction of a ca-
rotid artery after endarierectomy, Panels B, C and I are
cxamples of multiple plaques with different shapes and
distribution (thin arrows). While the longitludinat extent of
the plagues are shown in the upper right images, the lower
images display their circumferential involvement of the
vessel and the cross-sectional view of the free carotid
lumen as well as the shape of the plaques.

artery as can be expected. [n patients without
application of patches, changes in segmental
vessel volumes after surgery were less signifi-
cant and varied from decrement to increment,
This is an interesting observation, although the
answer to it is not clear. We believe that the
change in segmental vessel volume of the ca-
rotid artery after surgery is multi-factor de-

pendent. On the one hand, the suture might
decrease the size of the vessel, resufting in
decrease of segmentai vessel volume and
cross-sectional area. On the other hand, re-
moval of the intima-media complex and the
plaque, especially those calcified ones, might
increase the distensibility and decrease the
recoil force of the involved segment of the
vessel, resulting in increase of hoth segmental
volume and cross-sectional area. Better under-
standing of the impact of endarterectomy upon
the carotid artery requires further investigation
with bigger nnmber of patients.
Limitations of this study

There were several limitations of this
study. First, carotid angiography was used as
the reference method for quantitation of ca-
rotid stenosis. However, it has its own poten-
tial limitations in the accuracy of estimating a
three-dimensional stenotic lesion by using a
two-dimensional projection of the lumen sil-
houette and by presuming the original lumen
size of the vessel at the discased site. There-
fore, although in this study the severity of ca-
rotid stenosis measured by three-dimensional
ultrasound using the area method corelated
better with the results from carotid angiogra-
phy than using the diameter method, care must
taken in interpretation of the results. Second,
some problems of the two-dimensional uvltra-
sound could oot be overcome by three-
dimensional reconstruction. For instance, im-
age quality of two-dimensional ultrasound
could not be improved by three-dimensional
reconstruction, On the confrary, interpolation
of (he spaces between the original two-
dimensional images further decreases the im-
age resolution. Ultrasound artifacls in two-
dimensional hmages will remain in the three-
dimensional data set which also affect the re-
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constructed images. Finally, the number of
patients examined in this study was small.
However, the number of vessels we studied
was considerable. Fuither studies in a larger
population woth a wider range of carotid ab-
normalities is necessary to validate the results
from this study.
Conclusions

Three-dimensional ultrasound of the ca-
rotid arteries can be used to detect and quan-
tify significant and severe carotid stenosis, Its
potential in volametric measurements indicates
important clinical implications. Quantification
of plague and vessel volume allows serial fol-
low-up studies of the progression or regression
of stenotic lesions and evaluation of interven-
tional procedures.
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Evalunation of Cardiovascular Mass Lesions by
Three-Dimensional Echocardiography

Jiefen Yao, MD; Anita Dall’ Agata, MD; Jaroslaw D. Kasprzak, MD; Lissa Sugeng, MD;
Natesa G, Pandian, MD; Jos R.T.C. Roelandt, MD, PhD

Two-dimensional echocardiography (2DE) has
been the most commonly used teol in diagnosis and
evaluation of abnormal mass lesions. We sought to ex-
amine whether three-dimensional echocardiography
(3DE) could provide incremental information for clini-
cal cvaluation of these masses and could quantify their
volumes reliably. Both 2DE and 3DE were performed
in 37 patients with 48 varicus kinds of masses including
tumors, thrombi, atheromas, vegetations, parasitic eysts
and abscesses. From 3DE, dynamic cross-sectional
views and three-dimensional images were recon-
structed, the site, size, shape and number of masses and
other concomitant cardiac abrormalilies were analyzed.

These were compared with information obtained from
2DE. Reproducibility of 3DE volume measurement
were examined in 20 randomly sclected masses. Excel-
lent correlation and small limits of agreement were ob-
served belween intra-observer {r=0.99, SEE=2.1 ml,
difference=0.9+24 ml) and inter-observer (1=0.99,
SEE=2,7 ml, difference=0.4+2,7 ml}) measurements,
3DE aided in better delineation of the masses in 24/37
(65%%) of the cases. In conclusion, 3DE provided incre-
menial information to 2DE approach for both qualita-
tive and quantitative evaluation of mass lesions.

Key words: echocardiography, three-dimensional echo-
cardiography, cardiac mass lesions

Abnormal mass lesions such as tumors,
vegetations or thrombi may reside either
within or adjacent to the cardiovascular
structures.'® Accurate evaluation of the size,
attachment, and mobility of the masses and
their anatomical relationship with the cardiac
structures may be helpful for clinical diag-
nosis and management.”!! Among all car-
diac imaging fechniques, two-dimensional
echocardiography (2DE) has been the most
widely used methed for this purpose, How-
ever, limitations for a comprehensive study
of the masses with 2DE exist when a mass
lesion has remote attachment, small in size,
complex in shape, or highly mobile. Three-
dimensional echocardiography (3DE), by
obtaining a volumetric data set of the heart,
is able to praduce arbitrary cross-sectional
views and dynamic three-dimensional (3D)
images of any projections. Different from
2DE technique, which only produces images
of an object when cutting through it, 3DE
enables the observer to look at an object
from a distance (en face views).'”"” The aim
of this study was to examine the qualitative
and quantitative potential and incremental
value of 3DE in comprehensive assessment

of various cardiovascular mass lesions,

METHODS

Patient population

3DE was performed in 37 patients (21
males, 16 females, age 5118 years, range;
24-82 years) diagnosed with cardiovascular
mass lesions (including tumors, vegetations,
thrombi, parasitic cysts and abscesses) by
2DE. 22 cases were studied with trans-
esophageal and 15 with transthoracic ap-
proach. A variety of other cardiac abnor-
malities, either related or unrelated with the
masses, were also examined. They include
valvular diseases (stenosis, insufficiency,
prolapse or perforation}, ischeniic heart dis-
ease or cardiomyopathy (regional or global
myocardial wall motion abnormalities or an-
eurysm), aortic diseases (dissection, dilata-
tion or aneurysm} and pericardial effusion.
Surgery was performed in 23 cases. Pathol-
ogy of the masses that were surgically re-
moved was studied, The other masses were
treated medically or closely observed. One
patient was in atrial fibrillation, one had an
artificial pacemaker and all other patients
were in sinus rhythn.
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Data acquisition

2DE examination (either transthoracic or
ransesophageal) was carried out in standard
manners. Multiple imaging planes, including
off-axis views, were used to delineate the
mass lesions and their refationship with car-
diac stiuctures, Images were recorded onto
2 VHS videotapes for archiving and off-line
analysis.

3DE data acquisition was performed
within 24 hours of 2DE examination. A
dedicated 3DE processing computer (Tom-
Tec, EchoScan 3.0, TomTec Imaging Sys-
tem GmbH, Munich, Germany) was con-
nected to the ultrasound unit for image col-
fection. Tmage processing, reconstruction
and data analysis were performed off-line
using the same computer. The imaging win-
dow for 3DE data acquisition was optimized
in each patient to get maximal amount of in-
formation of the mass lesions. Using a motor
device attached to the ultrasound probe, the
imaging plane was steered in a rotational
manner. Images were collected sequentially
from O through 180°, at 2° or 3° intervals,
gated to ECG and respiration. They were
then calibrated and stored in the computer
for later off-line analysis. The acquired im-
ages were registered antomatically according
to their spatial and temporal relationships.
Spaces between the images were filled by
the computer using a cylindrical interpolat-
ing algorithm, Thus, the processed 3D data
set contains voxel-based information, from
which secondary cross-sectionat views and
dynamic 3D images can be reconstructed.
Data analysis

Both 2DE and 3DE studies were ana-
Iyzed by two cardiologists, experienced in
both techniques, to obtain a consensus in de-
fining the location, attachment, morphology
(size and shape) and number of mass lesions
in cach case. Other cardiac abnormalities
were evaluated as well, While doing so, they
also decided whether 3DE provided any in-

cremental information for better under-
standing and evaluating the location, at-
tachment and number of masses and other
cardiovascular abnormatities in each case.
To test the accuracy and reproducibility of
volume measwrement in mass lesions, 20
masses of various sizes, textures and loca-
tions were selected and their volumes quan-
tified by two independent observers. One of
them repeated the measurements two weeks
later.

Qualitative 3DE. One way of reviewing
the 3D data was to reconstruct “anyplane”
cross-sectional images from the volumetric
data set.”> A combination of several methods
was used to improve the flexibility and
comprehensiveness in data analysis. They
include anyplane, paraplane, long-axis and
short-axis methods. With anyplane method,
a cutting plane was steered in unlimited di-
rections guided by 3 perpendicular axis of
the Cartesian coordinate system, similar to
the flight navigating system, to create arbi-
trary cross-sectional views. With paraplane
method, a group of cutting planes loafing the
data set into a number of equidistant slices
were created parallel to a selected image. By
defining any two points in the data set, an
artificial axis was generated and images
around (long-axis method) or perpendicular
{(short-axis method) to this axis were deliv-
ered in equal intervals. Another way of re-
viewing the 3D data was to reconstruct dy-
namic volume-rendered 3D images, using
the above mentioned methods in seiecting
appropriate cutting planes from the volumet-
ric data set. The mass lesions and their cor-
relation with other cardiac stuctures were
displayed in muitiple projections.

Comparing the information provided by
3DE with that by 2DE, the observers were (o
gange whether incremental information of
the mass lesions could be obtained. Care was
taken i the following findings; 1) site and
extension of mass attachment; 2) size and
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shape of mass lesions; 3) number of masses
and; 4) other cardiac abnormalities.

Cuantitative 3DE. A group of 20 masses
(including 5 vegetations, 6 tmmors, ©6
thrombi, 2 cysts and 1 abscess) were ran-
domly selected for volume measurcment.
The volume of each mass was measured
from 3D data set using modified Simpson’s
rule or “summation of discs” method. The
object to be measured was electronically
sectioned into multiple equi-distant slices (6
to 12 slices) using paraplane or short-axis
method. The slice thickness (0.5 to 10 mm)
was determined according to the size and
regularity of the mass lesion in each case.
The mass was manually traced on each
cross-sectional view and its total volume on
all slices was summed up automatically by
the computer.
Statistics

Volumes of the masses were expressed

Table. Details of the masses.

as mean * standard deviation (MxSD). Re-
producibility between intra- and inter-
observer volume measurements was exam-
ined by linear regression, paired student t
test and Bland-Altman analysis. A p value <
0.05 was defined statistically significant.

RESULTS
From 3DE data of all 37 patients, 48
masses were observed. They include 16 tu-
mors (4 myxomas, 6 rhabdomyosarcomas,
and 6 metastatic tumors), 8 thrombi, 3 ath-
eromas, 18 vegetations, 2 hydatid echino-
coccal cysts and [ intra-myocardial abscess.
The masses were located in various sites of
the cardiovascular system including all car-
diac chambers and valves, pericardial cavity,
myocardium and aorta (Table). Of these
masses, all except two small vegetations

were also defined from 2DE.

Location of v No. 5 No.of Category of masses
NEASSES 2 of S Patients i tumor vegetation fhrombi cyst abscess
I mas | H
L ses '
Lelt ventricle , 6 5 H 3 } i - -
Right ventricle 6 | 5 i 2 3 - | -
Left atrium ! 7 1 7 3 3 - 4 - -
Right atrium ; 3 3 H 3 - - - -
Aorticvaive 1§ 1 500 - 8 - - -
Pulmonary valtve | 1 3 I H - 1 - - -
Miteal valve 1 G 4 i 0 6 1 - -
Tricuspid valve | 2 1 2 - - - -
Pericardial cavity | 3 . 2 : 3 - - l -
Intra-myocardium E i '; 1 ' - - - - 1
Aora ; 5 3 i - - - -
Subtotal P48 37 16 19 11 2 1

Comparison between 2DE and 3DE

In comparison to 2DE, 3DE provided in-
cremental information for better evaluation
of the masses in 24 of 37 (65%) cases in ei-
ther the site of attachment (14%), extent of
attachment (22%), size of the masses (41%),
shape of the masses (49%) or namber of
masses (9%). In 59% of cases, 3DE was able

to provide additional information useful for
assessment of other cardiovascutar abnor-
malities ofther than the masses. These ab-
normalities include valvolar diseases (steno-
sis, prolapse, flail or perforation) regional
wall motion abnormalities in aneurysmal left
veniricle, congenital anomalies such as bi-
cuspid aortic valve and double outlet right
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ventricie, diseases of aorta (aneurysm, dila-
tation and dissection), pericardial effusion
and pacemaker lead dislocation.
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Figure 1. Graphs showing intra- and inter-observer
variability in 3DE volume measurement of mass le-
sions. A. Comparison of intra-observer measurements
by linear regression (left} and Bland-Alman analysis
(right). B. Comparison of inter-observer measurements
by linear regression {left) and Bland-Altman analysis

(right).

Average Value

Figore 2. Mulliple cross-sectional images of a left atrial
myxoma reconstrucied from 3DE data using long-axis
niethod. Its size, location and relationship with the left
atrium are well depicted.

Volume guantitation from 3DE

Volumes of the 20 masses measured
from 3DE ranged from 0.1 ml to 111 ml
{31£34 ml). Excellent correlation and small
limits of agreement were observed between
intra-observer (r=0,99, SEE=2.1ml; differ-
ence=0.9+2 dmi) and inter-observer (r=0.99,
SEE=2.7; differnece=0.4+2,7) measurements
(Fig. 1A and 1B).

Representative cases

Figure 2 demonstrates multiple cross-
sectional views of a left atrial myxoma re-
constructed from 3DE data set using iong-
axis method, Not only the size and shape of
the tumor, but also the size of the left atrium
and free spaces around the tumor are well
appreciated in multiple longitadinal views.
When displayed dynamically in multiple im-
ages simultaneously, its mobility and extent
of movement were better delineated. In an-
other patient with left atrial myxoma, 3D
volume-rendered images crisply portrayed
the site of the pedicle attached to the afrial
septum (figure 3).

Figure 3. Volume-rendered 3DE image of a left atrial
myxoma (*} obtained by transesophageal imaging. Its
size, shape and the pedicle (arrow) are crisply dis-
played. LYOT = left ventricular outflow tract; RVOT =
right ventricular outflow tract; LAA = lefi atrial ap-
pendage.

Figure 4 shows 3D images from a patient
with aortic valve vegetations. It was difficult
to decide the exact number of vegetations
from 2DE due to their mobility and small
sizes, Using 3D reconstruction, the vegeta-
tions on either side of the valve could be ap-
preciated from a distance without cutting
through them, whicl was not possible from
2D approach. In addition, two smail perfo-
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rations were also observed on a 3D en face
view., They were niissed by 2DE examina-
tion, even though aortic regurgitation was
diagnosed from color Doppler imaging. The
perforations were later validated by surgery
and the aortic valve was replaced with a
prosthesis.

Figure 4, 3D images from a patient with aertic valve
endocarditis, The left image was reconstiucted in a on-
gitudinal view of the ascending aorta. Two vegetations
{big arrows)} were clearly located on the right and non-
coronary cusps. The smaller one was missed by 2DE
examination. The right image was reconstructed in an
en fuce view of the aortic valve from above. Not only
the vegetation (big arrow) on the non-coronary cusp,
but also two adjacent perforations (small arows) were
demonstrated. AO = aorta; LA = left atrium; RV = right
ventricle; LV = left ventricle; PA = pulmonary artery;
RA = riglt atrium.

Thrombi or atheromas were observed in
various locations in this study. Figure 5
demonstrates two examples. The mural

thrombus in the lefi image is located in the
dyskinetic apex and is relatively immobile.
The thrombus in the right image avises from
the ascending aorta and was highly mobile in
a dynamic display.

Figure 5, 3DE reconstruction of thrombi from two pa-
tients. The left image demonstrates a thrombus (*) lying
in the dyskinetic apex of the left ventricte. The right
image shows a thrombus {*) in the ascending aorta.

Parasitic cysts were observed in two pa-
tients in this study. In one patient, who had
pleural effusion, 3DE data acquisition was
performed using an unconventional acoustic
window, a posterior intercostal space. The
cyst was found next to the posterior wall of
the left ventricle as shown in multiple paral-
lel images in figure 6, Because of the jr-
regular shape of the cyst, its volume could
not be decided accurately by 2DE. Free from
geometrical limitations, 3DE was able {o
provide its volume (91 mi), which closely
resembled the volume measured during sur-
gery (89 ml).

Figare 6, Parallel cqui-distant images of a pericardial
parasitic cyst (¥) derived from a 3DE data set. The cyst
was situated next to the posterior wall of the left ventri-
cle (LV). The 3DE data was acquired from the posterior
intercostal space of a patient with pleural effusion.

DISCUSSION

Abnormal masses have been sporadically
reported in various locations of the cardio-
vascular system, mostly in case reports diag-
nosed by various imaging techniques. The
patients may show various symptoms based
on the location, size and invasiveness of the
mass lesions and, accordingly, require dif-
ferent treatinent. Cardiac tumors have been
reporied in situ or metastasized from other
organs. They frequently involve the pericar-
dium and the right heart* > %, Dislodging of
vegetations may cause bacterial embolism
elsewhere and lead to severe consequences”
&1 Thrombi may occur in various cardiac
chambers and is an important source of em-
bolism. Aortic atheromas and thrombi, either
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isolated or coexisting, are significantly asso-
ciated with vascular events™ * '® %, Parasitic
masses, though occur less frequently in the
heart, may cause lethal allergic reactions
upon rupture’, Therefore, once a mass le-
sion is suspected, prompt and accurate as-
sessment of it is important for clinical man-
agement.
2DE and 3DE Imaging

Development in cardiac tmaging tech-
niques, particularly in echocardiography, has
greatly facilitated the assessment of mass
lesions in the cardiovascular system. Nu-
merous reports on intracardiac and intra-
vascular tumors, vegetations or thrombi have
been documented using 2DE ", Although it
can provide information on the location, at-
tachment, dimensions and number of the
masses in most cases, its ability for a com-
prehensive evaluation of the mass lesion is
often restricted by using only a limited num-
ber cross-sectional views. It is more so with
small and mobile masses (such as valvular
vegetations) than with big and less mobile
ones {such as mwal thrombi and intra-
myocardial tumors). Small mobile masses
are often viewed in and out of the cutting
plane during the cardiac cycle with 2DE,
making it difficult to determine the number,
size or even a definite presence of a mass or
masses. 3DE, on the other hand, contains
volumetric information of the heart, from
which unlimited cutting planes can be gener-
ated. Not only conventionat but also uncon-
ventional views can be obtained that may
help to casily locate the optimal cutting
planes for studying the mass lesions. In ad-
dition, multiple cross-sectional images of the
heart can be reconstructed from 3DE data set
and viewed simultaneously. Dynamic dis-
play of volume-rendered 3D images from
varions projections allow the viewer to per-
ceive realistic /n vivo appearance and spatial
relationship of the masses and cardiac
structures  noninvasively'”'’. This study

coflected masses of various sizes, shapes and
origins in the cardiovascular system. In the
majority of cases, 3DE could provide incre-
mentat information te 2DE for better under-
standing and evaluating the mass lesions.
Observation of the progression or involution
of the mass lesions is important in clinical
management. 3DE has proven to be able of
accurate volume quaatification without the
need of any geometric assumptions®” 2. Qur
results also confirmed its excellent repro-
ducibility in volumetric measurement of
various mass lesions in vivo.
Limitations of this study

We need to point out a few limitations
existed in this study. Although various kinds
of mass lesions in the cardiovascular system
were collected in this study, the number of
masses is not sufficient for further subdivi-
sions according to different categories such
as histology, residing chambers and so on,
for more detailed analysis. This study is in
part a retrospective review of many previous
examinations, Volume validation of the
ntasses was not carried out in all surgical
patients except a few. The accuracy of 3DE
in measuring volumes of both regular and
irregular shaped objects has been well
proved before. Our understanding was that
the reproducibility of volume measurement
of the mass lesions was more important in
clinical management,
Conclusion

3DE is able to deliver incremental infor-
mation for better evaluation of the aitach-
ment, size, shape and spatial correlation of
cardiovascular mass lesions and for better
delineation of other cardiac abnormalities.
Accurate and reproducible volume meas-
urement of the masses may be useful for
close observation of their clinical course. It
may be regarded as an important adjuvant
tool to 2D imaging when additional infor-
mation is required.
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Clinical Application of Transthoracic
Volume-Rendered Three-Dimensional Echocardiography in
The Assessment of Mitral Valve Regurgitation

Jiefen Ygo, MD; Navroz D, Masani, MBRBS; Qi-Ling Cao, MD; Peter Nikuta, MD;
Natesa G. Pandian, MD

Two-dimensional echocardiography (2DE) and Doppler
methods are generally used for assessing mechanisms and
severity of mitral regurgitation (MR). Recently, 3-
dimensional echocardiography (3DE) has been applied
successfully in various cardiac disorders, but its value in
evaluating the mechapism and the severily of MR are not
known. We studied 30 patients with MR using 2DE and
3DE. Volume-rendered gray-scale 3DE images of the
miltral valve apparalus and MR jets were reconstructed.
Maximal volume of the MR jet by 3DE was compared to
miteat regurgitant volume and fraction, regurgitant jet
area and the ratic of jet area to left atgal area and
semiquantitative grading derived from 2DE metheds. Our
results demonstrated that 3DE aided in a better depiction
of the mitral apparalus and its abrornalities in 70% of the

patients. The origin, direction and merphology of MR jet
were better delineated in 3DE volumetric display. Quan-
titative analysis, howsver, showed only weak to moderate
correlation between 3DE maximal MR jet volume and
2DE mitral regurgitant volume (y=.5x+11.4, r=7), re-
gurgitant fraction (y=.5x+8.2, r=.65), mitral regurgitant
jet area (y=.2x+5, r=.51}, jet area to left atrial area ratio
(y=.53x+7.6, 1=.54), and semi-quaniitative grading of
MR (y=9%.1x-1.8, r=.74). In conrclusion, 3DE aids in a
better understanding of the mechanisms of MR and mior-
phology of the regurgitant jets. Its quantitative ability,
when reconstraction of the jet alone is used, may be lim-
ited.

Key words: echocardiography, three-dimensional
echocardiography, mitral valve regurgitation

Accurate estimation of the severity of
mitral regurgitation (MR} by 2-dimensional
echocardiography (2DE) is limited because
of various factors.'® The mitral valve appa-
ratus, regurgitant jets and related cardiac
chambers are all complex 3-dimensional
structures. Discrepancy exists in 2DE meth-
ods for quantitative volume and function
analysis by using geocmetric assumptions.
Three-dimensional echocardiography (3DE)
applied in various cardiac abnormalities,
provides additional information to 2DE and
accurate assessment of chamber volume and
myocardial mass without geomelric as-
sumptions.” > We have shown previously
that it is also possible to reconstruct regur-
gitant jets in multi-dimensions from color
Doppler flow imaging.'* Whether 3DE can
be used in a better understanding of the
mechanisms and severity of MR is not
known.

Methods

Patient Population

Thirty patients (age 26 to 85 years,
mean=SD: 65x15 years} with MR were ex-
amined using both 2DE and 3DE. Underly-
ing pathology included rheumatic valvular
disease (7 cases), age-related fibrocalcific
valvular disease (6 cases), mitral valve pro-
lapse or billowing (6 cases), coronary artery
disease (9 cases), dilated cardiomyopathy (1
case) and obstructive hypertrophic cardio-
myopathy (1 case). Three patients had atrial
fibrillation, All the rest were in sinus
rhythm,
Two-dimensional echocardiography

Data acquisition. A  commercially
available ultrasound unit (SONOS 1500 or
2500, Hewlett-Packard, Andover, MA} was
used for both 2DE and 3DE data acquisi-
tion. Routine procedures of 2DE study were
performed in cvery patient to disclose all
possible abnormalities. Parasternal long-
axis and apical 4- and 2-chamber views
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were imaged for measurement of the di-
ameter of the left ventricular outflow tract
and planimetry of left ventricular cavity.
Pulsed wave Doppler was performed in api-
cal views with the sample volume placed at
mitral valve tip, in the left ventricular out-
flow tract and in pulmonary veins. Color
Doppler was performed in apical views for
planimetry of MR jet area. Electrocardio-
gram was monitored throughout the study.
All 2DE images were recorded onto ¥-inch
VHS video tapes for off-line analysis.

Data analysis. A cardiologist unaware
of the 3DE results reviewed the 2DE data.
The possible mechanisms of MR consider-
ing the morphology and function of the mi-
tral valve apparatus and left heart chambers
were evaluated. Quantitative parameters of
MR were obtained from an average of 3
consecutive heart beats in patients with si-
nus rhythm and 5 beats in those with atrial
fibrillation.

The endocardium of left ventricle was
traced (excluding the papillary muscles) in
apical 4- and 2-chamber views to obtain
end-diastolic and end-systolic volumes us-
ing biplane Simpson's method. Subtracting
end-systolic from end-diastolic left ven-
tricular volume derived the total left ven-
tricular stroke volume (including both for-
ward stroke volume and mitral regurgitant
volume), The forward stroke volume was
computed from the diameter of left ven-
tricular outflow tract and the time-velocity
integral of pulsed wave Doppler profile at
that site. The total left ventricular stroke
volume minus forward stroke volume
yielded mitral regurgitant volume. Mitral
regurgitant volume divided by the total left
ventricular stroke volume resulted in mitral
regurgitant fraction. MR color Doppler jet
area was measured in apical 2- and 4-
chamber views by manual tracing. Area of

the left atrium was traced in the same views.
The ratio of the MR jet area to left atrial
area was calculated, The severity of MR was
also analyzed semi-quantitatively by incor-
porating multiple parameters including car-
diac chamber sizes, MR jet area, mitral in-
flow velocity, pulmonary vencus flow pat-
tern and the intensity of MR jet signals on
spectral Doppler.’*'® Grade 1 to 4 was as-
signed to MR of mild to severc degrees.

Figare 1. Representative images showing various 3DE
projections of mitral valve in diastele {upper row) and in
systole (lower row). Left images: longitudinal views allow
abservation of mitral valve and subvalyular apparatus as
well as of cardiac chambers; middle irnages: Views from
the left ventricle demonstrating the opening and coapta-
tion of the mitral valve; and right: views from the lefl
atrivrn showing the superior surface of the mitral leaflets
as well as aoric and tricuspid valves, AA indicates as-
cending aorta; LA = left atrium; LV = left ventricle; RV =
rght ventricle; MV = mitral valve; LVOT = left ven-
tricutar outflow tract; AV = aortic valve; TV = tricuspid
valve; AMIL. = anterior mitral leaflet; PML = posterior
mtitral [caflet.
Three-dimensional echocardiography
Data acquisition and processing. 3DE
was performed on the same day following
the 2DE examination. A dedicated 3DE
processing computer (EchoScan 3.0, Tom-
Tec Imaging Systems GmbH, Munich,
Germany) was connected with the ulra-
sound unit for data acquisition. 2DE color
Dappler images of the MR jet were collected
via rotational transthoracic imaging at the

apical window and 2DE images of the mi-
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tral apparatus at apical or parasternal win-
dow. A computer controtied moloring de-
vice was attached to the probe to steer the
imaging plane through 180° at 3° intervals.
Images of one cardiac cycle were collected
at each step gated to electrocardiogram and
respiration, The gates were set to those heart
beats in expiratory phase with regular R-R
intervals on electrocardiogram in patients
with sinus rhythm and the average R-R in-
tervals without exceeding 200 ms in patients
with atrial fibrillation. Images that failed to
fit into the gales were rejected from the data
set. After appropriate processing employing
various algorithms including image rea-
lignment, space interpolation and digital
transformation, a gray-scale  volume-
rendered 3DE data set was formed.

4

Figure 2 Selected 2DE color Doppler (left) and 3DE
(right) images of MR jet. The right upper image shows the
MR jet in a longitudinal view. The en face view of the
proximal flow convergence region viewed from the left
ventricle is shown in the lower right picture. RA indicates
right atrium; * = flow convergence; # = LVOT flow; The
rest of the abbreviations are same as in figure 1.

Reconstruction and display of 3DE
images. Applying optimal gray-scale

threshold and shading techniques, dynamic
volume-rendered 3DE images of the mitral
valve apparatus, cardiac chambers and in-
tracardiac blood flows were reconstructed
and displayed in various projections. For
example, both en face and longitudinal
views of the mitral valve and different views
of the subvalvular apparatus were recon-
strucied and viewed to define structural and
functional abnormalities [Fig. 1]. MR jel
was reconstructed in various projections to
demonstrate its origin, direction and spatial
distribution. In addition, its proximal flow
convergence region was also reconstructed
in longitudinal as well as in en fuce views
from the left ventricle [Fig. 2].

Quantitation of MR jet volume. The
volume of the reconstructed color Doppler
MR jet was measured from the 3DE data set
using “summation of discs” method. With
frame-by-frame review of the reference im-
age, | frame with the maximal size of MR
jet was chosen for volume measurement.
After a “"axis” of the jet was deflined arbi-
trarily, multiple parallel equidistant (3-mn)
“short-axis” images of the jet were derived
automatically. The border of the regugitant
jet was manually traced on each magnified
image. The area of the fraced region and the
volume of that region on each slice were
automatically calculated by the computer,
Summation of volumes of all slices yields
MR jet volume. The jet was extracted using
a labeling system and was reconstructed
alone, free from visual obstruction by other
cardiac structures [Fig. 3].
Statistic analysis

All data were expressed as mean + stan-
dard deviation. Simple lincar regression
method, Student ¢ test and Bland-Altman
analysis were employed to compare MR jet
volune from 3DE with other measurements
from 2DE. A p value smaller than 0.05 was
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considered statistically significant. Inter-
and inira-observer variabiiity for 3DE MR
jet volume measurement was expressed as
mean difference and degree of variance.

Figure 3. Schemaltic images demonstrating 3DE method
for displaying MR jet ard for measuring MR jet volume.
On the upper left is a reference image of MR in a four-
chamber format used to derive multiple parattel short-axis
cross-sectional views of the MR jet. The boundaries of the
MR jet on these views are traced manually (upper middle
images). The upper right schematic drawing resembles the
computation algorithm of the MR jet volume calculated
automatically by the computer, i.e. Jet volume = Y. Area ¢
Slice thickness. The lower left 3DE image images por-
trays the MR jet (arrows) as well as the cardiac chambers.
Multiple 3DE images of the extracted MR jet are demon-
strated on the lower right panel reconstructed in a rota-
tional manner, the morphology of the jet can be appreci-
ated from different vantage views. The abbreviations are
same as in figure L.

Resulfs

Dynamic 3JDE display of mitral valve ap-
paratus and mechanism of MR

In all 30 patients, reconstruction of vol-
ume-rendered 3DE images demonstrated the
dynamic anatomy of mitral valve apparatus
and the cardiac chambers in multiple pro-
jections. Views from the leit ventricle al-
lowed delincation of the thickness and
movement of the leaflets, morphology of the
commissures and size of the mitral valve
opening, Views from the left atrium por-
trayed the size, shape and movement of mi-
tral annulus and left atrial appendage, as

well as systolic coaptlation of mitral leaflets.
In patients with mitral valve prolapse, the
exact portion or scallop of the leaflets that
bulged into the left atrium during systole
could be displayed [Fig. 4]. Longitudinal
views of the mitral valve allowed better ap-
preciation of the morphology and function
of the subvalvular apparatus, the severity of
mitral valve displacement if present, as well
as the size and function of cardiac chambers
[Fig. 1]. In addition, the 3DE data set could
be reviewed by reconstruction of arbitrary
cross-sectional images of the mitral valve
and many of them are physically inaccessi-
ble from conventional 2DE.,

Figure 4. 3DE images of mitral valve from a patient with
MR due to anterior mitral leaflet prolapse. When viewed
from above (left), the prolapse portion of mitral leaflet { *
) is portrayed as a protrusion into the teft atriuin, While
looked from below (right), the prolapse is depicted as a
depression. The abbreviations are same as in figure 1.

From 3DE, mitral valve prolapse was
observed in 4 patients. 2 patients had bil-
lowing anterior mitral leaflets. 13 showed
degenerative changes (fibro-calcification) in
mitral anonulus (6 patients) or thickened and
deformed mitral leafiets registered as rheu-
matic valvular disease (7 patients) that af-
fected coaptation of the miiral leaflets. 10
showed normal mitral valve structure with
decreased mitral valve opening, abnormal
left ventricular function and dilated left
atrium and/or left ventricle. These patients
were registered with either coronary artery
disease (9 patients) or dilated cardiomy-
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opathy (I patient). One patient with ob-
structive  hypertrophic  cardiomyopathy
showed systolic anterior motion of the ante-
rior mitral leaflet. Compared with 2DE,
3DE provided incremental information in
70% (21/30) of the patients on anatomical
and functional changes of the mitral valve
apparatus concerned with the mechanisms
of MR (Table 1}

Figure 5. Reconstruction of multiple MR jets (arrows) in
a patient with mitral valve prolapse. The distribution and
morphofogy of the jets are easily appreciated in 3DE, The
abbreviations are same as in figure 1 and 2.

In all patients, dynamic volume-
rendered 3DE images of MR jets clearly
showed the site of origin of the jet, the di-
rection or its trajectory, the spatial distribu-
tion and its relationship with the left atrial
wall [Fig. 51 In 17 patients, the MR jets
were free from left atrial wall (central jets).
In 13, the jets touched the left atrial wall in
various degrees (wall jets). Meorphology of
MR jets varied from patient to patient. Wall
jets (happened more likely in-patients with
deformify or malcoaptation of the leaflets)
were usually more flattened and irregular in
shape than central jets (seen more likely in
patients with incomplete central coaptation
of the leaflets). The proximal flow conver-

gence region of MR showed various sizes
and shapes besides hemisphere [Fig. 61

Figare 6. Volume-rendered 3DE images of MR jet (up-
per panels) and the proximal flow convergence region
(lower panels) from patients with coentral (Ieft) and wall-
hugging (right) MR jets. The abbreviations are same as in
figure 1.

Quantitative and semi-guantitative as-
sessment of MR by 2DE and 3DE

Mitral regurgitant volume by 2DE
method was 26.2 £ 15.1 ml (4.2 to 57.3ml).
Mitral regurgitant fraction was 36% +16%
(7.1 to 68.7%). Mitral regurgitant jet area
by color Doppler planimetry was 10 & 4.4
em” (1.6 to 24.9cm?), Mitral regurgitant jet
area to left atrial area ratio was 33% + 11%
%0 (8 to 519%). The severity of MR varied
from grade ! through grade 4 {the number
of patients with grade 1, 2, 3 and 4 of MR
was 2, 7, 12 and 9, respectively). 3DE
measured maximum color Doppler jet vol-
ume of MR was 25 £ 11 ml {6 - 53 ml). The
difference between 2 independent measure-
ments by the same observer (intra-observer
difference) was 1.6 £ 5.4 ml, The difference
between 2 independent observers (inter-
observer difterence) was 1.9 + 12.3 ml. In-
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tra- and inter-observer variability of the
measurements were 5.8% and 7.8%, re-
spectively.
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Figure 7. Comparison between MR jet volume by 3DE
(3D TV} and midral regurgitant volunse by 2DE (2D RV).
On the left (A) is the linear regression plot. On the right
(B) is the scattergram of Bland-Altman analysis.
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Figure 8. Linear regression plots showing correlation
between MR jet volume measured from 3DE (3D JV) and
mitral regurgitant fraction (2D RF) (A), MR jet area (2D
MRA) (B), regurgitant jet arez to left atrial area ratio (2D
MRA/LA) (C), and semi-quantitative grading of MR (2D
Grading) (D) derived from 2DE.

Comparison of 3DE and 2DE in assess-
ment of the severity of MR

Correlation between the MR jet volume
measured from 3DE and mitral regurgitant
volume, regurgitant fraction, jet area, jet
area to left atrial area ratio and semiquanti-
tative grading of MR from 2DE methods
were summarized in Table 2. A great extent

of disagreement between MR jet volume
from 3DE measurement and mitral regur-
gitant volume from 2DE method existed
(1.8£10.8ml) [Fig. 7A and 8]. There was a
wide spread of the data points from the line
of regression, A tendency for over-
estimation at smaller regurgitant volumes
and under-estimation at bigger regurgitant
volumes by 3DE measurement was present
[Fig. 7B].
Analysis of quantitative methods for free
Jjets and wall jets

No significant difference was found be-
tween free MR jets and wall jets in the cor-
relation between 3DE MR jet volume and
2DE measurements of MR, nor among dif-
ferent 2DE methods (Fable 3).

Diseussion

This study shows that 3DE displays MR
and the mitral apparatus more comprehen-
sively than 2DE color Doppler; it aids in a
better appraisal of the mechanism of MR,
but 3DE measarement of MR jet volume
alone does not provide a reliable estimate of
MR severity. Although 2DE may provide
adequate information in most cases, 3DE, as
an adjuvant examination, may add incre-
mental information on the pathology and
function of the mitral valve apparatus and
related cardiac chambers as well as the
morphology of the MR jets. 3DE has been
used successfully in various cardiac abnor-
malities and in measurement of cardiac
chamber volumes and myocardial mass.”"?
Initial studies also demonstrated its ability
in displaying intra-cardiac blood flow, '
Evaluation of MR by 3DE

Our study resulted in good 3DE images
for both mitral valve apparatus and MR jets
acquired from transthoracic imaging. Al-
though transesophageal window may pro-
duce superior images, the small distance
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between the esophagus and left atrium and
the angular limitation of the image sector
nay result in truncating of the MR jets in
many cases, In this study, 3DE data ob-
tained at the apical window enclosed the left
ventricle, all the mitral valve apparatus and
the left atrium, and thus the whole MR jet.
Although the 3DE images of cardiac struc-

tures and intracardiac flows were both in
gray-scale format, MR jet could always be
differentiated from the surrounding struc-
tures because of its brighter appearance.
With its high velocity, it also stood out from
other norimal intracardiac flows, such as
pulioenary venous flow jets.

Table 1. Incremental information obtained from 3DE for better understanding the mechanisins of MR.

Etiology of MR No,of Pis  Incremental Information from 3DE No. of Pts
Mitral valve prolapse 4 Site and extension of prolapse 4
Mitral valve billowing 2 Enlarged size of anterior mitral leaflet 1
Mitral annulus calcification (MAC) 6 Extent of MAC and mobility of mitral valve 4
Rheumatic heart disease 7 Deformity of miteal apparatus 6
Coronary artery disease 9 Size and shape of mitral annuius 5
Dilated cardiomyopathy I No 0
Obstructive hypertrophic cardiomy- 1 Eccentric coaptation of mitral valve |
opatiy
Total No. of Pis. 30 - 21
Table 2. Correlation between MR jet volurme from 3DE and measurements of MR from 2DE

2DE Measurement Regression Equation 1 p
Regurgitant Volume y=0.5x+11.4 0.70 <{(1.6001
Regurgitant Fraction y=0.55+8.2 0.65 <0.000
Jet Area y=0.2x+5.0 0.51 <0.01
Jet Area/Left Atrial Arca y=0.5x+7.6 0.54 <0005
Grading y=9.1x-1.8 0.74 <0.0001

Observations in this study raise a num-
ber of questions about the quantitative accu-
racy of 3DE in estimating MR volume and
also about the accuracy of proximal fiow
convergence approach by 2D color Doppler.
Although statistically significant correla-
tions were observed between 3DE jet vol-
ume and MR parameters from 2DE, a close
examination of the results indicates that
3DE measured MR jet volume does not pro-
vide a reliable evaluation of the severity of
MR, Various shapes of the proximal flow
convergence regions observed in 3DE im-
ages in this study indicate possible errors iat
the geometric assumptions while quantify-
ing MR volume by the 2DE color Doppler
method. 3DE could have the potential to
avoid geometric assumplions of the flow

convergence region by direct measurement
of its surface area. No significant difference
in measurements between free and wall jets
was found in this study by both 2DE and
3DE methods. This observation is inconsis-
tent, however, with the previous reports?' 2,
and may be due to the similar impact of the
eccentricity of the jet on the measurement
approach by both techniques. Further stud-
ies in a larger population with various de-
grees and eccentricity of MR are necessary
to address this issue,
2DE methods for estimation of MR

The most accurate noninvasive method
presently available for measuring mitral
regurgitant volume is 2DE and Doppler
method. The traditional method is to sub-
tract the stroke volume calculated from the



110

3DE Assessment of MR

left ventricuiar outflow tract from the stroke
volume of mitral inflow obtained at mitral
annulus level.” In the present study, we
used another method in which the left ven-
tricular stroke volume was computed from
the difference between end-diastolic and
end-systolic left ventricular volumes.”> The
advantage of the later method is that it is
not affected by aortic regurgitation. Al-
though proven to be accurate, both methods
use geometric assumptions for left ven-
tricular outflow tract, mitral annulus and
left ventricle and thus inaccuracy may occur
when suboptimal image planes are used for
measurements. Color Doppler flow imaging
has been used for quantifying MR by regur-
gitant jet and left atrium planimetry,”® How-
ever, the results are not always satisfac-
tory.>*” This is not surprising since the di-
rection and shape of the regurgitant jets
vary in different views. The same problem is

encountered when calculating regurgitant
jet area to left atrial area ratio since the big-
gest regurgitant jet area does not necessarily
happen in the standard cutting planes for
the left atrium. 3DE reconstruction of the
whole MR jet and left atrium should be able
to provide more accurate information. An-
other quantitative method for assessing the
severity of MR employs the surface area of
the proximal flow convergence zone which
requires geomefric assumption for ifs
shape.” 2 This method is highly technique-
dependent; further inappropriate assumption
of the shape of the proximai flow conver-
gence region may lead to errors in calcula-
tion. Semi-quantitative grading of MR
which integrates multiple indices from two-
dimensional, spectral Doppler and color
Doppler imaging remains for all practical
reasons the most commonly used technique
in clinical practice'®?',

Table 3. Comparison between 3DE and 2DE methods for evaluating free MR jets and wall jets.

Methods Used for Frec Jets Wall Jets
Comparison n=17 n=13
r p r P
3pJV vs. 2DRV 69 <005 74 <.Q05
E1RY vs. 2DRF Tt <005 .61 <.05
DIV vs. 2DJA .69 <.005 .76 <005
3DV wvs. 2Dgrading .80 <.001 70 <.0]
2DIA vs. 2DRV 47 >.05 32 >.05
2DJA vs. 2DRF 22 >.05 30 >.05
2DRV vs.  2Dgrading .55 <05 .58 <05

2Dgrading = semi-quantitative grading of MR into Grade 1 to 4; 2DJA = color Doppler jet area; 2DRF = mitral regur-
gilant fraction; 2DRV = mitral regurgitant volume measured using 2DE method; 3DIV = MR jet volume measured

with 3DE.

Eimitations of the study

Due to various limitations of the cur-
rently used methods, this study lacks a goid
standard for quantifying the severity of MR,
Quantitative analysis using 2DE methods
has been shown to be a good method based
on validation studies using magnetic flow
meter measwrements and hence we elected
to use it as a gold standard.”” MR jet volume

measured by 3DE method, correlated with
the measurements of MR by 2DE methods
only moderately and with significant vari-
ability, and thus dose not appear to be sat-
isfactory for accurate evaluation of the se-
verity of MR.

Mitral regurgitant jet area and volume in
2DFE and 3DE approaches are derived from
color Doppler velocity signals, not the real
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blood flow. The size and shape of MR jets-
may be affected by many factors such as
compliance and pressure of the receiving
chamber, concurrent flows ( e.g. pulmonary
venous flows), impact of the receiving
chamber walls in cases of wall jets, and
color scale and gain settings of the ultra-
sound machine.” The jet volume measured
in one frame represents just the temporal
size of the jet, other factors such as the per-
sisting time of regurgitation and variations
in regurgitant flow rate are not incorpo-
rated.
Clinical implications

Although as an adjuvant examination to
2DE, 3DE reconstruction provides addi-
tional information on mitral apparatus and
the mechanisms of MR. This could allow its
application in a variety of complex MV dis-
eases. On the other hand, our study points
out that caution should be exercised in using
3DE jet volume for MR quantitation. Quan-
titative potential of 3DE needs to be evalu-
ated by exploring indices from proximal
flow convergence and vena confracta, cou-
pled with spectral Doppler measured time-
velocity integral. Preliminary animal inves-
tigations suggest that these approaches may
have potential in quantifying valvular re-
gurgitation.” Technical advances in ac-
quiring true color Doppler velocity data by
3DE (rather than using gray-scale data for
reconstruction) could further aid in ex-
panding the value of 3DE.,
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Summary and Future Directions

This thesis recognizes various applica-
tions of three-dimensional echocardiography
(3DE} in coronary artery disease (CAD) and
assoctated complications.

Following the introduction and overview
of the thesis, the second chapter is an over-
view of 3DE and its application in various
cardiac abnormalities including CAD and
complications. It pointed out the potential, as
well as the existing problems and fature di-
rections of 3DE,

The third chapter explored the appropri-
ate rotational 3DE data acquisition interval
for measurement of left ventricular (LV)
volumes in subject with various LV shapes
and function. It concluded that 12° might be
the proper rotational interval for 3DE data
acquisition, which resulted in accurate LV
volume measurement and saved about 80%
of time compared with data obtained at 2°
intervals.

Chapter 4 described the quantitative
methods of 3DE in the measurement of LV
dysfunctional mass in the settings of acute
experimental myocardial infarction produced
by coronary artery occlusion. The sum of
akinetic and dyskinetic myocardial mass
from 3DE correlated well with the anatomi-
cally determined infarct mass.

Chapter 5 compared the LV dysfunc-
tional mass measured by 3DE and that
measured by magnetic resonance imaging in
patients with acute myocardial infarction
with no interventional revascuiarization pro-
cedures. Good correlation between the re-
sults from these two techniques pointed out a
new direction of 3DE in evaluation of pa-
tients with acute myocardial infarction.

Although dysfunctional mass may indi-
cate infarct myocardium in the setting of
single acute infarction, in patients with

chronic ischemic disecase, multiple infarc-
tions or reperfusion therapy following in-
farction, there could be dysfunctional mass
that is viable. Chapter 6 explored the poten-
tial of 3DE in quantifying the myocardial
mass at risk during ischemia and residual
infarct mass following reperfusion using an
intravenous ultrasound confrast agent. It
demonstrated that 3DE could be an accurate
method in the evaluation of the efficacy of
reperfusion.

The methodology and feasibility of coro-
nary arlery imaging by 3DE and the diag-
nostic accuracy of semi-quantitative assess-
ment of coronary stenosis is shown in chap-
ter 7.

Carotid artery disease has been shown to
be co-existent with CAD. Chapter 8 studied
the potential of 3-dimensional ultrasound in
accurately quantifying plaque volumes and
in studying the impact of endarterectomy on
the regional anatomy of the vessel.

Chapter 9 and 10 are reports of two
studies demonstrating qualitative and guan-
titative application of 3DE in CAD related
abnormalitics, such as mitral valve regurgi-
tation and intracardiac mass lesions.

I'uture Directions

The clinical and experimental applica-
tions of 3DE has been well recognized in
chamber volume measurements, congenital
heart diseases and valvular diseases. Its role
in studying CAD has not been fully explored
previously. The studies included in this the-
sis point out a new direction of 3DE in the
diagnosis and evaluation of CAD and its
incremental value to 2DE. In the future,
along with technical developmenis in 3DE
such as real-time 3DE and digital 3DE of
tissue Doppler, color Doppler, power Dop-
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pler and so on will enable us to study other
physiologies of the heart in multi-
dimensions. Automatic border detection
might be able to facilitate analysis of three-
dintensional shape or local curvature of the
cardiac chambers and regional wall motion,
Quantitative gray-scale analysis and color
encoding technique might help in graded
analysis of myocardial perfasion and intra-
myocardial blood volume. 3DE information
of multiple functional and physiological

indices of the heart including multiple two-
dimensional image reconstruction or bulls-
eye presentation, three-dimensional image
reconstruction, regional extraction and three-
dimensional display, virtual reality interac-
tive 3DE workshop, stereolithography and
holography and so on. The 3DE in the future
could be able to provide more comprehen-
sive information with multiple parameters in
one package for accarate evaluation of the
heart in patients with CAD.
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Samenvatting

Dit proefschrift handelt over
verschillende  applicaties  van drie-
dimensicnele echocardiografie (3DE) bij
patiénten met coronaire arterie afwijkingen
en aanverwante zickten.

Na de miroductie en overzicht van dit
proefschrift, laat het tweede hoofdstuk een
overzichi zien van het gebruik van 3DE
technicken  bij  verschillende  cardiale
afwijkingen, inclusief coronaire arterie
afwijkingen, en complicaties. Het potentieel
van 3DE werd beschreven als wel de huidige
problematiek en de toekomstige
ontwikkelingen.

Het derde hoofdstuk doet onderzoek naar
de accuratesse van  het  gebruik  van
verschillende rotationele intervallen,
wanneer een rotatie acquisitietechnick wordt
gebraikt, voor volume metingen aan linker
ventrikels (I.V) met  verschilltende
geometrie. De conclusie was dat stappen van
12° het juiste interval voor 3DE acquisitie
zou kunnen zijp, Dit resulteerde in
nauwkeurige LV volume metingen en
bespaarde 80% (ijd in vergelijking met 3DE
data, welke met een interval van 2% was
verkregen.

Hoofdstuk 4 beschrijft kwantitatieve
methoden van 3DE voor het meten van LV
disfunctionerende massa's in het geval van
experimentele acute infarcten veroorzaakt
door het afsluiten van een coronair arterie.
De som van akinetische en diskinetische
myocard mmassa, berekend met 3DE,
correleerde goed met het anatomische
bepaalde infarct massa.

Hoofdstuk 5  vergeleek de LV
disfunctionerende massa gemeten met 3DE
met  dat  gemeten m.b.v  magnetische
kernspinresonantie technicken (MRI) bij
patiénten met een acuut myocard infarct en
welke geen interventionele revasculariesatie

procedure hadden ondergaan. De goede
correlatie tussen beide technieken wijst op
een nienw lerrein voor 3DE in evaluatie van
patiénten met een acuut imyocard infarct.

Hoewel een disfunctionerende massa in
het geval van een enkel acuut infarct een
geinfarcteerd myocardium  aangeeft,  bij
patiénten met chronische ischemie, meerdere
infarcten of ecen reperfusie therapie na een
infarct, zou er disfunctionerende massa
kunnen zijn dat levensvatbaar is. Hoofdstuk
6 onderzocht het potenticel van 3DE voor
kwantificatic van de myocard massa in
gevaar gedurende ischemie en de resterende
infarct  massa na  reperfusie  met
gebruikmaking van een intraveneuze echo
contrast vloeistof. Er werd aangetoond dat
3DE een nauwkeurige methodiek is voor
evaluatie van de doeltreffendheid van
reperfusie na revascularisatie,

De methodologie en bruikbaarheid van
het visualiseren van de coronaire arterién
mbyv. 3DE en de diagnostische
nauwkeurigheid van  semi-kwantitatieve
bepalingen van coronaire stensoses, is
beschreven in hooldstuk 7.

Atherosclerotische  afwijkingen in de
arteria caratis komen meestal voor tezamen
met coronaire arterie afwijkingen. Hoofdstuk
8 bestudeerde het potentieel van 3DE voor
het accuraat kwantificeren van
atherosclerotische plaque volumes en het
bepalen van de invioed van endarteriéctomie
op de regionale anatomie van het vat,

Hoofdstuk 9 en 10 zijn rapporten van
twee studies die over kwalitatieve als wel
kwantitatieve applicaties van 3DE in
coronaire arteric gerelateerde afwijkingen
zoals mitraal  klep regurgitatie en
intracardiale massa's.

Toekomstige ontwikkelingen
De klinische en experimentele applicaties
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van 3DE voor het meten van volumina van
de rechter- en linkerventrikel, bij congenitale
afwijkingen en klepgebreken, is erkend. Zijn
rol voor het bestuderen van coronaire
afwijkingen was nog nict eerder bestudeerd.
De studies beschreven in dit proefschrift
wijzen op nieuwe togpassingen van 3DE
vaor diagnose en evaluatie van coronaire
afwijkingen en rzijn toegevoegde waarde
t.ov. 2DE. In de tockomst, tezamen met
technische ontwikkelingen in 3DE =zoals
real-time 3DE en digitale 3DE van weefsel
Doppler en kleuren Doppler e.a., zal ons in
staat stellen om andere pathofysiologische
aspecten van het hart in meerdere
modaliteiten te bestuderen. Automatische
contour detectie zou de mogelijkheid kunnen
bieden om 3D vormen van locale

krommingen van de cardiale kamers en
regionale wandbewegingen te analyseren,
Kwantitatieve grijs-waarde analyse en kleur
gecodeerde technieken kunnen helpen in cen
graduele analyse van myocard perfusic en
het bepalen van intra-cardiale volumina.
3DE informatie van mcerdere functionele
grootheden van het hart zou kunnen worden
gerealiseerd met reconstructies van meerdere
twee-dimensionele beelden, drie-
dimensionele reconstructics, extractie van
regionale functies en drie-dimensionale
weergave, virtual reality, stereolithogratie en
holografie. 3DE zal in de tockomst in staat
zijn uitgebreide informatic van meerdere
parameters voor de nauwkcurige evaluatie
van patidnten met coronaire afwijkingen te
verschaffen in één pakket te laten zien.
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