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Introduction

Ultrasonographic contrast agents in
echocardiography are a rapidly developing
research field. Several new acquisition tech-
niques particularly suited to the acquisition
of contrast images have been made avail-
able in the last few years, although the clin-
ical usefulness of most of them is still under
evaluation.

The two main goals for the use of these
agents are the enhancement of the bound-
ary between myocardial tissue and blood,
and the analysis of myocardial perfusion.

The enhancement of the endocardial bor-
der observed after contrast administration
[1] increases the conspicuity of the images
and improves the results provided by the
algorithms oriented to the assessment of
ventricular wall motion. It also enables the
use of more advanced semiautomatic quan-
titative procedures, which demand the high-
est image quality.

The second application mentioned is the
direct assessment of myocardial blood flow

and flow reserve. Provided this assessment
was clinically reliable it would play a cru-
cial role for the determination of the func-
tional impact of the coronary artery disease.
To date, the results have been interpreted
mainly visually, either qualitatively or estab-
lishing semiquantitative scores. However,
the use of true quantitative techniques,
based on parametric models, is of increas-
ing interest because of its higher objectivity.

Despite the numerous advances in acqui-
sition and postprocessing techniques
attained in the past years, it is remarkable
that clinical acceptance remains low. Some
reasons for this reportedly slow incorpora-
tion [2] into the routine practice may be the
complexity of the methodology, the diffi-
culty of the visual interpretation of the
results and the lack of standardized quan-
tification procedures and cut-off values
agreed upon for the different parameters. It
is even debatable whether the quantitative
values provided by the various existing soft-
ware packages (supplied either by scanner
manufacturers or third-party companies)
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are totally equivalent. At present, many clin-
ical studies still rely on an essentially qual-
itative interpretation of the images, while
the most advanced mathematical approach-
es seem to lack sound clinical validation,
confirmed by independent publications.

Acquisition of Contrast Studies

The acquisition protocol determines the
quantification algorithms that can be
applied to the dataset. The quantification
algorithm must be suited to the contrast
administration method (infusion or bolus)
and to the particular imaging technique
used (triggered, real-time, intermittent
imaging, etc.). It is thus appropriate to briefly
describe some concepts related to the acqui-
sition protocol as far as they condition the
quantitative analysis.

Contrast Administration Techniques

Bolus administration consists of a rapid
injection (about 30 s) of a small amount of
contrast agent, usually non-diluted. It is done
through an intravascular line and is usual-
ly followed by a saline solution flush (about
5 ml) to push the bolus further into the
blood stream. Direct intracoronary injec-
tion is a variant of this technique, mostly
used in experimental studies.

Bolus administration saves time and is rel-
atively easy to perform. It has been indicat-
ed for applications such as endocardial bor-
der detection and, in some cases, qualita-
tive myocardial perfusion rest studies. Draw-

backs of this technique are the short time
available to acquire the data and its lower
reproducibility reported in comparative
studies [2]. Quantitative measurements of
timings and high-peak video density may
potentially mitigate these problems (see
paragraph “Bolus Analysis).

The alternative administration technique,
known as continuous infusion, is often
achieved by means of a mechanical pump
that performs a slow delivery of a diluted
solution of the contrast agent. It offers sev-
eral advantages, such as a longer period for
imaging acquisition, a video intensity well
within the optimum detection range, and a
lower shadowing effect due to attenuation
artefact. On the other hand, it is more difficult
to perform and the stability of the contrast
solution along the infusion becomes a criti-
cal issue, since changes in contrast concen-
tration may affect the shape of the input func-
tion altering the quantification results.
Despite these disadvantages, continuous infu-
sion is clearly the preferred method for
myocardial perfusion studies, particularly
when performing quantitative analysis [3,4].

Imaging Techniques

The last decade has been extremely pro-
ductive combining contrast agent proper-
ties and imaging techniques. Initially, fun-
damental imaging was applied in contrast
echocardiography basically after direct
intracoronary injection of the agent, observ-
ing a noticeable left ventricular cavity opaci-
fication and, to some extent, myocardial
changes in video intensity. The combina-
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tion of fundamental imaging and Doppler
echocardiography provided a better frame-
work to improve cardiovascular flow meas-
urements. However, harmonic imaging, in
some cases combined with Doppler echocar-
diography, provided the greatest improve-
ment toward a proper myocardial perfusion
quantification [5, 3].

From that time, a boom of different acqui-
sition techniques took place, taking advan-
tage of a deeper knowledge of the interac-
tion between microbubbles and the ultra-
sonic wave. When microbubbles are exposed
to ultrasound pressure they change in size
until they begin to resonate, even leading to
a bubble disruption if the peak pressure is
over 1 MPa [2]. The behavior is directly
related to the peak pressure (related to the
incident ultrasound transmit power), that
can be controlled through the mechanical
index parameter. Peak tissue pressure and
its effect on microbubbles are usually meas-
ured through a parameter known as
‘mechanical index’ (MI), equal to the peak
negative pressure divided by the square root
of the frequency. This parameter reflects the
normalized energy to which a target is
exposed, usually defined at 1 MHz.
Microbubbles present linear oscillations for
MI below 0.1, nonlinear oscillation for MI
between 0.1 and 1.0 and disruption for MI
above 1.0. According to this parameter, it is
customary to classify the different acquisi-
tion methods as destructive, those that use
high MI, and nondestructive when low MI
is applied.

Discrimination between the signal corre-
sponding to the microbubbles from that of
the tissue can be performed by exploiting

different consequences of the nonlinear
behavior of the microbubbles. One approach
is based on the fact that nonlinear interac-
tions produce backscatter signals with high-
er power in signal harmonics. A second
approach makes use of the phase shift with
respect to the transmitted signal produced
in the backscatter signal by the nonlinear
oscillations. Most of the current acquisition
methods send successive ultrasound pulse
packets with different properties, either in
amplitude or phase. Pulse processing con-
sists of adding successive responses in such
a way that the linear response of tissues is
cancelled, selecting the nonlinear response
of the contrast agent. Among these meth-
ods we can distinguish multiple-pulse meth-
ods and single-pulse methods. Multiple-pulse
methods send several pulse packages for
every scan line; line response is the result
of the processing of these multiple pulses.
Single-pulse methods combine single-pulse
response of consecutive lines to cancel tis-
sue signal. These methods, reviewed in [6],
are globally called nonlinear hamonic imag-
ing methods and can be used either with
high or low mechanical index.

Table 4.1 summarizes some commercial-
ly available imaging techniques from those
described in the previous paragraphs, indi-
cating their most common brand name.

It may be interesting to indicate which
techniques are more adequate depending
on the type of quantitative assessment
intended. In this sense, as indicated before,
two main types of studies can be defined:
those aiming at tracking the endocardial
wall border and those that pursue a direct
quantification of myocardial perfusion.
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Table 4.1. Correspondence between major imaging methods and some commercially available techniques,
indicating whether they use high or low mechanical index (MI)

Methods Brand names MI
Fundamental imaging High
Harmonic imaging Second Harmonic Imaging High
Ultraharmonic Imaging® High
Doppler harmonic imaging Color Power Angio® High
Power Harmonic Imaging® High
Power Doppler® High
Single-pulse transmission CCI" (Cadence Coherent Contrast Imaging) Low/High
Multiple pulse transmission CPS® (Cadence Contrast Pulse Sequencing Technology) Low/High
Power Modulation® Low/High
Coded Harmonic Agio* Low/High
Power Pulse Inversion? Low/High
Power Harmonic Imaging® Low/High

*Philips/Agilent; *Siemens Acuson; “General Electric; “Philips/ATL

Quantitative Myocardial Border Tracking

Studies to be analyzed for quantitative bor-
der tracking have been mainly acquired with
bolus administration of a nondiluted contrast
agent, usually acquiring one only cycle [7].
However, it has also been proposed to use
continuous infusion in order to attain a more
controlled environment allowing one to
acquire several views [8]. Concerning imag-
ing techniques, harmonic imaging or Doppler
harmonic imaging are recommended [9, 7,
2], although other methods, such as continu-
ous imaging with low mechanical index, have
also been used to assess motion and perfu-
sion at the same time [10].

Quantitative Myocardial Perfusion

It is impossible to establish one only acqui-
sition technique suitable for quantitative

assessment of myocardial perfusion, since
most of the imaging techniques, adminis-
tration methods, and acquisition parame-
ters have been used to this purpose, lead-
ing to the existence of multiple combina-
tions of protocols. This fact, combined with
the machine and contrast agent depend-
ence, affects the repeatability of the results
very negatively, giving rise to a certain con-
fusion in the literature.

Harmonic imaging has been proven to be
superior to fundamental imaging for
myocardial perfusion [5]. Recentely, non-
linear methods combining multiple pulses
have been reported as the preferred meth-
ods [11]. Regarding administration tech-
niques, both bolus and continuous infusion
allow application of quantification algo-
rithms, although usually the latter is the pre-
ferred method [3,4, 11]. The most common
acquisition protocols are the following:
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1. Triggered imaging using high MI after a
bolus administration. Perfusion can be
quantified by applying a gamma model
(see paragraph “Bolus Analysis”).

2. Continuous imaging (real-time imaging)
combined with nonlinear harmonic mul-
tiple pulse cancellation methods and low
mechanical index. These methods
require continuous infusion. Acquisition
consists of a high MI burst to disrupt
most of the agent in the ventricular cav-
ity, followed by multiple low MI pulses
that allow sampling of the reperfusion
process from which one or more curves
are drawn that can be analyzed accord-
ing to an exponential model (see para-
graph “Reperfusion Model”).

3. Intermittent imaging. This acquisition pro-
tocol uses an incremental time triggering
combined with nonlinear harmonic mul-
tiple pulse cancellation methods and high
MLI. The basis of this acquisition method is
the strong, brief nonlinear echo produced
when bubbles disrupt. First a prolonged
high MI burst is applied to destroy all the
agent present in the cavity and myocardi-
um. Triggers are then programed to be
produced incrementally in time to obtain
the refilling curve. As in the previous case,
quantification of the results is also based
on a reperfusion exponential model (see
paragraph “Reperfusion Model”).

Contrast-Enhanced Endocardial
Border Detection Quantification

The assessment of regional myocardial wall
function has always been an important and

unresolved issue since the introduction of
echocardiography as a diagnostic tool. Many
cardiac pathologies are characterized by
developing regional wall motion abnormal-
ities, specially in early stages of the disease, in
spite of well preserved indices of global per-
formance. Abnormal regional wall motion is
an early finding in many cardiac pathologies
and has a critical importance in terms of an
early diagnosis of the disease process.

Global and regional wall motion have been
commonly qualitatively assessed by visual
examination of the endocardial displace-
ment and wall thickening of each myocar-
dial segment. Although the American Soci-
ety of Echocardiography proposed stan-
dardized protocols for acquisition and scor-
ing of stress echocardiography [12], a sig-
nificant interinstitutional disagreement on
regional analysis interpretation was report-
ed [13]. More objective quantitative methods
are warranted to homogenize the interpre-
tation of these studies.

The automated assessment of cardiac
motion has been intensively pursued in the
last decade [14]. Lately, most of the efforts
are being made in cardiac magnetic reso-
nance imaging, and more specifically in
tagged magnetic resonance, which are cur-
rently the reference modalities to estimate
cardiac motion [15]. While new ultrasound
techniques provide higher image quality,
increasing attention is being paid to the
automatic processing of echocardiograph-
ic sequences [16-18].

An automatic tracking of the endocardial
border may allow for a more objective eval-
uation of stress echocardiography and an
easier calculation of global function param-
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eters, such as ventricular volume and ejec-
tion fraction. These automatic algorithms
may clearly benefit from contrast echocar-
diography, as it noticeably enhances the tis-
sue-blood interface, [1, 19], particularly
when combined with the new nonlinear har-
monic acquisition technique. It is currently
recommended for clinical use in global func-
tional examination and stress echocardiog-
raphy when conventional ultrasound imag-
ing is suboptimal [7].

The simplest approach for quantitative
left ventricular global function assessment
based on border tracking uses a manual
contour delineation in systolic and diastolic
frames, allowing computation of ejection
fraction-related parameters. The use of con-
trast agents may allow for the use of semi-
automatic thresholding techniques to define
the endocardial border [10].

Contrast echocardiography may also allow

one to extend the conventional color kine-
sis to a broader group of patients, provid-
ing a very good visualization together with
a quantification of the endocardial excur-
sion magnitude and timing [20].

The technique known as ‘acoustic quan-
tification” (AQ, Philips-Agilent) produces a
rough segmentation of cardiac structures
by thresholding the backscatter signal from
conventional ultrasound studies. Slight
changes in AQ configuration allow its use
for the quantification of contrast studies
[21] providing a more reliable automatic
endocardial delineation.

More advanced image processing meth-
ods are based on mathematical tools known
as ‘active’ or ‘deformable’ models. These
models, which can be used to generate a
completely automatic segmentation of the
sequences, consist in geometrical curves that
evolve toward the image edges. The algo-

o

Fig.4.1. Tracking of endocardial border in contrast-enhanced two-dimensional sequences. The tracked con-

tour is presented as a color overlay
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Fig. 4.2. Dense myocardial displacement field in a
patient with hypokinetic function of the lateral wall
and the basal and distal septum segments

rithms operate iteratively, changing the
shape and dimensions of the borders until
converging to the real structure edges. Prior
constraints can be added to adapt the
deformable model to a particular shape [17].
The contours obtained after tracking the
whole sequence can be processed to gener-
ate global functional parameters and region-
al endocardial excursion (Fig. 4.1). These
methods can be extended to three-dimen-
sional imaging (3D+T) to obtain global
three-dimensional measurements [22].
Another approach is to track all the image
pixels, providing a dense myocardial dis-
placement field that represents the magni-
tude and direction of the movement for
every pixel in the image [18]. Although this
method has only been tested in noncontrast
harmonic imaging for wall motion assess-

ment, it also has clear potential applications
in contrast echocardiography (Fig. 4.2)".
This type of method may provide not only
an assessment of the heart motion but also
the possibility to compensate that move-
ment, producing artificially still sequences,
much more appropriate for obtaining func-
tional information with contrast echocar-
diography. This issue is further detailed (see
paragraph “Effect on the Cardiac Motion”).

Contrast Quantification
for Myocardial Perfusion
Assessment

A reliable assessment of the myocardial per-
tusion is one of the most ambitious goals of
contrast echocardiography. Nevertheless, it
is quite evident that, as in other imaging
techniques such as nuclear medicine or car-
dio MRI (magnetic resonance imaging), the
simple visualization of differences in video
intensity between cardiac segments is not
enough to provide objective, reliable and
repeatable measurements.

Under some reasonable assumptions, quan-
titative measurements of video intensity are
related to the contrast agent concentration
in different myocardial regions. Thus, the
video intensity information in contrast stud-
ies may be used to obtain a spatial assess-
ment of myocardial perfusion, applying ade-
quate models and quantification algorithms.

Myocardial perfusion assessment by means
of contrast agents does not provide a high

! Studies in figures 2 to 10 have been processed with the
CUSQ® software package, developed by the authors and
distributed by SIEMENS-ACUSON.
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spatial resolution, limiting the sensitivity in
cases of small defects. However, several stud-
ies support that a good quantitative assess-
ment improves the accuracy, even to a degree
comparable to that of SPECT studies [11].

Basic Quantification

The most simple approach to contrast
echocardiography quantification consists
of taking video intensity measurements on
regions of interest (ROI) defined in single
frames or image sequences (cineloops) .

Single-Frame Quantification

Once a suitable image in a sequence has
been selected, the video intensity in differ-
ent points or regions in the myocardium can
be measured. Typically, a region-of-interest
(ROI) is defined and the maximum and/or
mean intensity of the pixels within the ROI
is computed. ROIs could be placed within a
single segment or perfusion territory. The
advantage of working with ROIs instead of
individual pixels is that the averaging min-
imizes the effect of the noise (statistical
error, scatter, artifacts).

As the change in signal strength due to
the contrast is usually small, its detection is
hindered by the noise; the application of
subtraction techniques may increase the sig-
nal-to-noise ratio. Subtraction assumes that
the acquired signal is composed of the addi-
tion of signal caused by the contrast agent
and ‘background’ information or noise. If
this second component is identified, it can be
subtracted. This is usually achieved by

acquiring several images before the contrast
appearance and subtracting the average
value of these images. Obviously, it is nec-
essary to acquire all the images at the same
moment in the cardiac cycle, or alignment
methods have to be applied (see paragraph
“Effect on the Cardiac Motion”).

It is also possible to define linear ROIs or
‘profiles’ and to draw a graph of intensities
along the line. In this way, spatial variations
of intensity (variations of perfusion) along
the line can be easily visualized. These profiles
do not have to be straight lines, since the user
can define any curve as desired (Fig. 4.3).

Single-frame quantification provides a
way of determining relative perfusion values
between different myocardial regions,
although it is an oversimplistic method that
cannot deal with movement or time evolu-
tion information. When this information is
required, sequences or cineloops of images
have to be analyzed.

Sequence Quantification

The interpretation of image intensity data as
a function of time provides functional infor-
mation of clinical relevance. A sequence or
cineloop of images can be analyzed by
obtaining a time curve of the evolution of
video intensity in different ROIs or in every
pixel. Usually, mean intensity within the ROI,
after background subtraction, is displayed as
a function of time. ROIs are defined as in sin-
gle-image analysis, but in this case, their posi-
tion in the myocardium should be correct-
ed along the sequence (see paragraph “Effect
on the Cardiac Motion” for automatic or
semiautomatic ROI repositioning) (Fig.4.4).
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Fig.4.4. Evolution of the video intensity along time in a ROI drawn within the myocardium. The second frame
corresponds to the moment when a high MI burst is applied. From that moment on, reperfusion of the myocar-
dial tissue takes place and can be quantified applying a proper mathematical model
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Another way of visualizing spatial and
temporal information together is the cre-
ation of a curved or calculated M-mode: a
line is defined within the myocardium and
the video intensity for each point in the
curve at successive frames is depicted in an
M-mode-like image (Fig. 4.5).

Parametric Quantification

Microbubbles, unlike most of the nuclear
medicine tracers used for myocardial per-
fusion imaging, can be considered strictly
intravascular, as they remain in the intravas-
cular space during their transit through the
myocardium [2]. For this reason, quantita-
tive information about myocardial blood
flow and/or myocardial blood volume can
be obtained by applying well-known math-

ematical models derived from indicator dilu-
tion principles [23].

Two main models are applicable, depend-
ing on whether the administration of the
contrast agent was performed with bolus
injection or continuous infusion.

Bolus Analysis

Visual analysis of the video intensity varia-
tions after a bolus injection is difficult and
cannot provide objective parameters. Quan-
titative analysis to obtain information relat-
ed to the blood flow in the myocardium can
be performed applying classical mathe-
matical methods.

For this kind of analysis, end-systolic
images are acquired from each cardiac cycle
from just before contrast injection until its
disappearance [3]. Prior to the contrast

Fig.4.5. Curved M-mode. A curve is drawn in a frame and exported to all the remaining frames of the sequence
(allowing repositioning). The calculated M-mode image visually represents the changes in video intensity

along time
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appearance, four to six images are acquired

and averaged for background subtraction

[24]. Time intensity plots from background-

subtracted video intensity are then fitted to

a gamma-variate function [3, 25]:

y=Ate™ (1)
where A is a scaling factor, ¢ is time and

o is a parameter related to the transit rate of

the tracer (Fig. 4.6).

From this model, the following parame-
ters can be obtained:

+ Peak video intensity (A/o€), proportional
to the volumetric flow.

+ Time-to-peak, 1/0, time from the begin-
ning of the curve to the maximum inten-
sity.

s Mean transit time (MTT) of the bolus,
the average time that the contrast agent
takes to travel through the volume under
analysis. It corresponds to the center of

gravity of the curve, which only coin-
cides with the time of the maximum in
symmetrical curves. It is calculated as
the first moment of the concentration
time intensity plot, approximately equal
to 2/o. (Fig. 4.6).
The mean transit rate (reciprocal of MTT)
of a tracer through a sample of myocardial
tissue is proportional to the flow-to-volume
ratio. Its changes, thus, reflect changes in
the regional blood flow if the coronary blood
volume is constant or the variations in blood
volume if the flow is constant.

The accuracy of the relation between the
MTT parameter and myocardial flow has
been validated in experimental models and
clinical perfusion studies. For example, Wei
et al. [3] present a comparison with radio-
labeled microsphere myocardial blood flow
measurements, showing that a mild to mod-

h 4
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Fig. 4.6. Gamma-variate function (red) fitted to a real perfusion curve (green dots). Time-to-peak and mean

transit time parameters are represented
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erate stenosis (<85% lumen diameter nar-
rowing) on an epicardial coronary artery
can be detected by identifying the decrease
in myocardial blood volume distal to the
stenosis.

The gamma-variate function presumes
that the system behaves like a two-com-
partment model and that the bolus entering
the myocardial bed is perfect, in the sense
of following a mathematical delta function
(infinitely short). The lack of detailed knowl-
edge about the shape of the input function,
among other technical difficulties, limits the
accuracy and usefulness of this technique in
clinical practice. Other more complex mod-
els able to take into account an imperfect
input function have been tested, although
their accuracy has not shown to be signifi-
cantly superior to that of the gamma model
[3]. Continuous infusion using reperfusion
models is an alternative that offers several
advantages, as will be discussed in the next
section.

Reperfusion Model

As seen in paragraph “Imaging Tecniques”,
microbubbles react in different ways to the
ultrasonic pulses depending on the mechan-
ical index. This property of the microbubble
behavior can be used to measure blood
reperfusion in the myocardium. A burst of
high-MI pulses sent during a continuous
infusion of the contrast agent destroys all
the microbubbles, allowing one to record
the replenishment of the myocardial tissue
[26] as blood with fresh contrast agent re-
enters the cardiac wall. Two different acqui-
sition techniques are being used to study

reperfusion: continuous (real-time) imag-
ing and intermittent imaging.

Images can be acquired in two different
ways: (a) triggered mode, in which one only
image per cycle is acquired, generally at end-
diastole, and (b) continuous or real-time
mode, in which images are acquired contin-
uously at a relatively high frame rate. Con-
tinuous or real-time imaging makes use of a
high-energy (high MI) ultrasound pulse that
destroys all the microbubbles and then
acquires continuously images using low MI
pulses that do not destroy the microbubbles.
This allows the increasing degree of myocar-
dial reperfusion to be recorded as an increase
of opacification or video intensity.

The mathematical analysis of the data is
based on a single-compartment model with
an input considered as a step function [25].
The model is defined by a differential equa-
tion dC(t)/dt = B[G(t) - C(t)], which
describes the change in myocardial con-
centration C(t) within a mixing chamber of
volume V with a flow-to volume ratio f3, with
a certain input function G(t). Solving the
equation when the input is a step function
leads to an exponential solution of the fol-
lowing form:

y=A(1-e")

where y is the videointensity value, f3 is
the video intensity increase rate, and A is
the asymptotic value of video intensity after
complete replenishment (value of the
plateau) (Fig.4.7). The slope at the origin (¢
= () is AB. It can be shown [26] that, accord-
ing to the model, the blood flow (f) must be
proportional to Ap.

A different acquisition technique known
as ‘intermittent imaging’ has also been used
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Fig.4.7. Exponential model with parameters A, 3 and AP indicated

for reperfusion assessment. With this tech-
nique, every image is acquired by using
high-MI ultrasonic pulses, thus destroying
all the microbubbles every time. To measure
reperfusion, the time interval between puls-
es (pulsing interval, PI) is increased in each
acquisition to allow a higher amount of con-
trast to reenter the field at each repeti-
tion.Wei et al. [26] proposed a two-piece
linear model for the resulting curve: a lin-
ear increase in intensity until reaching a
constant plateau. However, the video inten-
sity versus pulsing interval curve is adjust-
ed to a similar exponential model as in the
previous case. The justification for this is
that nonuniformities in the ultrasound
beam shape and bubble destruction lead to
a more ‘rounded’ curve that can be heuris-
tically approximated by an exponential. An
alternative reason to fit an exponential

curve may simply be to accept the same
compartmental model as in the previous
case, since intermittent imaging could be
considered a particular case of the contin-
uous curve, sampled at a lower (and per-
haps irregular) rate.

In the case of continuous imaging, a cyclic
variation of signal intensity can be observed,
due to heart beating. This high-frequency
variation has been analyzed in some reports,
although systolic/diastolic ratios do not
seem to be related to regional functional
parameters [27, 28]. For this reason, to
obtain a correct fitting when using real-time
imaging, it is very convenient to perform a
previous filtering of the curve.

The quantification procedure involves the
same steps in both acquisition modes:

1. Acquisition of frames following bubble
destruction.
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2. Regions of interest are placed within the
myocardium and repositioned along the
sequence, either manually or using some
automatic procedure.

3. Time curves are obtained for each region.

4. The curves are low-pass filtered, partic-
ularly in the case of real-time acquisition.

5. The parameters of the model are
obtained after adjusting the curve to an
exponential function by any of the math-
ematical algorithms available.

Figure 4.8 shows an image of a sequence

with two ROIs defined. On the right, the time

curves corresponding to the regions are dis-
played, showing the fitted exponential mod-
els. Notice the different degrees of reperfu-
sion (values of A) and replenishment rates
(described by B) corresponding to regions
with normal and reduced perfusion.
Masugata et al. [29] studied the values of

the reperfusion parameters under graded
coronary stenosis, and showed that § and
AP correlated well with the degree of steno-
sis, while A alone did not.

A comparison between real-time and
intermitent triggered imaging for the quan-
tification of coronary stenosis and trans-
mural perfusion gradient was reported by
Masugata et al. [30] using an open-chest
model in dogs. They showed that both meth-
ods are equivalent, both visually and quan-
titatively, for the quantification of altered
myocardial blood flow. With both imaging
modalities, the product of AP shows a good
correlation with myocardial blood flow
measured with fluorescent microspheres,
higher than that of using parameters A or
B alone. The asymptotic plateau of video
intensity was found to be lower with real-
time imaging, requiring a higher amount of

|
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Fig.4.8. A Two regions of interest in different myocardial segments (real-time acquisition) B Corresponding
time intensity curves and fitted exponential models for both ROIs. The green ROI corresponds to a hypoper-

fused segment
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Fig.4.9. Parametric images obtained from a mini-pig (open-chest experimental model) with reduction of the
LAD coronary artery flow. Sequence was acquired with continuous infusion and real-time ECG-gated acqui-
sition mode (CCI, Siemens-Acuson) and quantified according to an exponential model. Parameters A (left) and
B (right) are overlaid in color over the first image after bubble destruction. Ischemic region shows signifi-
cantly smaller A and f in comparison with the normally perfused segments

contrast to obtain the same intensity values.

A new and more attractive way of pre-
senting these data (‘parametric imaging’) is
being progressively introduced. It consists
in obtaining time curves for all the pixels in
the image instead of working only with a
few number of separate ROIs [31]. Parame-
ters of any model (A, B, AB, time to peak)
can then be computed for any pixel show-
ing their value as a color overlay in the para-
metric image, as shown in Fig. 4.9. Para-
metric imaging requires a very good align-
ment of all the images in the sequence (see
paragraph “Effect of the Cardiac Motion”).

Limitations of the Quantification
Methods

Accuracy of the quantification methods as
a myocardial perfusion assessment tool is
impaired by several factors, whose knowl-
edge is critical to improving reliability in

the future. Some of them may apply to all
quantification techniques, while others are
only relevant for model-based methods.
One problem common to all the tech-
niques is the possible lack of linearity
between video intensity and the concen-
tration of the contrast agent. Although all
the quantification techniques assume a lin-
ear relationship between regional video
intensity and the concentration of the con-
trast agent, this is just an approximation,
not fully justified in most imaging systems
[23]. Two different processes are involved
in this assumption: the nature of the
backscatter signal depending on the
microbubble concentration and the repre-
sentation of this received signal as an image.
Relative changes in contrast agent concen-
tration produce variations of the ultrasound
backscatter signal, also affected by scatter-
ing and absorption mechanisms during its
propagation. The effect of these problems is
less important when the concentration of
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contrast is low, appearing as a strongly non-
linear saturation effect at higher concen-
trations [25]. In the sonographer, the rep-
resentation of the received signal as an
image is generated through a look-up table
(LUT) that maps signal intensity onto video
intensity (either gray level or color); this
map may be (and frequently is) strongly
nonlinear. To achieve a better dynamic
range it is common to present the results
on a scale in decibels that implies a loga-
rithmic translation. This cause of nonlin-
earity is not supposed to be a problem for
the quantitative analysis as it can be math-
ematically corrected if the look-up table is
known.

Another factor that affects all the quan-
tification methods is that intensity values
may differ greatly among subjects or even
among repetitions of the experiment, as a
consequence of the depth-dependent atten-
uation of reflected sound waves. This is gen-
erally overcome by using relative measure-
ments obtained by normalizing the video
intensity of the myocardium with respect
to that of the cavity.

Methods based on the reperfusion para-
metric quantification model have some spe-
cific limitations that may degrade the good-
ness-of-fit to the theoretical exponential
curve:

a. Uncertainty about the position of the ini-
tial point. The initial point for curve fitting
should be selected in a moment with min-
imum contrast. However, depending on

make the resulting fit very dependent on
the particular initial point chosen. Anoth-
er possibility is to add a constant term
(y,) to the exponential model, to account
for this nonzero initial value, obtaining
the following model:
y=A(l-e?)+y,

Other authors [31] make use of a pre-
contrast image that is subtracted from all
the remaining images acquired during
reperfusion. This method, however,
assumes a correct realignment of all
frames with the precontrast image.

b. Curve filtering. The time curve is usually

low-pass filtered before adjustment to the
exponential model. The type and degree
of filtering can affect the adjustment and
modify the value of the parameters
obtained from the model.

c.Validity of the exponential model.

Throughout the quantification process it
is assumed that the reperfusion process
is accurately modeled by an exponential
function. This is only an approximation,
and the reliability of the parameters
obtained is obviously limited by the good-
ness-of-fit of the model to the real reper-
fusion process. The behavior of the con-
trast agent during its passage through the
myocardium is more complex than the
model presumes. The microbubbles do
not seem to pass unimpeded through the
microcirculation and hence their behav-
ior does not follow a straight compart-
mental model [25].

the specific sonographer and acquisition
parameter settings, a different degree of
microbubble destruction is achieved [26].
Noise in this initial part of the curve can

All these limitations may introduce inaccu-
racies in the actual values of the parame-
ters, as obtained after the exponential fit-
ting. The problem is particularly severe
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when trying to compare values obtained
with different acquisition settings or using
different quantification software packages.
It is, however, less worrying in comparative
studies carried out with the same setting.

Finally, another source of error also com-
mon to all the quantification techniques is
that due to the movement of the transduc-
er, respiration, etc., there may be a dis-
placement of the images along the sequence.
This is especially severe when using real-
time acquisition, as the position of the struc-
tures changes continuously along the heart
cycle. This particularly difficult problem is
addressed in the next section.

Effect of the Cardiac Motion

As already mentioned in this chapter, in
most of the applications of myocardial con-
trast quantification, heart motion consti-
tutes a significant source of error which
needs to be corrected. The complete
sequence of images or at least the ROIs must
be carefully aligned to obtain accurate time
curves for model fitting or to create para-
metric images representing a certain fea-
ture for every pixel. If it is done manually
(usually with ROIs), the operator must revise
the whole cineloop to validate that the posi-
tion of the ROI is correct in every frame.
For some applications, the only concern is
that the region does not include at any
moment bright values from the neighbor-
ing cavities [32]. In studies aiming at the
detection of small perfusion defects or when
slight differences are expected, a finer align-
ment must be carried out. This is the case,
for example, in studies that try to calculate

endocardial/epicardial perfusion ratios [30].

Although most studies still rely on a man-
ual alignment to properly position the ROIs
[33], an increasing number of attempts of
using automatic alignment or tracking tools
is being observed. These automatic meth-
ods can be divided into two main groups,
those using algorithms to reposition indi-
vidual ROIs and registration-based
approaches, in which the whole images are
realigned.

Algorithms in the first group track local
intensity in a pixel-to-pixel (or small neigh-
borhoods) basis, seeking for correspon-
dences between local gray level patterns.
Among these techniques, reviewed in [34],
the most representative are ‘optical flow’
and ‘block matching’ methods. Some glob-
al smoothness constraint is normally added
to impose spatial coherence in the dis-
placement field, to avoid big changes in the
displacement amplitude and direction in a
small neighborhood. These methods have
long been proposed in conventional
echocardiography as an alternative to
Doppler imaging to estimate tissue motion
[35] or to assess myocardial deformation
[36]. We have evaluated several local block
matching algorithms as a tool to track a
ROI along the sequence in contrast echocar-
diography. Results have proven accurate
enough for clinical purposes and compu-
tation times may allow for real-time pro-
cessing (Fig. 4.10).

The second approach retrieves the dis-
placement vectors for every point in the
image finding the deformation field between
every pair of images, in a process common-
ly denoted as alignment or registration. These
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Fig. 4.10. Three frames of a sequence on which three ROIs have been defined. Upper row shows the position
of the ROIs without any tracking. Lower row shows the position after automatic tracking

methods take into account all the pixels in
the image (or the object of interest) in a glob-
al manner, obtaining all the displacements
at the same time. The smoothness and spatial
coherence is therefore automatically imposed
within the deformation definition.

The deformation computed for any pair of
images provides an incremental displace-
ment between them, obtained by minimiz-
ing the difference in intensity between the
two images while iteratively adjusting the
deformation parameters. The intensity sim-
ilarity measurements more commonly used
are cross-correlation or least-squares dif-
ferences. The alignment process is repeated
for all the consecutive pairs of images in
the cardiac cycle sequence and the incre-
mental displacements are added together
to compute the accumulated displacement

for every point in the image. Once known,
the deformation field can be applied either
to compute trajectories (or derived param-
eters: velocity, acceleration, strain, etc.) or to
actually deform the images making them
match each other [18, 24, 37]. The nature of
the deformation depends on the acquisi-
tion technique; with triggered methods,
normally rigid transformations (transla-
tion and rotation) are enough. This is the
approach used in [24]. With real-time meth-
ods, nonrigid transformations are needed
due to the elastic nature of the myocardi-
um [18, 37].

An advantage of whole-image registration
is that once the complete sequence is cor-
rectly aligned, all the pixels can be studied,
enabling the calculation of parametric
images.
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Future Trends

Myocardial contrast echocardiography has
evolved from the initial experiments using
intra-arterial injections and fundamental
imaging to a more productive environment,
employing intravenous administration,
more advanced acquisition techniques that
enhance noticeably the image, and a quan-
titative interpretation of the results. The pos-
sibility of generating parametric images,
that leads to results more similar to those
classically obtained by other image modal-
ities, such as nuclear medicine or cardio
MRI is remarkable. However, a reliable use
of parametric imaging requires a solution
to the problem of movement. As mentioned
in this chapter, some mathematical
approaches to this issue are yielding very
promising results, although clinical valida-
tion will require some more time. Never-
theless, we must take into account that these
movement-correction techniques are only
an approximation, since the movement of
the heart takes place in 3D while the cor-
rection works strictly in-plane. Only a 3D
acquisition would provide a complete dataset
that would allow for an exact compensation
of the displacement of the structures under
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