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The assessment of regional left ventricular (LV) function has been an important yet unresolved problem
since the introduction of echocardiography as a diagnostic tool. Abnormal regional LV wall motion
is an early finding in multiple cardiac pathologies and its diagnosis is of critical importance. In the
last few years diagnostic procedures based on combined use of existing echocardiographic technologies
were geared toward improving the accuracy of detection of baseline and/or induced regional wall mo-
tion abnormalities. One of the assumptions is that the combination of reduced LV wall thickening and
reduced myocardial velocities can be used to accurately diagnose regional myocardial dysfunction.
In this article we will discuss several new techniques for the quantification of regional LV function
using Doppler echocardiography. (ECHOCARDIOGRAPHY, Volume 20, October 2003)
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Pulsed Doppler Myocardial Imaging

Pulsed-wave Doppler tissue imaging (DTI)
can be used to investigate the systolic phase of
each single myocardial wall segment. In nor-
mal patients, peak systolic velocity measured
in the four-chamber view decreases from base
to apex. Previous studies described direct corre-
lation between ejection fraction (EF) and peak
systolic myocardial velocity (r = 0.80), and in-
verse correlation between EF and time from
ECG Q-wave to peak systolic myocardial veloc-
ity (r = −0.75).1,2

Myocardial systolic function has been eval-
uated by pulsed-wave DTI in several types
of cardiomyopathy. In patients with dilated
cardiomyopathy, a decrease in systolic my-
ocardial velocity was noted along both long
and short axes. All systolic DTI variables,
particularly peak systolic myocardial veloc-
ity along the long axis, correlated well with
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peak dP/dt.3,4 In systemic amyloidosis, re-
gional myocardial dysfunction can also be de-
picted in patients with normal ejection frac-
tion, revealing a progressive decrease in peak
systolic myocardial velocities from cardiac
amyloidosis cardiac amyloidosis with heart
failure.5

Pulsed-wave DTI analysis of systolic function
is also useful for differentiating between patho-
logic and physiologic LV hypertrophy, which is
reflected by a decrease in mean systolic annu-
lar velocity < 9 cm/sec (sensitivity 87%, speci-
ficity 97%).6 In high performance athletes, sys-
tolic velocity of the basal interventricular sep-
tum is increased and is positively correlated
with septal thickness, suggesting that the sep-
tum greatly contributes to the longitudinal LV
systolic shortening.7,8

During acute ischemia, characteristic
changes can be seen in both systole and
diastole. A typical ischemic pattern is a com-
bination of reduced systolic velocity, increased
delay from electrocardiogram (ECG) Q-wave
to peak systolic myocardial velocity, and the
presence of postsystolic thickening reflected by
a positive wave in viable tissue that appears
after aortic valve closure (Fig. 1).
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Figure 1. Apical infarction illustrating pulsed-wave
Doppler tissue imaging of (A) apical septum, (B) mid-
septum, and (C) basal posterior septum. Note that in
the apical segment during systole only passive motion is
evident. In the middle segment, a marked reduction in
systolic motion is accompanied by postsystolic thickening.

In patients with known or suspected coro-
nary artery disease, analysis of systolic regional
function has also been proposed as a way to
quantify dobutamine echocardiographic data.
In response to dobutamine, ischemic segments
were found to exhibit the lowest increase in sys-
tolic peak velocities. The sensitivity and speci-
ficity of DTI for detection of ischemia was 86%
and 96% for basal segments using a peak sys-

tolic myocardial velocity of < 12 cm/sec as an in-
dicator of an abnormal response.9 DTI of asyn-
ergic myocardium during dobutamine stress
echocardiography can also be used to quanti-
tatively identify viable myocardium. Assuming
35% increase in systolic myocardial velocity ve-
locities caused by dobutamine as a cutoff for
viability, 89% sensitivity and 86% specificity
were achieved for predicting postrevasculariza-
tion functional recovery.10

Dopper tissue imaging is also a useful tool
in assessing the severity of LV asynchrony in
patients with left bundle branch block (LBBB)
and heart failure, as well as in evaluating the ef-
fects of pacing on long-axis function (Fig. 2). Re-
cent studies evaluated the effects of biventric-
ular pacing on myocardial activation delay in
patients with advanced heart failure and wide
ECG complexes.11,12

One of the main technical limitations of
pulsed-wave DTI in the evaluation of regional
LV function is that velocity values are strongly
affected by the angle between the Doppler sam-
ple and the dominant wall motion vector in
each specific myocardial segment. This limita-
tion makes the quantification of regional LV
function using pulsed-wave DTI impractical for
routine clinical work.13

Color M-Mode Doppler Tissue Imaging

Color M-mode allows the quantification of
myocardial velocities at different depths of
the myocardial wall and velocity differences
across the myocardium. These differences are
assessed by calculating myocardial velocity gra-
dients. Thus, color M-mode is the first echocar-
diographic tool to provide direct insight into
myocardial function (Fig. 3). Such analysis of
myocardial function may be especially impor-
tant in conditions that affect myocardial func-
tion in a nonhomogeneous way, such as ischemic
heart disease.

Compared with pulsed-wave DTI, color M-
mode DTI provides less information for an in-
dividual pixel. On the other hand, the entire
myocardial wall can be analyzed simultane-
ously with color M-mode, whereas pulsed DTI
is only able to evaluate a relatively small sam-
ple volume. The main drawback of this tech-
nique compared with other DTI modalities is
the impossibility of obtaining reliable measure-
ments from all cardiac segments, because ve-
locity obtained from M-mode is only accurate
when the ultrasound beam is perpendicular to
the muscle fibers. For this reason color M-mode
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Figure 2. The use of pulsed-wave
Dopper tissue imaging to select pa-
tients for resynchronization therapy is
depicted. In this example, obtained in
a patient with dilated cardiomyopathy
and left bundle branch block, note the
interventricular delay of 80 msec. This
delay is reflected by the difference in the
time interval from electrocardiogram
Q-wave to peak systolic myocardial
velocity (Sm) measured at the tricuspid
annulus and at the inferior wall, which
was the most delayed in this patient.

measurements are generally performed from
the parasternal views, in the anterior septum
and basal posterior walls, where this require-
ment is best met.

In a normally contracting heart, systolic LV
wall thickening is nonuniform. Maximal rate of
systolic thickening is known to be higher near
the endocardium than the epicardium.14−18 The
mathematical definition of velocity gradient is
velocity difference per unit distance. DTI is sen-
sitive enough to detect these differences across
the myocardium during contraction as well as
relaxation in protodiastole.19−21 Therefore, a
myocardial velocity gradient (MVG) can be cal-
culated from color M-mode DTI at any phase
of the cardiac cycle, and it appears as a useful
parameter for the evaluation of regional my-
ocardial function. Different ways of calculat-

ing myocardial velocity gradient in DTI studies
have been proposed. Fleming and associates22

suggested estimating it through linear regres-
sion of the velocities across the wall. Assuming
that velocity gradients are linear in the my-
ocardium, velocity gradient is defined as the
slope of the line through the velocity estimates
across the myocardial wall. It may also be cal-
culated in a simplified way as the difference in
myocardial velocity between the endocardium
and epicardium divided by the myocardial wall
thickness.23

Another strategy to study intramyocardial
function is to define different layers of the
myocardial wall in order to obtain indepen-
dent quantitative analysis of each layer.24 Sim-
ilar to the calculation of MVGs, this technique
requires image postprocessing.6 Multilayer
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Figure 3. Color M-mode multilayer Doppler tissue imaging (DTI) obtained in a healthy 29-year-old volunteer (left) and
analysis results (right). The analysis included semiautomatic tracing of the endocardial and epicardial boundaries on an
averaged gray-scale image (not shown), followed by dividing the myocardium into three layers, in which myocardial velocities
and velocity gradients are automatically calculated. The dotted line marks end systole, or the point where red color in the DTI
image turns blue. Note the positive values in systole and negative values in diastole in the velocity plot. Early and late nadir
represent early relaxation and atrial emptying, respectively.

myocardial velocities can provide complimen-
tary information to velocity gradients because
gradients reflect relative balance between endo-
and epicardial velocities and multilayer anal-
ysis reveals absolute values of myocardial ve-
locities corresponding to endocardium and epi-
cardium (Fig. 3).

Clinical Applications of Color M-Mode DTI

Normal Aging. Multilayer myocardial ve-
locities and MVG in healthy patients demon-
strate progressive changes with age in dias-
tole, whereas no significant age-related changes
have been reported in systolic peak velocities.
These diastolic functional changes are related
to the delayed ventricular relaxation observed
in the elderly. With age, the peak velocity gra-
dient decreases during ventricular filling and
increases during atrial contraction (Fig. 4).25

Multilayer analysis revealed that in early di-
astole the decrease in the endocardial veloc-
ities with age is more pronounced than that

in meso- and epicardial velocities. In contrast,
in late diastole, the effects of age are similar
in all layers. A progressive increase in endo-,
meso-, and epicardial myocardial velocities is
observed in elderly patients in telediastole.26

These findings could be the functional correlate
of anatomic findings in experimental models,
indicating progressive myocardial cell loss and
replacement fibrosis, which takes place mainly
in the subendocardium.27

Cardiomyopathies. Palka and colleagues28

observed that peak systolic and protodiastolic
MVG were lower in patients with hypertrophic
cardiomyopathy than in athletes, hyperten-
sive patients, or normal patients. It was also
reported that peak protodiastolic MVG could
accurately discriminate between hypertrophic
cardiomyopathy and left ventricular hypertro-
phy in athletes.28 Color M-mode DTI has also
been used for the differential diagnosis be-
tween restrictive cardiomyopathy and constric-
tive pericarditis. Protodiastolic MVG measured
from the LV posterior wall was significantly
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Figure 4. Color M-mode multilayer Dopper tissue imaging obtained in a healthy 85-year-old volunteer (left). Note the age-
related differences in diastolic patterns compared with the younger volunteer in Figure 3. Interestingly, the effects of age in
protodiastole are more pronounced in the subendocardium, whereas the changes in telediastole are more homogeneous across
the myocardial wall.

lower in patients with restrictive cardiomyopa-
thy compared with normal subjects and pa-
tients with constrictive pericarditis. Addition-
ally, abnormal MVG during isovolumic relax-
ation was observed in patients with restrictive
cardiomyopathy (positive MVG during isovolu-
mic relaxation time) compared with patients
with constrictive pericarditis and normal pa-
tients.29 Color M-mode DTI has also been used
for other purposes, such as the early detection
of Duchenne’s disease.30

Ischemic Heart Disease. Previous studies
have demonstrated that regional ischemic dam-
age to the myocardium is heterogeneous in both
spatial and temporal dimensions.31 This fea-
ture makes ischemic heart disease an ideal sce-
nario for a detailed analysis of intramyocardial
function with color M-mode DTI. Derumeaux
et al.32 used color M-mode DTI in an experimen-
tal model of induced ischemia and found that
acute ischemia reduced the gradient between
endo- and epicardial velocities. Color M-mode
DTI can also be helpful in studying myocar-
dial recovery after reperfusion. A significant in-
crease in peak systolic MVG has been observed
after reperfusion in experimental nontransmu-

ral myocardial infarction, whereas transmural
infarction did not have such an effect.33

Garot and coworkers34 reported that systolic
and diastolic MVG are good indicators of con-
tractility defects in ischemic segments. Fur-
thermore, our group studied patients with is-
chemic heart disease and age-matched nor-
mal patients, and demonstrated that protodi-
astolic peak MVG can predict the presence of
ischemia.35 We also tested the utility of color M-
mode multilayer analysis to assess the impact
of ischemic damage on different myocardial lay-
ers in a group of patients with posterior myocar-
dial infarction.36 Peak systolic endo- and meso-
cardial velocities, as well as peak protodiastolic
endocardial velocity, were significantly reduced
in myocardial infarction compared with nor-
mal patients. Conversely, epicardial peak ve-
locity was not significantly reduced, suggesting
that less damage is produced by ischemia in
the subepicardial fibers, as has been previously
demonstrated by necropsy.37

Tsutsui and colleagues38 reported a higher
accuracy of peak systolic MVG compared wiht
visual interpretation of wall motion abnormal-
ities for the detection of ischemic segments

Vol. 20, No. 7, 2003 ECHOCARDIOGRAPHY: A Jrnl. of CV Ultrasound & Allied Tech. 663



GARCIA-FERNANDEZ, ET AL.

during dobutamine stress testing. Therefore, it
has been suggested that intramyocardial wall
motion analysis could be useful for the early
detection of ischemia and myocardial viabil-
ity during dobutamine stress echocardiography.
Further clinical studies are warranted to clar-
ify the role of this modality in the stress test
setting.

Strain and Strain Rate Imaging

Tissue velocities per se do not discriminate
between actively contracting muscle and pas-
sive motion due to heart translation and tether-
ing effects. In order to separate these two types
of motion, “strain” and “strain rate” have been
proposed as measures of regional contractility.
Strain reflects the relative tissue deformation
caused by an applied force or stress. It can be de-
fined as the percent change in dimension from
a resting state (L0) to a new state (L) reached
after the force was applied:

εL(t) =
L∫

L0

dL(t)
L0

= L(t) − L0

L0

This deformation could be positive or nega-
tive. In the case of myocardium, it corresponds
to wall thickening or thinning in the radial di-
rection. “Strain rate” is the rate of this relative
deformation:

SR = dε

dt

It can be measured indirectly as velocity dif-
ference divided by the distance between two
points:

SR ≈ v1(t) − v2(t)
L(t)

Using this definition, strain rate images (SRI)
can be generated and strain can be calculated
as the time integral of strain rate.

Strain and Strain Rate During
Myocardial Ischemia

Greenberg and coworkers39 demonstrated
that peak and mean systolic strain rate are
powerful noninvasive indices of LV contractil-
ity and are more consistent than peak systolic
DTI velocities, possibly as a result of elimi-
nating translation error. The ability of Doppler
echocardiography to measure myocardial strain
in a clinical setting demonstrated an excellent

correlation with the strains calculated by mag-
netic resonance imaging (r = 0.89 and r = 0.96
for longitudinal and radial strains, respectively,
P < 0.001).40

A first attempt to evaluate the clinical ap-
plicability of SRI for the assessment of re-
gional LV function was made by Sutherland and
coworkers,41 who studied patients with chronic
transmural infarction and normal volunteers.42

They found that myocardial wall segments
scored as hypokinetic, akinetic, and dyskinetic
characterized typical and reproducible changes
in the strain rate patterns. In hypokinetic and
akinetic segments, shortening during isovolu-
mic contraction was replaced by a positive
lengthening wave. In systole, the onset of seg-
mental shortening was delayed, and the peak
systolic strain rate and strain decreased sig-
nificantly with segmental asynergy. Not only
could systolic strain and strain rate accurately
identify infarct-involved segments,42 but also
these parameters were significantly altered in
normokinetic segments supplied by a coronary
artery with a significant stenosis (>70%) in
comparison with control segments. Further-
more, velocities were found to be less specific
in this setting because they were decreased not
only in asynergic segments but also in the re-
mote and well-perfused myocardium due to of
alteration in global LV function or tethering to
adjacent ischemic segments. The systolic strain
and strain rate had higher diagnostic accuracy
(sensitivity 75% and 80%, specificity 80% and
82%, respectively) than systolic DTI velocities
alone (sensitivity 68%, specificity 65%) for iden-
tifying acute ischemia.43

SRI in Stress Echocardiography

Strain rate imaging can be used to evalu-
ate myocardial function and accurately diag-
nose ischemia and assess viability in a clinical
setting (Fig. 5). Several centers have demon-
strated changes in regional myocardial veloc-
ity in response to stress and have successfully
correlated these changes with normal, ischemic
and scar responses. SRI is a more local measure
of contractility, which is less affected by tether-
ing. Both DTI systolic velocities and peak sys-
tolic strain increase with dobutamine in nor-
mally perfused segments and decrease in is-
chemic segments, but peak systolic strain ap-
pears to be affected by ischemia earlier.44

Hoffmann and associates45 analyzed 192 my-
ocardial dyssynergic segments with SRI, at rest
and after infusion of low doses of dobutamine.
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Figure 5. Compared with the strain
rate profile obtained at rest in the basal
and mid-septal segments (top), and at
peak dose of dobutamine (bottom), the
basal segment reveals a normal re-
sponse with an increase in peak sys-
tolic strain of 20 units (from –10% to
–30%). In the severely ischemic mid-
septal segment, peak systolic strain in-
creased from –20% to –12%. (Courtesy
of A. Evangelista, M.D.)

Of the 192 segments, 94 were classified as viable
and 98 nonviable by 18F-fluorodeoxyglucose
positron emission tomography (18FDG PET). In
83% of segments, dobutamine SRI assessment
of viability was in agreement with PET, yield-
ing sensitivity of 75% and specificity of 63%. An
increase in peak systolic strain rate from rest to
dobutamine by more than 0.23 s−1 allowed ac-
curate discrimination of viable from nonviable
myocardium with sensitivity of 83% and speci-
ficity of 84%.

Strain Rate in Resynchronization Therapy

Cardiac resynchronization therapy (CRT) is
a promising therapeutic option in patients with
severe heart failure and LBBB. With the use
of DTI for the detection and quantification of

LV systolic performance and asynchrony, it was
found that the extent of delayed longitudinal
contraction (DLC) predicted the improvement
in LV systolic performance during CRT. Strain
rate analysis allows a better segmental loca-
tion of DLC, represented by a negative strain
rate wave during isovolumic relaxation time. In
patients with idiopathic dilated cardiomyopa-
thy, myocardium with DLC tended to be located
in the lateral and posterior walls of the LV. In
contrast, DLC was more frequent in the sep-
tum and in the inferior wall in patients with
ischemic cardiomyopathy. With the recent de-
velopment in pacemaker technology that allows
separate activation of the ventricular leads, the
information provided by SRI allows tailoring
sequential CRT. Sogaard et al.46 demonstrated
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that compared with simultaneous CRT, tailored
sequential CRT provides a significant improve-
ment in LV performance.

Limitation of Strain and SRI

Strain and strain rate obtained from DTI
have the intrinsic limitation of Doppler veloc-
ities: they are projections of the true three-
dimensional velocity vector along the ultra-
sound scan line. Thus, strain rate images are
only meaningful for wall segments where the
deformation is parallel to the scan line, al-
though significant errors occur when the an-
gle between the true motion and the scan line
is above 20 degrees. Another limitation is that
only one strain/strain rate component is ob-
tained, which limits the practical use of the
method to the detection of segment shorten-
ing or lengthening in the longitudinal direction
(apical view). An additional drawback is that
the calculation of gradients is very sensitive to
noise. Strain rate images, computed as differ-
ences between velocities in different spatial po-
sitions, exhibit low signal-to-noise ratios. The
use of interpolation techniques, such as cubic
spline,47 has been proposed to overcome this
problem. Nevertheless, poor definition of my-
ocardial wall boundaries and noise present in
Doppler signals make strain/strain rate images
highly noisy.

Another consequence of the limited signal-to-
noise ratio is low spatial resolution. Most re-
ported studies use two points separated by 1 cm
when computing the strain rate, after applying
spatial and temporal filters. Studies performed
in mathematical phantoms reported that res-
olutions better than 5 mm cannot be achieved
with this method at the typical noise levels.

Automated Analysis of Regional
Wall Motion

Attempts to automatically quantify endocar-
dial excursion have been made since shortly
after the introduction of two-dimensional
echocardiography. However, primitive postpro-
cessing mathematical algorithms and, more im-
portantly, poor image quality precluded using
these systems in the clinical setting.

Integrated Backscatter Based Methods

During the early 1990s the development
of integrated backscatter imaging modalities
allowed a major enhancement of the blood–

endocardium interface.48,49 Acoustic quantifica-
tion represented the first system that provided
reproducible and accurate online parameters
of global LV systolic and diastolic function. A
few years later color kinesis allowed both en-
hanced visualization and objective measure-
ment of regional endocardial excursion.50−53 Al-
though these systems never gained widespread
use in everyday clinical practice, their merit
as pioneer methods for quantitative analysis of
ventricular wall motion should be noted. Clin-
ical studies performed using color kinesis re-
ported that quantitative methods can improve
the diagnostic accuracy of subjective echocar-
diography in the diagnosis of ischemic heart
disease.50−53

Recent development of tissue harmonic imag-
ing has represented a gigantic step forward
in the quality of two-dimensional echocardio-
graphic images.54 Although endocardial border
detection based on acoustic quantification has
significantly benefited from this development,55

new nonlinear harmonic imaging modes com-
bined with second-generation intravenous con-
trast agents provided an even more dramatic
improvement in LV opacification and endocar-
dial definition. Endocardial border can now
be clearly depicted in practically all echocar-
diographic views in the vast majority of pa-
tients referred for echocardiographic examina-
tion. Acoustic quantification software has been
recently modified to detect and track the endo-
cardial boundary on contrast-enhanced image
sequences, and initial clinical studies using this
system are encouraging.56−58

Methods Based on B-Mode
Endocardial Tracking

Digital postprocessing imaging techniques
have evolved during recent years so much that
they have become an integral part of nuclear
medicine, magnetic resonance imaging, and
computed tomography. Feature-extraction algo-
rithms are now capable of providing automatic
recognition of anatomic structures in these
imaging modalities. Today these artificial-
vision based techniques are being introduced
into the field of cardiac ultrasound.

Briefly, these systems are based on two
sources of input: image data and “a priori”
knowledge. Raw image data from digitally
stored ultrasound sequences are processed us-
ing complex digital filtering and intensity nor-
malization algorithms aimed at enhancing the
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endocardial boundary. This initial phase in en-
docardial tracking is designated image seg-
mentation or feature enhancement. The second
step is the incorporation of prespecified intelli-
gence, such as the knowledge of LV cavity size
and shape, as well as notions of temporal and
spatial endocardial motion. Thus, the endocar-
dial contour is first defined using mathemat-
ical spline and snake functions based on ini-
tial input provided by the user for one image
at the beginning of the sequence. Then the sys-
tem deforms this initial contour according to
image data in the next frame and the a pri-
ori knowledge. Once the whole image sequence
is tracked, quantitative parameters of global
and regional function are obtained (Figs. 5
and 6).59−63

This type of system offers a number of advan-
tages. First, accuracy is increased because noise
artifacts and shadowing are markedly reduced.
Second, local correspondences among all local

Figure 6. Endocardial tracking of a contrast-enhanced two-dimensional image sequence. (A) A raw image
is subjected to segmentation and feature extraction using (B) intensity equalization and filtering, followed
by (C) spline fitting of the endocardial contour incorporating knowledge of left ventricular shape, size, and
endocardial displacement. (D) The extracted endocardial boundary is overlaid on the original image to check
result accuracy and to correct potential errors.

points in the contour are preserved, which en-
sures that regional analysis can be performed
accurately. Third, individual contour position in
time and space is calculated and can be com-
bined in a three-dimensional volume.

We have recently participated in the de-
velopment and clinical validation of one of
these tracking systems using acoustic quan-
tification with harmonic contrast images se-
quences as initial input.59,63 Our results demon-
strated that the system is as accurate as visual
analysis of LV function with the advantage of in-
creased reproducibility. We also tested the sys-
tem for the analysis of LV contrast echocardio-
grams obtained during dobutamine stress test-
ing, and found that quantitative parameters of
regional excursion closely correlated with vi-
sual scoring of regional wall motion. Whether
this tool finally increases the diagnostic accu-
racy of stress echocardiography remains to be
ascertained in future studies.
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Figure 7. Quantitative analysis of left ventricular motion from a normal patient (panels A, C, and E illustrate two cardiac
cycles), and from a patient with an apical myocardial infarction (panels B, D, and F illustrate one cardiac cycle). Plots
are the results of processing instantaneous contours obtained from an apical four-chamber view. (A and B) Illustration of
instantaneous values of global area. (C and D) Illustration of a quantitative display of regional shortening. The horizontal
axis represents time, matched to panels A and B. The vertical axis represents each point along the contour in the clockwise
sequence: basal-septum (BS), mid-septum (MS), apical-septum (AS), apical-lateral (AL), mid-lateral (ML), and basal-lateral
(BL). The color scale represents the percent of radial shortening for each point in the contour. Notice that using this display
the differences in the amount and timing of border excursion are readily displayed. (E and F) Histograms depicting long-axis
shortening for each segment.

Image Intensity Tracking Based on B-Mode
Endocardial Tracking

Intensity-based methods have a great poten-
tial for providing myocardial strain in every
point in the myocardium as previously proposed
for magnetic resonance image sequences.64−67

The aim of these methods is to detect the dis-
placement of every anatomic point by search-
ing for correspondence between the intensity of
pixels within the myocardium along the image
cycle. This is commonly referred to as “dense
displacement field” and provides a displace-
ment vector for every point in the myocardium,
whereas border tracking methods only provide

displacement vectors for points along the en-
docardial border. Therefore, border tracking
methods can only assess endocardial motion,
while no information about myocardial thick-
ening or intramyocardial functionality can be
obtained. The dense cardiac displacement, on
the other hand, allows examining of multiple
parameters of myocardial dynamics.

Two different approaches have been proposed
to compute the dense cardiac displacement
field. The first approach tracks local intensity
in a pixel-by-pixel basis (or small neighbor-
hoods), finding correspondences at a local level.
Among these techniques, the most characteris-
tic are optical flow methods and block matching
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methods. To avoid large changes in the dis-
placement amplitude or direction from frame
to frame, some kind of global smoothness con-
straint is usually added to impose spatial coher-
ence in the displacement field.68

The second approach retrieves the dense dis-
placement field by calculating the deformation
between every pair of images so that one of the
images is deformed to be as similar as possi-
ble to the other. This process is commonly re-
ferred to as alignment or registration. The de-
formation computed for one pair of images pro-
vides an incremental displacement. The align-
ment process is repeated for all consecutive
pairs of images in the sequence along the car-
diac cycle (Fig. 7). Incremental displacements
are added together to compute the trajectory,
defined as the accumulated displacement for ev-
ery point in the image.69,70 The deformation be-
tween a pair of images is obtained iteratively,
by minimizing the difference in intensity be-
tween the two images, while adjusting the de-
formation parameters. The deformation must
be elastic or nonrigid due to the elastic nature
of the myocardium. These methods take into ac-
count all pixels in the image in a global man-
ner, computing all displacements at the same
time. The smoothness and spatial coherence is
therefore automatically imposed within the de-
formation definition. Figure 8 illustrates an ex-
ample of the dense displacement field obtained
in a patient with hypokinetic function of the lat-
eral wall as web, basal, and distal septum seg-
ments. Thorough validation of these techniques
is required to establish their potential role in
the clinical echocardiographic assessment of LV
function.

Four-Dimensional Endocardial Tracking

Four-dimensional (or dynamic three-
dimensional) echocardiography is rapidly
evolving and a variety of systems are capa-
ble of obtaining volumetric image datasets.
However, quantitative parameters of global
and regional wall motion can only be obtained
after endocardial boundary recognition and
tracking is performed. A number of attempts
have been taken in this direction.71−73 We
have recently evaluated a prototype system
for surface rendering from four-dimensional
harmonic contrast echocardiographic datasets
based on the tracking system described above,
and we found instantaneous ventricular vol-
umes estimates made by this system to be
accurate.74

Figure 8. Alignment of consecutive pairs of images allows
the computation of incremental displacements and the tra-
jectory of every point in the image. Image was obtained from
a patient with hypokinetic function of the lateral wall, and
the basal and distal septum segments are illustrated with
the dense myocardial displacement field.

Methods Based on Tissue Doppler Tracking

Myocardial velocity information provided by
color tissue Doppler can be used to track the
endocardial boundary. Instantaneous temporal
integration of the velocity data of a given im-
age pixel equals spatial position. On this basis
some ultrasound scanners are capable of pro-
viding online endocardial tracking, and initial
clinical applications of this approach have been
described.75−77 Optimization of these systems
will likely include combining the velocity in-
formation with B-mode data processing algo-
rithms discussed above.
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