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Abstract—Early detection of cardiovascular diseases has been a very active research area in the medical imaging
field. Assessment of the local and global mechanical functions is one of the major goals of accurate diagnosis. In
this study, we investigated the feasibility of elastography for estimation and imaging of the local cardiac muscle
displacement and strain in a human heartin vivo. In its noninvasive applications, elastography has been typically
used to determine local tissue strain through the use of externally applied compression. For our study, we utilized
the cardiac muscle motion during a cardiac cycle as the mechanical stimulus, and acquired successive radiofre-
quency (RF) data frames of the septal and posterior walls over a few cardiac cycles in parasternal and apical
views, respectively. High-quality ciné-loop elastograms were obtained due to high frame rates and the resulting
low decorrelation noise. Furthermore, the strain contrast was higher in the parasternal case, when only the
posterior wall was imaged, and strain estimation was more robust in the apical view. High repeatability of the
results was observed through elastographic measurements over several cardiac cycles. Finally, an M-mode
version of elastography was used to follow part of the interventricular septum or the posterior wall over the
course of two cardiac cycles. Not only do these preliminary results show that elastography is feasible in cardiac
applications in vivo, but also that it can provide new information regarding cardiac motion and mechanical
function. Future prospects include assessment of the role of elastography in detection of ischemia and infarction.
(E-mail: elisak@bwh.harvard.edu) © 2002 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Detection of cardiac dysfunction through assessment of
the mechanical properties of the heart muscle has been a
long-term goal in diagnostic cardiology. Ischemia and
infarction can successfully be determined through char-
acterization of the regional cardiac function. As a result,
in a recent special issue of Physics in Medicine and
Biology (Vol. 45(6), 2000) on tissue motion estimation
and elasticity imaging, the majority of magnetic reso-
nance imaging (MRI) techniques reported in that issue,
such as cardiac tagging (Declerck et al. 2000; Ozturk and
McVeigh 2000) and harmonic phase (HARP) (Osman
and Prince 2000), dealt with cardiac applications. De-
spite the fact that several ultrasound (US)-based motion-

estimation techniques were also reported in the same
issue, none were in conjunction with echocardiography.

Echocardiography, however, still remains the pre-
dominant imaging modality in diagnostic cardiology due
to its real-time feedback, high temporal resolution and a
multitude of complementary methods that can be used
for a complete and accurate diagnosis. The two main
areas of investigation are motion-estimation techniques
and tissue-characterization methods. Motion-estimation
techniques include Doppler myocardial imaging (DMI)
(McDicken et al. 1992; Sutherland et al. 1994; Zamorano
et al. 1997) and strain rate imaging (SRI) (Heimdal et al.
1998), which use Doppler techniques to obtain regional
velocity estimates and velocity gradients (or, strain rates)
of the myocardium, respectively. The field of tissue
characterization, a complement to the motion-estimation
techniques, measures acoustic parameters such as atten-
uation (O’Donnell et al. 1979; Verdonk et al. 1996),
speed of sound (Auld 1990) and integrated backscatter
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(IB) (Sigelmann and Reid 1973; Wear et al. 1989; Miller
et al. 1985; Van der Steen et al. 1997; D’hooge et al.
2000) to determine such myocardial attributes as thick-
ening and thinning (cyclic variation) (Madaras et al.
1983), and anisotropy (Hoffmeister et al. 1996). In fact,
IB measurements and strain estimates have been quali-
tatively shown to be equivalent (D’hooge 1999). A brief,
but thorough, overview of the tissue characterization
methods is given in Miller et al. (1998).

The aforementioned motion-estimation techniques
are mainly Doppler-based methods (i.e., they employ
autocorrelation techniques to track the phase shift caused
by the cardiac motion). There have been several disad-
vantages associated with phase-shift-based methods dis-
cussed in the literature (Bonnefous and Pesqué 1986;
Hein and O’Brien 1993; Jensen 1996). The main ones are
the limitation to small bandwidth signals (i.e., low axial
resolution) (Bonnefous and Pesqué 1986; de Jong et al.
1990; Hein and O’Brien 1993; Jensen 1996), aliasing
(occurring at half the center frequency), the increase in
ambiguity of the estimation with the center frequency
(Bonnefous and Pesqué 1986) and attenuation effects
(Brands et al. 1997). It is of no surprise that the DMI
methods also inherit the shortcomings associated with
the phase shift (or autocorrelation) methods (Heimdal
1999). Time-shift-based methods, such as cross-correla-
tion and sum-of-absolute-difference (SAD) estimators,
have been repeatedly shown to overcome the main lim-
itations of low resolution and aliasing associated with
phase-shift methods and, at the same time providing
higher precision (Bonnefous and Pesqué 1986; Bohs and
Trahey 1991; Hein and O’Brien 1993; Hoeks et al. 1993;
Jensen 1996). Despite the fact that cardiac applications
were of interest since the beginning of the development
of motion-estimation techniques (de Jong et al. 1990;
Adler et al. 1990), time-shift based techniques in cardiac
applications in vivo have only been reported on M-mode
data (Kanai et al. 1997, 1999) or envelope-detected data
(Meunier et al. 1987, 1988; Meunier 1989).

Elastography (Ophir et al. 1991, 1999) is a tech-
nique that calculates local tissue strain through crosscor-
relation of radio-frequency (RF) segments for the esti-
mation of the time shift resulting from a small deforma-
tion. The resulting image of the local tissue strain is
called an elastogram. Based on the principle of palpa-
tion, elastography was initially designed for the detection
of stiffer masses (i.e., tumors) inside healthy tissue and
has been shown to have successful results in muscle
(Kallel et al. 1998), prostate (Kallel et al. 1999) and
breast (Céspedes et al. 1993; Garra et al. 1997) in in vitro
and in vivo applications (Ophir et al. 1999). Because
assessment of the myocardial mechanical parameters has
proven to be a crucial step in the detection of cardiac
abnormalities, elastography should have a significant im-

pact in this field by measuring the mechanical response
of the cardiac muscle at the various steps of the cardiac
cycle (Konofagou et al. 2000). In this case, the cardiac
stimulus is used instead of the externally applied com-
pression, in a similar way to the intravascular elastogra-
phy using the arterial contraction to measure strain inside
the vessel (de Korte et al. 1997), but noninvasively.

For this study, we concentrated on a healthy volun-
teer case to determine the feasibility and robustness of
the application of elastography on the cardiac muscle.
The two examples of left ventricular muscle considered
were the interventricular septum in an apical view, which
is a muscular wall that separates the left from the right
ventricle, and the posterior wall in a parasternal view.
Below, we start by providing the methods used for the
generation of cardiac elastograms and proceed to show
and discuss the motion and deformation results.

METHODS

The septal and posterior walls of a 28-year-old
healthy male volunteer were scanned in apical four-
chamber (A4C) and parasternal long-axis (LAx) views,
respectively, using a Vingmed System FiVe (GE Ving-
med, Horten, Norway) and a 2.5-MHz phased array. The
apical view was particularly chosen in this feasibility
study, because the data set could be acquired in such a
way that the septum moves along each A-line (i.e.,
minimizing the lateral motion). In-phase and quadrature
(IQ) data were acquired and transferred to a workstation
for off-line analysis and converted to RF. The sampling
frequency was equal to 20 MHz and the depths and
widths scanned were equal to 90 mm and 10 mm, re-
spectively.

Incremental (i.e., between successive frames) axial
displacement and axial strain estimates were obtained
using a cross-correlation method in which temporally
successive RF segments were applied (Ophir et al. 1991;
Céspedes et al. 1995; Konofagou and Ophir 1998), using
a window equal to 2 mm and a window overlap of 80%
to assure high elastographic resolution (Alam and Ophir
2000). The frame rate was varied between 60 and 710 Hz
with the subsequent observed trade-off in spatial resolu-
tion. To ensure the high temporal resolution used in this
study (120 Hz) and, thereby, low decorrelation between
frames, 8 (10° angle) and 10 (15° angle) RF A-lines per
frame were acquired in the parasternal and apical cases,
respectively. Due to the low decorrelation noise and low
lateral sampling, no recorrelation methods were em-
ployed (Konofagou and Ophir 1998). Sonographic data
of the entire cardiac view were not acquired simulta-
neously, but M-mode data are provided for comparison
with the elastographic results. Finally, a 5 � 5 median
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filter was applied to all images shown here to compen-
sate for the low lateral sampling.

RESULTS

The transducer was located at the top of all apical
images and at the bottom of all parasternal images shown
in this paper. Furthermore, the reader should note that the
general conventions of elastography are kept (i.e., posi-
tive (negative) displacement denotes motion toward
(away from) the transducer and positive (negative) strain
denotes compression, tension. All displacement images
and conventional elastograms are of size 10 (or 8) mm
across and 90 mm depth, but are shown in a square
format to facilitate viewing. A series of displacement
images from an apical view is first shown in Fig. 1 at
regular intervals during the cardiac cycle. Frames 1–24
represent 0–97% of the first cycle. Frame 25 represents
the onset of the second cycle and, thus, frames 26–30
correspond to frames 2–6 of the first cycle.

During one cardiac cycle, the ventricular wall con-
tracts during systole and ejection, and relaxes during
diastole and filling. During systole, the interventricular
septum shrinks towards the apex as it contracts. During

diastole, it relaxes back toward the base. Frames 6 and 7
show highest positive displacement (i.e., motion of the
septal muscle towards the transducer, at the apex). They
correspond, thus, to the ejection phase of the left ventri-
cle, when the basal septum moves from the base towards
the apex (Fig. 2). Frame 14 in Fig. 1 shows highest
negative displacement of the muscle close to the base,
signifying the muscle moving away from the apex (or
transducer). This occurs at the early or fast-filling phase
of the left ventricle, when the septum gradually relaxes
toward the base. Frames 17–23 correspond to diastasis
(accounting for � 40% of the cardiac cycle in this case)
and frame 25 correlates well with the displacement map-
ping of frame 1, signifying the beginning of the next
cardiac cycle.

In Fig. 2, an M-mode sonogram, an M-mode ver-
sion of Fig. 1, and a plot of the local displacement
variation over two cardiac cycles allows further identi-
fication of several cardiac events. During ejection (E) the
base (at a depth of 90 mm) moves closer (positive
displacement rising) to the apex (at a depth of 0 mm),
then starts to slow down approaching isovolumic relax-
ation (IVR), when the displacement follows an initial

Fig. 1. Displacement images within the septal muscle in the A4C view: 1–24: first cycle; 25–30: first part of second
cycle. The apex is found toward the top of the images (Fig. 2, at 0-mm depth) and the base toward the bottom (Fig. 2,

at 90-mm depth).
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drop. During fast-filling (FF), the muscle stretches from
apex to base and the displacement progressively de-
creases (or muscle moves towards the base). It then
levels off during diastasis (D) to a constant displacement
level, denoting rigid motion (orange area in M-mode),
and momentarily drops to negative levels during late (or,
atrial) filling (AC), when the muscle stretches toward the
base again. Note that, during diastasis, a rigid motion of
the muscle (i.e., motion without deformation) occurs (the
displacement is not zero, but stays constant). In the
second cycle, the displacement follows an almost iden-
tical pattern.

The conventional elastograms (Fig. 3) and the M-
mode elastogram (Fig. 4) show the same trend. During
ejection, the septum experiences compressive (positive)
strain (frames 6–7) and, during fast filling, the muscle
undergoes tensile (negative) strain (frames 13–14). The
noisy appearance of elastograms 13 and 14 is due to
blood echoes entering the field-of-view (FOV) during
filling (see also Fig. 1/frames 13 and 14). The upper part

of the interventricular septum (i.e., the one closest to the
apex) appears to undergo the highest compressive strain
during ejection. During diastasis, the strain is practically
zero (frames 17–23), confirming the lack of deformation
also seen with the displacement tracings. Frames 25–30
again show the second cardiac cycle elastograms, closely
following the strain distribution and variation of their
equivalent frames in the first cycle (i.e., frames 1–6). In
Fig. 4, the septal area undergoing the highest compres-
sion is shown to have moved closest to the apex at the
end of the ejection, which is expected because the base

Fig. 2. (a) M-mode sonogram of the interventricular septum in
the apical view. (b) M-mode images of an axial line segment
through the displacement image (20% off the right end of the
images in Fig. 1; same scale used). Depths of 0-mm and 90-mm
are closer to the apex and base, respectively. (c) Temporal
profile of displacement at 45-mm depth, showing the cardiac
events over one cardiac cycle. E � ejection, AVC � aortic
valve closure, IVR � isovolumic relaxation, MVO � mitral
valve opening, FF � fast filling, D � diastasis, AC � atrial

contraction. The EKG is merely used here as reference.

Fig. 3. Elastograms in the A4C view, 1–24: first cycle; 25–30:
first part of second cycle. The apex is at the top of the images
(Fig. 2, at 0-mm depth) and the base at the bottom (Fig. 2, at

90-mm depth).

Fig. 4. (a) M-mode images of an axial line segment through the
elastogram (20% off the right end of the images in Fig. 3; same
scale used. (b) Temporal strain profile at 45-mm depth, show-
ing the cardiac events over one cardiac cycle. Labeling same as

in Fig. 2.
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has moved closest to the apex at this point, shrinking
down the septum. The temporal strain profile of Fig. 4
also shows the compressive (E), tensile (FF and AC) and
virtually no strain (D) of the septum over two cardiac

cycles. The M-mode results of Figs. 2 and 4 compare
well with those obtained with DMI techniques, showing
the displacement and strain gradient from base to apex
(that stays practically fixed during a cycle) (McDicken et
al. 1992).

Figures 5, 6, 7 and 8 are the exact equivalents of
Figs. 1, 2, 3 and 4 in the parasternal long-axis view case.
In this case, a higher displacement (Fig. 5) and strain
(Fig. 7) contrast was observed around a distinct horizon-
tal structure (particularly seen in frames 1–5 and 15–18)
of the posterior wall. In Fig. 6, the M-mode displacement
image and temporal profile also allow for the identifica-
tion of several events of posterior wall contraction and

Fig. 5. Displacement images in the LAx view. 1–24: first cycle;
25–30: first part of second cycle. The epicardium is at the top
of the images (Fig. 4, at 0-mm depth) and the ventricular cavity

at the bottom (Fig. 4, at 90-mm depth).

Fig. 6. (a) M-mode sonogram of the structure in the parasternal
view (the hyperechoic interface denotes the epicardium). (b)
M-mode displacement image following an axial line segment
through the series of displacement images of Fig. 5 (20% off
the right end of the images in Fig. 5; same scale used). (c)
Temporal displacement profile at 55-mm depth, showing the
cardiac events over one cardiac cycle. The scale is the same as

that in Fig. 5.

Fig. 7. Elastograms in the LAx view. 1–24: first cycle; 25–30:
first part of second cycle.

Fig. 8. (a) M-mode images of an axial line segment through the
elastogram (20% off the right end of the images in Fig. 7; same
scale used). (b) Temporal strain profile at 55-mm depth, show-

ing the cardiac events over one cardiac cycle.
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relaxation. The most interesting results, however, were
obtained with the elastograms. In the series of elasto-
grams, throughout virtually all nondiastatic frames, the
strain throughout the muscle is highly non-uniform. In
fact, the elastograms depict two distinct regions: one
close to the endocardium (top) undergoing compression
in virtually all frames and one close to the epicardium
(bottom) undergoing tension. Also, a pair of compressive
and tensile strain regions with changing polarity (e.g. in
frames 2–3 and 20) appears around the posterior wall and
the muscle seems to be split into two areas that are
experiencing opposite strains. In Fig. 7, from frame 1 to
frame 5, tensile strain occurs close to the endocardium,
forcing the muscle to stretch away from the ventricular
cavity, preparing for the ejection phase, at the onset of
which it reverses “strain polarity” (frame 6), and the
muscle wall closest to the endocardium is now undergo-
ing compressive strain. From frame 6 to frame 13, the
tension (endocardium)/compression (epicardium) polar-
ity is preserved and, after the end of the ejection phase
(frame 14), the polarity is reversed to compression (en-
docardium)/ tension (epicardium) denoting the onset of
the fast-filling phase (frame 16). The muscle seems then
to adjust itself, after reversing the strain polarity yet
again (frames 20–21) to reach diastasis (frames 22–24).
The same polarity behavior is then observed in the sec-
ond cycle (frames 25–30). The M-mode elastogram of
Fig. 8 also shows the polarity change inside the posterior
wall during a cycle and over different cardiac cycles, as
noted. Note that the position of the strain polarity (in-
verted or not) follows the cyclical change of the position
of the pericardium, as shown in the M-mode sonogram of
Fig. 6.

DISCUSSION

The basic function of the cardiac muscle is to de-
form (i.e., contract and relax) in order to pump blood
throughout the body continuously. Therefore, by defini-
tion, it constitutes an ideal organ to be studied with
elastography, a method designed to image tissues and to
detect abnormalities during or following a deformation.
The general consensus used to be that the three-dimen-
sional (3-D) complicated motion of the left ventricular
wall during a cardiac cycle and the high computational
intensity, usually and wrongly associated with elastog-
raphy, would prevent it from playing an important role in
assessing the mechanical properties of the cardiac mus-
cle in vivo. Given the importance of early detection of
cardiac abnormalities for an efficient combat of cardio-
vascular disease, several US-based methods have been
developed to measure tissue characterization and mo-
tion-estimation parameters that may be related to the
mechanical properties of the cardiac muscle. The mo-

tion-estimation techniques reported until now typically
apply Doppler methods to estimate velocity and, thus,
inherit many of the disadvantages associated with Dopp-
ler. MRI-based methods, such as cardiac tagging, have
also been repeatedly shown to estimate the eigenvalues
and eigenvectors of the strain tensor, but at the cost of
spatial resolution (i.e., limited by tag spacing) and low
temporal resolution.

In this study, we showed how incremental axial
(i.e., along the ultrasonic beam) displacement and strain
could be estimated and imaged within the interventricu-
lar septum (apical view) and posterior wall (parasternal
view). A healthy patient was used so that the motion
pattern is familiar and repeatability of motion and defor-
mation results over several cardiac cycles could be ver-
ified. Both the incremental (i.e., occurring between suc-
cessive sonographic frames) displacement and strain es-
timates were obtained at high signal-to-noise ratio (SNR)
throughout several cardiac cycles. This is because they
vary within the dynamic range that has been shown to be
optimal for elastography (Varghese and Ophir 1997;
Konofagou et al. 2000). The displacement images show
the distribution of the motion of different structures
within the interventricular septum and the posterior wall
in the apical and parasternal views, respectively. The
M-mode displacement image allows us to follow a par-
ticular motion distribution with time and identify gradi-
ents with time, and is highly correlated to the motion
indicated by the M-mode sonograms. These M-mode
results verify findings reported with SRI (Heimdal 1999).
SRI measures the total strain occurring in the muscle
during a cardiac cycle through integration of the strain
rate curve.

In elastography, unlike SRI, strain is obtained di-
rectly from the displacement estimates without compro-
mising the spatial resolution and without being limited
by the temporal resolution, as is the case when integrat-
ing the strain-rate curve (Heimdal 1999). However, the
strain measured here is incremental (i.e., between suc-
cessive frames) while SRI typically measures the cumu-
lative strain. In addition, strain is mapped across the
cardiac structures studied and the distribution of contrac-
tion and relaxation could be temporally monitored (Figs.
3 and 7). The conventional elastogram sequence in both
views discussed shows that the deformation throughout
the cardiac cycle is not uniform, neither within the in-
terventricular septum nor within the posterior wall. In
fact, in the latter case, the strain contrast was shown to be
much higher than in the former. Several explanations
could be given for this finding, all of them relating to the
distinct myocardial fiber orientation between the two
views. First, the interventricular septum is known to be
more uniform than the posterior wall that encompasses
the epicardium and endocardium. Most importantly,
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Streeter and Hanna (1973) showed the angular depen-
dence of the Young’s modulus of the left-ventricular
wall that exhibited a progressive transmural shift in fiber
orientation from approximately �60° at the endocardial
surface to �60° at the epicardial surface. Second, the
myofibers constituting the interventricular septum are
parallel to the ultrasonic beam in the apical view, and the
myofibers of the posterior wall are perpendicular to the
ultrasonic beam in the parasternal view (Recchia et al.
1993). Therefore, the posterior wall is expected to
present higher strain contrast than the more uniform
interventricular septum. Indeed, in the parasternal case
the strain distribution was found to be much more inho-
mogeneous than in the apical case with two distinct
regions across the myocardium undergoing opposite de-
formations. In addition, in the parasternal view, a strain
polarity around a horizontal structure was shown to be
reversed over several cardiac events (Figs. 7 and 8) and
followed the motion of the pericardium (Fig. 6). This
effect may be indicative of the normal function of the
muscle but, given the novelty of these results, no con-
clusions can be drawn yet. Still, this polarity may con-
stitute a signature of healthy myocardium. The M-mode
elastograms allowed the localization of the high com-
pressive or tensile strain over a particular segment, both
spatially and temporally. The comparison of M-mode
elastograms in the apical view (Fig. 4) and parasternal
view (Fig. 8) clearly indicates the more uniform strain
distribution across the interventricular septum as op-
posed to the continuous polarity inversion and high strain
contrast across the posterior wall. Finally, the region of
adjacent opposite strains could be due to the strongly
reflecting pericardium that could bias the strain estimate
one way or the other.

The strain estimation achieved with elastography
can provide important insight into several muscle prop-
erties. Its spatial distribution relates to both the stiffness
and structure of the fibers. Its variation with time could
indicate abnormalities when lack of contractility is ob-
served. The dependence of strain magnitude on fiber
orientation relative to the ultrasonic beam constitutes a
goal of future investigations. Furthermore, the low lateral
sampling that assured the high image quality prevented
the estimation of 2-D strain. However, it has been shown
that 2-D strain estimation is feasible (Meunier et al.
1988, Konofagou and Ophir 1998; D’hooge et al. 2002).
In addition, reports in the literature have indicated that
the use of envelope-detected data with elastography may
be sufficient for highlighting several cardiac events
(Meunier et al. 1987, 1988; Meunier 1989; Konofagou et
al. 2001). Future investigations will involve the increase
in PRF without compromising lateral sampling to obtain
multidimensional displacement and strain mapping using
RF and/or envelope-detected data. Clinical applications

in the detection of cardiac disease constitutes the long-
term goal.

CONCLUSION

Elastography was shown to be feasible in cardiac
applications in vivo to provide important new informa-
tion on the mechanical and structural properties of the
ventricular wall, both spatially and temporally, at high
resolution and precision. Future investigations should
determine the role of elastography in the diagnosis of
ischemia and infarction.
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Céspedes I, Ophir J, Ponnekanti H, Maklad N. Elastography: Elasticity
imaging using ultrasound with application to muscle and breast in
vivo. Ultrason Imaging 1993;15:73–88.

D’hooge J. Interaction of ultrasonic waves and tissues: Modeling,
simulations and applications. Ph.D. thesis, Katholieke Universiteit,
Leuven, Belgium, 1999.

D’hooge J, Bijnens B, Jamal F, Pislaru C, Thoen J, Suetens P, Van de
Werf F, Angermann C, Rademakers F, Herregods MC, Sutherland
GR. High frame rate myocardial integrated backscatter. Does this
change our understanding of this acoustic parameter? Eur J Echo-
card 2000;1(1):32–41.

D’hooge J, Konofagou EE, Jamal F, Heimdal A, Barrios L, Bijmens B,
Thoen J, Van de Werf F, Sutherland G, Suetens P. Two-dimen-
sional strain rate measurement of the human heart in vivo. IEEE
Trans Ultrason Ferroelec Freq Control 2002;49:281–286.

de Jong PGM, Hoeks APG, Reneman RS. Determination of tissue
motion velocity by correlation interpolation of pulsed ultrasonic
echo signals. Ultrason Imaging 1990;12:84–98.
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