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ABSTRACT

Echocardiographic imaging is ideally suited for the evaluation of car-
diac mechanics because of its intrinsically dynamic nature. Because

From the University of Chicago, Chicago, Illinois (V.M.-A., R.M.L.); the University of

Padua, Padua, Italy (L.P.B.); Mayo Clinic, Scottsdale, Arizona (M.B.); Hospital da

Luz, Lisbon, Portugal (N.M.C.); Universit�e Claude Bernard Lyon 1, Lyon, France

(G.D.); Federico II University Hospital of Naples, Naples, Italy (M.G.); Cleveland

Clinic, Cleveland, Ohio (T.M., J.D.T.); Methodist DeBakey Heart and Vascular

Center, The Methodist Hospital, Houston, Texas (S.F.N.); the University of

California, Irvine, Irvine, California (P.P.S.); CNR Institute of Clinical Physiology,

Pisa, Italy (R.S.); the University of Oslo, Oslo, Norway (O.a.S.); the University of

Texas, Houston, Texas (B.S.); the University of Occupational and Environmental

Health, Kitakyushu, Japan (M.T.); Ohio State University, Columbus, Ohio (M.V.);

University Hospital, Leuven, Belgium (J.-U.V.); and University Clinic San Carlos,

Madrid, Spain (J.L.Z.).

The following authors reported relationships with one or more commercial inter-

ests: Marek Belohlavek, MD, PhD, FESC, has had research supported in part by

GE Healthcare (Milwaukee, WI), Siemens Medical Solutions (Erlangen, Germany),

and Philips Medical Systems (Andover, MA). Mani Vannan, MBBS, received a per

diem from Siemens Medical Solutions and served as a consultant with Lantheus

Medical Imaging (North Billerica, MA). All other authors reported no actual or

potential conflicts of interest in relation to this document.

Attention ASE Members:

ASE has gone green! Visitwww.aseuniversity.org to earn free continuing med-

ical education credit through an online activity related to this article. Certificates

are available for immediate access upon successful completion of the activity.

Nonmembers will need to join the ASE to access this great member benefit!

Reprint requests: American Society of Echocardiography, 2100 Gateway Centre

Boulevard, Suite 310, Morrisville, NC 27560 (E-mail: ase@asecho.org).

*Writing Group chair and †Writing Group co-chairs; Writing Group members are

listed in alphabetical order.

0894-7317/$36.00

Copyright 2011 by the American Society of Echocardiography.

doi:10.1016/j.echo.2011.01.015

277

http://www.aseuniversity.org
mailto:ase@asecho.org
http://dx.doi.org/10.1016/j.echo.2011.01.015


for decades, echocardiography
has been the only imaging mo-
dality that allows dynamic imag-
ing of the heart, it is only
natural that new, increasingly au-
tomated techniques for sophisti-
cated analysis of cardiac
mechanics have been driven by
researchers and manufacturers
of ultrasound imaging equip-
ment. Several such techniques
have emerged over the past de-
cades to address the issue of
reader’s experience and inter-
measurement variability in inter-
pretation. Some were widely
embraced by echocardiog-
raphers around the world and
became part of the clinical rou-
tine, whereas others remained
limited to research and explora-
tion of new clinical applications.
Two such techniques have dom-
inated the research arena of
echocardiography: (1) Doppler-
based tissue velocity measure-

ments, frequently referred to as tissue Doppler or myocardial
Doppler, and (2) speckle tracking on the basis of displacement mea-
surements. Both types of measurements lend themselves to the deri-
vation of multiple parameters of myocardial function. The goal of this
document is to focus on the currently available techniques that allow
quantitative assessment of myocardial function via image-based anal-
ysis of local myocardial dynamics, including Doppler tissue imaging
and speckle-tracking echocardiography, as well as integrated back-
scatter analysis. This document describes the current and potential
clinical applications of these techniques and their strengths and weak-
nesses, briefly surveys a selection of the relevant published literature
while highlighting normal and abnormal findings in the context of
different cardiovascular pathologies, and summarizes the unresolved
issues, future research priorities, and recommended indications for
clinical use.

1. TERMS AND DEFINITIONS: BASIC PARAMETERS OF

MYOCARDIAL FUNCTION

Displacement, d, is a parameter that defines the distance that a cer-
tain feature, such as a speckle or cardiac structure, has moved be-
tween two consecutive frames. Displacement is measured in
centimeters.

Velocity, v, reflects displacement per unit of time, that is, how fast
the location of a feature changes, and is measured in centimeters per
second.

Strain, e, describes myocardial deformation, that is, the fractional
change in the length of a myocardial segment. Strain is unitless and
is usually expressed as a percentage. Strain can have positive or neg-
ative values, which reflect lengthening or shortening, respectively. In
its simplest one-dimensional manifestation, a 10-cm string stretched
to 12 cm would have 20% positive strain.

Strain rate, SR, is the rate of change in strain and is usually ex-
pressed as 1/sec or sec�1.

Displacement and velocity are vectors; that is, in addition to magni-
tude, they have direction. Thus, one can examine their different spatial
components along the x, y, and z directions, or alternatively along the
anatomic coordinates of the cardiac chambers, longitudinal, radial,
and circumferential components, which are especially relevant for
the characterization of myocardial mechanics.

Similar logic applies to strain and SR, which provide local informa-
tion on myocardial deformation. The important advantage of strain
and SR over displacement is that they reflect regional function inde-
pendently of translational motion. Nevertheless, deformation imaging
cannot distinguish active from passive deformation. The term ‘‘princi-
pal strain’’ describes the local magnitude and direction of the shorten-
ing or lengthening of the myocardium. The term ‘‘global strain’’ or,
more precisely, ‘‘global longitudinal strain’’ or ‘‘global circumferential
strain’’ usually refers to the average longitudinal or circumferential
component of strain in the entire myocardium, which can be approx-
imated by the averaged segmental strain components in individual
myocardial wall segments. Strain values can be expressed for each
segment (‘‘segmental strain’’), as an average value for all segments
(‘‘global strain’’ mentioned above), or for each of the theoretical vas-
cular distribution areas (‘‘territorial strain’’).

The term left ventricular (LV) rotation refers to myocardial rota-
tion around the long axis of the left ventricle. It is rotational displace-
ment and is expressed in degrees. Normally, the base and apex of the
ventricle rotate in opposite directions. The absolute apex-to-base dif-
ference in LV rotation is referred to as the net LV twist angle (also ex-
pressed in degrees). The term torsion refers to the base-to-apex
gradient in the rotation angle along the long axis of the left ventricle,
expressed in degrees per centimeter.

2. TECHNIQUES USED TO ASSESS LOCALWALL DYNAMICS

2.1. Doppler Tissue Imaging (DTI)

Since the early attempts to implement the concept of tracking tissue
motion using Doppler ultrasound1 and the subsequent development
of DTI over the past two decades,2 this imaging technique has been
used by multiple investigators to advance the understanding of car-
diac pathophysiology and test a variety of potential new diagnostic
techniques, as evidenced by a large body of literature. Although
many of these techniques remained limited to the research arena,
some have won widespread recognition and become mainstream
tools in the arsenal of clinical echocardiography.

Although continuous-wave Doppler analyzes the frequency shift of
the returning echoes compared with the original frequency of the ul-
trasound beam (Figure 1A), both pulsed-wave and color Doppler im-
aging use the phase shift between consecutive echoes for the velocity
calculation.3 In pulsed-wave Doppler mode, ultrasound wavelets are
emitted repeatedly at a certain repetition frequency along a single
scan line, and the returning echoes are sampled at a preset time after
each pulse is sent, allowing the determination of the distance between
the target and the transducer. The amplitude of the sampled echoes
over time is then converted into a velocity spectrum using a fast
Fourier transform3 (Figure 1B). In color Doppler mode, the echo of
the entire scan line is received and divided into several range gates.
To determine the phase shift between pulses in all range gates, an
auto-correlation algorithm is used to convert the phase shifts into ve-
locity values, which are displayed in a color overlay of the image3

(Figure 1C). Although pulsed-wave Doppler has the advantage of of-
fering a direct curve display during the examination, only color
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Doppler allows postprocessing, including tracking of the sample
volume and calculating derived parameters (e.g., displacement or SR).

Tissue Doppler velocity estimation is based on the same principles
as pulsed-wave and color Doppler echocardiography for blood flow.
To distinguish between signals originating from moving tissue and
blood flow, a so-called wall filter is used, which is a high-pass filter
used to image blood velocities or a low-pass filter used to display tis-
sue velocities. While the intensity of the signals generated by the myo-
cardium is higher than that generated by blood, blood velocity usually
exceeds that of the myocardium.

DTI Acquisition: Spectral Doppler acquisition requires setting the
sample volume size and position so that it remains within the region of
interest inside the myocardium throughout the cardiac cycle. Scale
and baseline should be adjusted in a way that the signal fills most of
the display. Sweep speed must be adjusted according to the applica-
tion for measuring slopes and time intervals: high sweep speed for
measuring slopes in a few beats and low sweep speed for measuring
peak values in several beats. Some imaging systems enable retrospec-
tive adjustments of sweep speed in stored data without a loss of data
quality. Gain should be set to a value that produces an almost black
background with just some weak noise speckles, to ensure that no im-
portant information is lost. On the other hand, caution should be
taken to avoid excessive gain, as this causes spectral broadening
and may cause overestimation of peak velocity. Although cardiac mo-
tion is three dimensional and complex, Doppler methods can mea-
sure only a single component of the regional velocity vector along
the scan line. Care should therefore be taken to ensure that the ultra-
sound beam is aligned with the direction of the motion to be interro-
gated (Figure 2A). The angle of incidence should not exceed 15�,
thereby keeping the velocity underestimation to <4%. Only certain
motion directions can be investigated with Doppler techniques
(Figure 2B). In LV apical views, velocity samples are usually obtained

at the annulus and at the basal end of the basal andmid levels and less
frequently in the apical segments of the different walls.

DTI Acquisition: Color Doppler requires a high frame rate, prefer-
ably >100 frames/sec, and ideally $140 frames/sec.3 This can be
achieved by reducing depth and sector width (ideally both grayscale
and Doppler sectors) and by choosing settings that favor temporal
over spatial resolution. Usually, the image is optimized in the
grayscale display before switching to the color mode and acquiring
images. Care should be taken to avoid reverberation artifacts by
changing interrogation angle and transducer position, because such
artifacts may affect SR estimations over a wide area (Figure 3). The
velocity scale should be set to a range that just avoids aliasing in
any region of the myocardium. Slowly scrolling through the image
loop before storing allows recognition of possible aliasing. As with
spectral Doppler, the motion direction to be interrogated should be
aligned with the ultrasound beam. If needed, separate acquisitions
should be made for each wall from slightly different transducer posi-
tions. Data should be acquired over at least three beats, that is, cover-
ing at least four QRS complexes and stored in a raw data format.
Older imaging systems that store only color values in an image should
not be used unless postprocessing is not planned. Acquisition of blood
flow Doppler spectra of the inlet and outlet valves of the interrogated
ventricle provides useful information for timing of opening and clos-
ing of the valves, and thus for hemodynamic timing of measurements
obtained from the time curves of various parameters. For sufficient
temporal matching, all acquisitions should have similar heart rate
and show the same electrocardiographic lead.

DTI Image Analysis: Spectral Doppler data cannot be further
processed. Peak velocities, slopes, and time intervals are measured di-
rectly on the spectral display. Figure 4 shows normal velocity time
curves obtained from the LV basal septum and lateral wall.

Figure 1 (A) On continuous-wave Doppler, continuously emitted ultrasound with the frequency f0 returns with the frequency f0 + Df
when reflected by amoving object. The envelope of themixture of the sent and received signal has a frequency equal to the frequency
shift Df. In contrast, pulsed-wave and color Doppler analyze the phase shift between consecutive ultrasound pulses, while the fre-
quency shift of the echoes is neglected. (B) On pulsed-wave Doppler, this phase shift is analyzed by sampling all echoes at the
same point in time after emission (range gate). Sample amplitudes over time form a signal, which is converted into a velocity spectrum
using the fast Fourier transform. (C) In color Doppler, the phase shift between consecutive pulses is measured by autocorrelation,
resulting in velocities that are displayed in a color coded overlay. Modified with permission from Voigt.179
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DTI Image Analysis: Color Doppler data can be displayed and
postprocessed in different ways. Various function parameters can
be derived from a predefined region of interest within the same color
Doppler data set, including velocity, displacement, SR, and strain
(Figure 5). Two display concepts are used: color coding with or with-
out a straight or curvedM-mode and reconstructed curves of regional
function. Color-coded data are best interpreted in still frames, partic-
ularly in M-mode displays. This way, there is easy visual access to the
regional and temporal distribution of a particular parameter within
the wall. Curve reconstructions are subsequently possible from any
point within a stored data set (Figure 5). This allows displays of the ex-
act time course of regional velocities and other parameters. An advan-
tage of color Doppler processing over pulsed-wave Doppler is that
with postprocessing, the sample volume can be adjusted to track
the motion of the myocardium, thus staying in the same region
throughout the entire cardiac cycle. Another advantage is that a sam-
pling of the different myocardial regions is possible in the same time.

ColorDopplerMeasurements ofMyocardial Function: Because
Doppler imaging generates velocity information, velocity, v, at any loca-
tion and any time can be obtained directly from the color Doppler data.

Displacement, d, can be obtained by calculating the temporal inte-
gral of the tissue velocity, v:

d ¼
Z

v dt:

Because of the nature of Doppler imaging, d describes only the mo-
tion component of the tissue in the sample volume toward or away
from the transducer, while components perpendicular to the beam
remain unknown. Thus, the motion curve of the mitral annulus de-
rived from color Doppler data should have the same shape and mag-
nitude as the M-mode tracing of the mitral annulus obtained in the
same location.

SR is the temporal derivative of strain. Analytically, it is identical to
the spatial gradient of tissue velocity and can therefore be obtained
from the color Doppler data, as the difference between velocities
measured in two samples 1 and 2 divided by the distance r between
the two samples4:

SR ¼ v2 � v1
r

:

Strain can be calculated as the temporal integral of SR with appropri-
ate mathematical adjustments4,5:

e ¼
Z

SR dt:

Time curves can be generated from color Doppler data for each spa-
tial component (i.e., longitudinal, radial, and circumferential) of each
of the above four parameters of cardiac function (Figure 6).

The time course of a spectral Doppler velocity curve is similar to
a color Doppler–derived one. However, absolute values differ be-
cause the spectral curve is usually measured at the outer edge of
the spectrum, whereas color Doppler data approximate the mean ve-
locity of a region, so that reported pulsedDoppler peak velocity is typ-
ically 20% to 30% higher than that measured by color Doppler.
Accordingly, it is recommended that the modal velocity (the brightest
or darkest line in the spectral display, depending on display) be used
for pulsed Doppler measurements.

Potential Pitfalls of DTI: Tissue Doppler velocities may be influ-
enced by global heart motion (translation, torsion, and rotation), by
movement of adjacent structures, and by blood flow. These effects
cannot be completely eliminated but may be minimized with the
use of a smaller sample size (which may, however, result in noisier
curves) and with careful tracking of the segment. To minimize the ef-
fects of respiratory variation, the patient should be asked to suspend
breathing for several heartbeats.

The tissue Doppler signal can be optimized by making the width of
the imaging beam as narrow as possible. Although temporal resolu-
tion is excellent with M-mode and spectral tissue Doppler, it is not
as good with color tissue Doppler because of the lower frame rate.

The apical views are best for measuring the majority of LV, right
ventricular (RV), and atrial segments in a parallel-to-motion fashion,
although there may be some areas of deficient spatial resolution, for
instance, near the apex, because of the prevalence of artifact and
problems with proximal resolution. In the parasternal long-axis and
short-axis views, tissue Doppler assessment is impossible in many seg-
ments (e.g., in the inferior interventricular septum and in the lateral
wall) because the ultrasound beam cannot be aligned parallel to the

Figure 2 Doppler techniques measure velocities in one dimen-
sion. (A)Alignment of the Doppler beamwith thewall is therefore
important. (Left) Measured velocities (yellow) are underesti-
mated if the ultrasound beam is not well aligned with the motion
to be interrogated (red). (Right) Narrow-sector single-wall acqui-
sition may help minimize this problem. (B)Motion and deforma-
tion components that can be interrogated using Doppler
techniques. Modified with permission from J.U. Voigt.180
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direction of wall motion. Modified views should be used whenever
necessary to achieve the optimal imaging angle.

Displacement and deformation of the myocardium are cyclic pro-
cesses with no defined beginning or end. Therefore, the position of
the baseline (zero line) is arbitrary. Most analysis packages define
zero automatically as the value at the beginning of the QRS complex
(red arrows in Figures 5B and 5D) and report the actual position or
length change relative to that value. Although useful for multiple ap-
plications, this approach may not work under certain circumstances
(bundle branch blocks, wrong QRS detection on the electrocardio-
gram, atrial fibrillation, etc.). Care must be taken in such cases to
clearly define andmark the beginning time point of deformation anal-
ysis or denote (perhaps by manual editing) the baseline (zero line) so
that comparable references are used during repeated studies.

Furthermore, the integration used to calculate displacement and
strain often results in an erroneous baseline shift. Most software pro-
grams automatically apply a linear correction, which is often referred
to as drift compensation (Figure 7).

Strengths and Weaknesses of DTI: The major strength of DTI
is that it is readily available and allows objective quantitative evalu-
ation of local myocardial dynamics. Over the past decade, this abil-
ity triggered extensive research in a variety of disease states that
affect myocardial function, either globally or regionally, as reflected
by the large body of literature involving this methodology. It is well
established that peak tissue velocities are sufficiently reproducible,
which is crucial for serial evaluations. Also, spectral pulsed DTI
has the advantage of online measurements of velocities and time
intervals with excellent temporal resolution, which is essential for
the assessment of ischemia (see section 3.6) and diastolic function
(see section 3.5). The major weakness of DTI is its angle depen-
dency, as any Doppler-based methodology can by definition only
measure velocities along the ultrasound beam, while velocity com-
ponents perpendicular to the beam remain undetected. In addition,
color Doppler–derived strain and SR are noisy, and as a result,
training and experience are needed for proper interpretation and
recognition of artifacts.

Figure 3 Reverberation artifacts are best recognized in the grayscale image (A) and can be missed in the color Doppler display (B).
They become again obvious in the color coded SR display as parallel yellow and blue lines of high intensity (C). If only the recon-
structed time curve from such a region is considered (D), artifacts may be mistaken as highly pathologic curves mimicking ‘‘systolic
lengthening’’ or ‘‘postsystolic shortening’’ (red arrows). Reproduced with permission from Voigt.180

Figure 4 Normal tissue Doppler spectra obtained from the basal septum (left) and the basal lateral wall (right). Note the different
amplitudes and shapes of the curves. Reproduced with permission from Voigt.180
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2.2. Two-Dimensional (2D) Speckle-Tracking
Echocardiography (STE)

STE is a relatively new, largely angle-independent technique used for
the evaluation of myocardial function. The speckles seen in grayscale
B-mode images are the result of constructive and destructive interfer-
ence of ultrasound backscattered from structures smaller than the ul-
trasound wavelength. With this technology, random noise is filtered
out, while keeping small temporally stable and uniquemyocardial fea-
tures, referred to as speckles.6,7 Blocks or kernels of speckles can be
tracked from frame to frame (simultaneously in multiple regions
within an image plane) using block matching, and provide local
displacement information, from which parameters of myocardial
function such as velocity, strain, and SR can be derived (Figure 8).
In addition, instantaneous velocity vectors can be calculated and
superimposed on the dynamic images (Figure 9). In contrast to DTI,
analysis of these velocity vectors allows the quantification of strain
and SR in any direction within the imaging plane. Depending on spa-
tial resolution, selective analysis of epicardial, midwall, and endocar-
dial function may be possible as well.8-10 STE has been validated for
the assessment of myocardial deformation against sonomicrometry7

and clinically against DTI.11

2D STE Image Acquisition: Speckle tracking is an offline tech-
nique that is applied to previously acquired 2D images. The use of
low frame rates may result in a loss of speckles, which in successive
frames may move out of plane or beyond the search area. On the
other hand, high frame rates may be achieved by reducing the num-
ber of ultrasound beams in each frame, thereby reducing the spatial

resolution and image quality. Therefore, although frame rates of 40
to 80 frames/sec have been used in various applications involving
normal heart rates,12-14 higher frame rates are advisable to avoid
undersampling in tachycardia.15,16

The focus shouldbe positioned at an intermediate depth to optimize
the images for 2D STE, and sector depth and width should be adjusted
to include as little as possible outside the region of interest. Any artifact
that resembles speckle patterns will influence the quality of speckle
tracking, and thus care should be taken to avoid these. For software
packages that process single beats, data sampling should start $100
msec before the peak R wave of the first QRS complex and end 200
msec after the last QRS to allow correct identification of theQRS com-
plex, because failure to do so may result in erroneous drift compensa-
tion. Apical foreshortening seriously affects the results of 2D STE, and
should therefore be minimized. Similarly, the short-axis cuts of the left
ventricle should be circular shaped to assess the deformation in the
anatomically correct circumferential and radial directions.

2D STE Analysis of Myocardial Mechanics: Two-dimensional
STE allows measurements of the above four parameters of myocar-
dial mechanics by tracking groups of intramyocardial speckles (d or
v) or myocardial deformation (e or SR) in the imaging plane. STE-
derived measurements of these parameters have been validated
against sonomicrometry17,18 and magnetic resonance imaging.15

Assessment of 2D strain by STE is a semiautomatic method, which
requires manual definition of themyocardium. Furthermore, the sam-
pling region of interest needs to be adjusted to ensure that most of the
wall thickness is incorporated in the analysis, while avoiding the

Figure 5 Function parameters derived from one region of interest (yellow dot) within the same color Doppler data set: (A) velocity, (B)
displacement, (C) SR, and (D) strain. (Top) Color coded displays. (Below) Corresponding time curves. (Bottom) Electrocardiogram.
Opening and closing artifacts allow the exact definition of the cardiac time intervals. Note that in this case, the baseline is arbitrarily
set to the curve value (red arrows) at the automatically recognized beginning of the QRS complex (red open bracket). AVC, Aortic
valve closure; AVO, aortic valve opening; MVC, mitral valve closure; MVO, mitral valve opening. Reproduced with permission from
Camm et al.181
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pericardium. When automated tracking does not fit with the visual
impression of wall motion, regions of interest need to be adjusted
manually until optimal tracking is achieved. For the left ventricle,
because end-systole can be defined by aortic valve closure as seen
in the apical long-axis view, this view should be analyzed first. If valve
closure is difficult to recognize accurately (e.g., because of aortic scle-
rosis), a spectral Doppler display of LVoutflow may be helpful.

Assessment of 2D strain by STE can be applied to both ventricles
and atria. However, because of the thin wall of the atria and right ven-
tricle, signal quality may be suboptimal. In contrast, all LV segments
can be analyzed successfully inmost patients. Feasibility is best for lon-
gitudinal and circumferential strain and is more challenging for radial
strain.

The timing at which peak strain is measured is not uniform across
publications. Peak strain can be measured as peak systolic strain
(positive or negative), peak strain at end-systole (at time of aortic valve
closure), or peak strain regardless of timing (in systole or early dias-
tole). The time point to be used to measure peak strain in the assess-
ment of systolic function depends on the specific question one wishes
to answer.

Potential Pitfalls of 2D STE: Suboptimal tracking of the endocar-
dial border may be a problemwith STE. Another important limitation
is its sensitivity to acoustic shadowing or reverberations, which can re-
sult in underestimation of the true deformation. Therefore, when
strain traces appear nonphysiologic, signal quality and suboptimal
tracking should be considered as potential causes. Tracking algorithms
use spatial smoothing and a priori knowledge of ‘‘normal’’ LV func-
tion, which may erroneously indicate regional dysfunction or affect
neighboring segmental strain values.

When using STE to measure LV twist, image quality of basal LV
short-axis recordings can be a limitation. This is due in part to acoustic
problems related to the depth of the basal part of the ventricle and to
the wide sector angle that is necessary to visualize the entire LV base.
Furthermore, measurements are complicated by out-of-plane motion

when the base descends toward the apex in systole. Because LV rota-
tion increases toward the apex, it is important to standardize the apical
short-axis view. It is often easiest to find the correct circular apical
short-axis view by tilting the probe from the apical four-chamber
view rather than moving the probe in the apical direction from the
parasternal short-axis view. The former also increases the chance of
capturing a circular apical short-axis view when the endocardium
nearly closes at end-systole.19

Global strain might be inaccurate if too many segmental strain
values are discarded because of suboptimal tracking. This is particu-
larly true in localized myocardial diseases where strain values are un-
evenly distributed.

Strengths and Weaknesses of 2D STE: Both DTI and STE
measure motion against a fixed external point in space (i.e., the
transducer). However, STE has the advantage of being able to mea-
sure this motion in any direction within the image plane, whereas
DTI is limited to the velocity component toward or away from the
probe. This property of STE allows measurement of circumferential
and radial components irrespective of the direction of the beam. Of
note, however, is that STE is not completely angle independent,
because ultrasound images normally have better resolution along
the ultrasound beam compared with the perpendicular direction.
Therefore, in principle, speckle tracking works better for measure-
ments of motion and deformation in the direction along the ultra-
sound beam than in other directions. Similar to other 2D imaging
techniques, STE relies on good image quality as well as the assump-
tion that morphologic details can be tracked from one frame to the
next (i.e., that they can be identified in consecutive frames), which
may not be true when out of plane motion occurs. Because speckle
tracking relies on sufficiently high temporal resolution, DTImay prove
advantageous when evaluating patients with higher heart rates (e.g.,
during stress echocardiography) or if short-lived events need to be
tracked (isovolumic phases, diastole, etc.).

A significant limitation of the current implementation of 2D STE is
the differences among vendors, driven by the fact that STE analysis is
performed on data stored in a proprietary scan line (polar) format,
which cannot be analyzed by other vendors’ software. There are
some implementations that operate on images stored in a raster
(Cartesian) Digital Imaging and Communications inMedicine format,
but there is only limited experience to date cross-comparing different
vendors’ images.20 This issue needs further investigation before STE
can become a mainstream methodology. There is currently a joint ef-
fort between the American Society of Echocardiography (ASE),
European Association of Echocardiography (EAE), and the industry
to address this issue.

2.3. Three-Dimensional (3D) STE

Although 2D STE is a useful technique, it has the intrinsic limitations
of 2D imaging, such as the use of foreshortened views that affect
the accuracy of the quantification of individual components of
myocardial motion. In addition, the assumption that speckles remain
within the 2D imaging plane and can be adequately tracked through-
out the cardiac cycle may not always be valid, because of the complex
3Dmotion of the heart chambers. The inability of 2D STE to measure
one of the three components of the local displacement vector is an
important limitation, which affects the accuracy of the derived indices
of local dynamics.

In contrast to 2D STE, which cannot track motion in and out of the
imaging plane, the recently developed 3D STE can track motion of

Figure 6 Segmental SR curves in the longitudinal, circumferen-
tial, and radial directions. Besides the inversion of the radial
curve, general patterns are similar.
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speckles irrespective of their direction, as long as they remain within
the selected scan volume. Several recent studies showed that in indi-
vidual patients, compared with 2D STE, 3D STE results in a more ho-
mogeneous spatial distribution of themeasured parameters in normal
ventricles. This finding is consistent with normal patterns of LV func-
tion and the fact that 3D STE can measure all three spatial compo-
nents of the myocardial displacement vector21,22 (Figure 10). As
a result, 3D STE–based measurements of LV volumes were found
to be in close agreement with magnetic resonance–derived reference
values, and the levels of agreement were higher than those of 2D STE
measurements obtained in the same patients, as reflected by higher
correlation coefficients, smaller biases, and tighter limits of agree-
ment.21

Although 3D STE generates >3,000 vectors per volume and its
temporal resolution is the same as the frame rate of real-time 3D
data sets (typically 20–30 volumes/sec), its use was found to consid-
erably reduce the examination time to one third of that for 2D STE.23

Furthermore, a significantly greater number of segments could be an-
alyzed using 3D STE. This advantage of 3D STE stems from the fact
that the entire left ventricle can be analyzed from a single volume of
data obtained from the apical transducer position. These initial clinical
results indicate that 3D STE may have important advantages over 2D
STE, allowing a faster and potentially more complete and more accu-
rate analysis of myocardial function, despite the relatively low tempo-
ral resolution.

3D STE Image Acquisition: Three-dimensional STE can be ap-
plied to 3D echocardiographic images acquired using a matrix-array
transducer from the apical position in a wide-angled acquisition
‘‘full-volume’’ mode. In this mode, a number of wedge-shaped subvo-
lumes are acquired over consecutive cardiac cycles during a single
breath hold and stitched together to create one pyramidal volume
sample. It is likely that 3D STE will be applicable to 3D data sets ac-
quired in a single-beat mode, when this mode allows imaging at suf-
ficiently high frame rates. Special care must be taken to include the
entire LV cavity within the pyramidal volume, which may have a det-
rimental effect on temporal resolution.

3D STE Analysis of Myocardial Deformation: Pyramidal data
sets are analyzed using dedicated, semiautomated 3D STE software.
After anatomically correct, nonforeshortened apical views are identi-
fied at end-diastole and LVendocardial and epicardial boundaries are
initialized, 3D endocardial and epicardial surfaces are automatically
detected with manual adjustments as necessary. Subsequently, these
borders are automatically tracked in 3D space throughout the cardiac
cycle. To obtain regional information about LV motion and deforma-
tion, the ventricle is divided into 3D segments. Radial and longitudinal
displacements and rotation, as well as radial, longitudinal, and circum-
ferential strains, are automatically calculated for each segment over
time. In addition, displacement in 3D space is calculated. Peak and
time-to-peak values can also be obtained for each index similarly to
2D STE.

Potential Pitfalls of 3D STE: The major pitfall of 3D STE is its
dependency on image quality. Random noise and relatively low
temporal and spatial resolution affecting its ability to define the
endocardial and epicardial boundaries. These issues likely affect
the frame-to-frame correlation of local image features and con-
tribute to suboptimal myocardial tracking. As with 2D STE, track-
ing quality should therefore be carefully verified and adjusted as
necessary.

Strengths and Weaknesses of 3D STE: With the theoretical
benefits gained by the addition of the third component of motion vec-
tor, which is ‘‘invisible’’ to either DTI or 2D STE, 3D STE promises to
allow accurate assessment of regional ventricular dynamics.
Nevertheless, it still requires rigorous validation and testing. On the
downside, the much slower frame rates of 3DE compared with 2D
STE may limit analysis of rapid events such as isovolumic contraction
and relaxation. Future studies should assess the impact of these rela-
tively low frame rates.

Another limitation is that although this methodology has been val-
idated against sonomicrometry in animals,24 there is no true noninva-
sive ‘‘gold standard’’ technique that can be used in humans to validate
regional ventricular function in three dimensions. As a result, most of
the literature on this topic published thus far represents feasibility

Figure 7 Integration of velocity or SR data often results in considerable baseline shifts of the resulting motion or strain (left) curves.
Most software programs allow a linear correction (right). Note that both systolic and diastolic values are influenced by this correction.
Reproduced with permission from Voigt.180
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studies and potential advantages of 3D STE but does not establish the
accuracy of the method. The clinical value of this new technology in
a wide variety of clinical scenarios such as chamber volume measure-
ments,21 evaluation of global and regional wall motion abnormali-
ties25 (Figure 11), and assessment of LV dyssynchrony26 in patients
with heart failure remains to be determined in future studies.

Evenmore than 2D STE, 3D STE is currently implemented in ways
specific to individual vendors. Although this methodology is in its
infancy of development, it will be important to move toward vendor
interchangeability.

2.4. Integrated Backscatter (IBS) Analysis

IBS analysis can be considered the first technique used for myocardial
imaging, with initial studies being described as the method evolved in
parallel with the development of 2D imaging more than three de-
cades ago.27 IBS analysis describes a process of quantitative acoustic
characterization of the myocardial structure.28 In this analysis, the
power of the reflected signal in each scan line is quantified before

the radiofrequency signal is demodulated to construct a real-time im-
age. The IBS signal reflects the interaction between the incidental ul-
trasound wave and the structural heterogeneity in the myocardium
and can be analyzed in either the time or the frequency domain.

IBS Signal Acquisition: The IBS signal is obtained from standard
dynamic 2D images, usually in the parasternal long-axis view.
However, images need to be saved in raw data format to allow IBS
analysis before the image is processed.

IBS Analysis of Myocardial Dynamics: This analysis is per-
formed by dedicated software that may be used for two major pur-
poses. Variation in backscatter during the cardiac cycle is thought to
reflect the crossover of actin and myosin within the myofibrillar struc-
ture. This process results in changes of reflectivity, and the resulting
cyclic variation has been shown to correlate with myocardial strain.29

The problem is that because of the myocardial anisotropy (directional
nonuniformity of myofibers), the pattern of this variation differs from
wall to wall and view to view, such that specific normal ranges need to

Figure 8 Segmental strain curves (D,E)measured by 2D STE from an apical two-chamber view (A,C). Contrast-enhanced magnetic
resonance image from the same patient shows white areas of delayed enhancement in the infarcted myocardium (B). (A)Myocardial
segments corresponding to the segmental strain curves in (C). The green and purple strain curves are derived from transmural-
infarcted segments, the red and blue curves represent subendocardial-infarcted segments, and the yellow and cyan curves are
from noninfarcted segments. In (C), the colored circles correspond to the strain curves (E) within one segment (apical inferior) that
mainly consist of transmural infarct. The yellow curve is from the border zone of the infarct and the red is within the transmural
part. Reproduced with permission from Gjesdal et al.19
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be documented for each wall and each view. Nonetheless, the signal
has been used as a noninvasive marker of contractility, for example in
the assessment of myocardial viability.30 The second measurement
approach relates to the comparison of myocardium with other tissues
to document the reflectivity of the myocardium (Figure 12). In the ab-
sence of a frame of reference, this parameter would be influenced by
gain settings and patient habitus, so the provision of this material re-
quires calibration with an intrinsic frame of reference (calibrated
IBS),28 such as the pericardium (which is brighter than myocardium)
or blood pool (which is darker).

The results of clinical studies have been described at length in pre-
vious review articles.28 Normal ranges of cyclic variation in IBS of the
septum and posterior wall vary from 4.5 to 6.0 dB. Dilated cardiomy-
opathy has been associated with obstruction of cyclic variation, corre-
sponding to areas of reduced function. Likewise, reduced cyclic
variation has been documented in the setting of acute myocardial in-
farction. In viable myocardium, residual cyclic variation is detected
even though the tissue may appear akinetic.31 Cyclic variation in
IBS is also reduced in early myocardial disease, for example because
of diabetes or hypothyroidism.32 Likewise, calibrated IBS has been
used as amarker of fibrosis in a variety of cardiac conditions, including
hypertensive heart disease and hypertrophic cardiomyopathy.33

Biopsy studies have been performed to validate the presence of fi-
brous tissue in these settings.34 Also, IBS can identify an increase in
atrial degeneration that might predict the occurrence of atrial fibrilla-
tion before LA dilation.35

Potential Pitfalls of IBS Analysis: In the image setup, care needs
to be taken with the output power settings to ensure that the signal is

not saturated. This is particularly a problem when using video signal,
rather than the radiofrequency signal, because the relationship be-
tween signal intensity and brightness is nonlinear at the upper and
lower extremes of signal intensity. The ultrasound beam should be
perpendicular to the interrogated wall, and measurements should
be performed within the myocardium while avoiding the endocar-
dium, because the blood-tissue interface is much brighter than the in-
tramyocardial signal and can lead to overestimation of the IBS signal.

Strengths and Weaknesses of IBS Analysis: The attraction of
this application is that myocardial texture may be analyzed from stan-
dard grayscale images. Potentially, this method could be used to quan-
tify tissue characteristics independent of the usual parameters of LV
shape and function. However, there are a variety of weaknesses.
The technique is susceptible to poor image quality and signal noise.
Measurements are generally restricted to the anteroseptal and poste-
rior segments in the parasternal views. Although other segments and
views may be imaged, the user should be aware that normal ranges
are less well defined and that the variability of the signal is greater, re-
lated to angulation issues.36

The long history of this technique compared with its rare clinical
use tells its own story in relation to its difficulty. This procedure is tech-
nically demanding, subject to artifacts related to the presence of other
myocardial reflectors, image settings, and the exact location of the
sample volume. In the era of strain measurement, there is little to rec-
ommend the ongoing measurement of cyclic variation as a marker of
contractility. Calibrated backscatter still has value as a marker of fibro-
sis, but this appears to be most effective in more severe disease.
Therefore, this methodology remains more of a research instrument
than a clinical tool.

3. PHYSIOLOGIC MEASUREMENTS OF LEFT VENTRICULAR

FUNCTION

3.1. LV Architecture and Vectors of Myocardial Deformation

Knowledge of the cardiac micro and macro architecture is useful in
understanding the relative contributions of different myocardial layers
to the 3D components ofmyocardial deformation. This information is
important for optimizing motion analysis using DTI and STE.

Several studies have explored the 3D deformation of the ventricu-
lar tissue, describing myocyte arrangements as a continuum of two
helical fiber geometries. The subendocardial region shows a right-
handed helical myofiber geometry, which changes gradually into
a left-handed helical geometry in the subepicardium.37-39 Thus, the
longitudinal axis of cardiac myofiber sheets rotates continuously. In
the subendocardium, the fibers are roughly longitudinally oriented,
with an angle of about 80� with respect to the circumferential
direction. The angle decreases toward the midwall, where the fibers
are oriented in the circumferential direction (0�), and decreases
further to an oblique orientation of about �60� in the subepicardium
(Figure 13A).40

This structural anisotropy of the LV wall affects the propagation
and backscatter of ultrasound waves6 and the appearance of cardiac
tissue in echocardiographic images. Greater backscatter and brighter
speckles are seen when myofibers and the ultrasound beam are per-
pendicular rather than parallel.41,42 For example, in the apical four-
chamber view, bright speckles in the middle of the interventricular
septum represent the location of the middle layer of circumferentially
oriented fibers that are perpendicular to the beam (Figure 13B). In
short-axis views, bright speckles are seen in the anterior and posterior
segments where myofiber sheets are perpendicular to the beam,

Figure 9 Radial velocity vectors in the apical short-axis view
from a normal subject (left) and a patient with left bundle branch
block (LBBB) (right). In the normal subject, in early/mid-systole
(A) and in late/end-systole (B), the radial vectors are of similar
magnitude and direction. In contrast, in patient with LBBB, in
early/mid-systole (C) the septal vectors are of higher magnitude
than lateral radial velocities, in late systole (D) the septal vectors
have peaked, whereas the lateral wall vectors are directed in the
opposite direction (dyssynchronous).
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while marked attenuation occurs within the septum and the lateral
wall, where the myofiber sheets are relatively parallel to the scan lines
(Figure 14).

The above myocardial structure broadly determines the compo-
nents of myocardial deformation. The subendocardial region contrib-
utes predominantly to the longitudinal mechanics of the left ventricle,
whereas the midwall and the subepicardium contribute predomi-
nantly to the rotational motion.

Longitudinal and Circumferential Mechanics: During pree-
jection, reshaping of LV geometry causes simultaneous shorten-
ing and stretch of the early and the late activated regions,
respectively.37,39,43 Thus, shortening of subendocardial fibers
is accompanied by simultaneous subepicardial fiber stretching.
Segmental stretch may also be seen in the late activated
regions of the subendocardium, particularly near the basal
posterolateral region, which is the last area of the ventricle to
activate. The onset of longitudinal and circumferential
shortening therefore shows substantial transmural and apex-to-
base heterogeneity.37,44

Subendocardial and subepicardial layers shorten concurrently dur-
ing ejection.39,44 The magnitude of circumferential strains during
ejection exceeds that of longitudinal strains.44 Furthermore, longitudi-
nal and circumferential shortening strains during ejection show a small
apex-to-base gradient, such that successive shortening strains are
higher at apical and mid segments compared with the LV base.44

The postejection period also shows significant heterogeneity in the
onset of myofiber relaxation. Lengthening of subepicardial fibers is

accompanied by shortening of subendocardial fiber sheets.37,44 This
transient heterogeneity accounts for physiologic longitudinal
postsystolic shortening of myocardial segments recorded in normal
human subjects.39

Radial Mechanics: Continuum mechanics would suggest that
shortening in the longitudinal and circumferential direction would re-
sult in thickening in the radial direction for conservation of mass.
However, LV wall thickening is not a result of simple shortening of in-
dividual myocytes but an effect of shearing of groups of myocytes
across one another. One of the principal purposes of cardiac shearing
deformation lies in amplifying the 15% shortening of myocytes into
>40% radial LV wall thickening, which in turn results in a >60%
change in LV ejection fraction (EF) in a normal heart.38 Because the
degree of shearing increases toward the subendocardium, higher
thickening strains are seen at the subendocardium in comparison
with the subepicardium. This difference does not reflect a difference
in contractility between wall layers but is a consequence of geometry
and tissue incompressibility. Transmural heterogeneity in the timing of
wall thickening mechanics is also seen during the preejection and
postejection phases of the cardiac cycle.37

Twist Mechanics: The helical nature of the heart muscle deter-
mines its wringingmotion during the cardiac cycle, with counterclock-
wise rotation of the apex and clockwise rotation of the base around
the LV long axis, when observed from the apical perspective.

In a normal heart, the onset of myofiber shortening occurs earlier in
the endocardium than the epicardium.45 During preejection,

Figure 10 Example of images obtained at end-systole in a patient with normal LV function and concentric hypertrophy: 2D STE (left
top, apical-four chamber [A4C] view; left bottom, apical two-chamber [A2C] view) and 3D STE extracted from the real-time 3D echo-
cardiographic pyramidal data set (right, [A] and [B]: A4C and A2C views; [C1–C3]: short-axis views from apex to base). The color
patterns in both 2D views showed considerable variability in the measured regional displacement, as reflected by different colors,
despite the normal LV function, reflecting out-of-plane motion of the speckles. In contrast, the 3D slices showed considerably
more uniform color patterns, consistent with normal LV wall motion, in the short-axis views and also in the apical views, where
one can also appreciate the gradual decrease in endocardial displacement toward the LV apex. Reproduced with permission
from Nesser et al.21
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subendocardial shortening and subepicardial stretch contribute to
a brief clockwise rotation of the LV apex.37,45 During ejection, the
activation and contraction of the subepicardial region with a larger
radius of arm of moment produces higher torque to dominate the
direction of rotation, resulting in global counterclockwise LV
rotation near the apex and clockwise rotation near the LV base.
Twisting and shearing of the subendocardial fibers deform the
matrix and result in storage of potential energy.

Subsequent recoil of twist, or untwist, which is associated with the
release of restoring forces contributes to diastolic suction, which facil-
itates early LV filling. The onset of myofiber relaxation occurs earlier in
epicardium than endocardium. Thus, at early diastole, both subepicar-
dial lengthening and subendocardial shortening facilitates recoil in the
clockwise direction. Nearly 50% to 70% of LV untwisting occurs
within the period of isovolumic relaxation, while the rest is completed
during early diastolic filling phase. One manifestation of this is that
during systole, twisting occurs simultaneously with long-axis and ra-
dial shortening, while during diastole, untwisting distinctly precedes
lengthening and expansion, a phenomenon that is evenmoremarked
with exercise.46 This leads to a linear relation between twist and LV
volume during ejection with a nonlinear curve in diastole.

Components of Myocardial Deformation and Transmurality

of Disease: In general, longitudinal LV mechanics, which are

predominantly governed by the subendocardial layer, are the most
vulnerable and most sensitive to the presence of myocardial disease.
If unaffected, midmyocardial and epicardial function may result in
normal or nearly normal circumferential and twist mechanics with rel-
atively preserved LV pump function and EF. However, compromised
early diastolic longitudinal mechanics and reduced and/or delayed LV
untwisting may elevate LV filling pressures and result in diastolic dys-
function. On the other hand, an acute transmural insult or progression
of disease results in concomitant midmyocardial and subepicardial
dysfunction, leading to a reduction in LV circumferential and twist
mechanics and a reduction in EF.47,48 Thus understanding the layer-
based contributions to the components of cardiac deformation helps
in estimating the transmural disease burden correctly and provides
pathophysiologic insight into the mechanisms of LV dysfunction.

3.2. Clinical Use of LV Displacement, Velocity, Strain, and SR

There is a wealth of literature on the use of the displacement and de-
formation indices of myocardial dynamics in multiple disease states.
The following is a brief summary of the existing body of knowledge.

Normal Values: Normal values of the parameters of LVmyocardial
mechanics vary depending on the specific LVwall and the specific 3D
component of each index. For both DTI and STE, longitudinal

Figure 11 Unlike the images in Figure 10, 3D speckle-tracking echocardiographic slices obtained at end-systole in this patient show
reduced 3D displacement in the lateral wall (green hues), consistent with chronic inferolateral myocardial infarction. Reproduced with
permission from Nesser et al.21
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measurements are more robust than radial ones. Because the apical
window allows interrogation of all LV myocardial segments, most
available clinical data pertain to longitudinal deformation.
Longitudinal velocities in the lateral wall are higher than in the sep-
tum. There is also a base-to-apex gradient, with higher velocities
recorded at LV base than near the apex. Minor differences are seen
between LV segments for DTI-derived strain and SRs. STE-derived
measurements generally show higher values in the apical segments
than DTI. Within a segment, higher velocities and strains are usually
recorded from the subendocardium than from the subepicardium.
Velocities and deformation parameters are also affected by age and
loading conditions. In a recent study in a large European population,
the lower limits of normal range with the Doppler method were
found to be 18.5% and 44.5% for longitudinal and radial strain and
1.00 and 2.45 sec�1 for longitudinal and radial SR.49 Normal defor-
mation values vary among publications49,50 and importantly
depend on the brand of imaging equipment, which does not use
the same algorithms to process measured data across vendors.
Moreover, loading conditions and heart rate need to be taken into
account when interpreting all functional data.

Published Findings: Estimation of LV Filling Pressures.—LV fill-
ing pressures obtained by cardiac catheterization show good correla-
tion with the ratio of the mitral inflow E velocity to DTI-derived mitral
annular wave (E/e0).51 E/e0 (lateral) $12 and E/e0 (septal) $15 are
correlated with elevated LVearly diastolic pressure, and E/e0 (lateral,
septal, or average) <8 is correlated with normal LV early diastolic
pressure.

Subclinical Disease.—Strain and SR analysis increase sensitivity in
detecting subclinical cardiac involvement in conditions such as

amyloidosis, diabetes, and hypertensive heart disease,52 as well as
changes in LV function after cancer treatment,53 because e0 velocity
is reduced in patients with all these conditions.

Constrictive Versus Restrictive Physiology.—In the absence of
myocardial disease, e0 velocities typically remain normal in patients
with constrictive pericarditis (usually >8 cm/sec). In contrast, intrinsic
myocardial abnormalities characteristic of restrictive cardiomyopathy
result in impaired relaxation and reduced e0 velocities.54

Athlete’s Heart Versus Hypertrophic Cardiomyopathy.—The
presence of brisk e0 velocities is seen in athletes’ hearts in contrast
to the reduced e0 velocities seen in individuals with hypertrophic car-
diomyopathy.55

Mitral and Tricuspid Annular Motion.—The mitral and tricuspid an-
nuli are anatomic structures that may be distinctly visualized by 2D
echocardiography in almost all patients, irrespective of endocardial
visualization. As a result, annular longitudinal displacement can be
accurately assessed in the majority of patients.

Myocardial Strain and SR.—In disease states, myocardial deforma-
tion patterns may either remain comparable with normal, but reach
lower peak values,53 or show striking changes as the disease prog-
resses.

Coronary Artery Disease.—Changes in strain not only facilitate rec-
ognition of ischemic myocardium during stress echocardiography
(Figure 15) but also may provide prognostic information.56-60

Furthermore, assessment of cardiac strain helps in defining the
transmural extent of myocardial infarction and the presence of
viable myocardium.

Figure 12 Analysis of IBS. Calibrated backscatter is calculated from the difference between myocardial signal (yellow) and either
pericardium (red) or LV cavity (blue). Cyclic variation of backscatter is measured by the variation of signal intensity throughout systole.
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Cardiomyopathy.—Cardiac strain and SRs may be reduced in car-
diomyopathy and potentially could be used for monitoring disease
progression and the impact of therapeutic interventions.61,62 DTI
and speckle-tracking echocardiographic measurements are helpful
in quantifying LV dyssynchrony. However, there is currently a lack
of consensus on how LV dyssynchrony indices should be measured
in clinical practice.

Congenital Heart Disease.—Several studies have recently tested the
use of DTI and STE to assess myocardial deformation and strain in
children, both normal and with congenital abnormalities.63-65

However very little is known to date as far as clinical usefulness of
these techniques in the context of congenital heart disease.66

Unresolved Issues and Research Priorities: A growing body
of evidence suggests that the assessment of LV deformation by
Doppler or speckle-tracking techniques provides incremental infor-
mation in clinical settings. The areas that hold the greatest promise
for potential applications include assessment of myocardial ischemia
and viability (see below), detection of subclinical heart disease, and
the serial assessment of different cardiomyopathies. One of the major
challenges, however, is the rapid pace of technological growth, which
has resulted in a variety of software packages and algorithms. Future
clinical trials therefore need to include standardization of nomencla-
ture, steps in data acquisition, and optimal training to reduce data
variability.

Summary and Recommended Indications: Clinical applica-
tions of DTI or STE derived myocardial displacement, velocity, strain,
and SRmeasurements are gradually becoming established as tools for
the assessment of LV diastolic function but still require further refine-
ments. DTI-derived mitral annular velocities by pulsed-wave Doppler
are recommended for the routine clinical evaluation of LV diastolic

function, as described in detail below in the section 3.5. STE-
derived and DTI-derived strain parameters are comparable, but STE
has advantages with regard to ease of application and analysis and
for data reproducibility. For both techniques, the accuracy of mea-
surements, however, depends on image quality and the accuracy of
tracking. In expert hands, strain and SR parameters can improve accu-
racy and prognostic value of stress echocardiograms. Further technical
development and standardization of methodology are necessary be-
fore additional clinical application can be recommended.

3.3. LV Rotation

LVrotation or twisting motion has an important role in LV systolic and
diastolic function. Although LV rotational deformation can be quanti-
fied using color DTI with high temporal resolution, this method is
technically demanding and has not achieved widespread adoption.67

In contrast, multiple recent studies have demonstrated that 2D STE
represents a clinically feasible alternative to color DTI in evaluation
of myocardial rotation and twist mechanics in the majority of pa-
tients.46,68

Normal Values: Normal values for LV rotation and net twist angle
show variability depending on the technique used for measurement,
the location of the region of interest in the subendocardium or the
subepicardium, the age of the subject, and the loading hemodynam-
ics of the ventricle.45 A recent study of a large group of healthy vol-
unteers69 reported a mean value of peak LV twist angle as 7.7 6
3.5�. Peak LV twist angle was significantly greater in subjects aged
>60 years (10.8 6 4.9�) compared with those aged <40 years
(6.7 6 2.9�) and even those aged 40 to 60 years (8.0 6 3.0�).
The increase in LV twist angle can be explained by less opposed
apical rotation, resulting from a gradual decrease in subendocardial
function with aging. Worsening of diastolic relaxation and reduced

Figure 13 Link between transmural variation of myocardial fiber direction (A) and speckle pattern generated in echocardiography (B).
Fiber direction changes from right-handed (R) helix in subendocardium to left-handed (L) helix in subepicardium. Direction of myo-
fibers is predominantly circumferential in midwall. Ultrasonic image plane in apical four-chamber view (A) (arrows) is therefore orthog-
onal to circumferentially oriented fibers inmidwall. Region of LVwall where fibers are orthogonal to plane of ultrasound produce bright
speckles and can be readily identified in the septum and LV lateral wall (B) (arrowheads). LA, Left atrium; RA, right atrium; RV, right
ventricle.
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early diastolic suction is, however, associated with reduction in the
rate and magnitude of untwisting.70 In a study of patients from in-
fancy to middle age, it was noted that twist increases from 5.8 6
1.3� in infancy to 6.8 6 2.3� in grade school, 8.8 6 2.6� in the

teenage years, and 13.8 6 3.3� in middle age. Apical rotation was
fairly constant in childhood, with basal rotation transition from
counterclockwise in infancy to the adult clockwise rotation, causing
most of the increase in twist in childhood. Subsequently, the twist
increases, mainly because of a gradual increase in apical rotation
with age.71

Published Findings: Because apical rotation accounts for most of
LV twist, apical wall motion abnormalities significantly impair peak LV
twist parameters. This may be manifested by (1) a reduction of initial
clockwise twist during early systole, (2) augmentation of peak coun-
terclockwise twist, and (3) reduction in LV untwisting during early
diastole (Figure 16). Major findings reported in published studies
are described below and summarized in Table 1.

Heart Failure Syndromes.—In early stages of heart failure, diastolic
dysfunction is associated with relatively preserved or even higher LV
net twist angle in the presence of normal EF.72 The onset of untwisting
and peak untwisting in early diastole, however, is significantly delayed
and can be further unmasked during exercise. Patients with heart fail-
ure and reduced EF show progressive reduction of LV twist angle and
untwisting velocities. However, in patients with heart failure and pre-
served systolic function, peak untwisting is usually normal but may be
delayed in a subset of patients.72,73

Coronary Artery Disease.—Although LV longitudinal strain is atten-
uated in the presence of subendocardial perfusion deficit, LV circum-
ferential deformation and twist may remain unaltered in ischemic
myocardium. Similarly, patients with subendocardial infarcts and pre-
served EF show reduced radial and longitudinal strain, although LV
circumferential strains and twist mechanics remain relatively pre-
served. In contrast, a larger transmural infarction is associated with re-
duction in LV systolic twist angle and diastolic untwisting velocity,
which correlates with the reduced EF.74

Aortic Valve Disease.—Net LV twist angle is significantly increased
in aortic valve stenosis, although diastolic apical untwisting is pro-
longed in comparison with normal subjects. After aortic valve replace-
ment, LV twist angle normalizes.45

Mitral Valve Disease.—Changes in LV twist angle have also been
studied in patients with mitral regurgitation.75 Chronic mitral regurgi-
tation is associated with complex LV adaptive remodeling and eccen-
tric hypertrophy. The effect of chronic mitral regurgitation on twist
probably depends on the extent of subclinical LV systolic dysfunction.
Peak untwisting velocity in mitral regurgitation remains normal but
correlates negatively with end-systolic dimension and regurgitant vol-
ume, suggesting that peak untwisting velocity, like peak systolic twist,
depends on the stage of the disease. This confirms the important ef-
fect of LV end-systolic volume on LV untwisting, because LV end-
systolic volume was found to be an important determinant of peak
untwisting velocity, irrespective of EF.73

Cardiomyopathy.—In dilated cardiomyopathy, the amplitude of
peak LV systolic twist angle is impaired in proportion to global LV
function. This reduction in LV twist angle is accounted for by marked
attenuation of LV apical rotation, whereas basal rotation may be
spared. In some cases, rotation of the apex may be abruptly interrup-
ted, such that in the major part of systole, the LV base and apex rotate
clockwise together in the same direction. For patients undergoing car-
diac resynchronization therapy (CRT), an immediate improvement in
LV twist angle has been reported to predict LV reverse remodeling at
6-month follow-up.76

Figure 14 Illustration showing the local angles of insonification
between incident ultrasound beam and predominant myofiber
orientation in the short-axis view. Short-axis view of left and right
ventricles showing the myofiber anatomy as seen from the api-
cal end of the left ventricle (A). Cross-sectional drawing of left
ventricle shows parallel and perpendicular insonification in rela-
tion to the orientation of themyofibers (B). This results inmarked
attenuation and reduced speckles (arrows) in the septum and
the lateral wall segments in short-axis views of the left ventricle
(C).
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Dilated Versus Hypertrophic Cardiomyopathy.—In contrast to di-
lated cardiomyopathy, patients with hypertrophic cardiomyopathy
show variability in the extent of LV twist and untwisting, depending
on the extent and distribution of hypertrophy and obstruction.
Patients with LV hypertrophy due to systemic hypertension, however,
show relatively preserved LV twist mechanics, although LV untwisting
velocities, particularly during isovolumic relaxation, are both attenu-
ated and delayed.77 The marked endocardial dysfunction with rela-
tive sparing of epicardial function leads to abnormal longitudinal
mechanics, with relative sparing of circumferential and twist mechan-
ics in restrictive cardiomyopathy.

Pericardial Disease.—Like constrictive pericarditis, pericardial
diseases show predominant impairment of circumferential and twist
mechanics, while relatively sparing subendocardial longitudinal
mechanics.78

Diastolic Function.—During systole, a significant amount of elastic
energy is stored in the myocyte and the interstitium as torsion. The
earliest mechanical manifestation of diastole is an abrupt untwisting
that is largely completed before the mitral valve opens. This untwist-
ing helps establish a base-to-apex intraventricular pressure gradient
(IVPG), or diastolic suction, in early diastole that assists in the low-
pressure filling of the heart. A study of normal controls and patients
with hypertrophic cardiomyopathy examined the relationship be-
tween untwisting rate and IVPG at rest and with low-level (heart

rate about 100 beats/min) exercise.71 IVPG has been shown to be cal-
culable by applying the Euler equation to color M-mode transmitral
flow propagation data in dogs79 and humans.80 In both normal con-
trols and patients with hypertrophic cardiomyopathy, there was a lin-
ear relationship between ventricular untwisting rate and peak
diastolic suction gradient (r = 0.72). This mirrors another exercise
study that showed that the best determinant of maximal myocardial
oxygen consumption in normal subjects and in patients with heart
failure was the ability to augment diastolic suction with exercise,81

while an animal study confirmed that untwisting was directly related
to IVPG and inversely related to the ventricular relaxation time
constant t.82

Unresolved Issues and Research Priorities: The lack of stan-
dardization of imaging planes and different speckle-tracking algo-
rithms among vendors make it difficult to make comparisons or
establish normal values for LV twist with high levels of confidence.
A multicenter study in a large number of normal subjects with differ-
ent ultrasound machines is required to resolve this issue. Also, the de-
velopment of 3D STE is likely to allow standardization of LV planes
used for assessing twist torsion measurements. Moreover, population
samples representing diseases affecting cardiac function should be
studied to determine the diagnostic power and abnormal ranges of
LV twist values.

Another issue that needs to be clarified relates to the definitions of
‘‘rotation,’’ ‘‘twist,’’ and ‘‘torsion.’’ One may find in the recent literature

Figure 15 Example of ischemic (apical segment) and nonischemic (basal segment) stress response in strain and SR curves. Note the
reduced systolic shortening and the marked postsystolic shortening (eps) during stress-induced ischemia. AVC, Aortic valve closure;
AVO, aortic valve opening; MVC, mitral valve closure; MVO, mitral valve opening. Adapted with permission from Voigt et al.59
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that these terms are sometimes used interchangeably. Because the
mathematical definitions clearly differentiate among these three
entities, it is important that they are used correctly, as defined in
section 1.1.

Summary and Recommended Indications: Despite the grow-
ing evidence in support of clinical implications of LV twist measure-
ments using 2D STE, routine clinical use of this methodology is not
recommended at this time.

3.4. LV Dyssynchrony

Echocardiographic approaches to imaging dyssynchrony encompass
several techniques, including M-mode, 2D, DTI (Figures 17 and 18),
STE, and 3D echocardiography. To date, several studies have
examined the feasibility of using these techniques for predicting
response to CRT. Current guidelines define the indications for
CRT on the basis of clinical findings (heart failure symptoms and
New York Heart Association class), LV function (EF), and
electrocardiographic findings (QRS width) only.83 However, approx-
imately one third of patients treated with CRT do not respond to this
treatment with improvement in LV function, reflecting the clinical
need for better patient selection and means of therapy optimization.

Intraventricular dyssynchrony is commonly seen in patients with
heart failure, which is believed to indicatemore severemyocardial dis-
ease and poor prognosis.84 Previously, a left bundle branch block pat-
tern has been suggested as a main sign of systolic dyssynchrony. In left
bundle branch block or RV pacing, septal activation occurs first and
results in prestretch of the still quiescent lateral wall, shortens diastolic
function, and reduces isovolumic contraction by reducing the peak
rate of pressure increase (dP/dtmax). Afterward, the delayed lateral

wall contraction generates forces that are partly dissipated by re-
stretching the now early relaxing septal region, lowering net cardiac
output. Dyscoordinate papillary muscle activation can further com-
promise overall LV performance by increasing the severity of mitral
regurgitation. Dyssynchrony in relaxation prolongs isovolumic relax-
ation time and reduces filling further.

Several studies have shown an elusive relationship between QRS
duration andmechanical dyssynchrony.85 The transformation of elec-
trical into mechanical dyssynchrony is modulated by calcium cycling,
myofilament calcium interactions, regional loading, fibrosis, and other
factors.86,87 Therefore, disparities in the timing of regional mechanical
function may not be strictly coupled to electrical stimulation delay.

Normal Values: Tables 2, 3, and 4 provide a summary of DTI-based
and STE-based parameters used to evaluate intraventricular dyssyn-
chrony with published cutoff values that have been most frequently
applied to predict reverse remodeling after CRT.

Published Findings: The value of interventricular dyssynchrony
was also recently tested for predicting response to CRT.88 This study
demonstrated that in addition to blood pool Doppler measurements
in the RVand LVoutflow tracts, DTI may be used to compare the on-
set of systolic motion in the basal RV free wall with the most delayed
basal LV segment, concluding that delay >56 msec indicated dyssyn-
chrony.88 Nevertheless, it is agreed that intraventricular dyssynchrony
is the important feature to evaluate in patients with heart failure.
‘‘Apical rocking’’ visualized on 2D echocardiographic images has
also been recently suggested as a potential predictor of response to
CRT.89,90

A recent consensus document91 favored the use of opposite
wall delay by color DTI and the delay between anteroseptal radial

Figure 16 Basal and apical rotation (green and blue curves, respectively) and LV twist (red) during one cardiac cycle in a normal sub-
ject (A) and a patient with diabetes without LV hypertrophy (B). Time axis was normalized to 100% of systolic duration (10% steps)
followed by 100% of diastolic duration (5% steps). Note less prominent initial clockwise twist, higher peak twist, and lower untwisting
during early diastole in the patient with diabetes compared with the normal subject. ES, End-systole.
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strain and posterior (or inferior lateral) radial strain by STE. The
standard deviation in time to peak systolic velocity from 12 seg-
ments, or the Yu index, was also recommended.91 Since the pub-
lication of this document, additional studies have shown that
longitudinal strain measurements could be useful as well.92 In par-
ticular, the approach of measuring both radial and longitudinal
dyssynchrony seems to have a much higher accuracy in predicting
the response to CRT93 than each parameter separately. It is clear
that a number of factors should be taken into consideration, aside
from mechanical dyssynchrony, in trying to predict the response
to CRT. These include QRS duration, interventricular mechanical
delay, and the amount of scar tissue and its relation to the im-
planted LV pacing lead, in addition to implanting the LV pacing
lead in close proximity to the site with the latest mechanical acti-
vation.94

An observational multicenter study (Predictors of Response to
CRT) reported on the limited role of velocity dyssynchrony measure-
ments by color DTI in predicting response to CRT.95 However, the
study had several important limitations, including enrollment of pa-
tients who did not meet criteria for CRT (20% of patients with EFs
>35%), overall low feasibility and reproducibility of DTI measure-
ments, and using ultrasound systems and software from different ven-
dors, including systems that had lower temporal resolution than the
time intervals to be measured.87

Currently, for patients with QRS durations <120msec, the existing
data do not support using DTI or M-mode measurements for the se-
lection of patients for CRT.96 On the other hand, a recent single-
center study showed that radial dyssynchrony by STE can be of value
in predicting changes in LV volumes and EF after CRT in patients with
QRS durations of 100 to 130 msec.97 It was also reported that the
strain-derived dyssynchrony index distinguished patients with left
bundle branch block or decreased LV EFs from those with normal sys-
tolic function and normal QRS durations with minimal overlap and
appeared to identify patients with intraventricular dyssynchrony
more reliably than DTI parameters.98 Another recent study showed
that the combination of timing and magnitude of longitudinal strain
could predict response to resynchronization.92

Unresolved Issues and Research Priorities: The assessment of
mechanical dyssynchrony in patients treated with or planned for CRT
is a recent concept that arose from the clinical need for better patient

selection and means of therapy optimization. Although the concept is
mostly accepted among experts despite recent challenges,95,99 the
clinical value of the approach remains to be better defined. Clearly,
additional multicenter outcome studies are needed in patients with
congestive heart failure. However, to avoid previous mistakes95 and
make different studies comparable, we first need a standardization
of technical characteristics of the imaging systems used to assess dys-
synchrony, trial end points (i.e., definition of CRTresponders), data to
be collected to characterize patients both at baseline and during
follow-up (myocardial scar quantification, LV volume quantification,
need for device optimization, etc.), and implant characteristics (i.e.,
lead position in relation to scar and most delayed LV segment).
Also, intermeasurement variability of the different techniques used
to assess ventricular synchronicity needs to be evaluated in multicen-
ter studies.

Summary and Recommended Indications: Currently, after the
Predictors of Response to CRT and the Mayo Clinic studies,99 which
support the indications in clinical guidelines, there is no definite role
for the echocardiographic measurement of mechanical dyssynchrony
to indicate the need for CRT in patients with heart failure. There is
a potential role for dyssynchrony imaging in patients with borderline
QRS duration, in which this additional information may help, and this
methodology may aid in determining the site of latest mechanical ac-
tivation which can be taken into consideration by the CRT implanta-
tion team.

3.5. LV Diastolic Function

The clinical utility of myocardial velocity measurements for the assess-
ment of diastolic function is widely accepted and has been docu-
mented previously.100 Myocardial strain and SR are also sensitive
parameters for quantification of diastolic function. Diastolic SR signals
can be recorded during isovolumic relaxation (SRIVR), during early fill-
ing (SRE), and in late diastole (SRA). Both DTI and STE can be used to
acquire diastolic strain signals.

Normal Values: Normal values have been previously published for
DTI mitral annular velocities in several populations. In adults, e0 veloc-
ity decreases with age; accordingly, age-based normal values should
be used in drawing conclusions about LV diastolic function.100

However, in general, septal e0 $8 cm/s and lateral e0 $10 cm/s are
usually observed in normal subject, and are reduced in patients
with impaired LV relaxation and increased LV filling pressures
(Figure 19). Normal values of strain and SR are yet to be established.

Published Findings: Diastolic SR provides important information
about LV diastolic function. This includes assessment of postsystolic
myocardial strain, which occurs in the setting of ischemia,59 and
with electrical and mechanical dyssynchrony. The closely related ob-
servation of delayed regional relaxation is also noted in the setting of
ischemia and dyssynchrony.101 The hemodynamic determinants of
SRE include LVrelaxation, regional diastolic stiffness, systolic function,
end-systolic wall stress, and filling pressures.102,103 In addition, SRE

can assess interstitial fibrosis103 and can be used to identify viable
myocardium after stunning and infarction.102-104

Several studies have shown a significant relationship between seg-
mental SRE and the time constant of LV relaxation.105,106 However,
there are problems with extrapolating conclusions from regional
SRE to global LV diastolic function. This limitation can be
circumvented by using data from all myocardial segments. In that
regard, two studies were published looking at global SRIVR and SRE

Table 1 LV twist dynamics in different pathologies

LV twist Untwisting

Time to peak

untwisting

Heart failure72,73

With preserved LV EF / or [ / or [ Delayed

With reduced LV EF Y Y Delayed

Coronary artery disease74

Subendocardial MI / / Delayed

Transmural MI Y Y Delayed

Aortic stenosis45 Y / or [ Delayed

LV hypertrophy77

Hypertension / or [ Y Delayed
HCM Variable Variable Delayed

Dilated cardiomyopathy76 Y Y Delayed
Pericardial disease78 Y Y No data provided

HCM, Hypertrophic cardiomyopathy; MI, myocardial infarction; Y,
reduced; [, elevated; /, unchanged.
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