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Abstract—The objectives of this work are to evaluate a novel non–Doppler-based echocardiographic method
that makes it possible to simultaneously obtain the radial and longitudinal components of myocardial
velocity (V) and strain (S), and to assess whether left ventricular fiber architecture affects the net function
of the myocardium. Previous reports state that differences in the estimation of regional function between
septum and lateral walls can be related to the anatomic disposition of myocardial fibers. In this work we
measure and compare in 21 healthy volunteers longitudinal and radial peak systolic velocity V (Vlong, Vrad:
cm/s), peak systolic strain S (Slong, Srad: %) and time-to-peak S and V (T-Smax, T-Vmax: ms) at the
midsegments of the septal and lateral walls. Results show that V was higher, both in the radial and
longitudinal components, in the lateral wall than in the septum (Vrad: 4.77 ⴞ 0.26 cm/s vs. 3.77 ⴞ 0.20 cm/s,
p ⴝ 0.007; Vlong: 5.60 ⴞ 0.48 cm/s vs. 4.13 ⴞ 0.11 cm/s, p ⴝ 0.01). Radial strain was higher in the septum
(Srad: 28.63 ⴞ 2.25% vs. 22.54 ⴞ 1.5%, p ⴝ 0.015), and longitudinal strain, in the lateral wall (Slong: ⴚ25.89
ⴞ 1.43% vs. ⴚ22.20 ⴞ 0.87%, p ⴝ 0.02). There was a significant delay in longitudinal T-Smax between the
lateral and septal medial segments (mean: 14.5 ms; CI 95%: 0.3–28.6 ms; p ⴝ 0.04), with no difference in
radial T-Smax (277.1 ⴞ 8.6 ms vs. 277.2 ⴞ 12.4 ms, p ⴝ 0.93). The assessment of regional myocardial
function by this new method enables the simultaneous analysis of its radial and longitudinal components.
These measurements correlate well with previous anatomical knowledge of the architecture of myocardial
fibers, emphasizing its functional significance in regional myocardial function analysis. (E-mail:
desco@mce.hggm.es) © 2007 World Federation for Ultrasound in Medicine & Biology.
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phy method that computes the 2-D strain tensor from
gray-scale 2-D echocardiographic sequences by applying nonrigid registration techniques (Ledesma-Carbayo 2006). This software simultaneously measures
the radial and longitudinal components of myocardial
velocity, strain and strain rate.
Three-dimensional myocardial deformation is the
result of a complex interaction of the cardiac fiber orientation throughout the left ventricle (LV). Histologic
studies evaluating the regional differences in the myocardial fiber structure suggest that the septal wall shows
fewer longitudinal fibers than the LV free wall, which
has a predominance of longitudinal and circumferential
fibers (Greenbaum 1981). The present study was designed
to present the results of our method when applied to the
assessment of regional myocardial function and to elucidate
whether left ventricular fiber architecture may influence the
regional myocardial deformation parameters.

INTRODUCTION
The usefulness of strain (S) quantification for the
assessment of regional myocardial deformation using
Doppler-based techniques has been demonstrated
widely (Sutherland 2004). However, the estimation of
this parameter through Doppler imaging is clearly
limited by angle dependency, which implies that not
all the strain components (radial, longitudinal and
circumferential) can be measured simultaneously for
all the myocardial segments. Consequently, the development of 2-D methods for the assessment of regional
deformation analysis is warranted. In this work, we
have used a novel non–Doppler-based echocardiograAddress correspondence to: Manuel Desco Menéndez, Laboratorio de Imagen Médica, Medicina y Cirugía Experimental, Hospital
General Universitario Gregorio Marañón, Dr. Esquerdo 46, 28007
Madrid, Spain. E-mail: desco@mce.hggm.es
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MATERIALS AND METHODS
Study subjects
Twenty-one healthy volunteers were studied after
informed consent. The protocol was approved by the
Institutional Ethics and Research Boards of the Hospital
General Gregorio Marañón. All volunteers were not taking medication and had no evidence of cardiac disease
based on medical history, physical examination, electrocardiogram and standard echocardiogram.
Echocardiography
All studies were performed with a 2.0- to 5-MHz
transducer using a Sequoia 512 system (Siemens AG,
Munich, Germany). Standard gray-scale 4-chamber apical views were obtained with simultaneous recording of
the electro and phonocardiogram signals at a frame rate
of at least 90 frames/s. Three independent cardiac cycles
were stored digitally in a cine-loop format for subsequent
off-line analysis. Left ventricle dimensions and ejection
fraction were calculated from standard M-mode and
Simpson’s modified biplane method.
Processing and analysis
Images were transferred to a PC workstation and
analyzed off-line using dedicated software, described
later.
Dense displacement field computation
Myocardial motion was computed using a nonrigid
registration technique across the whole sequence on a
frame-to-frame basis (Ledesma-Carbayo 2001, 2006).
The key feature of this method was the use of an analytical representation of the myocardial displacement
field based on a semilocal parametric model using Bsplines (Fig. 1). The strain tensor is therefore obtained
from the analytical expression of the spatial gradient of
the displacement field. Robustness and speed are
achieved by introducing a multiresolution optimization
strategy.
This method has been previously validated against
Doppler tissue imaging (Ledesma-Carbayo 2006) by applying linear regression to assess the relationship between the velocity calculated from the proposed method
and the Doppler measurement. The results of the validation showed a good agreement between both methods.
Strain calculation
Given an image sequence f (t, x), the registration
method estimates the dense displacement field g (t, x)
over the whole sequence. Briefly, we choose to represent
the movement with respect to the first frame of the
sequence: a point at coordinate x in the first frame (t ⫽
t0) will move to the location g (t, x) at time t. The strain

Fig. 1. (a) Deformation of the mesh (center of the image) to
obtain the displacement of every pixel from the frame t0 (left)
to the frame t0 ⫹ t (right). (b) Accumulated displacement field
at the time of maximum contraction.

(S) is calculated from the dense displacement field using
a Green-Lagrange Strain Tensor:
S ⫽ 1 ⁄ 2 (FTF ⫺ I)
F being the deformation gradient tensor:
F ⫽ ⵜxg ⫹ I ⫽

冋

⭸g1 ⁄ ⭸x1 ⭸g1 ⁄ ⭸x2

(1)

册

⭸g2 ⁄ ⭸x1 ⭸g2 ⁄ ⭸x2

⫹I

(2)

As g is defined using B-spline functions, its derivatives (⭸g1/⭸x1) can be analytically computed.
Application to the regional function analysis of the left
ventricle
On each sequence, we defined the axis of the LV from
the middle point of the mitral valve to the apex. The unit
vector of the longitudinal axis served as a reference to
define the unit vectors of the main directions of interest:
Ulong, unit vector of the axis, defines the longitudinal direction, and Urad, unit vector perpendicular to the axis, the
radial direction. These unit vectors were used to project
the velocity (derivative of the displacement) and strain
tensor, and both components of these parameters were
obtained before being presented as time curves.
Two regions-of-interest (ROI) were delimited in the
first image of each sequence, and positioned on the
midsegment of the septum and lateral wall respectively.
To correctly delineate these segments, the length of both
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Table 1. Demographic and echocardiographic variables
Parameters

Mean ⫾ SEM

Age, years
Sex, male:female
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
QRS duration, ms
LV end-diastolic diameter, mm
LV end-systolic diameter, mm
Septum thickness, mm
Posterior wall thickness, mm
LV end-diastolic volume, cm3
LV end-systolic volume, cm3
LV ejection fraction, %

30 ⫾ 1
11:10
119 ⫾ 3
71 ⫾ 2
90 ⫾ 2
46 ⫾ 1
27 ⫾ 1
9⫾1
9⫾1
83 ⫾ 5
28 ⫾ 2
66 ⫾ 1

LV ⫽ Left ventricle.

walls was divided into the three standard segments
(basal, mid and apical), thus leading to ROI sizes ranging
from 1.3 to 1.5 cm2. The estimated displacement field
was used to re-position the ROI contours in the remaining frames of the sequence, thus avoiding tedious manual
work and enabling a visual verification of the motion
estimation. For each myocardial segment we analyzed,
longitudinal and radial components of regional peak systolic velocity (Vlong, Vrad: cm/s) and peak systolic strain
(Slong, Srad: %) were assessed. Time-to-peak velocity
(t-Vmax: ms) and peak strain (t-Smax: ms) were measured
in both components using the onset of mitral closure as
the reference point and excluding the cases with postsystolic strain peaks. The onset and the end of the systolic period were identified from the phonocardiogram
signal and are marked with a vertical line in the presented
figures. A total number of 126 measurements were performed (21 volunteers ⫻ 3 cycles/volunteer ⫻ 2 segments). All the measured parameters were averaged over
the three cardiac cycles analyzed for each subject.
For evaluation of interobserver and intraobserver
repeatability of Slong and Srad, 21 cycles were examined
by two observers and re-examined by the first observer
following the same methodology.
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Table 2. Longitudinal velocity and strain parameters from
septum and lateral wall
Segment Vlong (cm/s) T-Vmax (ms)
Septum
Lateral

4.1 ⫾ 0.1
5.6 ⫾ 0.4*

Slong (%)

T-Smax (ms)

106.7 ⫾ 7.6 ⫺22.2 ⫾ 0.9 292.9 ⫾ 7.5
68.9 ⫾ 3.3* ⫺25.9 ⫾ 1.4* 310.9 ⫾ 10.9†

Vlong (cm/s) ⫽ Longitudinal systolic peak velocity; T-Vmax (ms) ⫽
time to systolic peak velocity; Slong (%) ⫽ Longitudinal systolic peak
strain; T-Smax (ms) ⫽ time to systolic peak strain.
Mean ⫾ SEM.
* p ⬍ 0.05 septum vs. lateral, N ⫽ 21.
† p ⬍ 0.05 septum vs. lateral, N ⫽ 16.

All segments could be analyzed correctly. In normal
myocardium, directional changes are characterized by
longitudinal shortening and radial thickening. By convention, negative values indicate shortening/thinning and
positive values indicate lengthening/thickening.
Longitudinal left ventricle function
Systolic parameters of regional longitudinal velocity and deformation are shown in Table 2. Peak longitudinal strains resulted postsystolic in six cases and these
were excluded from the time analysis to strictly assess
normal and synchronous systolic behavior. Assessment
of longitudinal LV function showed that peak systolic
velocity and longitudinal strain were significantly higher
in the lateral wall than in the septum. Time-to-peak of
longitudinal strain, measured from the mitral closure,
showed a statistically significant delay of the lateral peak
strain (mean: 14.5ms; CI 95%: 0.3–28.6 ms; p ⫽ 0.04).
An example of an apical 4-chamber view image is shown
in Fig. 2 and the corresponding Vlong and Slong are shown
in Fig. 3a.
Radial left ventricle function
Radial regional systolic function results are shown
in Table 3. Peak systolic velocity was also significantly

Statistics
Results are presented as mean ⫾ SEM. Frequencies
are expressed as percentages. Comparisons were assessed using paired and unpaired Student’s t-tests when
appropriate.
Interobserver and intraobserver repeatability were
evaluated by linear regression analysis and BlandAltman plots.
RESULTS
Table 1 shows the demographic and echocardiographic variables of the study population.

Fig. 2. Definition of two regions-of-interest in the septum
(blue) and lateral wall (green) from an apical 4-chamber view
of a healthy volunteer.
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Fig. 3. (a) Longitudinal and (b) radial velocity and strain curves obtained from a healthy volunteer using the
regions-of-interest defined in Fig. 2 (septum [blue] and lateral wall [green]). Time-aligned electro and phonocardiogram
are also represented. The three vertical lines correspond to the mitral valve closure (MVC), aortic valve closure (AVC)
and mitral valve opening (MVO), respectively.

higher in the lateral wall than in the septum. With regard
to the radial strain, the septum showed more radial strain
than the lateral wall. Nevertheless, there was no difference in time-to-peak of radial strain between segments.
Velocity vs. strain
When velocity parameters were used to estimate
regional myocardial function, both radial and longitudinal components were higher in the lateral wall than in the
septum. On the other hand, strain analysis showed higher
radial strain in the septum than in the lateral wall and
higher longitudinal shortening in the lateral wall than in
the septum (Fig. 3b).

Table 3. Radial velocity and strain parameters from septum
and lateral wall
Segment

Vrad (cm/s)

T-Vmax (ms)

Srad (%)

T-Smax (ms)

Septum
Lateral

3.77 ⫾ 0.2
4.77 ⫾ 0.3*

131.4 ⫾ 8
76.2 ⫾ 3.5

28.6 ⫾ 2.6
22.5 ⫾ 1.6*

277.1 ⫾ 8.6
277.2 ⫾ 12.4

Vrad (cm/s) ⫽ Longitudinal systolic peak velocity; T-Vmax (ms) ⫽
time to systolic peak velocity; Srad (%) ⫽ longitudinal systolic peak
strain; T-Smax (ms) ⫽ time to systolic peak strain.
Mean ⫾ SEM.
* p ⬍ 0.05 septum vs. lateral, N ⫽ 21.

Repeatability
To analyze intra and interobserver variability, 42
measurements of the 126 obtained were selected randomly. Both radial and longitudinal components of strain
were assessed. There was a good agreement for the same
observer (ICC 0.89 and 0.84 for radial and longitudinal
strain, respectively). The agreement between observers
was lower for radial and longitudinal strain (ICC 0.48
and 0.79). Figure 4 displays Bland-Altman plots of differences between radial and longitudinal strain. The
mean difference ⫾ SD between observers was 1.6 ⫾ 7.7
and ⫺1.8 ⫾ 5.7 for radial and longitudinal strain, respectively, and 0.3 ⫾ 5.7 and ⫺2.7 ⫾ 6.9 for the same
observer.
DISCUSSION
Since the introduction of ultrasonic Doppler strain
imaging to quantify regional function (Fleming 1994;
Heimdal 1998; Isaaz 1998, 2000, 2002; Urheim 2000),
the analysis of myocardial deformation has become part
of clinical practice, despite its limitations. The primary
limitation is the impossibility to simultaneously estimate
deformation in different directions in the same segment
(D’Hooge 2000). This problem is intrinsic to any Doppler measurement because only the component along the
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Fig. 4. Bland-Altman plots for (a) intraobserver and (b) interobserver variability. Dashed lines indicate mean ⫾ 2 SD.
Srad ⫽ radial strain; Slong ⫽ longitudinal strain.

ultrasound beam can be obtained. Most of the clinical
studies that have validated the usefulness of deformation
parameters are based on the estimation of the longitudinal strain, whereas the importance of the radial strain in
the ventricular function is less known (Fortuin 1972).
This type of quantification may provide relevant information about myocardial function (Storaa 2004), but it
cannot yet provide a suitable description of the 3-D
structure of the human heart with its complex ventricular
fiber architecture (Torrent-Guasp 2005). In addition to the
development of tagged magnetic resonance imaging (Chandrashekara 2004), other approaches using ultrasound imaging, such as speckle tracking and elastographic techniques,
have explored the possibility of obtaining multidimensional
motion from echocardiographic data (D’Hooge 2002;
Kaluzynski 2001). These methods process the radiofrequency signal to obtain the displacement of one or several consecutive lines of response, using correlation and
phase shift techniques. Another family of methods assesses cardiac motion by combining image feature extraction with deformable and mechanical models (Papademetris 2001). Optical flow techniques also provide
promising results (Suhling 2004).
This work presents the initial results obtained with
a new method (Ledesma et al. 2005) to analyze myocardial mechanics from gray-scale 2-D echocardiographic
sequences that simultaneously obtain radial and longitudinal components of velocity, strain and strain rate. Previous validation against Doppler tissue velocity showed
a good correlation between both methods, overcoming
the limitations of Doppler techniques (Ledesma-Carbayo
2006). The results obtained for radial strain are within
the lower range of values reported previously (Bogaert
and Rademakers 2001; Edvardsen 2002; Kowalski 2001;

Moore 2000). The main cause of these discrepancies
could be related to the different measurement principles
(D’Hooge 2003). Another important point is the effect of
including trabeculae or papillary muscles in the regional
measurement of strain because of low resolution imaging
or poor visibility. As studied in Peters 2002, who used
high-resolution magnetic resonance imaging, the influence of this inclusion could lead to an overestimation of
100%.
We observed a reasonable interobserver and intraobserver repeatability of strain measurements in both
radial and longitudinal directions. Main differences
could be related to placement of the region-of-interest,
and to the effect of the poorer visibility and the papillary
muscle when the lateral wall was analyzed.
The results of our study suggest that the radial and
longitudinal components of velocity and strain of a segment could differ depending on the amount and disposition of the predominant fibers, and it could be an explanation for the differences in velocity and strain between
the septal and lateral walls. As Peverill (2004) recently
suggested, part of these differences are likely to be
related to variations in the anatomy of the longitudinal
fibers that run through the left ventricle. Thus, if the
septum contains mainly cross-sectional fibers, its main
systolic deformation should involve thickening, and if
most of the fibers of the lateral wall have a longitudinal
or circumferential orientation, it should involve longitudinal shortening and twist. For the estimation of longitudinal velocity, values given in Table 2 are comparable
to previous measurements (Edvardsen 2002), and, according to velocity studies, the longitudinal component is
higher in the lateral wall than in the septum (Peverill
2004). Nevertheless, when comparing systolic deforma-
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tion in the radial and longitudinal directions, we found
that radial strain was significantly higher for the septum
than for the lateral wall, and shortening (longitudinal
systolic deformation) was characterized by significantly
higher values than thickening (radial systolic deformation) in the lateral wall, demonstrating the inhomogeneous behavior of the deformation parameters through
the left ventricle.
Timing analysis of strain reveals a new and interesting fact. Although the measured difference in timeto-peak systolic longitudinal strain between the septum
and lateral wall was similar to that reported in previous
studies (Voigt 2003), no differences in time-to-peak radial systolic strain between the septum and lateral wall
segments were found in our work. This could be explained by a homogeneous radial deformation of the
healthy left ventricle, and could be potentially useful for
the evaluation of asynchrony (Breithardt 2003), as recently suggested by Suffoletto 2006.
Limitations
Our study focused on two opposite walls, the septum and lateral wall, because of their well-known different fiber disposition. An analysis of the whole LV and
the circumferential motion component could provide
more consistent information. Further studies to investigate other segments and parameters are warranted.
No attempt has been made to assess the robustness
of the method against low-quality images. This problem,
common in any echocardiographic technique, could limit
a generalized use of the procedure.
CONCLUSIONS
We present the results of a new image processing
method that performs spatio-temporal registration of
gray-scale 2-D ultrasound sequences. The method provides, in a fully automatic way, the simultaneous measurement of the radial and longitudinal deformation parameters in the same cardiac segment, avoiding the limitations of Doppler-based techniques. Results in our trial
of healthy volunteers seem to match properly with the
anatomical disposition of the fibers, emphasizing the functional significance of LV fiber orientation in the evaluation
of regional myocardial function.
Acknowledgments—This study was partially supported by grants
from the Sociedad Española de Cardiología, Spain, the Red Temática
IM3 (G03/185), research projects PI041495 PI041920 from the
Spanish Health Ministry and the CDTEAM project from the Ministry of Industry.

REFERENCES
Bogaert J, Rademakers FE. Regional nonuniformity of normal adult
human left ventricle. Am J Physiol Heart Circ Physiol 2001;280:
H610 – 620.

Volume 33, Number 11, 2007
Breithardt OA, Stellbrink C, Herbots L, Claus P, Sinha AM, Bijnens B,
Hanrath P, Sutherland GR. Cardiac resynchronization therapy can
reverse abnormal myocardial strain distribution in patients with
heart failure and left bundle branch block. J Am Coll Cardiol
2003;42:486 – 494.
Chandrashekara R, Mohiaddin RH, Rueckert D. Analysis of 3-D myocardial motion in tagged MR images using nonrigid image registration. IEEE Trans Med Imaging 2004;23:1245–1250.
D’Hooge J, Bijnens B, Thoen J, Van de Werf F, Sutherland GR,
Suetens P. Echocardiographic strain and strain-rate imaging: A new
tool to study regional myocardial function. IEEE Trans Med Imaging 2002;21:1022–1030.
D’Hooge J, Heimdal A, Jamal F, Bijnens B, Rademakers F, Hatle L,
Suetens P, Sutherland GR. Regional strain and strain rate measurements by cardiac ultrasound: Principles, implementation and limitations. Eur J Echocardiogr 2000;1:154 –170.
D’Hooge J, Herbots L, Sutherland GR. Quantitative assessment of
intrinsic regional myocardial deformation by Doppler strain rate
echocardiography in humans. Circulation 2003;107:e49; author reply
e49. http://circ.ahajournals.org/cgi/reprint/107/7/e49?maxtoshow⫽
&HITS⫽10&hits⫽10&RESULTFORMAT⫽1&author1⫽D%27hooge
&andorexacttitle⫽and&andorexacttitleabs⫽and&andorexactfulltext⫽
and&searchid⫽1&FIRSTIN. Accessed June 6, 2007.
Edvardsen T, Gerber BL, Garot J, Bluemke DA, Lima JA, Smiseth OA.
Quantitative assessment of intrinsic regional myocardial deformation by Doppler strain rate echocardiography in humans: Validation
against three-dimensional tagged magnetic resonance imaging. Circulation 2002;106:50 –56.
Fleming AD, Xia X, McDicken WN, Sutherland GR, Fenn L. Myocardial velocity gradients detected by Doppler imaging. Br J Radiol
1994;67:679 – 688.
Fortuin NJ, Hood WP Jr, Craige E. Evaluation of left ventricular
function by echocardiography. Circulation 1972;46:26 –35.
Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH. Left
ventricular fibre architecture in man. Br Heart J 1981;45:248 –263.
Heimdal A, Stoylen A, Torp H, Skjaerpe T. Real-time strain rate
imaging of the left ventricle by ultrasound. J Am Soc Echocardiogr
1998;11:1013–1019.
Isaaz K. Pulsed Doppler tissue imaging. Am J Cardiol 1998;81:663.
Isaaz K. What are we actually measuring by Doppler tissue imaging?
J Am Coll Cardiol 2000;36:897– 899.
Isaaz K. Tissue Doppler imaging for the assessment of left ventricular systolic and diastolic functions. Curr Opin Cardiol 2002;
17:431– 442.
Kaluzynski K, Chen X, Emelianov SY, Skovoroda AR, O’Donnell M.
Strain rate imaging using two-dimensional speckle tracking. IEEE
Trans Ultrason Ferroelectr Freq Control 2001;48:1111–1123.
Kowalski M, Kukulski T, Jamal F, D’Hooge J, Weidemann F, Rademakers F, Bijnens B, Hatle L, Sutherland GR. Can natural strain
and strain rate quantify regional myocardial deformation? A study
in healthy subjects. Ultrasound Med Biol 2001;27:1087–1097.
Ledesma-Carbayo MJ, Kybic J, Desco M, Santos A, Unser M. Cardiac
motion analysis from ultrasound sequences using non-rigid registration. In Niessen W, Viergever M (eds): Proc. MICCAI 2001, Lecture
Notes in Computer Science. Berlin: Springer- Verlag, 2001:889 – 896.
Ledesma-Carbayo MJ, Mahia-Casado P, Santos A, Pérez-David E,
García Fernández MA, Desco M. Cardiac motion analysis from
ultrasound sequences using nonrigid registration: Validation
against Doppler Tissue Velocity. Ultrasound in Med. & Biol 2006;
32:483– 490.
Ledesma M, Santos A, Mahia P, García Fernández M, Kybic J, Malpica
N, Pérez David E, Desco M. Radial and longitudinal myocardial
velocity estimation from gray-scale conventional echocardiography. Validation against Doppler velocities. J Am Coll Cardiol
2005;45:A304.
Moore CC, Lugo-Olivieri CH, McVeigh ER, Zerhouni EA. Threedimensional systolic strain patterns in the normal human left ventricle: Characterization with tagged MR imaging. Radiology 2000;
214:453– 466.

Myocardial strain from gray-scale echocardiography ● P. MAHÍA et al.
Papademetris X, Sinusas AJ, Dione DP, Duncan JS. Estimation of 3D
left ventricular deformation from echocardiography. Med Image
Analys 2001;5:17–28.
Peters DC, Ennis DB, McVeigh ER. High-resolution MRI of cardiac
function with projection reconstruction and steady-state free precession. Magn Reson Med 2002;48:82– 88.
Peverill RE, Gelman JS, Mottram PM, Moir S, Jankelowitz C, Bain JL,
Donelan L. Factors associated with mitral annular systolic and
diastolic velocities in healthy adults. J Am Soc Echocardiogr 2004;
17:1146 –1154.
Storaa C, Lind B, Brodin LA. Distribution of left ventricular longitudinal peak systolic strain and impact of low frame rate. Ultrasound
Med Biol 2004;30:1049 –1055.
Suffoletto MS, Dohi K, Cannesson M, Saba S, Gorcsan J 3rd. Novel
speckle-tracking radial strain from routine black-and-white echocardiographic images to quantify dyssynchrony and predict response to cardiac resynchronization therapy. Circulation 2006;113:
960 –968.
Suhling M, Jansen C, Arigovindan M, Buser P, Marsch S, Unser M,
Hunziker P. Multiscale motion mapping: A novel computer vision

1705

technique for quantitative, objective echocardiographic motion
measurement independent of Doppler: First clinical description and
validation. Circulation 2004;110:3093–3099.
Sutherland GR, Di Salvo G, Claus P, D’Hooge J, Bijnens B. Strain and
strain rate imaging: A new clinical approach to quantifying regional
myocardial function. J Am Soc Echocardiogr 2004;17:788 – 802.
Torrent-Guasp F, Kocica MJ, Corno AF, Komeda M, Carreras-Costa F,
Flotats A, Cosin-Aguillar J, Wen H. Towards new understanding of
the heart structure and function. Eur J Cardiothorac Surg 2005;27:
191–201.
Urheim S, Edvardsen T, Torp H, Angelsen B, Smiseth OA. Myocardial strain by Doppler echocardiography. Validation of a new
method to quantify regional myocardial function. Circulation
2000;102:1158 –1164.
Voigt JU, Lindenmeier G, Exner B, Regenfus M, Werner D, Reulbach
U, Nixdorff U, Flachskampf FA, Daniel WG. Incidence and characteristics of segmental postsystolic longitudinal shortening in normal, acutely ischemic, and scarred myocardium. J Am Soc Echocardiogr 2003;16:415– 423.

