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easurement of Ventricular Torsion by Two-
imensional Ultrasound Speckle Tracking Imaging

uichi Notomi, MD* Peter Lysyansky, PHD,‡ Randolph M. Setser, DSC,† Takahiro Shiota, MD, FACC,*
oran B. Popović, MD,* Maureen G. Martin-Miklovic, Joan A. Weaver, RT,* Stephanie J. Oryszak,*
eil L. Greenberg, PHD, FACC,* Richard D. White, MD,*† James D. Thomas, MD, FACC*
leveland, Ohio; and Tirat Hacarmel, Israel

OBJECTIVES We sought to examine the accuracy/consistency of a novel ultrasound speckle tracking
imaging (STI) method for left ventricular torsion (LVtor) measurement in comparison with
tagged magnetic resonance imaging (MRI) (a time-domain method similar to STI) and
Doppler tissue imaging (DTI) (a velocity-based approach).

BACKGROUND Left ventricular torsion from helically oriented myofibers is a key parameter of cardiac
performance but is difficult to measure. Ultrasound STI is potentially suitable for measure-
ment of angular motion because of its angle-independence.

METHODS We acquired basal and apical short-axis left ventricular (LV) images in 15 patients to estimate
LVtor by STI and compare it with tagged MRI and DTI. Left ventricular torsion was defined
as the net difference of LV rotation at the basal and apical planes. For the STI analysis, we
used high-frame (104 � 12 frames/s) second harmonic two-dimensional images.

RESULTS Data on 13 of 15 patients were usable for STI analysis, and LVtor profile estimated by STI
strongly correlated with those by tagged MRI (y � 0.95x � 0.19, r � 0.93, p � 0.0001,
analyzed by repeated-measures regression models). The STI torsional velocity profile also
correlated well with that by the DTI method (y � 0.79x � 2.4, r � 0.76, p � 0.0001, by
repeated-measures regression models) with acceptable bias.

CONCLUSIONS The STI estimation of LVtor is concordant with those analyzed by tagged MRI (data derived
from tissue displacement) and also showed good agreement with those by DTI (data derived
from tissue velocity). Ultrasound STI is a promising new method to assess LV torsional
deformation and may make the assessment more available in clinical and research
cardiology. (J Am Coll Cardiol 2005;45:2034–41) © 2005 by the American College of

ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.02.082
Cardiology Foundation
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urrent research in clinical cardiac mechanics is moving
rom short- and long-axis left ventricular (LV) function and
jection fraction to three-dimensional ventricular deforma-
ion studies, including left ventricular torsion (LVtor) (1).
n systole, the LV apex rotates counterclockwise (as viewed
rom the apex), whereas the base rotates clockwise, creating
torsional deformation originating in the dynamic interac-

ion of oppositely wound epicardial and endocardial myo-
ardial fiber helices. Although this wringing motion (sys-
olic twisting and early diastolic untwisting) can give novel
nsights into LV function that cannot be obtained from
tandard short- and long-axis analysis, it has proven difficult
o measure. Previous investigators approached LV rotation
LVrot)/LVtor using short-axis echo scans to track macro-
copically the movement of distinguishable anatomic land-
arks such as papillary muscle or mitral valve (2,3).
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One of the special characteristics of static B-scan ultra-
ound imaging is an appearance of speckle patterns within
he tissue, which are the result of constructive and destruc-
ive interference of ultrasound back-scattered from struc-
ures smaller than a wavelength of ultrasound (4). Motion
nalysis by speckle tracking has been attempted using
lock-matching and autocorrelation search algorithms (5–
), and speckle motion has been closely linked to underlying
issue motion when small displacements are involved (6).
n the basis of this displacement estimation technique,
Vrot (angle-displacement about the central axis of LV in

he short-axis view) for assessment of LVtor can be
easured.
A newly developed speckle tracking imaging (STI) tech-

ique has presented us the possibility of enhancing the accu-
acy of displacement estimation by filtering out random speck-
es and then performing autocorrelation to estimate motion of
table structures (8–10). This non-Doppler assessment of
ardiac mechanics could rival magnetic resonance imaging
MRI) or Doppler tissue imaging (DTI) in measuring LVtor
nd may prove more versatile in assessing patients in clinical
nd research settings. Therefore, we sought to examine the
ccuracy/consistency of the STI method for LVtor measure-

ent in comparison with tagged MRI (a time-domain method
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imilar to STI) and DTI (a velocity-based approach), a method
ecently validated by our group (11).

ETHODS

tudy population. We assessed LVtor in consecutive pa-
ients undergoing clinically indicated cardiac MRI studies.
he research echocardiographic study was performed on the

ame day as the MRI, and “technically difficult cases” for
ransthoracic echocardiographic examination were pre-
xcluded (one or two patients). Fifteen patients with a
ariety of cardiac pathologies were recruited in an attempt to
over a broad clinical range of LVtor: coronary artery disease
n � 4), aortic root disorder (n � 8, including 3 patients
ith severe aortic stenosis, 4 patients with severe aortic

nsufficiency, and 3 patients after aortic valve replacement),
nd cardiomyopathies (n � 3). The study protocol was
pproved by the Institutional Review Board of the Cleve-
and Clinic Foundation. Written informed consent was
btained before the study from all patients.

Abbreviations and Acronyms
CV � coefficient of variation
DTI � Doppler tissue imaging
LV � left ventricular
LVrot � left ventricular rotation
LVrot-v � left ventricular rotational velocity
LVtor � left ventricular torsion
LVtor-v � left ventricular torsional velocity
MRI � magnetic resonance imaging
STI � speckle tracking imaging

igure 1. Left ventricular rotation (LVrot) at apical and basal levels duri
maging acquisitions are overlaid on the end-diastolic image with corre
nd-diastole and end-systole). The LVrot was estimated from all of these

ounterclockwise as viewed from apex, whereas the base rotates clockwise, as in
reates a “wringing” motion of the left ventricle. Videos of speckle tracking imagi
erminology and calculation of LVtor and torsional
elocity (LVtor-v). We defined “LV torsion” and “LV
orsional velocity” as a net-difference of “LV rotation” and
LV rotational velocity” between apical and basal short-axis
lanes (normally, the apex rotates counterclockwise whereas
he base rotates clockwise when viewed from apex; Fig. 1)
btained from STI, DTI, and MRI. We defined LVrot and
Vrot-v as angular displacement and velocity, respectively,
f the LV about its central axis in the short-axis image.
hey were stated in units of degree (°) and degrees per

econd (°/s), respectively. Counterclockwise LVrot as
iewed from apex was expressed as a positive value.
omparison of STI with DTI/MRI data. For compari-

on of LVtor derived from STI and MRI, we carefully chose
he most similar short-axis images (using size and anatom-
cal landmarks as described below). For comparison of
Vtor-v derived from the STI and DTI, we used the images
f STI and DTI scanned consecutively by fixed probe. For
emporal analysis, the time sequence was normalized to the
ercent of systole duration (i.e., at end-systole, t was 100%)
n all modalities. End-systole was determined from the end
f the LV outflow Doppler flow profile in the echocardi-
graphy examinations and from the smallest cavity observed
n the MRI studies.

chocardiography. After a clinical standard echocardio-
raphic examination, we scanned apical and basal short-axis
lanes using a high frame rate (86 to 115 frames/s) second
armonic (transmit/receive: 1.7/3.4 MHz) B-mode (for
TI), and DTI mode with a Vivid 7 ultrasound machine
GE Medical Systems, Milwaukee, Wisconsin) with an

3S probe. We defined the proper short-axis levels as

tole by “overlaid” speckle tracking images. End-systolic speckle tracking
ing local trajectories (tail and head of arrows indicate the location of
al angle displacements. Normally, at apical level, the left ventricle rotates
ng sys
spond
region
this representative case. This gradient of LVrot between the two levels
ng in apical and basal short-axis views are available at www.onlinejacc.org.

http://www.onlinejacc.org
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ollows (11): at the basal level, the mitral valve and, at the
pical level, LV cavity alone with no visible papillary
uscles. The LV cross section was made as circular as

ossible. The velocity range for DTI was set at 16 or 20
m/s to prevent aliasing. We used customized software
ithin a personal computer workstation (EchoPAC plat-

orm [2DS-software package, version 3.3], GE Medical
ystems) for subsequent off-line analysis of STI and DTI.

V ROTATION AND ROTATIONAL VELOCITY BY STI. Mea-
uring LVrot and LVrot-v by using STI on the workstation
s accomplished in five steps: 1) The best-quality digital
wo-dimensional image cardiac cycle is selected. 2) The
ndocardium is traced in an optimal frame, from which a
peckle tracking region of interest is automatically selected
o approximate the myocardium between the endocardium
nd epicardium (Fig. 2). 3) The region of interest width is
djusted as needed to fit the wall thickness. 4) The com-
uter automatically selects suitable stable objects for track-
ng and then searches for them in the next frame using the
um of absolute differences algorithm (5,9,10). 5) The
peckle tracking algorithm provides a “track score,” a reli-
bility parameter based on the degree of decorrelation of the
lock-matching, shown in each segment as a value from 1.0
o 3.0, with 1 indicating excellent tracking, 2, acceptable,
nd 3, poor tracking. We excluded segments �2.5. After
hese steps, the workstation computes LVrot and LVrot-v
Figs. 3B and 3C) profiles of each short-axis image (Figs. 1
nd 2), defining the ventricular centroid from the midmyo-
ardial line on each frame (Fig. 3A), an approach that is
nalogous to the MRI analysis described further in this
ork. The LVrot profile was smoothed temporally with

ubic spline interpolation, from which LVrot-v was esti-
ated by differentiation. Averaged (“global”) LVrot and

igure 2. Speckle tracking of successive two-dimensional images obtained
epresentative patient. Shown is every sixth frame from successive apical sho
o end-systole (ES), as displayed on the workstation. The small red
idmyocardium shown more boldly, defining the region of interest. The c
entricular (LV) centroid is shown as a small red cross in the LV cavity and is
ines indicate the averaged LV rotation calculated from the angle displacement
Vrot-v data on the midmyocardial contour were used for
he calculation for LV torsion. Data plots of the electrocar-
iogram and the basal and apical LVrot and LVrot-v STI
ata were exported to a spreadsheet program (Excel 2000,
icrosoft Corp, Seattle, Washington) to calculate LVtor.

V ROTATIONAL VELOCITY BY DTI. Measurement of
Vrot-v by tissue Doppler velocity data sets has been
alidated recently (11). Briefly, LVrot-v is estimated from
our points of tissue velocity data on the LV: septal and
ateral regions to measure tangential velocity and anterior
nd posterior region of radial velocity. LVrot-v(t) is esti-
ated from averaged tangential velocity corrected with r (t),

s follows:

LVrot � v(t) �
(Vlat(t) � Vsep(t)) ⁄ 2

r (t)

here r (t) is

r (t) � r0 � ��0

t
(Vant(t) � Vpos(t))dt�⁄ 2

nd Vlat, Vsep, Vant, and Vpos are myocardial velocity at
ateral, septal, anterior, and posterior regions, respectively,
nd r0 is the end-diastolic radius. The Doppler velocity data
ets of the four regions detected by DTI at the basal and
pical levels were then transferred to a spreadsheet program
or averaging and calculation of LVrot-v and LVtor-v. At
east three consecutive cardiac cycles were averaged for these
alculations.

RI. We used a 1.5-T scanner (Sonata, Siemens Medical
olutions, Erlangen, Germany) for the MRI. After scout

mages were acquired to identify the cardiac axes, several
evels of short-axis image loops were acquired during

a speckle tracking imaging movie at the apical level during systole in a
s images, from end-diastole (ED) (onset of QRS of the electrocardiogram)
depict the endocardial (Endo) and epicardial (Epi) borders, with the
d points track individual locations throughout the cardiac cycle. The left
from
rt-axi
dots
olore
determined from the midmyocardial line in each frame. The blue crossed
of all of mid-myocardial dots.
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uspended respiration (duration �15 s) using an electro-
ardiography-triggered, segmented k-space, grid-tagged gra-
ient echo imaging protocol (spatial modulation of magne-
ization with tag spacing 8 mm, echo time 2.5 ms, sequence
epetition time 75 ms, flip angle 15°, temporal resolution 45
s, slice thickness 8 to 10 mm, field of view 300 to 360 mm,

ectangular field of view 75%, base resolution 256 � 256)
12).

V ROTATION BY MRI. Processing of tagged MRI images
as accomplished using Harmonic Phase (HARP) analysis

oftware (Diagnosoft Inc., Palo Alto, California), the details
f which have been described (13) and validated (14)
reviously. Briefly, HARP uses isolated spectral peaks in the
requency-domain representation of tagged images. The
nverse Fourier transform of a spectral peak yields a complex
mage whose phase is related to cardiac motion in one

igure 3. (A) Quantification of local angle displacement of the specific reg
as defined by position of a specific tissue element at two different time po

C) Profile curve of left ventricular rotation and rotational velocity in a car
rom the average of regional points in the midmyocardium (B). Left ventri
otation profile (C). See Figure 2 legend for definitions of ED, ES, red c
irection. Analysis of two spectral peaks enables two- c
imensional cardiac motion to be determined, including
racking individual points within the myocardium. The LV
idwall was specified by manually delineating the endocar-

ium and epicardium at end-systole at each short-axis level;
he midwall was then located automatically in all other
rames. Points lying on the midwall contour were automat-
cally tracked by the HARP software from end-diastole to
nd-systole. LVrot at basal and apical levels was used to
alculate LVtor.
tatistical analysis. To assess the correlation of the mea-
urements, we compared the LVtor and LVtor-v obtained
y STI with those measured with tagged MRI and DTI by
inear regression at isochronal time points, corresponding to
he individual MRI frames. Analysis was conducted for the
00 ms after end-diastole (9.0 � 1.2 frames) because
eliable magnetic tagging persisted for this period. To

representative apical rotation is shown. Regional angle displacement (�)
nd center of the gravity determined by the midmyocardial points. (B) and
ycle displayed on the workstation. Left ventricular rotation was calculated
rotational velocity was estimated by time-derivation of the left ventricular
and blue lines.
ion. A
ints a
diac c
ompare isochronal LVtor and LVtor-v data while account-
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ng for repeated observations per subject, we applied the
ollowing repeated-measures regression models (15).

RSTI � a � b * RMRI⁄DTI � � ci * Di � �, (i � 1 . . . n � 1)

here RSTI and RMRI/DTI are LVtor/LVtor-v by STI and
RI/DTI, respectively, Di indicates dummy variables that

ode for individual subjects; a, b, and c are model parame-
ers; and � is the error term. The goodness-of-fit was
ssessed by within-subject correlation coefficient.

r � � �SScov ⁄ (SScov � SSres)�

here SScov and SSres stand for sum of squares attributed to
ovariate or to residuals, respectively (16). To assess the
orrelation of peak LVtor and LVtor-v (peak systolic and
ntwisting velocity; Fig. 4) of the two modalities, simple
inear regression analysis was performed. The accuracy of
he LVtor and LVtor-v measurements with respect to the
TI/MRI and STI/DTI data also were examined by a

imits-of-agreement analysis (17). The bias was expressed as
he mean difference between the two methods and the limits
f agreement as two standard deviations of the difference of
he two methods. To determine whether the difference in
he values between the two methods was statistically signif-
cant, a paired t test was performed. Interobserver and
ntraobserver variability was examined in a blinded fashion
n five randomly selected patients and expressed as correla-
ion coefficients and coefficient of variation (CV) between
easurements of two investigators and two readings (�1
onth apart) as well as the mean and standard deviation of

igure 4. Left ventricular (LV) torsion and torsional profile curve by tagged
maging (STI) in a representative patient. Arrows indicate peak LV torsio
heir differences. All of the statistical analysis was performed �
sing Statistica 6.0 software (Statsoft, Tulsa, Oklahoma).
ll values were presented as mean � SD. A p � 0.05 was

aken to indicate statistical significance for all analyses.

ESULTS

he temporal resolution of MRI, STI, and DTI were 24 �
Hz, 104 � 12 Hz, and 136 � 9 Hz, respectively. We

ould analyze LV torsional behavior by MRI and DTI
ethod in all 15 patients, but the STI tracking score

xceeded 2.5 in 2 patients; therefore, these patients were
xcluded from statistical analysis.

The profile curves of LVtor and LVtor-v by STI/MRI
nd STI/DTI in a representative case are shown in Figure 4.
egression analysis for measurement of LVtor and LVtor-v
y STI (Fig. 5, upper panel) at isochronal time points,
nalyzed by repeated-measures regression models, indicates
strong correlation with those estimated by MRI and DTI

r � 0.93 and 0.76, respectively; p � 0.0001 for both
odalities), with a standard error of the estimate of 2.26°

nd 22.6°/s (regression slope coefficient). The limits-of-
greement analysis (Fig. 5, lower panel) demonstrated no
ignificant mean difference in measurement of LVtor and
Vtor-v; the bias was 0.05 � 2.42° for LVtor (p � 0.82)
nd 1.72 � 24.6°/s for LVtor-v (p � 0.27). Comparing only
he maximal torsion during systole, we also noted a strong
orrelation of LVtor between STI and MRI (r � 0.86, p �
.0001) and LVtor-v between STI and DTI (r � 0.94, p �
.0001).
eproducibility of the STI method for LVtor. Interob-

erver measurements showed r � 0.92 for peak torsion (9.6

etic resonance (MRI), Doppler tissue imaging (DTI), and speckle tracking
peak LV systolic and untwisting velocity.
2.4° vs. 9.1 � 2.0°, CV � 10.5%) and r � 0.81 for peak
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ntwisting velocity (69 � 10°/s vs. 66 �9 °/s, CV � 9.0%).
he error was random with no systematic trend observed (p

0.25 and 0.38, respectively). Similarly, intraobserver
ariability showed r � 0.92 for peak torsion (9.1 � 2.1° vs.
.3 � 1.8°, CV � 9.6%) and r � 0.87 for peak untwisting
elocity (66 � 9°/s vs. 68 � 13°/s, CV � 8.1%), indicating
atisfactory reproducibility for LVtor measurements by STI.

ISCUSSION

maging is one of the cornerstones of diagnosis in modern
edical practice, and ultrasound is among the most mature

echnologies. In this study, we demonstrated that LV
orsional deformation assessed by speckle tracking was quite
onsistent with those by MRI tissue tagging with acceptable
ias and variability. Because the speckle-tracked data were
btained from relatively high-resolution two-dimensional
mages, the torsional velocity profile by the STI compared
avorably with those by the DTI method, which was derived
rom primary detected velocity data with higher temporal
esolution but with intrinsic directionality constraints com-
on to all Doppler techniques.
Tagged MRI examinations have revealed important

hysiologic (18–21) and pathophysiologic findings for tor-
ion as a relatively load-independent index of contractility
nd relaxation (22–25), making it an important reference
tandard to study cardiac biomechanics noninvasively. Im-
rovements in this technique continue, such as the retag-
ing at end-systole or using steady-state free precession with
yocardial tagging (TrueFISP) (26), which can analyze LV

igure 5. Correlation and agreement plots of torsion and torsional veloci
nalyzed by repeated-measures regression model, whereas the peak values (fi
maging; LV � left ventricular, MRI � magnetic resonance imaging; ST
eformation more robustly. Nevertheless, echocardiography s
s many-fold more available than MRI and therefore a more
ophisticated assessment of LVtor by echo would be most
elcome.
ltrasound speckle tracking for assessment of LVtor.

DVANTAGES. Many of the recent efforts to assess LVtor
ave used tissue velocity (Doppler) signals to assess rota-
ional velocity at the base and apex (11). Researchers have
emonstrated the ability of the DTI to characterize global
nd regional myocardial motion or deformation with high
emporal resolution, but the angle dependency of Doppler is
n unavoidable limitation (27–29) .

The alternative method for motion estimation pro-
osed here is based on two-dimensional speckle tracking
sing time-domain processing, an approach that should
e independent of both cardiac translation and angle-
ependency. Mailloux et al. (30) proposed such an
pproach in 1987, but the absence of digitally stored
igh-frame-rate echo images led to unreliable results.
eunier and Bertrand (6) later reported a clear relation-

hip between small tissue motion and the corresponding
peckle pattern motion, demonstrating the potential for
peckle tracking to study tissue dynamics. Success in the
urrent implementation appears to derive from several
actors, including the use of high-quality second har-
onic images (31) that are acquired at high frame rates

nd are stored digitally in the original raw (scan line)
ormat for analysis. The two-dimensional images were
ltered nonlinearly before block-matching during pro-
essing (8 –10), which helped to reduce the decorrelation

tween imaging modalities. The correlation using all the time points was
symbols) were analyzed by simple linear regression. DTI � Doppler tissue
peckle tracking imaging.
ty be
core, i.e., the parameter used to indicate failure of
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eature tracking (32). Torsional velocities derived from
he relatively high frame rate data sets of STI were
omparable with those derived from DTI. Untwisting
elocity is thought to be a critical initial manifestation of
ctive relaxation (18,21), making this measurement im-
ortant for investigating diastole. The actual analytical
rocess on the workstation is semiautomatic, with the
ime required to analyze LVtor for one patient typically

15 min, making this a tool not only for research use but
lso for clinical assessment.

ISADVANTAGES. There are, however, several shortcom-
ngs to the current STI approach. The STI analysis is
nherently dependent on the two-dimensional echo image
uality. Even among our 15 patients who were not “tech-
ically difficult,” there were 2 patients whose decorrelation
cores were too high for confident use. We also should note
hat the difference between STI and tagged MRI/DTI
alues was relatively large in some subjects, although the
verall rotational profiles were quite similar.
Although speckle tracking has been reported previously

5–7), all of these methods have inferred tissue motion from
solated two-dimensional planes, whereas this motion is
ctually three-dimensional, which might remove some of
he speckles from view by through-plane motion, particu-
arly at the basal level. Fortunately the STI method only
equires a statistically meaningful proportion of speckles to
e present on successive frames, expecting some randomness
uperimposed on the true motion. Although we tried to
efine each slice by anatomical landmarks of the LV, we
ould not measure the exact distance between the scanned
wo levels. To overcome these problem, rudimentary three-
imensional echocardiographic speckle tracking already has
een reported (33). Further developments in three-
imensional echocardiography may allow speckles to be
racked in all three dimensions, allowing an even more
omprehensive assessment of ventricular function by
chocardiography.

The B-mode image intrinsically has a lower signal-to-
oise ratio than tissue Doppler (34), which may explain the
light underestimation of torsional velocity (slope � 0.79 in
ig. 5) in comparison with DTI-derived data; however, the
eak torsional velocity showed excellent correlation (slope �
.96).
tudy limitations. Although we tried to collect patients
ho exhibited a variety of cardiac pathologies, the stud-

ed population was limited to patients who had a clinical
ndication for MRI examination. There was no way to
uarantee absolute congruity of the short-axis levels used
o assess LV torsion between echo and MRI, although
he mitral valve and papillary muscles were used as
andmarks in both modalities (11). The relatively low
emporal resolution of MRI study in the current study
ight fail to detect the exact timing of end-systole, which
ight affect the analysis of the torsional profile. On
verage, however, end-systole occurred 33 � 26 ms
arlier by MRI than echo, which is within the single-
rame durations of the MRI study (42 ms).

linical implications and conclusions. We have seen
ecent advances in understanding myocardial function at
enetic/molecular levels (23,35,36). Integration of the
ew evidence in basic science and evolution in imaging
echnology must be matched with a new understanding of
he importance of shape and fiber architecture to provide
nsights into disease that can lead to new therapy (1).
eft ventricular torsion is important for normal ejection
nd suction and is an ingrained feature of the normal
pread of excitation and connections between the fibers
3,37). Left ventricular torsion is a critical aspect of
ardiac biomechanics (3,37– 40), although it has been
ifficult to measure. The present study has validated the
bility of STI to assess LV torsional deformation against

RI tissue tagging (which uses tissue displacement) and
he DTI method (based on tissue velocity). Assessment
f LVtor by the STI may help test hypotheses relating
olecular changes and new macroscopic LV biomechani-

al concepts for better management of patients with heart
ailure.
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