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Cardiac function analysis is the main focus of echocardiography. Left ventricular ejection fraction (LVEF) has been the clinical
standard, however, LVEF is not enough to investigate myocardial function. For the last decade, speckle tracking echocardiogra-
phy (STE) has been the novel clinical tool for regional and global myocardial function analysis. However, 2-dimensional imag-

ing methods have limitations in assessing 3-dimensional (3D) cardiac motion. In contrast, 3D echocardiography also has been

widely used, in particular, to measure LV volume measurements and assess valvular diseases. Joining the technology bandwag-
on, 3D-STE was introduced in 2008. Experimental studies and clinical investigations revealed the reliability and feasibility of
3D-STE-derived data. In addition, 3D-STE provides a novel deformation parameter, area change ratio, which have the potential
for more accurate assessment of overall and regional myocardial function. In this review, we introduced the features of the meth-
odology, validation, and clinical application of 3D-STE based on our experiences for 7 years.
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INTRODUCTION

For the last decade, speckle tracking echocardiography
(STE) has been focused as a novel method in assessing cardiac
chamber and regional myocardial functions. A numerical
study reported the additional values of STE independent left
ventricular ejection fraction (LVEF)."® Simultaneously, 3-di-
mensional (3D) echocardiography has been widely used in the
clinical setting, and the trend of 3D imaging introduced com-
mercially available 3D-STE systems.*” 3D-STE has not been
a routine tool for cardiac function analysis, despite of various
advantages and potentials compared to 2-dimensional (2D)
imaging.

I often have been asked about the merits of 3D-STE in the
clinical setting. Exactly, the advantage of 3D-STE should be
clarified compared to 2D-STE and traditional Doppler echo-
cardiographic assessments. Through this review, I try to sum-
marize the current status of 3D-STE mainly based on our
studies and clinical experiences.

* Received: May 30, 2014 - Revised: June 7, 2014 «Accepted: June 7, 2014

FUNDAMENTAL PREPARATION FOR 3D-STE
ANALYSIS

3D-SPECKLE TRACKING

Of wall motion tracking methods of 3D-STE including the
block-matching method, the elastic image registration meth-
od, and model-based approach,” the block-matching method
is solely used as the tracking method on the commercial avail-
able 3D-STE systems (Fig. 1).”®” The motion vector between
consecutive volume frames is detected by cubic matching
technique.” Comparing a template volume in the next vol-
ume searches the most similar point in the next volume. Fi-
nally, interpolation of the motion vectors is performed with a
3D interpolation algorithm. After these steps, arbitrary points
of interest on the cardiac wall can be tracked by integrating
the interpolated motions over all frames during one cardiac
cycle.
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Baseline

Next volume

Fig. 1. Speckle tracking with cubic template. The 3-dimensional speckle tracking method of the volume of interest (white line cubic
template) from one volume (baseline volume) to the next volume (red line cubic template).

DATA ACQUISITIONS

For 3D wall motion analysis, full-volume dataset is re-
quired. Multiple sectors are scanned with multiple beats and
each dataset is automatically integrated into a wide-angle py-
ramidal data image covering the entire left ventricle.” In the
current available systems, the volume rate of each sector image
has been increased at 30 Hz or more, which is enough to anal-
ysis LV function.'”

Longitudinal strain
Fig. 2. Parametric images of multiplanar reconstruction (MPR) and strain-time curves. On MPR images (upper panel), radial (red
arrow), circumferential (white arrow), and longitudinal strain (blue arrow) are shown. Under panels show each strain-time curve.

AUTOMATIC TRACING

In general, data analysis is petformed on the off-line system.
The regions of interest are determined on the multiplanar re-
construction images (Fig. 2). Instead of manual tracing, auto-
matic tracing of borders has been promising. The software au-
tomatically divides the left ventricle into 16 or 17 segments,
and provides time-parameters curves for the assessment of
magnitude of regional strain and timing of the maximum or

50



minimum strain value.!V

3D-STE DERIVED DEFORMATION PARAMETERS
3D-STE can simultaneously provide the three orthogonal
strain values, radial strain (RS), longitudinal strain (LS), and cir-
cumferential strain (CS) (Fig. 2).'? Since beat to beat variabili-
ties of LV contraction may affect the strain measurements, it is
important to obtain the multiple deformation indices in the
same beat. Secondly, deformation parameters with 3D features
are available; 3D-strain (Fig. 3) and the area change ratio (ACR)
or area strain in a regional or the entire tracking area (Fig. 4)."”
In this review, the area tracking-based deformation parameter is
called as ACR since the strain means changes of a unit length,
not an area. The ACR of the endocardium is attracting interest
as a new measurement parameter along with the components of
CS and LS. In addition, more accurate LV torsion values can be
calculated through the simultaneous measures of rotations in
each short-axis plane and the distance between the planes.
Therefore, the novel parameter regional torsion is measureable,
which represents the spatial distribution of torsion values.

VALIDATION STUDIES FOR 3D-STE

3D-STE is a novel method using complex computations,
therefore, validation studies are needed to identify the reliabil-
ity and feasibility, and have been performed using experimen-

tal animal models.®?1»

STRAIN MEASUREMENTS

We performed the first validation study for the block match-
ing method in the world, and found strong correlations be-
tween strain measurements by 3D-STE and sonomicrometry
(LS: r = 0.89, RS: r = 0.84, CS: r = 0.90) (Fig. 5).® However,
CS and LS showed better accuracy for estimation of regional
deformation than did RS. This discrepancy is due to each
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strain nature; LS and CS are calculated at the endocardial bor-
der, whereas RS is estimated by tracking of both the endocar-
dial and epicardial borders. Since current 3D-STE systems in-
crease the tracking errors in the epicardial regions, accuracy of
RS may be lower than LS and CS. In addition, because the
fundamental length for RS calculation is shorter than those of
LS and CS, RS is more vulnerable to tracking errors.

AREA CHANGE RATIO

The second validation study was performed for ACR in a
similar experimental study,'"” and ACR measurements by 3D-
STE were found to strongly correlate with those by sonomi-
crometry (r = 0.87) (Fig. 6). Interestingly, ACR was more sen-
sitive to the changes of regional deformation compared to LS
and CS (Fig. 7). The sensitiveness of ACR may be attributed

End-diastole End-systole
Lo
. L
Radial strain = QfLiUD)) % 100 (%)
3D strain =% x 100 (%)

Fig. 3. 3D-strain. The figures show deformation including shear strain.
Lo means a baseline length between endo- and epicardium. Radial
strain is calculated as (Lr - Lo) / Lo. If the shear (a degree) is caused
between radial and longitudinal direction, the shear (3 degree) is caused
between radial and circumferential direction, and without shear
between circumferential and longitudinal direction, the length between
estimated endo- and epicardial points at end-systole is L. The novel
parameter 3D-strain is calculated as (L - Lo) / Lo, then, 3D-strain is
greater than 3D-radial strain because L is longer than Lr.

|- ——1

Fig. 4. Area change ratio. The mid and right panels are the endocardial surface at end-diastole and systole, respectively. An area Ao is relocated and
deformed to an area A+ by various wall motions including apical translation, regional rotation that causes shear strain, and longitudinal and
circumferential contractions. The area change ratio is calculated as (A1 - Ad) / Ao.
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Fig. 5. The relation between strain by sonomicrometry and 3-dimensional speckle tracking echocardiography (3D-STE). CS: circumferential strain,

RS: radial strain, LS: longitudinal strain.
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Fig. 6. The relation between area change ratio by sonomicrometry and 3-dimensional speckle tracking echocardiography. A: Scatter plot showing
the relation between all measurements of area tracking by sonomicrometry and 3-dimensional speckle tracking echocardiography (3D-STE). The
solid line shows a regression line of all measurements. The dashed dotted line shows a regression line at apex area (o). The dashed line shows a
regression line at mid area (A). B: Scheme of implanted positions of sonomicrometry crystals. Red and blue dots show each crystal position, and the
blue area is a region area of mid anterior wall, and the yellow one is a region of apical one.

by combined deformation data of LS and CS, since ACR can
be calculated as a total sum of the product of LS and CS and
the sum of them as follows; ACR = LS - CS + (LS + CS). As
compared to 2D-STE, 3D-STE may cause tracking errors be-
cause of lower spatiotemporal resolutions. Therefore, com-
bined data for 2 directional deformations can reduce the track-
ing error because of higher signal-noise ratio compared with
that of LS and CS. Thus, ACR is more useful parameter to as-
sess myocardial deformation.

ADVANTAGES AND PIT FALL OF 3D-STE
LV VOLUME AND EF MEASUREMENTS

Since 3D-STE tracking is done on the LV endocardial bound-
aries, 3D-STE can directly measure LV volume through a car-

diac cycle.!”'"” We reported that as compared to volume mea-
surements by cardiac magnetic resonance imaging (MRI),
3D-STE derived measurements correlated well with those by
cardiac MRI (end-diastolic volume: r = 0.80, end-diastolic
volume: r = 0.86), which slightly underestimated (LV end-di-
astolic volume: bias = -18 + 37 mL; LV end-systolic volume:
bias = -10 + 34 mL).9

LV GLOBAL STRAIN

Global LV function has been solely assessed by LVEE. How-
ever, numerical previous studies reported that 2D-STE de-
rived LV global strain has been reported as a novel useful pa-
rameter of global LV function. The findings mean that global
deformation parameters have a potential to assess intrinsic
myocardial function compared to LVEE

52




Area change ratio

Three-Dimensional Speckle Tracking Echocardiography | Yoshihiro Seo, et al.

Circumferential strain

Longitudinal strain

(%) (%) (%)
20 20 20
104 =0. * m
0 P 1 ; T 10 *
< 0.001 0 T
-107 [ — I
= | -20- -107 0
£ 301 ; ¢ 20 I
40 } 304 } -10 ; % {
50 o
-60 -20
70 -0
-80 \ \ \ -60 \ \ \ -30 \ \ \
Base Prop Dob Isc Base Prop Dob Isc Base Prop Dob Isc
(%) (%) (%)
20 20 20
10 p =003 10 =001
0 1 10
»=0.005 x 0
-10 — i [
o | 20 -107 0
2300 g ® 20
40 % 30 % 10| } i %
50 04
-60 - -20
70 507
-80 \ \ \ -60 \ \ \ -30 \ \ \
Base Prop Dob Isc Base Prop Dob Isc Base Prop Dob Isc
(%) (%) (%)
20 20 20
10 p =004 Z 10
*
0 T »=0.01 10
=0.04 0.001 0 : s *
SR A Tt
w -20 -104 0
-
< | 304 % 20 } i
401 % 304 } 10 ; %
50 o
-60 1 -20
70 -0
-80 \ \ \ -60 \ \ \ -30 \ \ \
Base Prop Dob Isc Base Prop Dob Isc Base Prop Dob Isc

Fig. 7. Comparisons of area change ratio, circumferential strain, and longitudinal strain during baseline (Base), propranolol infusion (Prop),
dobutamine infusion (Dob), and acute ischemia (Isc). Upper panels are corresponding to total data (Total), mid ones to mid anterior wall (Mid), and
bottom ones to apical anterior wall (Apex). Area change ratio clearly distinguished changes in myocardial function induced by pharmacological stress
and acute ischemia in both mid and apical anterior wall. *p < 0.001 vs. others.

What are the differences between 3D-STE and 2D-STE de-

rived strain values?

Previous studies reported that absolute CS values by 3D-
STE are significantly higher than those by 2D-STE."®* The
differences are affected by the out of plane phenomenon (Fig.
8). In our study, the absolute differences between 3D-STE
and 2D-STE derived CS correlated significantly with the
magnitude of longitudinal displacement (Fig. 9).? In nor-
mal subjects, the differences were more significant in the
free wall, where longitudinal displacements are larger than
those in the septum. In contrast, the discrepancy was not ap-
parent in patients with LV dysfunction with reduced longi-
tudinal displacements. Previous studies reported LS values

do not differ between 3D- and 2D-STE.!?> However, Wu
et al.?? reported LV twisting affects the LS values: larger
twisting is a major determinant of differences between 2D
and 3D LS values.

Based on the findings, 3D-STE can overcome LV transla-
tion and rotation effects for the quantification of ventricular
contraction, and may provide reliable deformation data com-
pared to 2D-STE.

USEFULNESS OF ACR

ACR is a unique parameter with 3D imaging nature. Previ-
ous studies reported the usefulness of ACR to detect subclini-
cal LV dysfunction in the clinical studies; ACR was reduced
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early stage heart failure or patients with early stage aortic
valve diseases.”*” Miyoshi et al.”® reported that reduced ACR
was associated with the use of anthracycline even in patients
with preserved LVEE. Thus, 3D-STE derived ACR may be a

End-diastole End-systole

A8 Al®
f
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Fig. 8. Out of plane phenomenon. Upper panels are 4 chamber and 2
chamber views at end-diastole and systole in a healthy subject. The
color shows degree of longitudinal displacements during systole. White
discs at end-diastole are moved to red discs level at end-systole, which
distance is about 15 mm (red arrows). Lower panels show the
2-dimensional speckle tracking echocardiography (2D-STE) images at
yellow dash arrow level. Since the white disc level is moved to apex at
end-systole, the 2D-STE image at end-systole is changed to another
plane of a basal level at end-diastole. Such changing of the plane of
interest through a cardiac cycle is called as out of plane phenomenon.
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Fig. 9. The affects of longitudinal displacements for the 2D- and
3D-circumferential strain (CS). Panel A shows the correlation between
longitudinal displacement and the absolute differences between 2D-
and 3D-CS. Panel B shows left ventricular segmental comparisons of
longitudinal displacements between control (blue dots) and DCM (red
dots). DCM: idiopathic dilated cardiomyopathy, LVEF: left ventricular
ejection fraction.

sensitive biomarker to detect early LV systolic dysfunction.

LV REGIONAL WALL MOTION ABNORMALITY

An interesting study showed the disagreements (55%) be-
tween ACR and visual assessment in assessing hypokinesis,
despite of high agreements in 91% of akinetic segments.”
Therefore, the quantifications of regional wall motion may
contribute to accurate judgments of wall motion abnormali-
ties. In addition, 3D imaging can confirm the extend of re-
gions with wall motion abnormalities showing impressive im-
ages (Fig. 10).2*” However, large scale studies have not been
performed, and the superiorities of 3D-STE has not been es-
tablished as compared to eyeball judgments or 2D-STE.

DYSSYNCHRONY

LV dyssynchrony have been studied in assessing cardiac re-
synchronization therapy responses during a last decade. Cathe-
ter based electrical 3D mapping system can clearly show the
propagation of electrical activation. Recently, we have devel-
oped 3D-STE based activation imaging system, which is mod-
eled after the electrical 3D mapping systems.*”

The activation imaging can visualize the intra-ventricular
propagation pattern of regional contractions, which reliability
was validated in comparison studies with electrical 3D map-
ping system (Fig. 11). For example, in the patients with left
bundle branch block, the initial contraction is observed in the
mid to apical septum. Subsequently, the contraction propa-
gates to the basal lateral wall turning at the apex. Previous
studies with an electrical 3D mapping system revealed the
propagation pattern is the typical dyssynchrony pattern of left
bundle branch block.*® Therefore, 3D-STE may provide a
breakthrough in assessment studies for dyssynchrony.

RIGHT VENTRICULAR FUNCTION ANALYSIS

Right ventricular (RV) function has a key role in patients
with left heart failure.**> Because of the complex RV geome-
try, 3D imaging may be more useful to analysis global and re-
gional function in right ventricle than left ventricle. Our col-
leagues reported a preliminary study of RV 3D-STE, which
used a modified system for the left ventricle (Fig. 12).*° In
particular, we found intraventricular differences in the systolic
ACR values and dyssynchrony in normal control subjects. The
3D-STE system could reveal lower ACR in patients with RV
dysfunction than normal control. In future, a RV specific 3D-
STE system will be introduced.

CURRENT ISSUES OF 3D-STE SYSTEMS

TRACKING DEPENDS ON IMAGE QUALITY

B-mode image quality strongly affects accuracy of STE
measurements, which is the common issue of STE. In general,
3D data sets are comprised of multiple sectors, and stitching
noise may be caused around the border between sectors. In ad-
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Fig. 10. Regional wall motion abnormalities with 3-dimensional speckle tracking echocardiography. These images were obtained
at experimental studies. Upper panels show plastic bag images and lower ones show polar map images at end-systole showing
longitudinal strain (left panel), circumferential strain (central panel), and radial strain (right panel) during a coronary artery occlusion
study. The blue area in the apex in each panel corresponds to dyskinetic motion induced by coronary artery occlusion.

c LU I |

Fig. 11. Comparisons of activation propagation in left bundle branch block. Left figures show activation images by 3-dimensional
speckle tracking echocardiography (3D-STE) and right ones show propagation images by Ensite voltage mapping system in each
panel from A to F. Panels A to C show the images from septum, and blue areas in the 3D-STE are the earliest contraction sites.
White areas in the Ensite images are the electrical activation area. Panels D to F show the images from free wall, and yellow or
orange areas are the latest contraction sites. Note the U shape propagation with functional block area in anterior wall.
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Fig. 12. Right ventricular 3-dimensional speckle tracking echocardi-
ography (3D-STE) images. Panels A to E show right ventricular (RV)
multiplanar reconstruction images in a healthy subject; short axis view
of apex (C), mid (D), base (E), apical 4 chamber view (A) and its
orthogonal view (B). 3D-STE images using mesh imaging, and time area
change ratio curves also are shown. The lower left panel shows the
RV-STE at end-diastole, the center panel at mid-systole, and the right
panel at end-systole.

dition, the multi beats system is not available in patients with
atrial fibrillation. Recent advanced systems with a single beat
might overcome the limitations. However, the spatiotemporal
resolution might be deteriorated in such a system, therefore,
reliable validation data should be reported to use the advanced
system in the clinical setting.

VENDOR DEPENDENCY

A comparison study between vendors reported the vendor-
dependent variability of deformation data.”” Due to the high
vendor dependence of 3D-STE data, inter-vendor discordance
of data must be taken into account when interpreting 3D de-
formation data. However, further studies are needed to con-
firm whether vendor differences have clinical impacts in as-
sessing cardiac function and to discriminate the risk level.

CONCLUSIONS

3D-STE has great promise as a clinical feasible tool for eval-
uating myocardial function, and could provide novel patho-
physiological insights based on 3D cardiac mechanics.

The visibility of 3D-STE is steadily increasing in the study
field, however, the clinical uses are not enough. Therefore, in-
formation about the current status of 3D-STE should be spread,
and we thank for the opportunity of this review.
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