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echocardiographic strain in children with CHD
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Abstract Background: In CHD, three-dimensional strain analysis may overcome limitations of Doppler and
two-dimensional strain of the left ventricle. The aims of this study were to evaluate feasibility and reproducibility
of three-dimensional longitudinal, circumferential, and radial systolic strain by three-dimensional speckle-
tracking echocardiography compared with two-dimensional echocardiography. Methods: Patients with CHD,
biventricular circulation with a systemic left ventricle, and who had two- and three-dimensional imaging
performed on the same day from 2010 to 2014 were included. Quantitative two- and three-dimensional strain
analyses were performed (two-dimensional cardiac performance analysis version 1.2 and four-dimensional left
ventricular analysis version 3.1). Intra- and inter-observer variabilities were calculated on 25 studies. Results:
A total of 30 patients, including 19 (61%) males, with a median age of 3.6 years (0.1–22 years) were included.
The mean fractional shortening was 34.6± 5.3%, and the mean ejection fraction was 62.0± 6.4%. Measurement
of two- and three-dimensional strain was feasible in >95% of segments. Good correlation was observed
between longitudinal and circumferential strain (r= 0.92, p⩽ 0.001 and r= 0.87, p⩽ 0.001), but not radial
strain (r= 0.29, p= 0.2). Intra- and inter-observer agreements were better for three-dimensional compared
with two-dimensional strain, and better for both two- and three-dimensional longitudinal and circumferential
strains compared with radial strain. Conclusion: Left ventricular three-dimensional strain analysis is feasible
in children with CHD. The reproducibility of longitudinal and circumferential strain by three-dimensional
analyses is better. Further longitudinal studies are warranted for the potential clinical application of this
new technology.
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ACCURATE AND CONSISTENT MEASUREMENT OF

cardiac function in patients with CHD is
essential for management, and has both prog-

nostic implications as well as effects on routine clinical
decision making.1,2 Left ventricular systolic function is
currently evaluated using standard two-dimensional
echocardiographic imaging by calculating ejection
fraction, per cent fractional shortening, and tissue

Doppler imaging. These modalities, however, have
limitations due to inherent issues with geometry,
image quality, and subjectivity.3–5

Speckle-tracking echocardiography is a newer
technique that attempts to quantify regional tissue
deformation by continuous frame-by-frame tracking
of acoustic speckles.1 This technique proves to be
promising for the evaluation of cardiac function
because of its capability to examine altered myocardial
mechanics and regional dysfunction, even when
standard echocardiographic measurements remain
within the normal range.6,7 In previous studies, two-
dimensional speckle-tracking techniques have been
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shown to provide comparable results with tissue
Doppler imaging and cardiac magnetic resonance
imaging;8 however, this modality still has limitations
given the three-dimensional nature of cardiac defor-
mation, which leads to loss of some speckles due to
out-of-plane motion.9–11

Although three-dimensional speckle-tracking
echocardiography can overcome most of the two-
dimensional limitations, experience with this techni-
que is less extensive to date. It has been suggested that
three-dimensional speckle-tracking echocardiography
may be a more accurate tool for the segmental assess-
ment of left ventricular function.12,13 Recent studies
in adults have shown that three-dimensional speckle-
tracking echocardiography has comparable accuracy
and reproducibility with cardiac magnetic resonance
imaging in measuring left ventricular volume and
ejection fraction;14–17 however, this technique has not
been assessed well in children with CHD.
The aims of this study were, therefore, to deter-

mine the feasibility and variability of three-
dimensional speckle-tracking imaging in children
with a wide spectrum of CHD in comparison with
two-dimensional speckle-tracking echocardiography,
and their correlation with traditional measures of
ventricular function, including ejection fraction and
fractional shortening.

Materials and methods

This was a retrospective study approved by the Insti-
tutional Review Board at Seattle Children’s
Hospital. Children with biventricular circulation and
systemic left ventricle who had both two- and three-
dimensional images obtained during the same echo-
cardiographic evaluation at our institution between
January of 2010 and December of 2014 were eligible
to be included in the present study. The three-
dimensional images in these patients were obtained
somewhat randomly on the basis of clinical indica-
tions. Patients were excluded if they had incomplete
echocardiographic imaging or an inadequate frame
rate (<15 frames/second) to complete the three-
dimensional analysis. Each patient’s clinical and
demographic data, including the underlying cardiac
diagnosis, age, and sex, were obtained from the echo-
cardiogram reports or the individual medical record.

Echocardiographic studies
All transthoracic echocardiograms were performed
with the Phillips ultrasound system “iE33” (Phillips
Medical System, Andover, Massachusetts, United
States of America). The usual routine images were
obtained as per institutional protocol and stored in
digital format for offline analysis using Syngo

Dynamics workstation (SiemensMedical Solutions,
Inc., Syngo Dynamic Solutions, Ann Arbor,
Michigan, United States of America). Traditional
echocardiographic parameters of left ventricular
systolic function were analysed using standard tech-
niques in accordance with the American Society
of Echocardiography guidelines.18 Fractional short-
ening was calculated from standard M-mode mea-
surements in the parasternal short-axis view at the
level of the papillary muscles. Ejection fraction was
calculated from two-dimensional images using the
area–length method. Apical four-chamber and para-
sternal short-axis views at the level of papillary
muscles obtained with the highest possible frame
rates were used for the two-dimensional analysis.
Full-volume three-dimensional data were acquired
using a three-dimensional matrix-array transducer.
Each study was stored digitally in a cineloop format
for post-acquisition processing; three-dimensional
ejection fraction was also obtained from full-volume
three-dimensional data.

Speckle-tracking imaging
Automated tracking of myocardial deformation was
performed offline using vector velocity imaging
(TomTec Imaging Systems, Munich, Germany) for
determining longitudinal, circumferential, and radial
strains (Fig 1). The strain analysis was performed by a
single reader blinded to the patients’ clinical status.
Endocardial tracings of the left ventricle were
manually performed in the apical four-chamber view
for longitudinal measurements, and in the parasternal
short-axis view at the level of the mid papillary
muscles for circumferential and radial measurements.
A single cardiac beat with the best-appearing image
quality was used. Tracking was automatically per-
formed by the software, and the analysis was accepted
as satisfactory only after visual inspection. If tracking
was suboptimal, the endocardial border was re-
traced. If satisfactory tracking was not accomplished
after three re-tracings, the non-tracking segments
were excluded from the analysis. If more than three of
six, inclusive, segments had poor tracking, the study
was excluded. In our study, 4.5% of the segments
were excluded from the analysis because of the
inability to adequately track movement of the endo-
cardial border. The acquisition frame rate on two-
dimensional echocardiographic images was 50–90
frames/second.
Left ventricular circumferential and radial strains

were measured from the parasternal short-axis view at
the mid-ventricular level, showing both papillary
muscles. Peak systolic strain was measured in the ante-
rior, anterolateral, inferolateral, inferior, inferoseptal,
and anteroseptal segments. Mean circumferential and
radial strains were calculated as the mean value of these
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six segmental measurements. Longitudinal strain was
measured from the apical four-chamber in the basal,
mid, and apical septal and lateral wall segments.
Longitudinal strain was also calculated as the mean
value of these six segmental measurements.
For three-dimensional speckle-tracking analysis,

the best full-volume three-dimensional data set with
minimal amount of dropout was analysed on a sepa-
rate computer workstation (four-dimensional left
ventricular analysis version 3.1; TomTec Imaging
Systems). After the left ventricular long axis was
manually aligned in three apical views – that is, four-,
three-, and two-chamber views – the software auto-
matically identified the left ventricular endocardial
border and tracked it throughout the cardiac cycle,
resulting in a dynamic cast of the left ventricular
cavity. Endocardial contours were manually adjusted
when necessary to optimise boundary position and
tracking. Subsequently, using the standard 16-
segment model, the peak longitudinal, radial, and
circumferential strain values were obtained. The
mean frame rate of the three-dimensional data sets in
our study patients was 19± 3 frames/second. Repre-
sentative two-dimensional and three-dimensional
speckle-tracking images are presented in Figure 1.
The analysis on 25 randomly selected patients was
repeated by the same observer after 4 weeks to obtain
intra-observer variability and by a second observer to
obtain inter-observer variability.

Statistical analysis
Data are reported as means and standard deviations or
as medians and ranges for continuous variables and as
frequencies for categorical variables. Correlation
analysis was performed between ejection fraction and

fractional shortening as well as two-dimensional and
three-dimensional strain values using Spearman’s
rank correlation coefficient. All statistical analyses
were performed using Statistical Package for the
Social Sciences 19.0 (IBM Corporation, Chicago,
Illinois, United States of America). Statistical sig-
nificance was defined as a p-value< 0.05. Agreement
between measurements was assessed using techniques
described by Bland and Altman.19 Agreement for each
measurement was expressed as 2 SD of the inter-reader
measurement differences – repeatability coefficient.
This reflects the maximum expected within-patient
difference between two measurements, and a lower
value is desirable. Inter-reader measurement variability
was also assessed using intra-class correlation coeffi-
cients and coefficient of variation.

Results

A total of 31 patients met inclusion criteria. Only one
patient was excluded because of inadequate frame rate
for three-dimensional analysis, yielding a total of 30
echocardiograms for review. The median age of the
patients was 3.6 years (with a range from 0.1 to 22
years), and 19 (61%) of them were males. The diag-
noses included double-outlet right ventricle in three
(10%), left heart obstructive lesions affecting the
mitral or aortic valve or the aortic arch in 14 (45%),
atrial and/or ventricular septal defects in five (16%),
and other in eight patients (26%) (Table 1).

Systolic function
Left ventricular systolic function was considered
normal by qualitative evaluation in 27 (90%)

Figure 1.
(a) Representative two-dimensional (2D) speckle-tracking imaging in the apical four-chamber view (left) and LS tracking (right), and
(b) representative 2D speckle-tracking imaging in the parasternal short-axis view, at the level of the papillary muscle, view (left), and CS
tracking (right), and (c) representative three-dimensional speckle-tracking imaging (left) and LS tracking (right). CS= circumferential
strain; LS= longitudinal strain.
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patients. The mean fractional shortening by tradi-
tional M-mode measurement was 34.6± 5.3, and the
mean ejection fraction by bullet method was
62.0± 6.4%. The mean peak longitudinal strain by
two-dimensional speckle-tracking was −19.9± 3.5%
compared with −20.0± 3.7% by three-dimensional
speckle-tracking analysis. Similarly, the peak
circumferential strain was −21.1± 3.9% by two-
dimensional and −22.1± 3.9% by three-dimensional
analysis, and the peak radial strain by two-
dimensional analysis was 28.1± 11.8% compared
with 34.4± 6.8% by three-dimensional analysis
(Table 2).

Correlations
The correlations between different measures of
speckle tracking and standard measures of ventricular
function are shown in Table 3. Fractional shortening
correlated with two-dimensional longitudinal strain
(r=−0.57, p= 0.005) and two-dimensional cir-
cumferential strain (r=−0.64, p⩽ 0.001), but not
with two-dimensional radial strain (r= 0.23,
p= 0.2). The strongest correlation with fractional
shortening was seen with three-dimensional longi-
tudinal strain (r=−0.79, p⩽ 0.001), but there were
also moderate correlations with three-dimensional
circumferential strain (r=−0.55, p= 0.002) and
three-dimensional radial strain (r= 0.47, p= 0.01).
Ejection fraction correlated with two-dimensional
longitudinal strain (r=−0.64, p= 0.001), and two-
dimensional circumferential strain (r=−0.64,
p= 0.001), but not with two-dimensional radial
strain (r= 0.34, p= 0.08). The strongest correlation
with ejection fraction was again with three-
dimensional longitudinal strain (r=−0.79,
p= 0.001), but there were also correlations with

three-dimensional circumferential strain (r=−0.55,
p= 0.003) and radial strain (r= 0.56, p= 0.002).
There was a very good correlation between fractional
shortening and ejection fraction of 0.90 (p⩽ 0.001)
as shown in Figure 2. The mean three-dimensional
ejection fraction was 57± 6%. The strongest corre-
lation of three-dimensional ejection fraction was seen
with three-dimensional longitudinal strain
(r=−0.80, p⩽ 0.001), but there were also good
correlations with two-dimensional longitudinal
strain (r=−0.75, p⩽ 0.001).
There was excellent correlation of 0.92 (p⩽ 0.001)

between two-dimensional and three-dimensional
peak longitudinal strain (Fig 3a and b), and good
correlation of 0.87 (p⩽ 0.001) between two-
dimensional and three-dimensional peak circumfer-
ential strain (Fig 3c and d). The correlation between
two-dimensional and three-dimensional peak radial

Table 1. Summary of patient characteristics.

n= 30

Age (years) 3.6 (0.1–22)
Male 19 (61)
Double-outlet right ventricle 3 (10)
Left heart obstructive lesions 14 (45)
ASD/VSD 5 (16)
Other diagnosis 8 (26)
Hypertrophic cardiomyopathy 1 (3)
Left ventricular non-compaction 1 (3)
Connective tissue disorder 1 (3)
Tetralogy of Fallot 1 (3)
Transposition of the great arteries 1 (3)
Intra-cardiac lymphoma 1 (3)
Tricuspid valve dysplasia 2 (7)

ASD= atrial septal defect; VSD= ventricular septal defect
Data presented as median values (range) or counts (%)

Table 2. Traditional and strain echocardiographic parameters.

n= 30

Fractional shortening (%) 34.6± 5.3
Ejection fraction (%) 62.0± 6.4
2D LS (%) −19.9± 3.5
2D CS (%) −21.1± 3.9
2D RS (%) 28.1± 11.8
3D LS (%) −20.0± 3.7
3D CS (%) −22.1± 3.9
3D RS (%) 34.4± 6.8

Qualitative function normal 27 (90%)
Qualitative function decreased 3 (10%)

2D= two dimensional; 3D= three dimensional; CS= peak circumfer-
ential strain; LS= peak longitudinal strain; RS= peak radial strain
Echocardiographic data presented as mean values (SD) or counts (%)

Table 3. Summary of correlations.

Variables
Strain
variables (%)

Correlation
coefficient (r) p-value

Fractional shortening (%) 2D LS −0.57 0.005
2D CS −0.64 <0.001
2D RS 0.23 0.2
3D LS −0.79 <0.001
3D CS −0.55 0.002
3D RS 0.47 0.01

Ejection fraction (%) 2D LS −0.64 0.001
2D CS −0.64 0.001
2D RS 0.34 0.08
3D LS −0.79 0.001
3D CS −0.55 0.003
3D RS 0.56 0.002

2D= two dimensional; 3D= three dimensional; CS= peak circumfer-
ential strain; LS= peak longitudinal strain; RS= peak radial strain
Correlation data between traditional echocardiographic parameters,
2D, and 3D speckle-tracking imaging
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strain, however, was not significant (r= 0.29,
p= 0.2) (Fig 3e and f). When we performed sub-
analysis comparing the six segments of two-dimensional
global longitudinal, radial, and circumferential strain
values with the corresponding six segments from the
three-dimensional analysis, the overall the results were
very similar. In addition, we found no significant
differences for patients with intra-cardiac procedures
such as ventricular septal defect compared with those
without.

Feasibility and variability
Measurement of both two-dimensional and three-
dimensional strain values was feasible in >95% of the
segments. Offline analysis time was ~4.0± 1.6 min-
ute for three-dimensional speckle-tracking imaging
and 5.1± 2.1 minutes for two-dimensional speckle-
tracking imaging. The measures of repeatability and
intra-class correlation coefficient values are listed in
Table 4.
The inter- and intra-observer variabilities were

better for three-dimensional speckle-tracking mea-
surements than for two-dimensional speckle-tracking
measurements overall, and were better for both
two-dimensional and three-dimensional longitudinal
and circumferential strains compared with radial
strain. The repeatability coefficient – 2 SD of the
difference – expressed as a percentage of the popula-
tion mean for each parameter was 2.2–3.0% for
three-dimensional longitudinal and circumferential
strains compared with 3.4–6.0% for two-dimensional
longitudinal and circumferential strains; however,
repeatability coefficients were higher for radial
strain, with 6.1–8.3% for three-dimensional and
13.7–18.6% for two-dimensional measurements.
Values for intra-class correlation coefficient were also

better for three-dimensional longitudinal and cir-
cumferential strain (0.91–0.95) in comparison with
two-dimensional strain (0.87–0.93). Again, the intra-
class correlation coefficient for radial strain was lower
for both two-dimensional and three-dimensional
imaging at 0.70–0.89. The coefficient of variation %
also had similar values as shown in Table 4.

Discussion

Early diagnosis of myocardial dysfunction is essential
in children with CHD for their management.1,20

Strain imaging has the potential to overcome most of
the limitations of traditional echocardiographic
measures of systolic function. Our study has shown
that left ventricular three-dimensional speckle-
tracking echocardiography analysis is feasible and
reproducible in children with CHD in comparison
with two-dimensional speckle-tracking echocardio-
graphy. There is good correlation between two-
dimensional and three-dimensional longitudinal and
circumferential strains, but not radial strain. Overall,
the reproducibility of three-dimensional speckle-
tracking echocardiography is better compared with
two-dimensional speckle-tracking echocardiography.
In addition, offline analysis is shorter for three-
dimensional compared with two-dimensional
speckle-tracking echocardiography.
Traditional transthoracic echocardiographic mea-

sures of systolic function have several limitations
including load dependency and geometric assump-
tions that are even worse in CHD patients.2,21–23

Fractional shortening mainly evaluates circumfer-
ential fibre shortening; two-dimensional ejection
fraction is also load dependent and has limitations
with border detection. The regional wall motion
abnormalities, in particular, are not well identified by
these function assessment parameters. Deformation
imaging by speckle-tracking echocardiography has
the advantages of overcoming all these limitations by
tracking natural acoustic markers – “speckles” –
throughout the cardiac cycle. It is angle independent
and measures myocardial contractility while
accounting for regional wall motion abnormal-
ities.4,24,25 In our study, although there was good
correlation between traditional measures of ven-
tricular function of fractional shortening and ejection
fraction, it was only moderate with longitudinal and
circumferential strain, and relatively weak with radial
strain. These findings are similar to previous studies
that have abundant evidence showing that abnorm-
alities of myocardial strain can occur with a normal
ejection fraction.26,27

The use of two-dimensional speckle-tracking
imaging has been more widespread to date than
three-dimensional imaging, likely because of the fact

Figure 2.
Graph showing correlation between two-dimensional fractional
shortening (FS) and ejection fraction (EF).
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that the images required for this analysis are part
of the routine two-dimensional echocardiographic
assessment and do not require additional tools such as
the three-dimensional array transducer or specific
image captures during the echocardiographic study,
such as full-volume three-dimensional loops. There
are, however, inherent limitations with two-
dimensional speckle-tracking echocardiography;
specifically, loss of speckles due to out-of-plane
motion, foreshortened views, and geometric

modelling, which can be accounted for by the three-
dimensional method as it can track motion of
speckles in all three dimensions, potentially making
three-dimensional speckle-tracking echocardio-
graphy a more accurate representation of overall and
regional myocardial function.5,9,28 This advantage,
however, comes at a cost of lower frame rate that
may alter its correlation with two-dimensional
speckle-tracking echocardiography. In our study,
three-dimensional speckle-tracking showed good

Figure 3.
Summary of variability and correlations between two-dimensional (2D) and three-dimensional (3D) speckle-tracking imaging.
(a) Correlation of 2D and 3D longitudinal strain (LS). (b) Bland–Altman plot showing inter-observer agreement of 2D and 3D LS.
(c) Correlation of 2D and 3D circumferential strain (CS). (d) Bland–Altman plot showing inter-observer agreement of 2D and 3D CS.
(e) Correlation of 2D and 3D radial strain (RS). (f) Bland–Altman plot showing inter-observer agreement of 2D and 3D RS.
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correlation with two-dimensional speckle-tracking
echocardiogram for longitudinal and circumferential
strains, but not for radial strain, which is also con-
sistent with the adult literature and previous studies
that have shown radial strain to be less reproducible
than longitudinal and circumferential strains.4,29,30

In addition, in our study, none of the patients had
regional wall motion abnormalities, which explains
the close correlation between two-dimensional and
three-dimensional longitudinal and circumferential
strains; however, in patients with regional wall
motion abnormalities, three-dimensional speckle-
tracking echocardiography would pan out to be more
advantageous to assess these differences.
Previous studies have shown a slight discrepancy

in the strain values of three-dimensional speckle-
tracking echocardiography in comparison with two-
dimensional speckle-tracking echocardiography with
some of them showing underestimation by three-
dimensional longitudinal strain31 and overestimation
by three-dimensional circumferential strain.12,31

In our study, strain values by three-dimensional
speckle-tracking echocardiography were slightly
larger than two-dimensional speckle-tracking
echocardiography.
This study has also confirmed that three-

dimensional speckle-tracking imaging can be
performed efficiently without adding a significant
amount of post-processing time to the study. This is

consistent with previous studies in the adult popu-
lation that have shown three-dimensional long-
itudinal strain to be a faster measure of systolic
function than two-dimensional longitudinal
strain.3,12 In our study, we have measured two-
dimensional speckle-tracking echocardiography in
one four-chamber view and one short-axis view.
If extensive evaluation by two-dimensional speckle-
tracking echocardiography is performed including
three longitudinal and three short-axis views, then
it would increase analysis time, making three-
dimensional assessments much faster in comparison.
In comparison with two-dimensional speckle

tracking, three-dimensional speckle tracking was
found to have better intra- and inter-observer agree-
ments, suggesting a role for this methodology in
longitudinal assessment of function in patients with
CHD. Unlike structurally normal hearts, CHD results
in different geometry that may be better served by the
three-dimensional evaluation. The three-dimensional
software currently available also allows for less sub-
jectivity in its measurements as more data points are
automatically calculated for the user.

Limitations

This study was limited by the heterogeneous patient
population and small sample size. We have measured
two-dimensional speckle-tracking echocardiography

Table 4. Variability for two-dimensional (2D) and three-dimensional (3D) strain.

Bland–Altmann analysis

2 SD of differences
(repeatability
coefficient)

Repeatability coefficient
as % of mean value for
parameter

Mean
difference COV (%) ICC

Longitudinal strain
2D
1. Inter-observer 6.0 28.6 0.6 4.6 0.87
2. Intra-observer 3.4 16.1 0.4 4.2 0.89

3D
1. Inter-observer 2.8 13.6 0.1 3.6 0.92
2. Intra-observer 2.2 10.9 0.1 2.7 0.95

Circumferential strain
2D
1. Inter-observer 3.9 18.7 0.5 5.3 0.89
2. Intra-observer 3.4 15.9 0.1 3.8 0.93

3D
1. Inter-observer 3.0 13.5 0.1 3.9 0.91
2. Intra-observer 2.8 12.7 0.1 3.7 0.95

Radial strain
2D
1. Inter-observer 18.6 73.2 4.1 29.2 0.75
2. Intra-observer 13.7 48.2 1.6 14.7 0.83

3D
1. Inter-observer 8.3 24.7 3.0 8.4 0.70
2. Intra-observer 6.1 17.9 0.3 5.1 0.89

COV= coefficient of variation; ICC= intra-class correlation coefficient
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only in one four-chamber view and one short-axis
view. These findings are also limited to patients with
biventricular physiology and systemic left ventricle
and cannot be extrapolated to the systemic right ven-
tricle. Given the high inter-vendor variability of strain
measurements based on ultrasound systems,32,33 these
results also may not be valid for other vendors. The
applicability of these data is limited by the fact that
there is no gold standard modality for comparison,
such as myocardial resonance imaging tissue tagging.
It is, therefore, difficult to determine which of these
two modalities is providing the true value; however,
previous studies have shown good correlation between
three-dimensional strain parameters and myocardial
resonance imaging for left ventricular ejection fraction
in a small sample size.12 In addition, the utility of
three-dimensional speckle-tracking echocardiography
may be even more pronounced in children with
regional wall motion abnormalities.

Conclusions

Left ventricular three-dimensional speckle-tracking
echocardiography is a simple, feasible, and reproducible
method for strain assessment in children with CHD in
comparison with two-dimensional speckle-tracking
echocardiography. There is a strong correlation between
two-dimensional and three-dimensional longitudinal
and circumferential strain, but not radial strain. Overall,
the reproducibility of three-dimensional speckle-
tracking echocardiography is better compared with
two-dimensional speckle-tracking echocardiography.
Further longitudinal studies are warranted to assess the
potential clinical application of this new technology in
patients with CHD.
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