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On the other hand, 3D echocardiography (3DE) has 
been shown to be a possible alternative for measuring RV 
volume in HLHS.6–9 Additionally, 2D speckle-tracking 
echocardiography (STE) has been recognized as a useful 
method for assessing not only ventricular function but also 
the mechanics of ventricular function in HLHS.10,11 More 
recently, the advent of 3D-STE has allowed us to measure 
the 3D ventricular volumes and strains simultaneously in 
the left ventricle (LV).12

Current functional analyses by 2D strain provide pre-
dominantly axis-dependent measurement of ventricular 
deformation, such as longitudinal strain (LS), circumfer-
ential strain (CS) and radial strain (RS). This approach 
does not accommodate the 3D nature of the myocardium, 
where the multidirectional sliding motion of tissue planes, 
known as “shear”, occurs throughout the cardiac cycle. 
Therefore, in a 3D model there are 9 strains: 3 normal and 
6 shear. Because shear strains are difficult to measure, a 

R ight ventricular (RV) dysfunction poses an impor-
tant problem in patients with hypoplastic left heart 
syndrome (HLHS) compared with other morpho-

logic types of single ventricles.1,2 Systolic dysfunction and 
ventricular dilation after Fontan palliation are future risk 
factors that lead to increased mortality and heart trans-
plants in the HLHS cohort.3 Therefore, quantitative and 
repeatable assessment of RV volume and function would 
be advantageous in the longitudinal management of HLHS 
patients after Fontan palliation. Quantification of RV 
function and volume of HLHS by 2-dimensional echocar-
diography has remained a challenge and these parameters 
are often assessed qualitatively (eye-ball method) in everyday 
practice.4 Consequently, the quantitative measurements of 
volume and function by cardiac magnetic resonance imaging 
(CMRI) are currently considered as the gold standard,5 
although it is not suitable for frequent assessments during 
regular outpatient evaluations.
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Background:  Right ventricular (RV) volumetric and functional assessments are both crucial for the management of patients with 
hypoplastic left heart syndrome (HLHS). 3-dimensional echocardiography (3DE) for volume measurements and 2D speckle-tracking 
echocardiography (2D-STE) for strain analysis are performed separately. 3D-STE is capable of evaluating those parameters 
simultaneously and providing principal strain (PS), unifying the concepts of myofiber orientation and contraction into a single, maximal 
contractile direction. However, the application of 3D-STE to HLHS has not been studied and so became the aim of our study.

Methods and Results:  64 HLHS patients after Fontan palliation underwent 3D-STE analysis measuring RV end-diastolic volume 
index (EDVi), ejection fraction (EF), global PS (GPS), global circumferential strain (GCS), and global longitudinal strain (GLS). 
Volume measurements were compared between 3D-STE and 3DE, and strains were compared between 3D- and 2D-STE. EDVi 
and EF showed strong correlations between 3D-STE and 3DE (r=0.93 and 0.87, respectively). GCS and GLS showed moderate 
correlations between 3D- and 2D-STE (r=0.65 and 0.61, respectively). GPS showed highest magnitude and excellent correlation 
with EF (r=−0.95).

Conclusions:  Simultaneous volumetric and functional assessment by 3D-STE was a useful method in this HLHS cohort. PS is a 
promising parameter for evaluating the RV function of HLHS, which could be useful during longitudinal follow-up.
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provide a simplified, 2-component, unidirectional model of 
myocardial deformation that is more comprehensive than 
conventional, axis-dependent strains.

However, this method has not been evaluated for the 
assessment of the RV function in HLHS. 3D-STE, involving 
PS analysis, may be capable of providing novel insights 
into the mechanisms of RV function in HLHS maintaining 
systemic circulation, in addition to the simultaneous volu-
metric and functional assessments.

The aim of this study had 2 arms, a volumetric arm and 
a functional arm: (1) evaluate the feasibility of RV volume 
assessment in HLHS using 3D-STE and (2) evaluate the 
feasibility of assessing RV function in HLHS from normal 
and principal strains derived from 3D-STE. We hypothe-
sized that 3D-STE would be a reliable volumetric and 
functional tool for evaluating RV function in HLHS in 
everyday practice.

Methods
Subject Population
We analyzed 64 patients with HLHS after Fontan palliation 
who underwent clinically indicated echocardiography at 
the outpatient clinic of the Cardiac Center of Children’s 
Hospital of Philadelphia. In order to maintain homogeneity 
in the cohort, variants of HLHS (i.e., unbalanced atrioven-
tricular canal, double outlet right ventricle, SRV with VSD 

novel method to overcome this limitation is known as 
principal strain (PS), which is a 3D concept that has been 
applied extensively in engineering for studying fiber-
reinforced materials. However, it is an entirely new concept 
in the field of cardiology and was introduced only after the 
advent of 3D-STE. The deformation of a 3D myocardial 
segment occurs in 3 mutually perpendicular directions, 
known as eigenvectors: S1, S2, and S3 (Figure 1, Lower 
panel). The net effect of these vectors is S1+S2+S3≈0.13 PS 
simplifies the concept of 3D deformation, because the 
shear strains are zero in the orientation of the principal 
strains. PS defines the direction along the main contractile 
strain (S1), which is accompanied by a secondary strain 
(S2) that is typically of much lower intensity and also by a 
thickening along the radial direction (positive strain, S3, 
that is a consequence of tissue incompressibility). This 
approach gives a mechanics-based unification of the 3D 
deformation pattern from 9 strains into 1 principal strain 
(S1) (red arrows, Figure 1) and 1 secondary strain (S2) 
(blue arrows, Figure 1). The third strain (S3) resulting from 
tissue incompressibility, is not measurable by 3D echocar-
diography, because it needs contouring of both endocar-
dium and epicardium. The latter cannot be measured by 
3D-STE, because of the lack of epicardial imaging, but can 
be measured by cardiac MRI.14 Moreover, because of 
tissue incompressibility, S3 is completely dependent on S1 
and S2. Therefore, S3 can be excluded and S1 and S2 can 

Figure 1.    Process of myocardial tissue deformation, showing the 3 orthogonal deformations that completely depict the deformation 
of a 3D myocardial segment, without the need to consider shear components or the need to limit measurements to conventional 
axis-dependent directions (longitudinal, circumferential and radial). S1 indicates the PS and is the main contractile force; S2 is the 
SS, which is transversal to the PS and of much lower intensity; S3 is the positive strain resulting from tissue incompressibility and 
is mostly represented by thickening of myocardium along the radial direction. The latter cannot be measured by 3D-STE because 
of the lack of epicardial imaging, but can be measured by cardiac MRI. Moreover, because of tissue incompressibility, S3 is 
completely dependent on S1 and S2. Therefore, S3 can be excluded and S1 and S2 can provide a simplified, 2-component model 
of myocardial deformation that is more comprehensive than conventional, axis-dependent strains. 3D, three-dimensional; CS, 
circumferential strain; LS, longitudinal strain; PS, principal strain; RS, radial strain; SS, secondary strain.
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Figure 2.    Analysis of 3D-STE and 3DE. (A) The right panel shows the 3 apical chamber views (4-, 3-, and 2-chamber) with static 
and moving images. The lower left panel shows static and moving short-axis images. The 3D image is reconstructed in the top 
left panel. The endocardial border is automatically tracked throughout the cardiac cycle in 3D-STE (see Supplementary Movie 1) 
(B) The right panel shows static short-axis images at ED and ES and a moving short-axis image. The middle panel shows static 
apical chamber views at ED and ES and a moving image. The 3D image is reconstructed in the lower left panel. The endocardial 
border is manually traced only at ED and ES in 3DE (see Supplementary Movie 2). 3DE, 3D echocardiography; ED, end-diastole; 
ES, end-systole; STE, speckle-tracking echocardiography; other abbreviations as in Figure 1.
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apex in the 3 apical views (4-, 3-, and 2-chamber views) and 
the reference point of the aortic valve was placed at the 
neo-aortic valve (native pulmonary valve); (3) the endo-
cardial surface was identified by the software, and then 
manually adjusted along the endocardial border, defined 
as the border along the recesses of the RV trabeculations; 
(4) the software automatically tracked the border throughout 
the cardiac cycle (Figure 2A, Supplementary Movie 1) and 
when necessary, manual correction was applied to the 
automatically detected endocardial borders; and (5) the 
software computed the end-diastolic volume (EDV), end-
systolic volume (ESV), ejection fraction (EF), and various 
strains (PS, CS, and LS).

Volume Measurement by 3DE
For comparison, we measured the RV volumes in the 
HLHS patients using another commercially used 3DE 
software (4D Cardio-View version 3; TomTec Imaging 
Systems), which has a more established 3D technique and 
is very similar in function to the software used in previous 
studies.6,7 It requires manual selections of the ED and ES 
frames visually defined as the largest and smallest chamber 
dimensions. The analysis was performed as follows: (1) the 
RV long-axis was aligned and the reference aortic valve was 
placed in a manner similar to that in the 3D-STE analysis; 
(2) the frame at ED was selected as the visually largest 
ventricular size and/or the frame at the time the tricuspid 
valve closure and the frame at ES was selected as the visually 
smallest ventricular size and/or the frame just before the 
tricuspid valve opening; (3) using still and motion frames, 
the endocardial borders were manually traced at ED and 
ES in the apical and short-axis views; and (4) based on 
these tracings, the EDV, ESV, and EF were calculated 
(Figure 2B, Supplementary Movie 2).

Strain Analysis by 2D-STE
The 2D RV apical 4-chamber and basal short-axis images 
were acquired at the median frame rate of 61 (range 50–79) 
frames/s and exported to a research workstation at the 
native frame rate. 2D-STE was analyzed by 2D cardiac 
performance analysis (2D CPA 1.3.0.91, TomTec Imaging 
Systems) in 3 steps: (1) single-beat cine loop including the 
entire RV chamber was selected; (2) the RV endocardial 
border was manually traced at ES; and (3) the software 
automatically performed the endocardial border tracking 
and computed LS from 4-chamber images and CS from 
basal short-axis images.

Statistical Analysis
All continuous data were assessed for normality using the 
Shapiro-Wilk test and expressed as mean ± standard devi-
ation (SD) or median (range), unless otherwise stated. 
Differences in the measurements between different tech-
niques were assessed by Student’s t-test or Mann-Whitney 
U test depending on the data distribution. RV volumes 
from 3D-STE were compared with those from 3DE using 
linear regression with Spearman’s correlation coefficients, 
and global CS (GCS) and global LS (GLS) from 3D-STE 
were compared with those from 2D-STE using linear 
regression with Pearson’s correlation coefficients. Global 
PS (GPS), GCS, and GLS were compared by one-way 
ANOVA with post hoc analysis. Correlations between EF 
and 3D strains were calculated by Spearman’s correlation 
coefficients, and then significances of difference between 
correlations were assessed. We accepted P<0.05 or when 

and critical aortic stenosis with endocardial fibroelastosis 
in the LV) were excluded. The study was approved by the 
Institutional Review Board of The Children’s Hospital of 
Philadelphia and all participants provided informed consent 
before we obtained the research images.

3D Echocardiography
3DE was performed by experienced cardiac sonographers 
using the iE33 ultrasound system (Philips Medical Systems, 
Andover, MA, USA) with X3-1 or X5-1 matrix array 
transducers optimizing the patient’s size. 3D full-volume 
datasets were acquired from the apical transducer position, 
taking care to cover the entire RV, including its apex, during 
breath holding or quiet breathing. The 3D datasets con-
sisted of 4 or 6 subvolumes with ECG gating at the highest 
possible frame rate (median 32, range 18–34 frames/s). We 
obtained several 3D datasets for each patient, and selected 
the best image without stitch artifacts. The 3D datasets 
were exported to a research workstation at the native 
frame rate.

Volume Measurement and Strain Analysis by 3D-STE
3D-STE was analyzed using commercially used software 
(4D LV-Analysis version 3.1; TomTec Imaging Systems, 
Munich, Germany) applied to the RV of HLHS patients 
as follows: (1) brightness and contrast adjusted to enhance 
the RV endocardial borders; (2) the RV long-axis manually 
aligned from the center of the tricuspid valve to the RV 

Table 1.  Demographic Characteristics of HLHS Cohort

Variable Value

Age (years)  10.6 (2.4–18.4)

Female 28 (43.8)

Duration after Fontan (years)    7.3 (0.1–16.4)

Weight (kg)    28.1 (11.2–76.1)

Oxygen saturation (%) 92 (76–99)

Heart rate (beats/min)   76 (44–124)

Systolic BP (mmHg) 106 (75–148)

Diastolic BP (mmHg) 59 (38–79)

Anatomy

    MA/AA 29 (45.3)

    MS/AA 16 (25.0)

    MS/AS 19 (29.7)

Type of stage 1 palliation

    Blalock-Taussig shunt 44 (68.7)

    Sano shunt 20 (31.3)

Type of Fontan

    LT 26 (40.6)

    EC 38 (59.4)

    Fenestration 46 (71.9)

Complications

    TR ≥moderate 10 (15.6)

    PLE 6 (9.4)

    Plastic bronchitis 3 (4.7)

    Pacemaker implantation 3 (4.7)

    Other (TVR, stroke) 2 (3.1)

Data expressed as median (range) or number (%). AA, aortic 
atresia; AS, aortic stenosis; BP, blood pressure; EC, extra-cardiac 
conduit; LT, lateral tunnel; MA, mitral atresia; MS, mitral stenosis; 
PLE, protein-losing enteropathy; TR, tricuspid regurgitation; TVR, 
tricuspid valve replacement.



Circulation Journal  Vol.84,  February  2020

239RV Function in HLHS by 3D-STE

tion for Statistical Computing, Vienna, Austria).

Reproducibility
For interobserver variability, 25 patients were selected 
randomly and the analysis was repeated de novo by a 

the 95% confidence interval did not include 0 as indicating 
statistical significance. All statistical analyses were per-
formed with EZR (Version 1.37; Saitama Medical Center, 
Jichi Medical University, Saitama, Japan), which is a 
graphical user interface for R (version 3.4.1; The R Founda-

Table 2.  Overall Values Derived From 3D-STE, 3DE, and 2D-STE

Variable 3D-STE  
(n=64)

3DE  
(n=64)

2D-STE  
(n=58)

EDVi (mL/m2) 94.5 (57.6–183.5) 92.8 (54.5–164.2)

ESVi (mL/m2) 45.7 (23.2–141.5) 47.4 (28.5–126.6)

EF (%) 51.2 (22.9–64.2)　　 47.7 (22.9–59.5)　　
GPS (%) −28.4±4.7*

GCS (%) −22.9±4.7† −17.8±4.2

GLS (%) −18.2±3.3　 −18.7±3.8

Data expressed as median (range) in volume measurements and mean ± SD in strains. *P<0.01 vs. GCS and GLS in 
3D-STE, †P<0.01 vs. GLS in 3D-STE. 2D, 2-dimensional; 3D, 3-dimensional; 3DE, 3D echocardiography; EDVi, 
end-diastolic volume index; EF, ejection fraction; ESVi, end-systolic volume index; GCS, global circumferential 
strain; GLS, global longitudinal strain; GPS, global principal strain; STE, speckle-tracking echocardiography.

Figure 3.    Linear regressions between different methods (3D-STE vs. 3DE and 3D-STE vs. 2D-STE). Dashed and solid lines 
indicate absolute agreement and estimated linear regression, respectively. (A) Regression models between 3D-STE and 3DE are 
shown in EDVi (Left) and EF (Right). They indicate strong correlations. (B) Regression models between 3D-STE and 2D-STE are 
shown in GCS (Left) and GLS (Right). They indicate moderate correlations. 2D, two-dimensional; EDVi, end-diastolic volume 
index; EF, ejection fraction; GCS, global circumferential strain; GLS, global longitudinal strain; other abbreviations as in Figures 1 
and 2.
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cient quality of 2D images.

Comparison of Volume Measurements: 3D-STE vs. 3DE
We compared volume measurements in all 64 patients. 
Figure 3A shows the strong correlations in EDV indexed 
by body surface area (EDVi) and EF (r=0.93 and 0.87, 
respectively).

Comparison of Strain Analysis: 3D-STE vs. 2D-STE
We compared the 3D- and 2D-strain values in 58 patients. 
The magnitude of 3D-GCS was higher than that of 
2D-GCS (−23.0±5.0 vs. −17.8±4.2, respectively), while the 
magnitude of 3D-GLS was not significantly different from 
that of 2D-GLS (−18.1±3.1 vs. −18.7±3.8, respectively). 
Figure 3B shows the moderate correlations in GCS and 
GLS (r=0.65 and 0.61, respectively).

Contribution of Strains to RV Function in HLHS
We assessed the contribution of strains to RV function in 
all 64 patients with HLHS. GPS revealed the highest 
magnitude compared with GCS and GLS in the 3D-STE 
analysis (Table 2). GPS had the strongest correlation with 
EF among all strains, although it was not significantly 
different compared with GCS (Figure 4).

Intra- and Interobserver Variability
Intra- and interobserver variability was assessed in 25 
randomly selected patients. ICCs of intra-observer vari-
ability were 0.95, 0.95, and 0.86 in EDVi, EF, and GPS, 
respectively, and those for interobserver variability were 
0.94, 0.87, and 0.81, respectively. Bland-Altman plots of 
percent difference in intra- and interobserver variability are 
shown in Figure 5, which demonstrated good agreement.

Discussion
This study used 3D-STE to describe RV function in HLHS 
patients after Fontan palliation. The results are 2 valuable 
pieces of information. First, 3D-STE is a useful method 
capable of simultaneously evaluating ventricular volume 
and myocardial deformation of HLHS. Second, PS showed 
the highest magnitude of strain and correlated strongly with 
3D-EF, thereby providing us with a more comprehensive 
method of describing RV function in HLHS.

RV Volume Measurement in HLHS
Our study demonstrated that 3D-STE was useful for 
evaluating RV volume in HLHS patients after Fontan 
palliation. Although quantitative assessment of RV function 
in HLHS by echocardiography is challenging, 3DE assess-
ment of volumes and EF has been verified as a comparable 
method with CMRI even in HLHS patients and used in a 
multicenter clinical study.7 In our study, we compared the 
RV volumes obtained with3D-STE with those from 3DE in 
HLHS patients after Fontan palliation, showing excellent 
correlations between them. From these results, we suggest 
that 3D-STE is as useful as 3DE for volume measurement 
in HLHS patients after Fontan palliation. However, their 
different methodologies may affect the results. 3D-STE 
tracks the endocardial border throughout the cardiac cycle, 
and then the ED and ES frames are defined automatically 
by the software. In contrast, ED and ES frames are defined 
manually by the investigator in 3DE, and then the contours 
of endocardial border are drawn by the investigator for the 
volume measurements. Therefore, volume measurements 

second blinded investigator. For intra-observer variability, 
one observer repeated the measurements after 4 weeks. 
Intra- and interobserver variability was evaluated by intra-
class correlation coefficients (ICCs) and Bland-Altman 
plots of percentage difference.

Results
The patient demographics, including anatomy of HLHS, 
type of stage 1 palliation, type of Fontan, and complica-
tions, are shown in Table 1. Overall results from 3D-STE, 
3DE, and 2D-STE are displayed in Table 2. In the 2D-STE 
analysis, 6 of 64 patients were excluded because of insuffi-

Figure 4.    Linear regressions showing the correlations between 
strains and EF in 3D-STE analysis. All strains show strong 
correlations with EF, however, correlation coefficients of GPS 
(Upper) and GCS (Middle) show significantly higher than GLS 
(Lower). GPS, global principal strain; other abbreviations as in 
Figures 1–3.
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diography. Hence, there may not be a significant difference 
in the volume evaluation between each 3D method. 
However, the border detection algorithm of RV-oriented 
software is based on a morphologically normal RV and the 
analysis is performed more automatically using machine 
learning in the current RV software, compared with older 
versions. As the result, it is possible that the automated 
algorithm may work poorly when the RV shape is complex 
or if the RV assumes a very different geometry after 
conversion to a functionally single RV (SRV).16 In fact, we 
attempted to analyze RV volume and function of HLHS 
using RV-oriented software, but the tracking of the endo-
cardial border was poor throughout the cardiac cycle.

RV Strain Analysis in HLHS
Both GCS and GLS obtained from 3D-STE correlated 
well with those from 2D-STE, although the magnitude of 
3D-GCS was significantly higher than that of 2D-GCS. 

from 3D-STE may be more accurate and have higher 
reproducibility than those from 3DE because of less human 
error in 3D-STE. Moreover, 3D-STE can track the speckles 
of endocardial border simultaneously for strain analysis, 
whereas 3DE does not provide any strain measurements. 
Soriano et al demonstrated that EDV and EF derived from 
3DE were significantly smaller than those from CMRI.6 In 
addition, Kleijn et al showed that EDV from 3D-STE was 
also underestimated compared with that from CMRI in 
the LV.15 Therefore, RV volume measurements from 
3D-STE may also be underestimated compared with those 
from CMRI even in HLHS, although we did not perform 
a direct comparison between 3D-STE and CMRI.

RV-oriented software using 3DE demonstrated good 
correlation with CMRI for RV volume measurements in 
HLHS patients.8 Essentially, the 3D method does not use 
assumptions for computing ventricular volume, unlike 
volume calculation of the LV derived from 2D echocar-

Figure 5.    Bland-Altman plots of percent difference in intra- and interobserver variability of 3D-STE. Bias and 95% LOA are 
expressed as the solid line and dashed lines, respectively. All parameters show good agreements, indicating good reproducibility 
of 3D-STE. LOA, limits of agreement; other abbreviations as in Figures 1–4.
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orientation of deformation that is not necessarily aligned 
with the myofibers. Indeed, it is not an anatomical orienta-
tion and rather represents the dominant direction of con-
traction resulting from the contribution of myofibers along 
the thickness, counterwound between the endocardium 
and epicardium.19,20 In-depth analysis of PS can describe 
not only the magnitude of the PS, but also the angle of the 
PS lines, reflecting the underlying myocardial architecture 
and function, by additional calculation using the coordinate 
data from 3D-STE.19,20 A more recent study demonstrated 
the PS angle of the RV in the patients with pulmonary 
arterial hypertension changed from a more longitudinal to 
a more circumferential orientation, with increasing severity 
of pulmonary hypertension.21 Such studies suggest that PS 
analysis would be more helpful for understanding the 
mechanics of RV function, including the direction of major 
myocardial deformation, which is not provided by conven-
tional axis-dependent strains, such as LS and CS. Although 
in our study the angle of the PS lines was not assessed by 
the commercially available software, we speculate that 
newer calculations based on the entire information con-
tained in the strain tensor will be available in the near 
future and may provide unique insights into the RV func-
tion of HLHS.

A previous study demonstrated the usefulness of area 
strain (AS) for assessing RV function.22 AS represents the 
product of LS and CS and does not incorporate shear 
strains. In contrast, PS is based on an engineering model 
of a tensor, where shear strains are zero in the orientation 
of the principal strains and can be ignored. Therefore, PS 
has a somewhat stronger physics background that repre-
sents 3D strain more accurately. Moreover, compared with 
AS, PS lines can reflect the changes in myocardial architec-
ture, leading to novel understanding of the mechanics of 
RV function.

In our comparison of GCS and GLS from 3D-STE, 
peak GCS had the higher magnitude of strain and stronger 
correlation with EF than peak GLS, which indicates the 
circumferential force was superior to longitudinal force 
for the RV function of HLHS. This contractile pattern 
resembles that seen in the morphologic LV23 and has also 
been described in previous studies of functionally SRV and 
systemic RV after the atrial switch operation.10,24 We spec-
ulate that this is an important compensatory mechanism in 
HLHS, which tends to have diminished LS.

Clinical Implications
In this preliminary study, we highlight the ability of 
3D-STE to evaluate RV volumes and entire RV strains 
simultaneously, because it prove to be a promising index 
in HLHS, which lacks objective indices in the present era 
and is clinically assessed by qualitative methods.

Volume measurement is an essential parameter in the 

Previous studies demonstrated good agreement of conven-
tional strains with CMRI in both functionally single LV 
(SLV) and SRV after Fontan palliation.17,18 Moreover, 
Satriano et al showed good correlation of not only CS and 
LS but also PS between 3D-STE and CMRI in the LV.14 
However, because PS is a very new concept, so far there 
have not been any studies demonstrating correlation of PS 
and CMRI in children.

Our study showed a significant difference between 
3D-GCS and 2D-GCS. Because a myocardial segment is a 
3D structure, measuring the deformation of a 3D structure 
using a 2D modality such as 2D-STE can be hindered by 
the entrance and exit of speckles in the third dimension. 
This phenomenon may underestimate GCS measured in 
2D-STE, because the fixed transversal slice crosses the 
ventricle at a level that becomes more basal (thus wider) 
while the base moves towards the apex during the contrac-
tion. 3D-STE may overcome this limitation of out-of-plane 
speckle loss noted in 2D-STE. Moreover, we performed 
segmental 3D strain analyses in the basal, mid, and apical 
segments to investigate the cause of differences between 
3D-GCS and 2D-GCS. Table 3 shows that 3D-CS at the 
base was significantly less than that in the mid- and apical- 
segments, which was not shown in the SLV.17 We used 
basal CS as a value of 2D-GCS, similar to previous studies 
in which CS was smaller than LS.10,11 However, 2D-GCS 
may be insufficient to represent global RV function of 
HLHS, which has a more complex shape than the LV and 
there is a drag on the deformation of the basal RV segment 
because of the presence of a rudimentary LV in HLHS.

Contribution of Strains to RV Function in HLHS
Our study revealed that peak GPS had the highest magni-
tude of strain among all strains and an extremely strong 
correlation with EF in HLHS patients after Fontan com-
pletion.

In contrast to CS and LS, the value of PS provides a 
main contractile force of deformation that is intrinsic to 
the tissue and not influenced by axis-dependent directions 
(Figure 1). Because of its 3D nature, it overcomes the problem 
of out-of-plane speckle loss; therefore, PS analysis can 
assess ventricular function without underestimation, which 
is particularly useful in the functionally SRV where the 
definition of anatomical direction, longitudinal and circum-
ferential, can be less representative after transformation of 
the RV and the consequent alteration of myocardial fibers. 
The significance of PS has a firm theoretical background 
because it is based on all information present in the strain 
tensor and is not influenced by predefined assumptions. 
For this reason, too, it is the most common strain (or stress) 
property that is used in engineering applications involving 
multidirectional deformation.19

The analysis of PS also provides information about the 

Table 3.  Segmental Strain Analyses in 3D-STE

Variable Base Mid Apex P value

PS (%) −27.9±4.4　 −29.3±5.2 −28.1±6.0 NS

CS (%) −20.9±4.4* −24.6±5.1 −24.1±6.0 <0.01

LS (%) −18.1±3.4† 　−17.4±3.4‡ −19.9±4.7 <0.01

Data expressed as mean ± SD. Segmental strains were assessed by one-way ANOVA with post hoc analysis. 
*P<0.01 vs. Mid and Apex in CS, †P<0.05 vs. Apex in LS, ‡P<0.01 vs. Apex in LS. CS, circumferential strain; LS, 
longitudinal strain; PS, principal strain.
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management of patients with SV physiology, because dila-
tation of functionally SRVs may affect clinical outcomes.1–3 
The advantages of 3D-STE over CMRI are that it can be 
performed at the patient’s bed-side without sedation and 
repeated assessments can be performed during outpatient 
visits. It is especially helpful in patients with implanted 
pacemakers or stents.25 In addition, Ghelani et al indicate 
that not only ventricular dilation but also a decreasing 
GCS are associated with worse outcome.26 Therefore, 
3D-STE, which can assess ventricular volume and strain 
simultaneously, may be a valuable tool for predicting the 
outcome of HLHS patients.

Study Limitations
The first is lack of comparison with CMRI, which is often 
used as the gold standard. For the validation of 3D-STE in 
a HLHS cohort, a comparative study between 3D-STE 
and CMRI would be necessary. However, this study did 
indicate the usefulness of 3D-STE for assessing the RV 
function of HLHS by comparing 3DE and 2D-STE for the 
first time.

The second limitation is that PS is a brand-new concept 
even in the field of adult cardiology and has never been 
applied in pediatric cardiology. Therefore, a feasibility study 
needed to be performed. After establishing its feasibility, as 
with any new technique there is a learning curve involved, 
which needs to be overcome by repeated use. This is often 
the case whenever a new modality is introduced in echocar-
diography. Therefore, this new concept will to overcome 
the reticence on the part of physicians to become more 
accepted.

The median age of our study cohort was 10.6 years, at 
which obtaining 3D images by transthoracic echocar-
diography is easier than with adults. Therefore, it may be 
difficult to obtain sufficient 3D images for analyzing 
3D-STE with increasing patient’s age (e.g., in young adults 
with Fontan procedures). In addition, the relatively low 
frame rate of the 3D images in our study might also affect 
the measurements, typically resulting in underestimation 
of both strain and EF.

Conclusions
Our study showed the potential of utilizing the 3D-STE 
technique for simultaneous assessment of RV volume 
calculation and tissue deformation in HLHS. Analysis of 
a single 3D-STE clip of the cardiac cycle provides useful 
information regarding both volume and the functional 
status of HLHS, which can be useful during longitudinal 
follow-up as outpatients. In addition, PS is a promising, 
physics-based parameter to evaluate RV function in HLHS. 
These results may lead to further studies of the functional 
changes not only in HLHS, but other types of univentricular 
hearts as well.
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