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Introduction

Aortopathy is a common phenomenon associated with 
congenital heart disease (CHD). The current literature 
considers coarctation of the aorta, bicuspid aortic valve, 
tetralogy of Fallot (TOF), pulmonary atresia with 
ventricular septal defect (VSD) and truncus arteriosus 
to be the most important patient groups regarding the 
development of aortopathy, apart from genetic syndromes 

and secondary aortopathy is often seen after surgical repair 
including the Ross operation (1). TOF is considered to 
be the most common cyanotic CHD, which is described 
as the co-occurrence of pulmonary stenosis, VSD, right 
ventricular (RV) hypertrophy and for the current study 
most importantly overriding aorta (2). Aortic dilation in 
TOF is widely described, and has been formerly associated 
with volume overload due to haemodynamic alterations 
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in unrepaired TOF (1). However, it is increasingly 
discussed that even late after surgical correction, abnormal 
dimensions and impaired elastic properties may be found 
in the ascending aorta in corrected TOF (cTOF) (3). 
Further histopathologic studies have confirmed that there 
are intrinsic abnormalities in the aortic wall, which may 
be the cause of progressive aortic dilation and elastic 
abnormalities (4). In recent two-dimensional (2D) speckle-
tracking echocardiographic (STE) studies, during left 
ventricular (LV) strain analyses significant abnormalities 
in LV deformation could be detected in cTOF (5). It is 
known that strong relationship exists between aortic and 
LV function called aorto-ventricular coupling. According 
to recent findings, aortopathy is thought to negatively 
influence LV function in CHD (6). 

TOF patients are generally classified in two distinct 
subgroups regarding surgical strategies. Either early 
palliative surgery (creating artificial left-to-right shunts to 
provide adequate pulmonary blood flow) is performed first, 
with late total reconstruction (pcTOF), or an early total 
reconstruction (etrTOF) is performed (7). The present 
study was designed to detect subtle alterations of LV 
deformation in cTOF using the novel three-dimensional 
speckle-tracking echocardiography (3DSTE). Detailed 
comparative analysis of LV deformation between pcTOF 
and etrTOF patients was also aimed to be performed. 
It was also purposed to find any correlation between LV 
deformation and aortic elastic properties in the subgroup 
of cTOF patients. We present the following article in 
accordance with the STROBE reporting checklist (available 
at http://dx.doi.org/10.21037/cdt-20-366). 

Methods

Patients

In our department a registry was created to collect data 
of CHD patients treated and/or operated on at the 
Department of Pediatrics, Department of Heart Surgery, 
and 2nd Department of Medicine and Cardiology Center at 
the University of Szeged, Hungary since 1961. This is called 
the Registry of C(S)ONGenital caRdiAc Disease patients at 
the University of Szeged (CSONGRAD Registry), which 
involves data of more than 3,000 CHD patients (8). Twenty-
eight adult cTOF patients were involved in the present 
study who were followed-up with the help of CSONGRAD 
Registry, and who had repair at the age of 6.04±3.83 years. 
Of these patients, 15 underwent early palliative surgery 

[Blalock-Taussig (n=10), Waterston-Cooley (n=3) shunts, or 
Brock procedure (n=2)] and late total correction (pcTOF), 
while early total reconstruction was the treatment of choice 
in 13 cTOF patients (etrTOF). Their clinical parameters 
were compared to those of 39 age- and gender-matched 
healthy adults. All patients and controls underwent routine 
transthoracic 2D Doppler echocardiography extended with 
3DSTE. The present work is part of the MAGYAR-Path 
Study (Motion Analysis of the heart and Great vessels bY 
three-dimensionAl speckle-tRacking echocardiography in 
Pathological cases), which was organized partly to examine 
CHD-related 3DSTE-derived parameters. All cTOF 
patients and control subjects gave informed consent. The 
institutional human research committee approved the study 
which complied with the 1975 Declaration of Helsinki 
(registration number: 71/2011).

Transthoracic echocardiography

Echocardiographic examinations were performed with 
a Toshiba ArtidaTM cardiac ultrasound system (Toshiba 
Medical Systems, Tokyo, Japan) with a PST-30SBP  
1–5 MHz phased-array transducer. The echocardiographic 
studies were stored digitally, and underwent offline analysis 
(Á Kormányos, P Domsik). The experts who performed 
the analysis were unaware of the clinical data. Left heart 
dimensions and parameters, including LV diameters, 
volumes, ejection fraction (EF), aortic and left atrial (LA) 
sizes were all measured from parasternal long-axis view 
using M-mode echocardiography (9). These measurements 
were derived and averaged from 3 cardiac cycles. 

Measurement of blood pressure values

After 10 minutes of rest, patients were placed in a supine 
position, and with the cuff applied to the right arm, systolic 
and diastolic blood pressures (SBP and DBP, respectively) 
were measured. The first and fifth Korotkoff sounds were 
considered to indicate SBP and DBP. Patients did not 
consume caffeinated drinks or cigarettes before blood 
pressure measurements (10). 

Evaluation of aortic stiffness parameters

During standard transthoracic echocardiographic 
examination, ascending aortic diameters were recorded 
in parasternal long-axis view with M-mode 3 cm above 
the level of the aortic valve. Systolic and diastolic aortic 
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diameters (SD and DD) were measured at the maximum 
of the anterior motion of the aorta, and the peak of the 
QRS (Figure 1). Measurements were repeated 3 times and 
averaged. Aortic elastic properties have been calculated with 
the formulae bellow (10):
 Aortic strain (AS) = (SD − DD)/DD;
 Aortic distensibility (AD) = 2 × (SD − DD)/[(SBP − 

DBP) × DD];
 Aortic stiffness index (ASI) = ln (SBP/DBP)/[(SD − 

DD)/DD] (“ln” is the natural logarithm). 

3DSTE

3DSTE studies were also performed with the same Toshiba 
ArtidaTM echocardiography system (Toshiba, Tokyo, Japan) 
using a 1–4 MHz matrix phased-array PST-25SX transducer 
placed in an apical window. The full pyramid-shaped dataset 
was created from 6 wedge-shaped subvolumes acquired 
with RR interval monitored by electrocardiogram (ECG) 
if remained the same. Quantification was performed using 
3D Wall Motion Tracking software version 2.7 (Toshiba 
Medical Systems). At end-diastole, apical two- (AP2CH) 
and four-chamber (AP4CH) views and 3 short-axis views at 
different LV levels were automatically reconstructed from 
the acquired 3D echocardiographic cloud. The region of 
interest was then manually marked on the AP2CH and 
AP4CH views, with two points at the bases of the LV at 

the edges of the mitral annulus, and one at the endocardial 
surface of the LV apex (Figure 2). The reconstructed LV 
endocardial surface was then tracked during the cardiac 
cycle. 3DSTE-derived global and segmental LV radial (RS), 
circumferential (CS), longitudinal (LS), 3D (3DS) and area 
(AS) strains were generated by the software (11).

Statistical analysis

Continuous variables are reported as mean values ± standard 
deviation, while categorical data are summarized as frequencies 
and percentages. Comparisons were performed with Student 
t-test, χ2 test, and Fisher’s exact test, when appropriate. 
Statistical significance was considered when the p value proved 
to be less than 0.05. Pearson’s formula was used to determine 
numerical correlations. For statistical analysis Medcalc 
software (MedCalc, Mariakerke, Belgium) was used.

Results

Clinical and demographic data

Patient and control groups were age- and gender-matched. 
There was no statistically significant difference in the 
presence of co-morbidities except for hypertension which was 
found in almost one third of cTOF patients. Body surface 
area was comparable in the patient and control groups  
(Table 1). Significant (> grade 2) tricuspid regurgitations could 
be detected in 4 (15%) cTOF patients. None of the cTOF 
patients showed significant mitral regurgitation.

2D echocardiographic parameters

Of the standard 2D echocardiographic parameters, LA 
diameter proved to be significantly larger in cTOF patients 
regardless of the treatment method. LV dimensions and 
function (except for LV end-systolic diameter) did not differ 
significantly between the groups examined (Table 1).

Aortic stiffness parameters

Aortic dimensions were somewhat dilated, AS and AD were 
reduced, while ASI proved to be increased in cTOF patients 
as compared to controls. When patients with different 
treatments were compared, etrTOF patients showed more 
beneficial aortic elastic properties compared to those of 
pcTOF patients.

Figure 1 Measurements of systolic (SD) and diastolic (DD) 
diameters of the ascending aorta are presented in an M-mode 
echocardiographic image obtained 3 cm above the aortic valve. 
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3DSTE-derived LV volumetric data

For all cTOF patients 3DSTE-derived LV end-systolic 
volume (ESV) was higher and LV-EF proved to be lower 
as compared to controls. Subgroup analysis showed that 
pcTOF patients had significantly larger LV-ESV and lower 
LV-EF than controls and etrTOF patients (Table 2).

3DSTE-derived LV strains

cTOF patients showed significantly lower global and 
mean segmental LV-LS, LV-CS and LV-AS as compared 
to controls. In etrTOF patients global LV-3DS was higher 
than in controls. In pcTOF patients all global and mean 

segmental LV strains proved to be significantly lower as 
compared to those of etrTOF patients (Table 2). 

Segmental LV-LS, LV-CS, LV-RS, LV-AS and LV-3DS 
parameters are presented in Tables 3-7. Most segmental 
LV strains of pcTOF patients were significantly lower as 
compared to those of etrTOF patients and controls. 

Correlations

Correlation coefficients between 3DSTE-derived strains 
and aortic elastic properties are demonstrated in Table 8. 
In all cTOF patients, several moderate correlations could 
be detected between LV strain parameters and aortic 

Figure 2 Left ventricular (LV) three-dimensional (3D) speckle-tracking echocardiographic analysis of a patient with corrected tetralogy 
of Fallot. The following views are presented: (A) apical four-chamber view, (B) apical two-chamber view, (C3) short-axis view at basal, 
(C5) mid- and (C7) apical LV level together with 3D model of the LV (D) and LV volumetric data (E). Colored curves represent time-LV 
segmental strains. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; EDV, end-diastolic volume; ESV, end-systolic 
volume; EF, ejection fraction.
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elastic properties. The subgroup analysis showed moderate 
correlations between LV-CS, LV-LS and LV-AS and AD in 
etrTOF patients. In pcTOF patients, only LV-RS correlated 
with aortic strain and LV-CS with ASI. 

Discussion

To the best of the authors’ knowledge, the relationship 
between 3DSTE-derived LV strains and aortic elastic 
properties has not been simultaneously examined, and their 

correlation has never been investigated in cTOF patients. 
Theoretically cardiovascular risk factors could have effects 
on LV deformation and aortic size and function at the same 
time. However, there are interactions between the LV 
and the arterial system as well called ventricular-arterial 
coupling, the LV and the arterial system has effects on each 
other. In recent studies, aortic elasticity properties showed 
correlations with LV-CS and LV rotational parameters even 
in healthy subjects (12,13). It has already been demonstrated 
that cTOF—even with preserved LV-EF—exhibits reduced 

Table 1 Comparison of baseline demographic, two-dimensional echocardiographic data and aortic elastic properties in different group of patients 
with tetralogy of Fallot and in controls

Data Controls (n=39)
All cTOF patients 

(n=28)
etrTOF patients 

(n=13)
pcTOF patients 

(n=15)

Risk factors

Age (years) 35.5±6.0 35.0±15.7 33.5±14.2 36.4±17.2

Female gender [%] 16 [41] 11 [39] 7 [54] 4 [27]

Hypertension [%] 0 [0] 8 [29]* 4 [31]* 4 [27]*

Diabetes mellitus [%] 0 [0] 0 [0] 0 [0] 0 [0]

Hypercholesterolaemia [%] 0 [0] 1 [4] 1 [8] 0 [0]

Body surface area (m2) 1.90±0.28 1.81±0.26 1.89±0.23 1.72±0.26

Two-dimensional echocardiographic data

LA diameter (mm) 35.3±4.2 41.9±7.0* 42.0±7.5* 41.8±6.8*

LV end-diastolic diameter (mm) 47.3±4.1 50.3±13.5 47.8±5.8 52.6±17.9

LV end-diastolic volume (mL) 104.1±24.24 110.0±33.5 108.8±32.7 111.0±35.0

LV end-systolic diameter (mm) 33.0±9.2 31.5±6.4* 31.2±5.3 31.7±7.6

LV end-systolic volume (mL) 36.6±9.0 42.3±26.9 39.5±20.3 44.8±32.5

Interventricular septum (mm) 9.2±1.5 9.7±1.5 9.5±1.1 9.9±1.8

LV posterior wall (mm) 9.4±1.8 9.5±1.4 9.4±1.4 9.6±1.5

LV ejection fraction (%) 64.2±3.5 63.9±11.2 65.5±6.1 62.4±14.5

Aortic stiffness parameters

Systolic aortic diameter (mm) 29.5±3.9 31.5±5.1 31.4±5.2 31.6±5.1

Diastolic aortic diameter (mm) 26.1±5.4 30.0±5.4 29.4±5.8 30.4±5.2

Systolic blood pressure (mmHg) 116.6±8.3 119.5±16.5 121.3±20.0 118.0±13.6

Diastolic blood pressure (mmHg) 80.3±4.8 78.9±10.7 82.9±12.6 75.7±7.9

Aortic strain 0.125±0.070 0.057±0.048* 0.074±0.061 0.043±0.027*†

Aortic distensibility (cm2/dynes 10–6) 4.74±2.82 2.42±2.44* 3.25±3.24 1.76±1.33

Aortic stiffness index 6.18±5.58 12.95±11.25* 8.57±5.38 16.46±13.52*†

*, P<0.05 vs. controls; †, P<0.05 vs. pcTOF. cTOF, corrected tetralogy of Fallot; etrTOF, early total reconstruction for patients with TOF; 
pcTOF, early palliation; late correction for patients with TOF; LA, left atrial; LV, left ventricular.
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Table 2 Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular volumetric parameters, global and mean 
segmental strains in different group of patients with tetralogy of Fallot and in controls

Data Controls (n=39) All cTOF patients (n=28) etrTOF patients (n=13) pcTOF patients (n=15)

LV volumetric parameters

LV-EDV (mL) 84.8±24.7 95.6±35.8 93.3±36.8 97.6±36.2

LV-ESV (mL) 35.6±15.5 53.6±33.7* 46.4±34.1 59.8±33.2*†

LV-EF (%) 57.9±5.5 46.9±14.1* 53.7±11.5 41.0±13.8*†

Global LV strains

RS (%) 25.2±10.4 23.1±13.0 30.2±10.6 17.0±11.9*†

CS (%) −27.6±4.9 −20.7±9.1* −24.7±8.7 −17.3±8.2*†

LS (%) −17.1±2.5 −14.8±4.0* −15.6±3.2 −12.1±4.7*†

3DS (%) 27.7±10.1 25.5±12.6 32.7±10.2* 19.3±11.4*†

AS (%) −40.5±4.9 −31.4±11.6* −36.5±10.0 −27.0±11.4*†

Mean segmental LV strains

RS (%) 27.4±10.4 26.9±12.7 33.8±10.1* 20.9±11.7*†

CS (%) −28.5±5.0 −22.3±8.5* −26.4±7.9 −18.7±7.6*†

LS (%) −17.1±2.5 −14.8±4.0* −16.8±2.4 −13.1±4.5*†

3DS (%) 29.7±10.0 28.7±12.6 35.9±10.0* 22.4±11.2*†

AS (%) −41.4±4.9 −33.2±10.6* −38.4±8.6 −28.7±10.4*†

*, P<0.05 vs. controls; †, P<0.05 vs. etrTOF. cTOF, corrected tetralogy of Fallot; etrTOF, early total reconstruction for patients with 
TOF; pcTOF, early palliation, late correction for patients with TOF; LV, left ventricular; 3DSTE, three-dimensional speckle-tracking 
echocardiography; RS, radial strain; CS, circumferential strain; LS, longitudinal strain; 3DS, three-dimensional strain; AS, area strain.

Table 3 Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular segmental radial strains in different group 
of patients with tetralogy of Fallot and in controls

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

BA (%) 35.9±22.8 31.0±29.4 38.7±36.2 24.3±21.0

BAS (%) 39.6±20.3 31.7±22.3* 37.4±28.1 26.7±15.1*

BIS (%) 28.6±14.1 30.2±20.2 33.1±20.1 27.7±20.7

BI (%) 25.1±16.3 25.1±18.0 28.5±17.6 22.1±18.4

BIL (%) 29.7±21.4 21.8±13.9 24.6±15.6 19.3±12.3

BAL (%) 31.1±22.9 26.7±27.8 33.3±33.0 20.9±22.0

MA (%) 31.1±18.1 32.5±28.1 41.7±28.2 24.5±26.4†

MAS (%) 34.6±15.2 30.5±20.2 39.8±21.2 22.5±15.9*†

MIS (%) 27.6±14.0 31.1±19.1 38.5±15.4* 24.7±20.1

MI (%) 26.4±17.8 29.1±23.3 40.9±27.1* 19.0±13.3†

MIL (%) 29.6±21.9 29.4±24.3 42.3±26.6 18.2±15.6*†

MAL (%) 27.9±18.2 33.7±32.0 46.4±31.6 22.7±28.9†

Table 3 (continued)
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global LV-LS and LV-CS measured by 2DSTE. This 
suggests that there is an underlying subclinical LV damage 
even after surgical repair (5). Furthermore, it has also been 
found that abnormal global LV-LS and RV-LS and LV 
rotation are associated with adverse cardiovascular events, 

highlighting the potential clinical usefulness of STE-
derived parameters determining prognosis, and finding 
which patients are at high risk (14). Aortic dilation is also 
a known abnormality in cTOF, which is associated with 
higher ASI (3). This was confirmed by both M-mode 

Table 3 (continued)

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

AA (%) 16.6±11.4 16.9±12.1 18.7±12.5 15.3±11.9

AS (%) 19.2±11.9 21.2±12.3 26.5±10.4* 16.7±12.2†

AI (%) 19.6±15.5 19.5±19.6 27.6±22.1 12.5±14.4

AL (%) 16.5±11.4 19.9±22.5 23.3±22.6 17.0±22.8

*, P<0.05 vs. controls; †, P<0.05 vs. etrTOF. cTOF, corrected tetralogy of Fallot; etrTOF, early total reconstruction for patients with TOF; 
pcTOF, early palliation, late correction for patients with TOF; BA, basal anterior; BAS, basal anteroseptal; BIS, basal inferoseptal; BI, 
basal inferior; BIL, basal inferolateral; BAL, basal anterolateral; MA, midventricular anterior; MAS, midventricular anteroseptal; MIS, 
midventricular inferoseptal; MI, midventricular inferior; MIL, midventricular inferolateral; MAL, midventricular anterolateral; AA, apical 
anterior. AS, apical septal; AI, apical inferior; AL, apical lateral.

Table 4 Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular segmental circumferential strains in 
different group of patients with tetralogy of Fallot and in controls

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

BA (%) −26.5±10.9 −15.9±8.4* −17.7±10.7* −14.3±5.5*

BAS (%) −25.6±8.7 −17.7±9.6* −22.8±10.0 −13.4±6.9*†

BIS (%) −26.7±9.2 −18.5±10.0* −20.7±8.3* −16.7±11.1*

BI (%) −21.4±8.9 −19.7±10.6 −22.3±11.0 −17.4±10.0

BIL (%) −24.6±10.1 −25.4±10.4 −31.0±7.5* −20.5±10.3†

BAL (%) −28.3±10.8 −27.3±10.6 −31.6±7.4 −23.7±11.8†

MA (%) −28.1±9.9 −22.1±9.6* −25.2±10.6 −19.4±7.9*

MAS (%) −26.8±9.0 −19.5±11.3* −25.1±11.0 −14.7±9.5*†

MIS (%) −29.9±9.7 −20.6±11.2* −25.8±10.4 −16.1±10.2*†

MI (%) −30.2±7.3 −24.7±12.2* −30.0±11.5 −20.0±11.2*†

MIL (%) −29.3±8.3 −24.7±11.4 −30.8±9.6 −19.5±10.3*†

MAL (%) −32.2±9.9 −30.5±15.2 −35.6±14.6 −26.2±14.8*†

AA (%) −26.4±13.0 −18.3±11.0* −21.5±11.9 −15.5±9.6*

AS (%) −31.6±13.1 −23.3±15.8* −29.1±17.8 −18.3±12.2*

AI (%) −34.1±10.9 −26.2±16.8* −29.8±16.9 −23.0±16.6*

AL (%) −33.5±12.2 −21.9±15.0* −22.5±15.1* −21.4±15.4*

*, P<0.05 vs. controls; †, P<0.05 vs. etrTOF patients. cTOF, corrected tetralogy of Fallot; etrToF, early total reconstruction for patients with 
TOF; pcTOF, early palliation, late correction for patients with TOF; BA, basal anterior; BAS, basal anteroseptal; BIS, basal inferoseptal; 
BI, basal inferior; BIL, basal inferolateral; BAL, basal anterolateral; MA, midventricular anterior; MAS, midventricular anteroseptal; MIS, 
midventricular inferoseptal; MI, midventricular inferior; MIL, midventricular inferolateral; MAL, midventricular anterolateral; AA, apical 
anterior. AS, apical septal; AI, apical inferior; AL, apical lateral.
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Table 5 Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular segmental longitudinal strains in different 
group of patients with tetralogy of Fallot and in controls

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

BA (%) −25.9±7.5 −15.6±5.2* −18.4±4.7* −13.1±4.3*†

BAS (%) −18.1±5.9 −12.2±4.9* −13.6±4.1* −11.0±5.4*

BIS (%) −15.9±4.2 −15.8±6.1 −17.4±4.7 −14.4±6.9

BI (%) −16.8±4.7 −18.7±6.5 −20.7±6.6 −16.9±6.0

BIL (%) −18.2±6.7 −19.6±6.1 −22.4±6.2 17.1±5.0†

BAL (%) −25.0±7.8 −19.4±7.4* −22.6±6.2 −16.6±7.3*†

MA (%) −11.9±6.9 −15.3±7.1* −17.4±7.2* 13.4±6.7

MAS (%) −14.2±4.6 −11.9±5.2 −14.4±3.5 −9.7±5.5*†

MIS (%) −14.7±4.0 −12.1±5.7 −14.4±5.8 −10.1±5.1*

MI (%) −14.9±4.5 −12.1±4.7 −14.3±4.1 −10.3±4.5*†

MIL (%) −13.3±5.4 −12.2±5.7 −14.5±4.2 −10.2±6.2*†

MAL (%) −14.3±6.1 −15.6±7.8 −18.5±7.5 −13.1±7.4†

AA (%) −10.9±7.6 −8.4±6.5 −9.2±7.6 −7.7±5.7

AS (%) −24.4±9.4 −11.6±7.6* −13.7±7.2* −9.8±7.7*

AI (%) −23.6±8.2 −19.5±11.8 −20.6±11.7 −18.6±12.3 

AL (%) −11.6±7.0 −17.2±10.4* −16.4±8.6 −17.9±12.1

*, P<0.05 vs. controls; †, P<0.05 vs. etrTOF patients. cTOF, corrected tetralogy of Fallot; etrToF, early total reconstruction for patients with 
TOF; pcTOF, early palliation, late correction for patients with TOF; BA, basal anterior; BAS, basal anteroseptal; BIS, basal inferoseptal; 
BI, basal inferior; BIL, basal inferolateral; BAL, basal anterolateral; MA, midventricular anterior; MAS, midventricular anteroseptal; MIS, 
midventricular inferoseptal; MI, midventricular inferior; MIL, midventricular inferolateral; MAL, midventricular anterolateral; AA, apical 
anterior. AS, apical septal; AI, apical inferior; AL, apical lateral.

Table 6 Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular segmental area strains in different group of 
patients with tetralogy of Fallot and in controls

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

BA (%) −44.5±10.8 −28.2±9.8* −31.6±10.0* −25.3±8.8*

BAS (%) −39.2±8.6 −26.9±10.5* −32.7±9.8* −21.9±8.5*†

BIS (%) −38.0±9.7 −30.8±11.4* −34.3±9.2 −27.7±12.5*

BI (%) −34.7±8.5 −35.0±10.6 −39.0±9.0 −31.5±10.9

BIL (%) −38.0±10.8 −40.2±11.7 −47.3±5.8* −34.0±12.3†

BAL (%) −46.0±9.5 −41.6±12.8 −47.7±8.8 −36.2±13.6*†

MA (%) −37.3±12.3 −32.6±13.4 −36.6±14.2 −29.1±12.0

MAS (%) −39.6±9.0 −28.5±13.4* −35.8±11.1 −22.1±12.2*†

MIS (%) −40.3±9.7 −29.2±13.9* −36.1±12.2 −23.3±12.8*†

MI (%) −40.5±7.4 −33.0±14.1* −39.4±13.2 −27.4±12.6*†

MIL (%) −39.8±7.3 −33.2±13.7* −40.8±9.5 −26.5±13.5*†

Table 6 (continued)
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echocardiography- and novel 2DSTE-derived aortic 
stiffness parameters (15). 

Our results confirm previous studies describing that 
cTOF is associated with impaired LV deformations (16,17). 

Importantly, not only the widely used 2DSTE-derived 
LV-LS proved to be the most robust. LV-AS, and most 
notably LV-CS are significantly impaired in cTOF patients, 
highlighting the clinical significance of 3DSTE having the 

Table 6 (continued)

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

MAL (%) −43.0±10.7 −40.0±17.6 −45.7±17.7 −34.9±16.5*

AA (%) −36.4±15.0 −25.0±13.9* −28.3±14.8 −22.2±13.0*

AS (%) −49.4±14.4 −32.0±19.0* −38.8±20.2 −26.1±16.4*

AI (%) −49.9±11.3 −39.3±22.0 −43.3±20.9 −35.9±23.1*

AL (%) −43.1±13.3 −33.2±10.6 −36.4±18.6 −35.0±22.4

*, P<0.05 vs. controls; †, P<0.05 vs. etrTOF patients. cTOF, corrected tetralogy of Fallot; etrToF, early total reconstruction for patients with 
TOF; pcTOF, early palliation, late correction for patients with TOF; BA, basal anterior; BAS, basal anteroseptal; BIS, basal inferoseptal; 
BI, basal inferior; BIL, basal inferolateral; BAL, basal anterolateral; MA, midventricular anterior; MAS, midventricular anteroseptal; MIS, 
midventricular inferoseptal; MI, midventricular inferior; MIL, midventricular inferolateral; MAL, midventricular anterolateral; AA, apical 
anterior. AS, apical septal; AI, apical inferior; AL, apical lateral.

Table 7 Comparison of three-dimensional speckle-tracking echocardiography-derived left ventricular segmental three-dimensional strains in 
different group of patients with tetralogy of Fallot and in controls

Data Controls (n=39) All cTOF (n=28) etrTOF (n=13) pcTOF (n=15)

BA (%) 38.3±23.7 32.2±28.9 39.9±35.7 25.5±20.4

BAS (%) 40.4±20.3 32.9±22.0 38.6±27.4 27.9±15.4*

BIS (%) 30.1±14.3 31.6±18.8 34.9±18.9 28.7±18.8

BI (%) 28.8±14.8 28.1±17.6 32.3±15.2 24.5±19.3

BIL (%) 36.9±20.3 26.4±14.0* 29.4±15.5 23.9±12.5*

BAL (%) 34.0±21.2 30.2±27.5 37.7±33.5 23.7±20.1

MA (%) 31.7±18.0 33.5±26.5 43.2±27.1 25.2±23.8

MAS (%) 35.4±14.9 31.8±19.5 41.1±19.6 23.8±16.1*†

MIS (%) 28.9±13.9 32.1±17.9 39.7±14.3* 25.4±18.5†

MI (%) 27.7±17.2 30.2±22.9 41.8±26.4* 20.1±13.5†

MIL (%) 32.5±21.0 30.9±22.5 43.6±23.9 19.9±14.5*†

MAL (%) 29.4±18.2 35.4±31.3 48.7±31.8 23.9±26.8†

AA (%) 17.5±11.6 18.4±12.3 20.7±12.2 16.4±12.4

AS (%) 21.0±12.3 23.2±11.9 29.0±10.0* 18.2±11.5†

AI (%) 21.2±15.5 20.7±19.2 29.4±21.7 13.1±13.2†

AL (%) 18.7±12.1 21.0±22.0 24.9±23.2 17.7±21.1

*, P<0.05 vs. controls; †, P<0.05 vs. etrTOF patients. cTOF, corrected tetralogy of Fallot; etrToF, early total reconstruction for patients with 
TOF; pcTOF, early palliation, late correction for patients with TOF; BA, basal anterior; BAS, basal anteroseptal; BIS, basal inferoseptal; 
BI, basal inferior; BIL, basal inferolateral; BAL, basal anterolateral; MA, midventricular anterior; MAS, midventricular anteroseptal; MIS, 
midventricular inferoseptal; MI, midventricular inferior; MIL, midventricular inferolateral; MAL, midventricular anterolateral; AA, apical 
anterior; AS, apical septal; AI, apical inferior; AL, apical lateral.
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capability of simultaneous assessment of all LV strain values 
at the same time from the same 3D dataset in complex 
CHDs. Interestingly, patients who underwent early total 
correction for TOF (etrTOF) have mostly preserved global, 
mean segmental, and regional strains, with mean segmental 
LV-RS and LV-3DS being supernormal in certain cases. 
These supernormal values might be part of a preclinical 
compensatory mechanism before manifest deterioration of 
LV function, but to confirm these suspicions, longitudinal 
studies are warranted. Another important finding is that 
for cTOF patients with early palliation-late correction 
(pcTOF), all global and mean segmental strain values were 
mostly significantly reduced compared to both controls and 
etrTOF subjects. For segmental strains, these differences 
were similarly present. A notable finding in segmental strain 
analysis is that mostly septal segments had significantly 
lower LV strains in pcTOF patients. This finding is 

most likely explained by the nature of TOF, the longer 
presence of the VSD, and the interventricular septal patch. 
Correlations could also be presented in cTOF patients 
between LV strains and aortic stiffness parameters, and 
those correlations were present during subgroup analysis, 
as well. These results confirm strong effects of ventricular-
arterial coupling in these patients in spite of the above 
presented abnormalities.

Limitation section

There are some limitations the authors consider important 
to take into account when interpreting results:
 Currently 3DSTE has lower temporal and spatial 

resolution than 2D echocardiography, therefore 
image quality is worse;

 It was not aimed to validate 3DSTE parameters due 

Table 8 Correlations between aortic elastic properties and left ventricular global strains in different group of patients with tetralogy of Fallot and 
in controls

Data Aortic strain Aortic distensibility Aortic stiffness index

In all cTOF patients

Global LV-RS 0.447* 0.327 −0.417*

Global LV-CS −0.416* −0.477* 0.449*

Global LV-LS −0.339 −0.339 0.354

Global LV-3DS 0.456* 0.344 −0.433*

Global LV-AS −0.395* −0.427* 0.422*

In etrTOF patients

Global LV-RS 0.464 0.322 0.036

Global LV-CS −0.422 −0.576* 0.554

Global LV-LS −0.470 −0.591* 0.517

Global LV-3DS 0.466 0.338 0.036

Global LV-AS −0.460 −0.601* 0.567

In pcTOF patients

Global LV-RS 0.535* 0.371 −0.480

Global LV-CS −0.320 −0.287 0.596*

Global LV-LS −0.149 −0.009 0.328

Global LV-3DS 0.496 0.342 −0.462

Global LV-AS −0.229 −0.141 0.492

*, P<0.05. cTOF, corrected tetralogy of Fallot; etrTOF, early total reconstruction for patients with TOF; pcTOF, early palliation, late 
correction for patients with TOF; LV, left ventricular; RS, radial strain; CS, circumferential strain; LS, longitudinal strain; 3DS, three-
dimensional strain; AS, area strain.
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to their validated nature. Moreover, detailed analysis 
of other heart chambers was also not purposed to be 
performed;

 Interventricular and atrio-ventricular interactions are 
of high importance, the current study did not aim to 
evaluate them;

 A relatively small number of patients was investigated 
in a single adult CHD center. For better statistical 
strength, more patients could have been evaluated.

Conclusions

Significant LV deformation abnormalities could be 
demonstrated in cTOF patients. etrTOF patients have 
beneficial LV strain parameters as compared to those 
of pcTOF patients. LV strains show correlations with 
echocardiography-derived aortic elastic properties in cTOF 
patients suggesting ventricular-arterial coupling.
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