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Background: Dextro-transposition of the great arteries (dTGA) is one of the most common cyanotic 
congenital heart defects, when the origins of the main arteries are switched in position. The present 
retrospective cohort study aimed three-dimensional speckle-tracking echocardiography-derived 
determination of apical and basal morphologic left ventricular (mLV) rotations and twist in adults with 
dTGA late after atrial switch. It was also purposed to compare whether differences in mLV rotational 
parameters were present in Senning- and Mustard-operated subjects.
Methods: Sixteen dTGA patients were willing to participate late after atrial switch in this study, however,  
6 subjects were excluded due to inferior image quality. The remaining group of 10 dTGA patients had 
a mean age of 29.4±8.8 years (5 males). Their clinical data were from the CSONGRAD Registry. Their 
results were compared to 24 age- and gender-matched healthy controls with a mean age of 34.4±12.6 years  
(14 males). 
Results: From the dTGA patient population, only 5 out of 10 subjects had normally directed mLV 
rotational mechanics, 5 dTGA cases had significant mLV rotational abnormality with counterclockwise 
mLV basal rotation in 4 patients (mLV rigid body rotation, mLV-RBR). One patient had complete reversal 
of apical and basal mLV rotations. Compared to the matched healthy controls, dTGA patients showed 
mLV-RBR significantly more frequently (50% vs. 0%, P=0.0009) regardless of the fact whether Senning- 
or Mustard-procedure was performed. dTGA patients with normally directed mLV rotational mechanics 
proved to have increased mLV basal rotation (−7.9±4.1 vs. −3.7±1.9 degree, P=0.001) with preserved mLV 
twist (16.4±3.3 vs. 14.0±4.1 degree, P=ns) as compared to matched controls.
Conclusions: Significant mLV rotational abnormalities are present in dTGA late after atrial switch 
procedures including mLV-RBR and reversed mLV twist. In dTGA patients with normally directed mLV 
rotational mechanics, mLV basal rotation is increased with preserved mLV twist. Some differences in mLV 
rotational abnormalities are present between Senning- and Mustard-procedures. 
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Introduction

Dextro-transposition of the great arteries (dTGA) is one of 
the most common cyanotic congenital heart defect (CHD), 
when the origins of the main arteries are switched (reversed 
or transposed) in position (1,2). Namely, the aorta arises 
from the morphologic right ventricle (mRV), while the 
pulmonary artery arises from the morphologic left ventricle 
(mLV), thus creating an mRV-based systemic circulation and 
an mLV-engined pulmonary circulation not communicating 
with each other (1,2). Surgical treatment for dTGA is 
possible, it was formerly performed as atrial redirection 
(switch), and many of these patients are still alive today (3).  
Nevertheless, the atrial switch operations, Senning- and 
Mustard-procedures were the method of choice until 
the early 1990s, when arterial switch procedures (ASO) 
emerged as an anatomically and physiologically appropriate 
solution (4). With the Senning-procedure, a baffle is created 
using the atrial septum to reroute blood flow from the caval 
veins to the pulmonary circulation via the mitral valve and 
mLV. During the Mustard-procedure, following excision 
of the atrial septum, a conduit is produced from prosthetic 
tissue (4). These techniques however do not correct the 
pathological states at the ventricular level (3,4).

Evaluation of myocardial mechanics could help 
understanding adaptations to certain conditions. mLV 
rotational mechanics (twist) is a significant contribution 
to mLV function, in normal circumstances, the mLV apex 
has a counterclockwise rotation, while the mLV base has 
a clockwise rotation leading to a towel-wringing-like 
movement of the mLV responsible for significant part of 
mLV ejection (5,6). In corrected dTGA, mLV plays a special 
role compared to its role in the physiological circulation. 
However, only limited information is available at this 
moment about mLV rotational mechanics in dTGA (7,8). 
Due to recent developments in cardiovascular imaging, 
three-dimensional speckle-tracking echocardiography 
(3DSTE) is considered to be a method of choice for 
quantification of mLV rotations as a non-invasive 
validated technique (9-12). Therefore, 3DSTE-derived 
determination of mLV rotational mechanics in adults with 
dTGA late after Senning- and Mustard-procedures was 
purposed. In addition, it was aimed to compare whether 
differences in mLV rotational parameters were present in 
Senning- and Mustard-operated subjects. We present the 
following article in accordance with the STROBE reporting 
checklist (available at https://cdt.amegroups.com/article/
view/10.21037/cdt-22-207/rc).

Methods

Patient population

Clinical data of dTGA patients originate from the 
CSONGRAD Registry (Registry of C(S)ONGenital caRdiAc 
Disease patients at the University of Szeged), which was 
created to summarize clinical variables and parameters of 
CHD patients treated and cared for at the Departments of 
Pediatrics, Cardiology and Heart Surgery at the University 
of Szeged, Hungary (13). From this pool of patients, only 196 
infants with dTGA were operated on with non-arterial switch 
surgery between 1961–2013, from which Senning-procedure 
was performed in 37 patients and Mustard-procedure was 
performed in 48 cases. From this population, 16 dTGA 
patients were willing to participate in this study late after 
atrial switch, however, 6 subjects were not included due to 
inferior image quality. The remaining group of 10 dTGA 
patients had a mean age of 29.4±8.8 years (5 males). All 
these patients were followed by the Outpatient Clinics of the 
Division of Cardiology at the University of Szeged (Figure 1).  
Their results were compared to those of 24 healthy controls, 
who were age- and gender-matched (age: 34.4±12.6 years, 
14 males). None of the healthy subjects had any known 
disorder, pathological state, used any drug or had any clinical 
condition, which could affect the results. Laboratory, routine 
electrocardiographic and echocardiographic findings were 
normal as well. In all cases, a complete two-dimensional 
(2D) Doppler echocardiography extended with 3DSTE data 
acquisition was performed according to recent guidelines and 
practices (9-12,14). Detailed 3DSTE analysis was performed 
later offline. The present retrospective cohort study is part 
of the Motion Analysis of the heart and Great vessels bY 
three-dimensionAl speckle-tRacking echocardiography 
in Pathological cases (MAGYAR-Path) Study, which has 
been organized at the University of Szeged partly assessing 
disease-specific abnormalities of 3DSTE-derived features 
of cardiac mechanics including mLV rotations and twist in 
dTGA (‘Magyar’ means ‘Hungarian’ in Hungarian language). 
The study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). The study was approved 
by the Institutional and Regional Human Biomedical 
Research Committee of University of Szeged, Hungary (No. 
71/2011) and informed consent was taken from all individual 
participants.

2D Doppler echocardiography

All corrected dTGA patients and healthy control 

https://cdt.amegroups.com/article/view/10.21037/cdt-22-207/rc
https://cdt.amegroups.com/article/view/10.21037/cdt-22-207/rc


Nemes et al. LV rotational mechanics in TGA late after atrial switch operation628

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2022;12(5):626-634 | https://dx.doi.org/10.21037/cdt-22-207

subjects have undergone a complete routine 2D Doppler 
echocardiographic examination with the use of Toshiba 
ArtidaTM system (Toshiba Medical Systems, Tokyo, 
Japan) attached to a PST-30BT (1–5 MHz) phased-
array transducer. Chamber quantifications and valvular 
assessments were performed in accordance with recent 
guidelines (14).

3DSTE

For completion of a 3DSTE study, the same Toshiba 
ArtidaTM cardiac ultrasound system (Toshiba Medical 
Systems, Tokyo, Japan) was applied with a PST-25SX 
matrix-array transducer with 3D capability (9-12). Firstly, 
when subjects were lying on left lateral position, 3D 
echocardiographic data acquisition was performed from 
the apical window. For optimal images, with patients asked 
to hold breath, 6 subvolumes were acquired, which were 
merged together automatically creating a full volume 
3D echocardiographic dataset. Later, acquired data were 
analysed offline using the vendor-provided 3D Wall 

Motion Tracking software version 2.7 (Ultra Extend, 
Toshiba Medical Systems, Tokyo, Japan). Following 
selection of optimal typical apical longitudinal views and 
basal, midventricular and apical cross-sectional planes and 
definition of mitral annular-mLV edges and endocardial 
surface of the mLV apex, virtual 3D mLV model was created 
after a sequential analysis (15) (Figure 2).

By using 3D model of the mLV, clockwise basal mLV 
rotation (in degrees) and counterclockwise apical mLV 
rotation (in degrees), mLV twist (net difference of mLV 
apical and basal rotations in degrees) and time-to-peak mLV 
twist (in milliseconds) were calculated.

If the direction of the apical and basal rotation of the 
mLV is the same, mLV twist is absent, this is called mLV 
‘rigid body rotation’ (RBR). In mLV-RBR, mLV twist could 
not be determined as appropriate, only the difference in 
mLV apical and basal rotations called as mLV apico-basal 
gradient (15).

Statistical analysis

Continuous variables are presented as mean ± standard 
deviation format, while categorical variables are expressed 
in number and percentage format. The selected significance 
level was P less than 0.05. Fischer’s exact test was used for 
all categorical variables. To test normality of distribution 
for continuous variables, Shapiro-Wilks test was performed. 
Student’s t-test was used in the presence of normal 
distribution, in case of non-normal distribution, Mann-
Whitney-Wilcoxon test was used. Intraobserver and 
interobserver reproducibility was assessed by an intraclass 
correlation coefficient (ICC). Statistical analyses were 
performed with Medcalc software (Medcalc, Mariakerke, 
Belgium).

Results

Clinical and demographic data

Inclusion and exclusion criteria for dTGA patients are 
presented in Figure 1. No differences in regard to mean 
age (34.4±12.8 vs. 29.4±8.8 years, P=0.30) and gender (14 
males, 58% vs. 5 males, 50%) could be detected between 
the groups examined. None of the dTGA patients or 
matched healthy controls had hypercholesterolaemia or 
diabetes mellitus. Hypertension was present in 3 dTGA 
patients (30%). Atrial and ventricular septal defects and 
patent ductus arteriosus were present in 3, 3, and 4 dTGA 
patients, respectively. At the time of the first procedure, the 

Total population: dTGA patients with non-
arterial switch operation

(1961–2013) (n=196)

dTGA patients with non-Senning/
Mustard operation 

(n=111)

dTGA patients with Senning/Mustard 
operation—lost for follow-up

(n=69)

dTGA patients with Senning/Mustard 
operation—suboptimal image quality 

(n=6)

Senning-operated dTGA patients (n=37)
Mustard-operated dTGA patients (n=48)

Senning-operated dTGA patients (n=8)
Mustard-operated dTGA patients (n=8)

Senning-operated dTGA patients (n=6)
Mustard-operated dTGA patients (n=4)

Figure 1 Inclusion and exclusion criteria for patients with 
corrected transposition of the great arteries are presented. dTGA, 
dextro-transposition of the great arteries.
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Figure 2 Three-dimensional (3D) speckle-tracking assessment of left ventricular (LV) apical and basal rotations from an LV focused 
view in a patient with corrected transposition of the great arteries. Apical four-chamber (A) and two-chamber views (B) and basal 
(C3), midventricular (C5) and apical (C7) short-axis views are demonstrated, that can be automatically extracted from the acquired 3D 
echocardiographic database. Red D shows 3D model of the LV, while red E shows LV volumetric parameters and ejection fraction. Red F 
shows apical and basal LV rotations. Yellow arrow represents counterclockwise LV apical rotation, while dashed yellow arrow represents 
clockwise basal LV rotation. 

average age was 1.5±1.1 years in the population of patients 
with dTGA. On average, 28.0±8.4 years elapsed between 
the intervention and the 3DSTE in this group of subjects.

Two-dimensional Doppler echocardiography

From basic routine echocardiographic parameters, only 
interventricular septum and mLV posterior wall proved to be 
thicker in dTGA patients as compared to those of matched 
controls. The other parameters were similar between 
the groups (Table 1). Mitral and tricuspid regurgitations 
in  dTGA pat ients  are  a l so  presented in  Table  1 .  
None of the matched healthy controls showed larger than 

grade 1 valvular regurgitation or valvular stenosis on any 
valves. 

3DSTE-derived mLV volumes

3DSTE-derived mLV end-systolic and end-diastolic 
volumes and mLV ejection fractions are presented in all 
dTGA patients and controls and in Senning-operated and 
Mustard-operated dTGA subgroups in Table 2, as well. 
3DSTE-derived mLV end-diastolic volume was significantly 
reduced compared to that of matched controls regardless 
which atrial switch procedure was performed. In Senning-
operated dTGA patients, mLV end-systolic volume was also 

Systole Diastole

D E

F

LV LV

LV

LV

LV

D E

F



Nemes et al. LV rotational mechanics in TGA late after atrial switch operation630

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2022;12(5):626-634 | https://dx.doi.org/10.21037/cdt-22-207

Table 1 Routine two-dimensional Doppler echocardiographic data in the groups examined 

Echocardiographic 
parameters

Controls (n=24) dTGA patients (n=10)
dTGA patients following 
Senning-procedure (n=6)

dTGA patients following 
Mustard-procedure (n=4)

LA (mm) 37.3±4.0 36.6±6.0 39.3±6.5 32.5±2.1

mLV-EDD (mm) 48.2±3.8 48.7±2.3 48.8±2.9 48.5±0.7

mLV-EDV (mL) 113.6±27.4 112.2±13.0 112.5±16.5 111.5±5.0

mLV-ESD (mm) 33.0±4.1 30.7±4.3 29.5±5.0 33.0±1.4

mLV-ESV (mm) 38.7±10.3 38.8±10.9 35.8±12.2 45.0±5.7

IVS (mm) 8.7±1.3 10.7±1.4* 10.3±1.0** 11.5±2.1***

mLV-PW (mm) 8.9±1.2 10.2±1.5**** 10.0±1.4 10.5±2.1

mLV-EF (%) 66.0±5.1 64.3±5.9 66.8±4.7 59.5±6.4

Mild MR (%) 0 (0) 2 (20.0) 1 (16.7) 1 (25.0)

Mild TR (%) 0 (0) 2 (20.0) 1 (16.7) 1 (25.0)

Moderate TR (%) 0 (0) 4 (40.0)† 2 (33.3)††† 2 (50.0)††††

Severe TR (%) 0 (0) 3 (30.0)†† 1 (16.7) 2 (50.0)††††

*, P=0.004 vs. Controls (CI: 0.71 to 3.43); **, P=0.04 vs. Controls (CI: 0.09 to 2.95); ***, P=0.03 vs. Controls (CI: 0.69 to 4.84); ****, P=0.04 
vs. Controls (CI: 0.01 to 2.58); †, P=0.005 vs. Controls; ††, P=0.02 vs. Controls; †††, P=0.03 vs. Controls; ††††, P=0.01 vs. Controls. dTGA, 
dextro-transposition of the great arteries; LA, left atrial; EDD, end-diastolic diameter; EDV, end-diastolic volume; ESD, end-systolic 
diameter; ESV, end-systolic volume; EF, ejection fraction; IVS, interventricular septum; mLV, morphologic left ventricular; MR, mitral 
regurgitation; PW, posterior wall; TR, tricuspid regurgitation.

Table 2 Left ventricular volumes as assessed by three-dimensional speckle-tracking echocardiography in the groups examined 

mLV volumetric 
parameters

Controls (n=24) dTGA patients(n=10)
dTGA patients following  
Senning-procedure (n=6)

dTGA patients following 
Mustard-procedure (n=4)

EDV (mL) 83.8±14.8 62.5±21.1* 66.3±25.7** 56.8±13.0***

ESV (mL) 35.6±7.7 29.8±15.9 26.0±12.8**** 35.5±20.3

EF (%) 57.6±4.5 57.8±11.0 59.6±12.8 55.1±8.5

*, P=0.002 vs. Controls (CI: 8.42 to 34.21); **, P=0.03 vs. Controls (CI: −33.67 to −1.41); ***, P=0.002 vs. Controls (CI: −43.19 to −10.75); 
****, P=0.02 vs. Controls (CI: −17.83 to −1.31). dTGA, dextro-transposition of the great arteries; EDV, end-diastolic volume; ESV, end-
systolic volume; EF, ejection fraction; mLV, morphologic left ventricular.

decreased. No difference was seen in mLV-EF between the 
groups examined.

3DSTE-derived mLV rotational parameters

All matched healthy controls showed normally directed 
mLV rota t iona l  mechanics  ( c lockwise  basa l  and 
counterclockwise apical mLV rotations). From the dTGA 
patient population, only 5 out of 10 subjects had normal 
pattern, 5 dTGA cases had significant mLV rotational 
abnormality with counterclockwise mLV basal rotation 
in 4 patients (counterclockwise mLV-RBR with 1.9±1.0 

degree apico-basal gradient). One patient had complete 
reversal of apical and basal mLV rotations (apical rotation 
was −10.7 degrees, basal rotation was 10.6 degrees, reversed 
mLV twist proved to be 21.3 degrees). Out of the Senning-
operated patient population, 3 patients had normal pattern, 
2 cases showed counterclockwise mLV -RBR (apico-basal 
gradient 1.1±0.5 degree). The patient with reversed mLV 
twist proved to be also Senning-operated. In the Mustard-
operated subgroup, only 1 subject showed normal pattern, 
3 patients had counterclockwise mLV-RBR mechanism 
(apico-basal gradient 2.5±0.8 degrees). Occurrence of 
mLV-RBR between the Senning- and Mustard-operated 
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Table 3 Features of left ventricular rotational mechanics as assessed by three-dimensional speckle-tracking echocardiography in the groups 
examined 

Features Controls (n=24) dTGA patients (n=10)
dTGA patients following 
Senning-procedure (n=6)

dTGA patients following  
Mustard-procedure (n=4)

mLV rotational patterns

Normal pattern of mLV rotational 
mechanics (%)

24 (100.0) 4 (40.0) 3 (50.0) 1 (25.0)

Presence of mLV-RBR (%) 0 (0) 5 (50.0)* 2 (33.3)** 3 (75.0)***

Presence of mLV rotation 
reversal (%)

0 (0) 1 (10.0) 1 (16.7) 0 (0)

mLV rotational parameters in subject with normal pattern of mLV rotational mechanics

Basal rotation (degrees) −3.7±1.9 −7.9±4.1**** −6.3±3.1 −12.6

Apical rotation (degrees) 10.3±3.5 8.5±4.9 10.8±4.6 3.6

Twist (degrees) 14.0±4.1 16.4±3.3 16.4±4.1 16.3

Time to peak twist (msec) 355±89 353±71 361±84 328

*, P=0.0009 vs. Controls; **, P=0.03 vs. Controls; ***, P=0.001 vs. Controls; ****, P=0.001 vs. Controls (CI: −6.72 to −1.64). dTGA, dextro-
transposition of the great arteries; mLV, morphologic left ventricle; mLV-RBR, morphologic left ventricular ‘rigid body rotation’.

subgroups was not significantly different (P=0.5). Compared 
to the matched healthy controls, dTGA patients showed 
mLV-RBR significantly more frequently (P=0.004) 
regardless of which operation was performed (Senning-
procedure: P=0.03; Mustard-procedure: P=0.001). dTGA 
patients with normal pattern of mLV rotational mechanics 
proved to have increased mLV basal rotation as compared to 
matched controls. mLV rotational parameters are presented 
in Table 3. 

Intra- and interobserver variability analysis 

Intraobserver ICCs were 0.82, 0.83 and 0.86 for basal 
and apical mLV rotations and mLV twist, respectively. 
Interobserver ICCs proved to be 0.83, 0.83, and 0.81 for 
the same parameters, respectively.

Discussion

dTGA is one of the most common cyanotic CHDs 
characterised by an abnormal connection of the ventricles 
and great arteries, possibly due to an abnormal rotation of 
the outflow tract during cardiac development (1,2,16). 

Due to recent developments and improvements 
in non-invasive cardiovascular imaging including 3D 
echocardiography, more detailed functional assessment 
of cardiac chambers became clinical reality including 

evaluation of mLV rotational mechanics (9-12,14). In the 
past, invasive procedures were available for its assessment 
like sonomicrometry (5,6), but due to the development 
of 3DSTE, a new non-invasive methodology became 
the part of everyday practice with a short-learning-curve 
and an easy-to-learn nature (9-12). In contrast with mLV 
strains representing mLV deformation with a significant 
prognostic role, although mLV rotational mechanics serve a 
significant part in mLV function, its prognostic significance 
is not clearly confirmed (15,17). The number of studies 
investigating mLV rotational mechanics in dTGA even in 
corrected cases is limited (7,8). 

Currently, ASO is the treatment of choice for infants 
with dTGA (4). Little is known, however, about the mLV 
rotational abnormalities following repair. According 
to recent findings, infants early after the primary ASO 
repair (1-3, 5 months) had significantly lower mLV peak 
apical rotation, twist and peak untwisting velocity with 
preserved peak basal rotation compared to controls. No 
significant difference in mLV twisting and untwisting was 
noted between dTGA patients late after (6–60 months) the 
operation and age-matched controls (7). Although standard 
measurements of global mLV were normal in 12.4±2.3-year-
old children, who were ASO-operated as infants with 
dTGA, mLV torsion was found to be similarly decreased. 
Greater dispersion of LV rotation was found in dTGA 
patients with mLV basal rotation being the largest in the 
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inferior wall and mLV apical rotation being the greatest in 
the anterior wall. Slightly decreased longitudinal shortening 
in the 2 ventricles could also be detected (8). Although 
Senning- and Mustard-atrial switch procedures are not up-
do-date procedures, patients treated with such operations 
appear in the clinics (4). Therefore, results evaluating their 
cardiovascular status would have a value in the clinical 
practice. However, mLV rotational mechanics in dTGA 
patients late after atrial switch has not been investigated 
until now. 

3DSTE-derived mLV-EF and mLV volumes proved to 
be smaller than those determined by 2D echocardiography, 
which fact is in accordance with previous findings (9). It is 
known that 3DSTE underestimates LV volumes with more 
effect on end-diastolic LV volume resulting in lower mLV-
EF due to lower 3DSTE-associated spatial resolution 
as compared to magnetic resonance imaging (18).  
On the other side, regressed/rudimentary mLVs were 
overestimated theoretically by 2D echocardiography due 
to methodological limitations (9,14). 

The main f inding of  the present  s tudy is  that 
approximately half of dTGA patients showed significant 
mLV rotational abnormalities including mLV-RBR and 
reversed mLV rotations (twist). Although a small number of 
dTGA patients were examined, differences in distribution of 
different mLV rotational patterns including above presented 
abnormalities could be detected late after Senning- and 
Mustard-procedures. mLV-RBR has been demonstrated to 
be associated with a number of diseases without obvious 
prognostic impact (19). In dTGA patients with normally 
directed mLV rotational mechanics, mLV basal rotation 
was found to be increased suggesting a compensatory 
mechanism resulting in a preserved mLV twist as compared 
to matched controls. These findings allow deeper insights 
into the pathophysiology of dTGA and could be theorized 
to be due to dTGA-associated congenital abnormalities in 
mLV mechanics. Further studies are warranted to confirm 
results with higher number of patients involved. 

Limitation section

The following important limitations were found during the 
assessments:
	2D Doppler echocardiography-derived image quality 

is known to be better compared to 3DSTE-derived 
ones, which could be considered as one of the most 
important limitations (9-12). Some patients had to be 
excluded due to inferior image quality as mentioned 

above. 
	Only limited number of dTGA patients were involved 

in the present study due to its rare nature and as the 
atrial switch methodology is a rarely used procedure.

	Although 3DSTE is a suitable method for mLV strain 
assessments, the present study did not aim to provide 
a detailed investigation of LV deformation (9-12). 

	The present study did not aim to validate 3DSTE-
derived rotational parameters. However, inter- and 
intravariability data are given. 

Conclusions 

Significant mLV rotational abnormalities are present in 
dTGA late after atrial switch procedures including mLV-
RBR and reversed mLV twist. In dTGA patients with 
normally directed mLV rotational mechanics, mLV basal 
rotation is increased with preserved mLV twist. There are 
some differences in mLV rotational abnormalities between 
Senning- and Mustard-procedures.
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