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ABSTRACT
Objective To test the hypothesis that ventricular 
and atrial function are different between patients with 
transposition of the great arteries (TGA) after arterial 
switch operation (ASO) and healthy controls.
Methods 103 consecutive patients with TGA 
(median age: 16.7 years, 4.3–39.6 years, 71.8% male) 
were compared with 77 controls (median age: 15.4 
years, 6.3–43.2 years, 66.2% male). Biventricular 
and biatrial function were assessed using standard 
cardiovascular magnetic resonance (CMR) techniques 
and feature tracking. Group comparison was performed 
with conventional non- parametrical statistics and 
machine learning methods to find the variables most 
discriminative between patients and controls. These 
variables were used to build a multivariable logistic 
regression model to assess the case–control status.
Results Markers of left and right ventricular function 
(LV; RV) (ejection fraction, MAPSE, TAPSE, LV long- 
axis strain) as well as LV global longitudinal (−20.7 
(−24.1; −17.9) vs −23.7 (−26.1; −21.6), p<0.001), 
circumferential (−29.4 (−32.2; −26.5) vs −30.5 (−33.6; 
29), p=0.001) and atrial longitudinal strain (left atrium 
(LA): 23.3 (18.6; 28.8) vs 36.7 (30.7; 44), p<0001; right 
atrium: 21.7 (18.2; 27.8) vs 34.9 (26.9; 40.3), p<0.001) 
were reduced in patients compared with controls 
using non- parametrical testing. The logistic regression 
model including the most discriminative variables from 
univariate and machine learning analysis demonstrated 
significant differences between patients and controls 
only for TAPSE and LA global longitudinal strain.
Conclusions Biventricular and biatrial function 
are largely preserved after ASO for TGA. Using a 
comprehensive CMR protocol along with statistical 
machine learning methods and a regression approach, 
only RV longitudinal function and LA function are 
significantly impaired.

INTRODUCTION
The arterial switch operation (ASO) is the standard 
operation for transposition of the great arteries 
(TGA).1 Compared with the atrial switch operation, 
it provides superior survival, cardiac function and 
better quality of life during long- term follow- up.2 3 
However, complications after the ASO have been 
reported.1 2 Reduced left and right ventricular (LV, 
RV) function and atrial function has also been 
suggested in smaller case series using echocardi-
ography and cardiovascular magnetic resonance 
(CMR).4–6

CMR is an important imaging modality in the 
evaluation of patients after ASO. It is well suited 
for the measurement of ventricular volumes and 
global systolic function, and also for the assessment 
of regional myocardial deformation using feature 
tracking (FT).7

The aim of this study was, first, to comprehen-
sively assess biventricular and biatrial function in a 
large cohort of patients with TGA after ASO using 
CMR in comparison with healthy controls and, 
second, to test the hypothesis that ventricular and 
atrial function are different between patients with 
simple and complex TGA and between those with 
usual and unusual coronary artery anatomy.

PATIENTS AND METHODS
A general research consent was available for all partic-
ipants, parents or legal guardians, as appropriate.

In total, 103 consecutive patients (median: 16.7 
years, 4.3–39.6 years) with TGA after ASO who 
underwent a CMR examination as part of routine 
clinical follow- up between 2006 and 2020 were 
included in this study. Clinical data were retrospec-
tively collected from medical records.

Seventy- seven healthy subjects matched for age 
and gender were enrolled as controls (median: 15.4 
years, 6.3–43.2 years). Indications for the scans in 
controls were as follows: (1) participation in this 
study, (2) non- diagnostic echocardiography, (3) 
uncertainty about the cardiac anatomy on echocar-
diography, (3) syncope or (4) chest pain with low 
probability of being cardiac in origin. In all controls, 
a cardiac pathology could be ruled out. Controls 
were not on any cardiac medication. Blood pres-
sure measurements and ECGs were available for all 
controls and were normal.

It was not appropriate or possible to involve 
patients or the public in the design, or conduct, or 
reporting, or dissemination plans of this research.

CMR acquisition
The CMR protocol included the acquisition of 
short- axis and four- chamber cine images using 
cine steady- state free precession or gradient echo 
sequences. Slice thickness and field of view varied 
according to patient size and were 5–8 mm and 
250–420 mm, respectively. Sedation with propofol 
and midazolam was used in six paediatric patients 
with TGA. None of the controls needed sedation.

CMR analysis
CMR analysis was performed with MEDIS SUITE 
software (Medis Medical Imaging Systems, Leiden, 
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The Netherlands) and cvi42 (Circle Cardiovascular Imaging, 
Calgary, Canada).

Biventricular volumes and mass were measured from short- 
axis stacks using cvi42 by drawing endocardial and epicardial 
borders. Endocardial and epicardial borders were drawn at end- 
diastole; at end- systole, only endocardial borders were drawn. 
Papillary muscles and trabeculations were included into the 
ventricular volumes. Volumes were calculated automatically and 
were indexed to body surface area (BSA). Ejection fraction (EF) 
was computed from the ventricular volumes by the analysis soft-
ware. Maximum LV wall thickness was measured manually at 
end- diastole in short- axis stacks. To define the maximum, thick-
ness at different ventricular levels was measured and the largest 
wall thickness measurement was taken for further analysis.

Mitral annular plane systolic excursion (MAPSE), tricuspid 
annular plane systolic excursion (TAPSE) as well as LV long- 
axis strain (LAS) were measured from four- chamber views with 
cvi42. For MAPSE and TAPSE, distance lines were drawn at end- 
diastole from both lateral mitral annulus and lateral tricuspid 
annulus through the cardiac apex to an extracardiac refer-
ence point as previously described.8 The same reference point 
was used for the distance line in end- systole. An extracardiac 
reference point was chosen to exclude apical motion from the 
measurements. MAPSE and TAPSE were calculated as the differ-
ence between the length of the end- diastolic and end- systolic 
distance lines (figure 1).

For long- axis strain (LAS), a distance line from the mitral valve 
annulus plane to an apical reference point was drawn in end- 
diastole (L Diastole) and end- systole (L Systole) as previously 
described (figure 2).9 LAS was measured using cvi42 and calcu-
lated according to the formula:

 LAS = L Systole−L Diastole
L Diastole × 100

(
9
)
  

Regional circumferential and radial strain and strain rate 
measurements were performed at three LV levels: (1) basal, 
(2) midventricular and (3) apical. Segmentation of each level 
followed the American Heart Association 16- segment model. 

The RV was divided into two segments in the four- chamber 
view: (1) septum and 2) free wall.

Regional and global longitudinal strain and strain rate for 
both ventricles and atria were measured in four- chamber views 
by drawing endocardial borders at end- diastole and end- systole. 
Global values for strain and strain rate were calculated as average 
of all segmental values. All regional and global strain and strain 
rate measurements were performed using MEDIS SUITE soft-
ware (figure 3).

Aortic regurgitation was assessed from phase- contrast flow 
measurements and was considered to be mild if the regurgitant 
fraction was 5% to 20%, moderate if the regurgitant fraction was 
20% to 49%, and severe if the regurgitant fraction was ≥50%.

Statistical analyses
Statistical analyses were performed using MedCalc V.19.3.1 
(MedCalc Software Ltd, Belgium) and R (V.3.5.0). Continuous 
variables are presented as mean value with SD or median with 
first and third quartile or with range of the lowest and highest 
values. Since most of the continuous variables showed deviations 
from the normal distribution (Shapiro- Wilk test), statistical anal-
yses were done non- parametrically. Categorical variables were 
compared by Fisher’s exact test.

Due to the large number of explorative variables, a stepwise 
statistical analysis was performed. First, the most discriminative 
variables for TGA and controls groups were identified by using 
Mann- Whitney U tests and machine learning methods. The latter 
includes Boruta (R package ‘Boruta’ with 5000 replicates and 

Figure 1 Measurement of mitral annular plane systolic excursion 
(MAPSE) and tricuspid annular plane systolic excursion (TAPSE) in the 
four- chamber view.

Figure 2 Cine cardiovascular magnetic resonance image illustrating 
the measurement of left ventricular long- axis strain.

Figure 3 (A–D) Assessment of left ventricle (A), left atrium (B), right 
ventricle (C) and right atrium (D) longitudinal strain and strain rate from 
4- chamber view. (E, F) Analysis of circumferential and radial strain from 
a short axis cine image.
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default parameters from ‘Random Forest’ and ‘ranger’) which 
is an all- relevant feature selection wrapper algorithm for visu-
alising variable importance measure.10 11 Second, the variables 
found to be most relevant were further used to build a multivari-
able logistic regression model including potential confounders 
such as gender, weight, BSA and heart rate. The final model was 
the result of subsequent forward selection with likelihood ratio 
criteria.

The same approach was used for subgroup analyses within the 
group of patients with TGA (simple vs complex; usual vs unusual 
coronary artery anatomy).

The statistical approach is summarised in figure 4.
For all statistical tests, p values <0.05 were considered as 

statistically significant.

RESULTS
Patient characteristics
Characteristics of patients and controls are summarised in 
table 1. Eighty- five patients were treated with a primary ASO 

at a median age of 7 (1–107) days. Eighteen patients had a 
secondary ASO after prior pulmonary artery banding in the 
neonatal period (median age at ASO 1.2 (0.3–2.4) years).

Sixty- six patients had simple TGA and 37 patients had 
complex TGA associated with a ventricular septal defect (n=30) 
and/or aortic coarctation (n=11). Forty- three patients had mild 
pulmonary stenosis (Doppler gradient <30 mmHg).

The majority of patients had none (n=65) or mild (n=31) 
aortic regurgitation. In seven patients, aortic regurgitation was 
moderate.

According to the Leiden classification,12 68 patients had a 
usual coronary anatomy (1LCx–2R). In 29 patients, the coro-
nary anatomy was different from the usual coronary course 
(1L–2CxR, n=20; monocoronary system, n=7; 1RL–2Cx, 
n=1; LAD and LCx from different ostia, n=1). In six patients, 
the coronary anatomy was unclear due to incomplete records.

All patients were in New York Heart Association (NYHA) class 
I.

Conventional non-parametrical statistics
Ventricular volumetric measurements
Results are presented in table 2.

Figure 4 Mann- Whitney U test together with machine learning 
methods were used to compare patients and controls and to identify 
most discriminative variables between patients and controls. The 
preselected variables were used for the multivariable logistic regression 
analysis and to build the final regression model.

Table 1 Baseline characteristics of the study population

Parameters
Patients with TGA 
(n=103) Controls (n=77) P value

Male 74 (71.8%) 51 (66.2%) 0.51*

Age at CMR (years) 16.7 (4.3–39.6) 15.4 (6.3–43.2) 0.11

Age between ASO 
and CMR (years)

16.7 (4.3–38.4) NA NA

Height (cm) 172 (155; 177.8) 168 (155.8; 177) 0.46

Weight (kg) 61.5 (47.3; 75) 58 (50.8; 68.3) 0.36

Heart rate (1/min) 74 (64.3; 85) 77 (66; 87.3) 0.36

BMI (kg/m2) 20.7 (17.8; 23.7) 20.7 (18.7; 23.5) 0.84

BSA (m2) 1.7 (1.4; 1.9) 1.6 (1.5; 1.8) 0.26

Data are expressed as median and 1st and 3rd quartiles. Age is expressed as 
median and range. P values are calculated by Mann- Whitney U test.
*P value derived from Fisher’s exact test.
ASO, arterial switch operation; BMI, body mass index; BSA, body surface area; CMR, 
cardiovascular magnetic resonance; NA, not applicable; TGA, transposition of the 
great arteries.

Table 2 Cardiovascular magnetic resonance data for biventricular 
volumes and systolic function

Parameters Patients (n=103) Controls (n=77) P value

LVEDV (mL) 154.6 (121.8; 184.6) 134.2 (105.8; 164.5) 0.01

LVEDVi (mL/m2) 91.8 (77.5; 106.7) 82 (71.6; 91.1) <0.001

LVESV (mL) 72.8 (50.4; 93.3) 52.9 (42.2; 65.2) <0.0001

LVESVi (mL/m2) 42.3 (34.7; 51) 32.9 (27.4; 37.7) <0.0001

LVSV (mL) 80.4 (66; 97.3) 80.6 (64.5; 99.7) 0.92

LVSVi (mL/m2) 48.2 (42.4; 55.8) 50.1 (42.6; 53.7) 0.53

LVEF (%) 53 (49; 59.3) 59.5 (56.2; 63.9) <0.0001

LVCI (L/min/m2) 3.6 (3.0; 4.2) 3.7 (3.2; 4.2) 0.42

LVMM (g) 91.2 (67.9; 117.2) 89.3 (62.6; 105.1) 0.17

LVMMi (g/m2) 54.5 (46.4; 65.8) 51 (45.8; 58.3) 0.04

LV wall thickness (mm) 7.8 (6.9; 9.4) 7.8 (6.9; 8.8) 0.32

RVEDV (mL) 148.7 (115.1; 172.2) 144.6 (115.1; 172.2) 0.67

RVEDVi (mL/m2) 86.7 (74.5; 99.2) 90.1 (77; 100.7) 0.27

RVESV (mL) 73.5 (52; 84.4) 66.9 (51.6; 86.3) 0.52

RVESVi (mL/m2) 41.3 (34.5; 49.3) 41.2 (34.2; 45.5) 0.61

RVSV (mL) 74.5 (58.7; 90.7) 80 (61.9; 97.8) 0.12

RVSVi (mL/m2) 45.6 (39; 50.5) 49 (42.5; 55.8) 0.007

RVEF (%) 52.4 (48.8; 57) 55 (52.2; 58) 0.007

RVCI (L/min/m2) 3.2 (2.8; 3.9) 3.7 (3.1; 4.1) 0.01

RVMM (g) 35.5 (27.4; 45.9) 32.5 (26; 43.4) 0.30

RVMMi (g/m2) 21.5 (18.7; 25.6) 21.3 (17.9; 25.1) 0.36

Data are expressed as median with 1st and 3rd quartiles. P values are calculated by 
Mann- Whitney U test.
P values <0.05 are highlighted in bold.
LEDV, Left ventricular end- diastolic volume; LV, left ventricle; LVCI, left ventricular 
cardiac index; LVEDVi, indexed left ventricular end- diastolic volume; LVEF, left 
ventricular ejection fraction; LVESV, left ventricular end- systolic volume; LVESVi, 
indexed left ventricular end- systolic volume; LVMM, left ventricular myocardial 
mass; LVMMi, indexed left ventricular myocardial mass; LVSV, left ventricular 
stroke volume; LVSVi, left ventricular stroke volume index; RVCI, right ventricular 
cardiac index; RVEDV, right ventricular end- diastolic volume; RVEDVi, indexed right 
ventricular end- diastolic volume; RVEF, right ventricular ejection fraction; RVESV, 
right ventricular end- systolic volume; RVESVi, indexed right ventricular end- systolic 
volume; RVMM, right ventricular myocardial mass; RVMMi, indexed right ventricular 
myocardial mass; RVSV, right ventricular stroke volume; RVSVi, right ventricular 
stroke volume index.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

H
eart: first published as 10.1136/heartjnl-2021-319410 on 4 A

ugust 2021. D
ow

nloaded from
 

http://heart.bmj.com/


4 Schuwerk R, et al. Heart 2021;0:1–7. doi:10.1136/heartjnl-2021-319410

Congenital heart disease

In patients, left and right ventricular ejection fraction (LVEF, 
RVEF) were significantly reduced compared with controls. 
In addition, absolute and indexed LV end- diastolic and end- 
systolic volumes (LVEDV, LVEDVi, LVESV, LVESVi) as well as 
LV myocardial mass index (LVMMi) were higher in patients. RV 
stroke volume index (RVSVi) and RV cardiac index (RVCI) were 
lower in patients. Maximum LV thickness and LV cardiac index 
(LVCI) were not different between patients and controls.

Advanced functional CMR parameters including CMR-FT
Data are demonstrated in table 3.

MAPSE, TAPSE and LAS were significantly decreased in 
patients compared with controls (figure 5, table 3).

LV global longitudinal and circumferential strain values as 
well as longitudinal strain values of both atria were significantly 
reduced in patients. Global LV longitudinal and circumferential 
strain rate, global LV radial strain and strain rate, RV longitu-
dinal strain and strain rate as well as left and right atrial (LA and 
RA) longitudinal strain rates were not different between patients 
and controls.

Machine learning methods
Preselection of variables with machine learning methods 
(random forest) together with Mann- Whitney U testing resulted 
in a list of 29 variables potentially discriminating between TGA 
and controls (figure 6, online supplemental figure 1). When 
adjusting the differences between these variables for potential 
confounders such as gender, height, weight, heart rate, BSA and 
body mass index in a multiple logistic regression analysis model, 
only TAPSE and LA longitudinal strain remained significantly 
reduced in patients compared with controls (table 4; TAPSE 
adjusted OR 0.52 (CI 0.39 to 0.64, p<0.001); LA longitudinal 
strain: adjusted OR 0.81 (CI 0.70 to 0.90, p=0.001).

Comparison of TGA subgroups
LV and RV volumetric and functional as well as CMR- FT param-
eters of the TGA subgroups are demonstrated in online supple-
mental tables 1–4.

DISCUSSION
Biventricular systolic and diastolic dysfunction has been reported 
in patients with TGA after ASO.4 13–15 Most studies, however, 
analysed only the LV and in relatively small cohorts often using 
echocardiography. With CMR imaging, it is possible to accu-
rately assess biventricular volumes and function16 and to quan-
tify global and regional myocardial deformation as well as atrial 
size. In this study, therefore, a large cohort of patients with TGA 
with a comprehensive and consistent CMR analysis protocol 
using conventional statistics combined with machine learning 
methods was analysed.

The present data suggest that patients with TGA in the midterm 
follow- up after ASO (<20 years of median follow- up) have 
largely preserved biventricular and biatrial function compared 
with controls. Only RV long- axis function (TAPSE) and LA 
longitudinal function were impaired in the TGA group. Further-
more, even in patients with complex TGA and in those with 
coronary anomalies potentially complicating repair, no major 
abnormalities of ventricular and atrial function were found.

Ventricular volumetric measurements
CMR studies in patients with TGA evaluating ventricular func-
tion after ASO are scarce and most include only small patient 
numbers. Grotenhuis et al assessed a cohort of 30 ASO patients 
and found normal LVEF in patients with higher LVEDVi and 
LVESVi compared with 28 controls.15 The same authors studied 
15 patients with TGA and demonstrated reduced LVEF together 
with increased LV dimensions compared with 15 age- matched 
and sex- matched control subjects.17 The present study, however, 
using advanced statistical methods on a larger cohort of patients 
with TGA after ASO and adjusting functional data for poten-
tial confounders reassuringly suggests that these patients have a 
largely normal LV size and function.

Most studies available to date focused on the assessment of 
LV function only and only very few groups studied the RV after 

Table 3 CMR- FT data, TAPSE, MAPSE and LAS

Parameters Patients (n=103) Controls (n=77) P value

LV GLS (%) −20.7 (−24.1; −17.9) −23.7 (−26.1; −21.6) <0.0001

LV GLSR (1/s) −1.1 (−1.5; −0.9) −1.3 (−1.4; −1) 0.06

LV GCS (%) −29.4 (−32.2; −26.5) −30.5 (−33.6; 29) <0.001

LV GCSR (1/s) −1.6 (−1.9; −1.4) −1.7 (−1.9; −1.5) 0.12

LV GRS (%) 55.1 (41; 62.9) 56.8 (46.1; 66.7) 0.17

LV GRSR (1/s) 2.2 (1.8; 2.7) 2.1 (1.9; 2.5) 0.44

RV GLS (%) −19.7 (−23.6; −16.6) −20.3 (−22.1; −16.8) 0.88

RV GLSR (1/s) −1 (−1.2; −0.8) −1 (−1.1; −0.8) 0.82

LA LS (%) 23.3 (18.6; 28.8) 36.7 (30.7; 44) <0.0001

LA LSR (1/s) 1.3 (1; 1.6) 1.4 (1.1; 1.6) 0.05

RA LS (%) 21.7 (18.2; 27.8) 34.9 (26.9; 40.3) <0.0001

RA LSR (1/s) 1.3 (0.9; 1.7) 1.3 (1.1; 1.6) 0.51

MAPSE (mm) 9.9 (7.5; 11.6) 13.7 (12.1; 15.9) <0.0001

TAPSE (mm) 10.2 (8; 12.4) 20 (18.2; 23.4) <0.0001

LAS (%) −14.1 (−17.4; −12) −17.4 (−19.4; −15.7) <0.0001

Data are expressed as median with first and third quartile. P values are calculated 
by Mann- Whitney U test.
LAS, long- axis strain; LA LS, left atrial longitudinal strain; LA LSR, left atrial 
longitudinal strain rate; LV GLS, left ventricular global longitudinal strain; LV 
GLSR, left ventricular global longitudinal strain rate; LV GCS, left ventricular global 
circumferential strain; LV GCSR, left ventricular global circumferential strain rate; LV 
GRS, left ventricular global radial strain; LV GRSR, left ventricular global radial strain 
rate; MAPSE, mitral annular plane systolic excursion; RA LS, right atrial longitudinal 
strain; RA LSR, right atrial longitudinal strain rate; RV GLS, right ventricular global 
longitudinal strain; RV GLSR, right ventricular global longitudinal strain rate; TAPSE, 
tricuspid annular plane systolic excursion.

Figure 5 Mitral annular plane systolic excursion (MAPSE) and 
tricuspid annular plane systolic excursion (TAPSE) are reduced in 
patients with transposition of the great arteries (TGA) compared with 
healthy controls.
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the ASO. Grotenhuis and co- workers used CMR to measure RV 
function and flow across the pulmonary valve after ASO.18 They 
found preserved RV systolic function whereas RV relaxation 
was abnormal as a result of RV hypertrophy.18 The results of 
the present study showed a lower RVEF in patients compared 
with controls; however, RVEF was not statistically significant 
different in the final logistic regression. Markers of diastolic RV 
function, however, were not analysed in this study.

A single study using echocardiography showed reduced LVEF, 
fractional shortening and circumferential fibre shortening in 
children after ASO at rest and wall motion abnormalities under 
dobutamine stress.4 Other echocardiographic studies, however, 
demonstrated preserved LVEF in this patient group.19 20

When considering potential factors that could affect LV and 
RV systolic function in patients with TGA, in particular periop-
erative and operative myocardial injury, operative strategies (eg, 
secondary ASO), myocardial ischaemia as well as aortic and 
pulmonary complications,1 2 the current findings suggest that the 
risk for a significant biventricular systolic contractile dysfunction 
from a potential complication in these patients is low.

Advanced functional CMR parameters including CMR-FT
Markers of longitudinal contractile function were only assessed 
in few studies after ASO. Klitsie et al found a reduced TAPSE 
and no difference in MAPSE in patients shortly after ASO.5 
Others reported reduced values for MAPSE and TAPSE in adult 

patients with TGA.20 In this current study, TAPSE was signifi-
cantly reduced suggesting that RV longitudinal function remains 
impaired after ASO. This alteration is likely not specific to ASO 
patients but rather represents an adverse effect of cardiac surgery 
itself.21 Increased RV afterload is a potential contributor to RV 
functional impairment after ASO, but none of the patients in 
the current study had a significant pulmonary artery obstruction.

To our best knowledge, this study is one of the first studies 
using CMR- FT for the assessment of biventricular and biatrial 
function in TGA after ASO. Previous studies used echocardiog-
raphy to evaluate LV myocardial deformation after ASO.13 22–24 
The ASO patients studied here only showed significantly reduced 
LA longitudinal strain. Other groups reported reduced values for 
LV global longitudinal strain and global circumferential strain 
(GCS) as well as septal and anterior segmental longitudinal 
strain.13 22–24 However, such abnormalities were not consis-
tently found in ASO patients. Pettersen et al and Di Salvo and 
co- workers did not find differences in GCS between patients 
and controls13 22 and Grotenhuis’ group even reported higher 
GCS in ASO patients.15 Differences to this current study might 
be explained by the small number of patients and controls in the 
cited studies as well as by technical reasons (echocardiography 
vs CMR).

Global longitudinal strain and strain rate of the RV were normal 
in patients from the here presented study although TAPSE was 
reduced. This discrepancy might be explained by potential tech-
nical differences and limitations when using the FT techniques to 
assess RV deformation.7 In the setting of advanced heart failure 
or pulmonary hypertension, accurate TAPSE measurement might 
not be possible because of the rocking heart motion,25 26 whereas 
2D- CMR- FT is in particular limited by its spatial resolution.7 RV 
strain and TAPSE are both easy to measure and suitable to assess 
the RV in patients with TGA, but TAPSE has the advantage that 
no specific CMR software is needed.

It has previously been shown that FT of the RA and LA is feasible27 
and can distinguish patients with impaired LA relaxation from healthy 
controls.28 Recent CMR data from Voges et al14 suggest impaired 

Figure 6 Boruta plot from machine learning analysis (random forest) demonstrating most relevant variables for differentiating the transposition of 
the great arteries and control group.

Table 4 Logistic regression model (McFadden’s pseudo R2=0.77) 
adjusted for age (p=0.035), weight (p=0.03) and BSA (p=0.074)

OR P value CI CI

Heart rate 0.95 0.075661 0.90 1.00

LA LS 0.81 0.001044 0.70 0.91

TAPSE 0.52 1.85×10–07 0.39 0.64

P values are according to Wald test.
BSA, body surface area; LA LS, left atrial longitudinal strain; TAPSE, tricuspid annular 
plane systolic excursion.
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diastolic LV function in ASO patients and it can be presumed that 
impaired LA longitudinal strain also indicates LV diastolic dysfunc-
tion in these patients. The underlying mechanism for the impairment 
of LA longitudinal strain remains speculative, but it has to be consid-
ered that LA strain is likely to be affected by LV function. Increased 
imaging markers of diffuse myocardial fibrosis have been recently 
shown in patients with TGA and might contribute to LV diastolic 
impairment.15 In addition, myocardial hypoxia as well as reduced 
aortic elasticity might contribute to LV diastolic dysfunction repre-
sented by an impaired LA function.1 14 Future research on ventricular 
function in TGA should therefore focus on systolic and also perhaps 
more importantly on diastolic ventricular function.

Comparison of TGA subgroups
In the present study, global biventricular and biatrial function 
and deformation is not significantly different between simple 
and complex TGA and between those with usual and unusual 
coronary anatomy suggesting that there might be no significant 
difference in myocardial perfusion. These results are in keeping 
with a previous study from van Wijk et al who analysed LVEF 
and LV global longitudinal strain with echocardiography and did 
not find any differences between complex and simple TGA.23 It 
also supports a report from Tobler et al who used CMR to study 
the coronary anatomy and myocardial viability and did not find 
any abnormality in patients with an unusual coronary pattern.29 
In keeping with Brown et al, the present data support the notion 
that the coronary artery anatomy is not a risk factor for longer 
term outcome of TGA after ASO.30

Limitations
This is a retrospective and cross- sectional study. The CMR 
protocol applied was however uniform and clinical data were 
nearly complete.

For the assessment of the longitudinal strain and strain rate, 
only the four- chamber view was used as two- chamber and three- 
chamber views were not available for all patients. Segmental 
strain and strain rate values have to be interpreted with caution 
as CMR FT is a technique that tracks features without consid-
ering certain anatomical landmarks between segments. In addi-
tion, through plane motion could have impacted on the FT 
results.

TAPSE measurements with the use of an extracardiac refer-
ence point could have been affected by apical rocking or dynamic 
LV function. However, that approach is thought to be less angle 
dependent.

Propofol sedation was only performed in patients but not 
in controls. This could have influenced the results for strain 
measurements and ejection fraction, but as the number of 
patients who needed sedation was small (n=6), the impact is 
probably negligible.

The cross- sectional study design does not allow to draw 
conclusions about the progression of LV and RV dysfunction 
and therefore further longitudinal studies are needed. Besides 
NYHA class, no further clinical information is given. However, 
especially data from cardiopulmonary exercise tests were only 
available in a subset of patients and this precluded meaningful 
statistical analysis. Patients with aortic regurgitation were not 
excluded. However, only a few patients had more than mild 
aortic regurgitation.

CONCLUSION
The data suggest that in patients with TGA after ASO, biven-
tricular and biatrial function is largely preserved and that this 

applies also for patients with complex TGA and those with an 
unusual coronary anatomy. Using a comprehensive CMR anal-
ysis protocol along with statistical machine learning methods 
and a regression approach, only RV longitudinal and LA func-
tion are impaired at midterm follow- up after ASO.

Key messages

What is already known on this subject?
 ► Reduced left and right ventricular as well as atrial function 
has been suggested in patients with transposition of the 
great arteries after arterial switch operation (ASO).

What might this study add?
 ► A comprehensive cardiovascular magnetic resonance 
analysis protocol together with a statistical machine learning 
approach could show that only right ventricle longitudinal 
and left atrium function are impaired at midterm follow- up 
after the ASO.

How might this impact on clinical practice?
 ► Although only minor functional abnormalities were detected, 
life- long monitoring of biventricular and biatrial function is 
required to detect potential functional deterioration late after 
the ASO.
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