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ARTICLE INFO ABSTRACT

Keywords: Background: Right ventricular (RV) function and exercise capacity predict prognosis in transposition of the great
Transposition of the great arteries arteries (TGA) after arterial switch operation (ASO). We aim to longitudinally evaluate RV dimensions, global
Arterial switch operation function and exercise capacity after ASO, comparing patients with and without RV pressure overload.

Cardiac magnetic resonance imaging Methods: This retrospective study included TGA patients post-ASO with two cardiovascular magnetic resonance

Ventricular function

. . (CMRs) examinations at the University Medical Center Utrecht between 2004 and March 2024. Cardiac volumes,
Exercise capacity

function, strain, and vessel dimensions were measured. Patients were categorized by RV pressure overload.
Repeated exercise tests were performed in a subset. The first and second CMR were compared.

Results: The cohort (111 patients, 22 + 8 years; 71% male (79/111)) underwent the first CMR at median 13
[11-19] years post-ASO (mid-term follow-up) and the second at 21 [16-26] years post-ASO (long-term follow-
up). RV volumes, function, and strain remained stable during long-term follow-up. Aortic root dimensions
showed no progression during long-term follow-up (diameter: 23 * 5 mm/m? vs. 20 * 4 mm/m?
p < 0.001). 50% (56/111) underwent exercise testing, revealing a VO2peak decline, with 25% (14/56) having
reduced VO2peak at mid-term follow-up and 46% (26/56) at long-term follow-up (mean age 21 = 7 years)
(p = 0.012). This was not related to peak heart rate or chronotropic index (peakHR: R = 0.115,p = 0.413;
chronotropic index: R = 0.099, p = 0.484). No differences were observed between patients with and without
RV pressure overload.

Conclusion: Long-term exercise capacity is impaired in a significant portion of TGA patients. RV volumes, global
function, strain, and aortic root dimensions remained unchanged during long-term follow-up post-ASO.

1. Introduction 25% require reinterventions, often due to pulmonary artery (PA) ste-
nosis, mainly caused by PA traction and compression by a dilated aortic

Transposition of the great arteries (TGA), corrected by arterial root, leading to increased right ventricular (RV) afterload, RV dys-
switch operation (ASO) often combined with the Lecompte maneuver, function, and decreased exercise capacity [4-6]. RV systolic function is
was first performed by Dr. Jatene in 1974. It is now the procedure of an independent predictor of prognosis [7]. Mid-term follow-up studies
choice with most patients reaching adulthood [1-3]. However, up to (< 20 years after ASO) show relatively preserved RV function and

Abbreviations: ASO, arterial switch operation; CMR, cardiovascular magnetic resonance; CPET, cardiopulmonary exercise testing; LV, left ventricle; PA, pul-
monary artery; PBFM, pulmonary blood flow maldistribution; RV, right ventricle; TGA, transposition of the great arteries; IVS, interventricular septum; FWGLS, free
wall global longitudinal strain; VO2peak, peak oxygen uptake; Wpeak, peak workload; HRpeak, peak heart rate; VSD, ventricular septal defect
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exercise capacity within the lower normal limits [8-12]. However, RV
function and exercise capacity have never been assessed during long-
term follow-up. The aim of this study is to longitudinally evaluate RV
dimensions, RV function, and exercise capacity after ASO using cardiac
magnetic resonance (CMR) imaging and cardiopulmonary exercise
testing (CPET). Additionally, RV remodeling, function and exercise
capacity are compared between patients with and without RV pressure
overload.

2. Methods
2.1. Study population

This retrospective longitudinal cohort study included TGA patients
with two CMR follow-up examinations after ASO at the University
Medical Center Utrecht between July 2004 and March 2024. Patients
were divided into subgroups with or without RV pressure overload,
defined by increased RV systolic pressure (> 30 mmHg) or inter-
ventricular septal (IVS) post-systolic flattening using echocardiography,
CMR, or right heart catheterization [13]. Outcomes were evaluated for
the entire study population, as well as for patients with and without RV
pressure overload, by comparing the first CMR with the second CMR.
This study was approved by the Institutional Ethics Committee of the
University Medical Center Utrecht and due to the extensive design of
this study, the right of no objection was used (23U-0357).

2.2. Cardiac magnetic resonance imaging

CMR was performed on a 1.5 Tesla scanner (Philips Medical
Systems, Best, the Netherlands). Biventricular volumes, function, and
strain were post-processed using Circle Cardiovascular Imaging (CVI42,
version 5.12.4, Calgary, Alberta, Canada) by manual delineation of the
endocardial and epicardial ventricular borders (Fig. 1) [6]. Papillary
muscles and trabeculae were included in the ventricular wall mass
(method 1) and as part of ventricular volume (method 2). RV dys-
function was defined as RV ejection fraction (RVEF) < 48% [10]. RV
remodeling was defined as RV hypertrophy or RV dilatation, which
were indicated by increased RV mass, relative RV wall thickness, and
RV end-diastolic volume. The feature tracking module of the software
was used to measure RV free wall global longitudinal strain (RV
FWGLS) from the 4-chamber cine images and LV global strain from the
2-, 3-, and 4-chamber cine images. Biventricular circumferential strain
values were derived from a stack of short-axis cine images. Aortic root
diameters were measured from cusp-to-cusp using the PACS work-
station (ISD7®, Sectra). Radiology reports provided PA and aortic

Short axis (2)

Short axis (1)

End systolic

End diastolic

Journal of Cardiovascular Magnetic Resonance 27 (2025) 101899

dimensions and flow, obtained as described before [14]. All diameters,
volumes, and masses were indexed (i) for body surface area (BSA) ac-
cording to the Dubois formula. In case of ovoid vessel shape, the longest
and shortest perpendicular dimensions were averaged, according to
institutional agreements. Pulmonary blood flow maldistribution
(PBFM) was defined as the discrepancy in flow from the normal dis-
tribution (LPA 45% vs. RPA 55%).

2.3. Cardiopulmonary exercise testing

A subgroup underwent two CPETs using an electronically braked
cycle ergometer (Lode Corrival, Lode BV, Groningen, The Netherlands)
according to the Godfrey ramp protocol for children and stepwise
20 W/min incremental protocol for adults [14,15]. Maximum effort was
defined as a peak respiratory exchange ratio (RER) > 1.0 for children
and > 1.1 for adults. Outcomes included rest and peak systolic blood
pressure, peak heart rate (HRpeak, bpm), peak oxygen uptake (VO2-
peak, mL/min/kg) and peak workload (Wpeak, W). Reference values
and Z-scores were calculated as previously described [16]. Reduced
exercise capacity was defined as reduced VO2peak with Z-score < —2.
Heart rate reserve was calculated as the difference between peak and
resting heart rates. The chronotropic index was calculated as (HRpeak —
resting heart rate) / (190 — age — resting heart rate) in case < 18 years
old and (HRpeak - resting heart rate) / (220 — age - resting heart rate)
for =18 years old, with a value below 0.8 indicating chronotropic in-
competence [16,17].

2.4. Statistical analysis

Statistical analysis was performed using SPSS Statistics (version
29.0, IBM, Armonk, New York), and figures were created with
Graphpad Prism (version 10.2.0, San Diego, California). Variables were
presented as mean = SD, median and IQR, or frequencies (%).
Comparisons were made using independent sample t-tests, paired-
samples t-tests, chi-square tests, Fisher’s exact tests, or McNemar tests.
Changes between mid-term and long-term follow-up across subgroups
were analyzed using independent sample t-tests. Correlations were as-
sessed using Pearson's correlation coefficient. Results were deemed
statistically significant at a two-tailed p-value < 0.05.

3. Results
3.1. Study population

We included 111 TGA patients, predominantly male (71%, (79/

Fig. 1. Example of CMR contouring. Including papillary muscles and trabeculae in the ventricular wall mass (method 1) and as part of the ventricular volume

(method 2). CMR cardiovascular magnetic resonance
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Table 1
Patient characteristics.

TGA patients

(n = 111)
Male, n (%) 79 (71)
Age CMR at mid-term follow-up (yrs), 15 = 6
mean * SD
BSA CMR at mid-term follow-up (m?), 1.5 + 04
mean * SD
Resting heart rate CMR at mid-term follow-up 72 = 14
(bpm), mean *+ SD
Diagnosis, n (%)
e TGA-intact ventricular septum 66 (59)
o TGA-VSD 40 (36)
® Taussig-Bing anomaly 5(5)
Age at ASO (days), median [IQR] 8 [6-13]
Weight at ASO (kg), mean = SD 36 = 05
Lecompte, n (%) 104 (94)
Two stage ASO, n (%) 8(7)
Aortic valve/root intervention before, n (%) 4 (4
® AoV plasty 2 (50)
e Dacron prosthesis between AoV and AoAsc 1(25)
® AoV replacement with prosthesis 1(25)
PA intervention between, n (%) 13 (12)
Coronary artery intervention between, n (%) NA
Aortic valve/root intervention between, n (%) 4 (4
e Bentall procedure 1(25)
® Yacoub procedure 1(25)
® Valve-sparing aortic root replacement with 1(25)
prosthesis 1(25)
® Valve-sparing ascending aorta replacement
with prosthesis
Time between mid-term and long-term follow- 7 = 3
up CMR (yrs), mean * SD
Age CMR at mid-term follow-up (yrs), 15 = 6
mean * SD
Age CMR at long-term follow-up (yrs), 22 + 8
mean * SD
RV overload, n (%)
e No RV overload 87 (78)
® RV pressure overload 24 (22)

AoAsc = ascending aorta; AoV = aortic valve; ASO = arterial switch operation;
BSA = body surface area; CMR = cardiac magnetic resonance; IQR = inter-
quartile range; IVS = intact ventricular septum; NA = not applicable; RV =
right ventricle; SD = standard deviation; TGA = transposition of the great
arteries; VSD = ventricular septum defect.

+ = plus or minus.

111)) with a mean age of 15 * 6 years (Table 1). Fifty-nine percent
(66/111) had simple TGA with intact ventricular septum , whereas 36%
(40/111) had TGA with a ventricular septal defect (VSD) and 5% (5/
111) had a Taussig-Bing anomaly. ASO was performed at a mean age of
8 days [6-13] and weight of 3.6 + 0.5kg. Most patients (94%, (104/
111)) underwent the Lecompte maneuver, and 5% (8/111) had a two-
stage ASO. The first CMR, conducted at a median of 13 [11-19] years
post-ASO, was defined as mid-term follow-up. The second CMR, con-
ducted at a median of 21 [16-26] years post-ASO, was defined as long-
term follow-up. These time intervals reflect the median values for the
entire cohort, although individual variations may exist. Few aortic root
interventions occurred before (n = 4) and between (n = 4) CMRs,
with no coronary interventions. PA interventions were performed in 13
out of 111 patients (12%, (13/111)) between CMRs, involving the MPA
(n = 1), bifurcation (n = 1), LPA (n = 4), RPA (n = 4), and bi-
lateral (n = 3). Among the cohort, 78% (87/111) did not have RV
pressure overload, the remaining 22% did (24/111) (n = 13 diag-
nosed based on invasive RV pressures during right heart catheterization
and n = 11 diagnosed based on RV pressures or post-systolic IVS
flattening using non-invasive imaging).
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3.2. Biventricular dimensions and function

A total of 222 CMR’s in a cohort of 111 TGA patients were ex-
amined. During mid-term and long-term follow-up, RV volumes and
global RV function remained stable (all p=0.05) (Table 2, supple-
mental Fig. 1A-B). RV FWGLS decreased over time (—21 = 3% vs.
—20 * 3%, p = 0.011). Cardiac output, RV mass, RV relative wall
thickness, and RV trabecular mass increased between mid-term and
long-term follow-up (all p < 0.05). LV dimensions and function were
preserved and stable over time (all p=0.05). Results were consistent
regardless of papillary muscle and trabeculation inclusion
(Supplemental Table 1).

3.3. Great vessels

PA diameters and PA stroke volume (difference between forward
and backward flow) were available in 83 out of 111 patients (75%) and
remained stable during long-term follow-up. PBFM showed a trend
toward a decrease in patients with RV pressure overload between mid-
term and long-term follow-up, while it remained stable in those without
RV pressure overload (RV pressure overload: 16 = 13% vs.
10 = 7%, p = 0.067; no RV pressure overload: 6 * 5% vs.
6 * 5%, p = 0.985) (supplemental Table 2). Images for aortic root
dimensions were available for 94 out of 111 patients (85%). There was
no progression in aortic root diameter during follow-up (aortic root
diameter: 23 +* 5mm/m?vs.20 * 4mm/m? p < 0.001). No aortic
dissections were reported. Aortic valve regurgitation remained minimal
and stable (4 = 6% vs.5 * 9%, p = 0.062). Two patients had a
bicuspid aortic valve (1.8%, (2/111)). Eight distinct patients underwent
aortic valve/root interventions prior to mid-term follow-up CMR and
between CMRs (Table 1). Indications for aortic root interventions were
severe aortic valve regurgitation (n = 6), severe aortic root dilatation
(n = 1) and impaired exercise capacity, reduced LV function and LV
hypertrophy (n = 1). There were no differences among subgroups for
RV pressure overload.

3.4. Cardiopulmonary exercise testing

Maximal effort CPETs were conducted in 56 of 111 patients (50%)
(Table 3). The first CPET was conducted at a median age of 14 [11-20]
years and the second CPET at a median of 20 [17-27] years. RV
function and remodeling were similar in patients with and without
CPET (data not shown). In the group of RV pressure overload, 2 patients
underwent a PA intervention between the CPETs and 10 did not.
Wpeak, HRpeak, VO2peak and the chronotropic index decreased during
follow-up (Z-score Wpeak: —0.41 =+ 1.42 vs. —1.60 =+ 2.02,
p < 0.001; Z-score HRpeak: —0.70 1.24 vs. —1.09 = 1.53,
p=0.022; Z-score VO2peak: —0.81 1.70 vs. —1.81 =+ 1.38,
p < 0.001; chronotropic index: 0.99 = 0.1 vs. 0.93 = 0.2, p=0.016)
(supplemental Fig. 1C). Reduced exercise capacity was found in 46% of
the patients (26/56) at long-term follow-up and not associated with
heart rate reserve, HRpeak, and weakly associated with chronotropic
index (HR reserve: R=0.194, p=0.167; Z-score HRpeak: R=0.116,
p=0.424; chronotropic index: R=0.331, p=0.017). Chronotropic in-
competence was found in 18% of the patients (10/56) during long-term
follow-up. All patients had New York Heart Asso class I. There were no
differences across RV pressure overload subgroups.

*
=+

4, Discussion

This study is the first to examine the longitudinal course of RV
function, dimensions, and exercise capacity in TGA patients after ASO.
Key findings are (1) RV volumes, global function, and strain remain
preserved during long-term follow-up post-ASO, with similar outcomes
in patients with and without RV pressure overload, (2) aortic root di-
mensions stay stable without clinical sequalae; (3) exercise capacity is
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generally normal during mid-term follow-up but significantly decreases
in a subset of patients during long-term follow-up.

0.416
0.436
0.115
0.196
0.500
0.080
0.293
0.065
0.092
0.125
0.093
0.088
1.000

4.1. Ventricular volumes and function

RV function remains preserved during long-term follow-up after
ASO, aligning with findings from mid-term follow-up studies [8-10,18].
RV mass, RV relative wall thickness and RV trabecular mass increased
between mid-term and long-term follow-up in the entire study popu-
lation. Patients without RV pressure overload showed significant in-
creases in RV mass, relative wall thickness and a trend toward higher
trabecular mass, while those with RV pressure overload only showed
trends. This is likely multifactorial. The small sample size of patients
with RV pressure overload may explain the observed trends rather than
significant findings. Additionally, TGA patients may already have some
RV pressure overload, possibly due to PA stretching after the Lecompte
maneuver, while not visible yet on conventional imaging, as conven-
tional imaging often underestimates RV pressures compared to invasive
measurements in these patients [19]. This study pioneers the long-
itudinal assessment of RV strain in TGA patients using CMR feature
tracking. Of interest, RV FWGLS remained within normal limits during
mid-term and long-term follow-up, indicating preserved RV function
with robust techniques [6,8]. RV strain has superior prognostic value in
congenital heart disease compared to conventional imaging parameters
like RVEF measured on CMR, but studies after ASO are limited and lack
disease-specific reference values. No differences were observed in RV
volumes, function and strain across subgroups for RV pressure over-
load, even when accounting for PA interventions. This might be at-
tributed to small sample sizes or limited RV pressure overload.

12)
—1.58 = 1.57

3(25)
—-242+1.71

9 (75)
—-1.43 +1.43

Long-term FU
123 £ 12
188 + 18
172 £ 11

9 + 16

0.87 = 0.1
32 +

179 + 48

7 (58)

RV pressure overload (n
—1.48 +1.20

4 (33)
—0.80 = 1.76

-1.01 = 1.1
4 (33)

Mid-term FU
119 + 17
166 = 29
178 + 9
0.92 + 0.1
149 + 58

1(8)
103 + 15
377

0.503
0.078
0.065
1.000
0.192
0.032
< 0.001
< 0.001
0.077
0.005
< 0.001
0.065

0.031
transposition of the great arteries; VO2peak = peak oxygen uptake;

—0.96 = 1.51

7 (16)
—-1.64 = 1.25

17 (39)
—1.64 = 2.16

Long-term FU
126 + 15
188 + 28
180 + 15
100 + 16
0.95 + 0.2

+
210 + 61
17 (39)

4.2. Aortic root diameter

No RV pressure overload (n = 44)

0
—-0.65 = 1.77

10 (23)
184 + 66
—0.30 = 1.32

-0.6 =1.27
6 (14)

Mid-term FU
121 = 16
175 = 26
184 + 11

6 (14)

105 + 20
1.01 £ 0.2

431

Patients showed no progression in aortic root dimensions during
follow-up, consistent with previous studies [20,21]. However, con-
troversy about progression of aortic root dimensions during follow-up
exists, likely due to measurement variations and adjustments for BSA or
Z-scores [22,23]. Factors like PA banding contribute to aortic root di-
latation in TGA patients [20, 21, 23-25]. In the present study, PA
banding was not associated with aortic root dimensions, possibly due to
a low number of PA banding cases.

0.381
0.052
0.007
0.022
0.453
0.082
0.016
< 0.001
< 0.001
0.012
0.001
< 0.001
0.039

4.3. Exercise capacity

TGA patients had exercise capacity within the lower normal range
during mid-term follow-up after ASO, consistent with prior research
[11, 12, 26, 27]. However, data on long-term exercise performance are
scarce and controversial. Exercise capacity decreased during long-term
follow-up, with 46% of the patients (26/56) showing impaired exercise
capacity, indicating that longer follow-up predicts lower VO2peak [28].
This is concerning due to its association with reduced quality of life and
adverse prognosis. No significant changes were found across subgroups,
likely due to the small sample sizes or the effects of PA interventions.
Longer follow-up, reduced physical activity, abnormal coronary flow
reserve, chronotropic incompetence, and intrinsic ventricular function
may contribute to reduced VO2peak [12, 29, 30]. Chronotropic in-
competence was found in 18% of our patients (10/56), consistent with
previous studies, but likely affects exercise capacity in only a subset
[11, 18, 26]. The weak correlation between HRpeak and VO2peak
suggests that reduced VO2peak may be more related to stroke volume
limitations rather than heart rate response. It is suggested that intrinsic
ventricular function is a more significant determinant of maximal car-
diac index than any variation in chronotropy [31]. RV intrinsic con-
tractility may already be impaired after ASO, although not evident on
conventional CMR [6]. Further investigation is needed to fully under-
stand its impact on exercise capacity.

—1.09 +1.53

10 (18)
—1.81 +1.38

26 (46)
—1.60 = 2.02

Long-term FU
126 + 14
188 + 26
178 + 15

99 + 16

0.93 £ 0.2
35+8

204 = 59

24 (43)

56)

—0.70 + 1.24

7 (13)
0
—0.81 + 1.70

14 (25)
—0.41 = 1.42

All TGA (n
Mid-term FU
120 £ 16
174 = 27
183 + 11
105 + 19
0.99 + 0.1
42 =1

176 + 66
10 (18)

= peak workload
plus or minus.

VO2peak (mL/min/kg), mean = SD

VO2peak (Z-score), mean * SD
VO2peak < —2 Z-score, n (%)

Wpeak (W), mean = SD
Wpeak < —2 Z-score, n (%)

SBP peak (mmHg), mean * SD
HRpeak (Z-score), mean *+ SD
HRpeak < —2 Z-score, n (%)
HR reserve (bpm), mean + SD
Chronotropic index, mean = SD
Wpeak (Z-score), mean = SD

SBP rest (mmHg), mean + SD
HRpeak (bpm), mean + SD

FU = follow-up; HR = heart rate; HRpeak = peak heart rate; RV = right ventricle; SBP = systolic blood pressure; SD = standard deviation; TGA

Longitudinal exercise measurements in subgroups RV pressure overload.

Table 3

Wpeak
*
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5. Limitations

The study's main limitations include its retrospective design and
missing CPET data. Selection bias is present due to inclusion of patients
with two CMRs and CPETs during follow-up. Additionally, data from
radiology reports and post-processing may introduce inter-observer
variability. PA interventions between mid-term and long-term follow-
up could have affected results, and larger sample sizes are needed to
address this.

5.1. Clinical implications

Using conventional CMR, we observed stable RV volumes, global
function, strain, and aortic root dimensions as TGA patients mature into
adulthood. However, exercise capacity declined and was impaired in a
substantial portion of the patients, potentially linked to impaired stroke
volume during exercise rather than chronotropic incompetence. Further
research should investigate how intrinsic ventricular function influ-
ences reduced exercise capacity in this population.

6. Conclusion

Exercise capacity declines over time and is significantly impaired in
a substantial portion of TGA patients during long-term follow-up after
ASO. RV volumes, global function, strain, and aortic dimensions re-
mained stable. This highlights a concerning trend that requires further
attention.
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