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A B S T R A C T
Background: Atrial switch repair (AtrSR) was the initial operation method in patients with D-trans-
position of the great arteries (D-TGA) constituting the right ventricle as a systemic one. Currently, it 
has been replaced with arterial switch operation (ASO), but the cohort of adults after AtrSR is still 
large and requires strict cardiological management of late complications. For this reason, we aimed 
to evaluate potential long-term mortality risk factors in patients with D-TGA after AtrSR (either 
Mustard or Senning procedures)

Methods: We searched the MEDLINE database for suitable trials. We included 22 retrospective and 
prospective cohort studies of patients with D-TGA with at least 5 years mean/median follow-up time 
after Mustard or Senning procedures, with an endpoint of non-sudden cardiac death (n-SCD) and 
sudden cardiac death (SCD) after at least 30 days following surgery. 

Results: A total of 2912 patients were enrolled, of whom 351 met the combined endpoint of 
n-SCD/SCD. The long-term mortality risk factors were New York Heart Association (NYHA) class 
≥III/heart failure hospitalization (odds ratio [OR], 7.25; 95% confidence interval [CI], 2.67–19.7), 
tricuspid valve regurgitation (OR, 4.64; 95% CI, 1.95–11.05), Mustard procedure (OR, 2.15; 95% CI, 
1.37–3.35), complex D-TGA (OR, 2.41; 95% CI, 1.31–4.43), and right ventricular dysfunction (OR, 1.94; 
95% CI, 0.99–3.79). Supraventricular arrhythmia (SVT; OR, 2.07; 95% CI, 0.88–4.85) and pacemaker 
implantation (OR, 2.37; 95% CI, 0.48–11.69) did not affect long-term survival in this group of pa-
tients. In an additional analysis, SVT showed a statistically significant impact on SCD (OR, 2.74; 95% 
CI, 1.36–5.53) but not on n-SCD (OR, 1.5; 95% CI, 0.37–6.0).

Conclusions: This meta-analysis demonstrated that at least moderate tricuspid valve regurgitation, 
NYHA class ≥III/heart failure hospitalization, right ventricular dysfunction, complex D-TGA, and 
Mustard procedure are risk factors for long-term mortality in patients after AtrSR. 
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INTRODUCTION 
D-transposition of the great arteries (D-TGA) 
is a congenital heart defect characterized by 
atrioventricular concordance and a lack of 
arterio-ventricular concordance: the aorta 
originates from the right ventricle, while the 
pulmonary trunk originates from the left ven-
tricle [1]. Currently, the surgical treatment of 
choice for D-TGA is arterial switch operation 

(ASO). The most common ASO complication, 
occurring in 8% of patients, is coronary artery 
obstruction; nevertheless, these patients are 
also at risk of neo-aortic root dilatation, supra-
valvular pulmonary stenosis, and left ventricu-
lar dysfunction, and ventricular arrhythmias 
[1, 2]. However, patients after atrial switch 
repair (AtrSR) using the Senning or Mustard 
methods still constitute a large group of adult 
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W H A T ’ S  N E W ?
Patients with D-transposition of great arteries (D-TGA) after atrial switch repair (AtrSR) are exposed to long-term sequalae requir-
ing medical care. D-TGA is one of the conditions most prone to sudden cardiac death in congenital heart disease. However, the 
criteria for implantable cardioverter defibrillator implantation in primary prevention of sudden cardiac death are not clear. We 
evaluated potential long-term mortality risk factors in patients after AtrSR. We searched the MEDLINE database and analyzed 
22 retrospective and prospective cohort studies in this meta-analysis. It showed that at least moderate tricuspid valve regurgi-
tation, New York Heart Association (NYHA) class ≥III/heart failure hospitalization, right ventricular dysfunction, complex D-TGA, 
and Mustard procedure are risk factors for long-term mortality in patients after AtrSR. To our knowledge, this meta-analysis is the 
largest in the current literature with the highest number of risk factors for long-term mortality in the operated D-TGA population.

patients, as the 40-year survival rate described in cohorts 
reaches 60%–75% [3–6]. During AtrSR, the systemic and 
pulmonary return is redirected with an intra-atrial baffle 
made of a Goretex patch (Mustard) or native atrial tissue 
(Senning), thus the right ventricle (RV) becomes systemic. 
As a consequence of these anatomical alterations, patients 
are at risk of developing common complications like RV 
dysfunction or failure, progressive tricuspid valve regur-
gitation, bradycardia, and chronotropic incompetence, 
supraventricular and ventricular tachyarrhythmias [1]. 
According to researchers, complications of AtrSR described 
as risk factors for non-sudden cardiac death (n-SCD) and/or 
sudden cardiac death are right ventricular dysfunction 
(RVD), supraventricular tachyarrhythmias (SVT), tricuspid 
valve regurgitation (TVR), New York Heart Association 
(NYHA) class ≥II, and atrioventricular block [3, 7–11]. To our 
knowledge, this meta-analysis is the largest in the current 
literature with the highest number of risk factors for long-
term mortality in the operated D-TGA population.

Aims
This study aimed to evaluate long-term mortality risk 
factors in patients with D-TGA after atrial switch operation 
with either the Mustard or Senning procedure.

Eligibility criteria 
We included 22 retrospective and prospective observa-
tional cohort studies of patients with D-TGA with at least 
5-year mean or median follow-up time after AtrSR either 
with the Mustard or Senning procedure, with an endpoint 
of SCD, SCD equivalent events (aborted cardiac arrest or 
appropriate ICD discharge), or n-SCD after at least 30 days 
following surgery. The included studies needed to describe 
mortality and differences between living and deceased pa-
tients in the incidence of SVT, RVD, NYHA class, the number 
of implanted pacemakers, number of patients with simple 
and complex D-TGA, or number of patients operated with 
Mustard or Senning procedures. 

We included patients with complex D-TGA, i.e. the co-
existence of an additional heart defect (ventricular septal 
defect, pulmonary stenosis, left ventricular outflow tract 
obstruction, aortic coarctation). Selected studies also re-
ported at least one of the following conditions: 

1.	 SVT including atrial fibrillation and regular atrial tachy-
cardia; RVD as right ventricular ejection fraction <45% 
assessed by echocardiography were determined by one 
of the following methods: 

	— Simpson apical four-chamber view; 
	— Subjective assessment by an experienced cardiolo-

gist according to contraction pattern, wall thickness, 
ventricular dimensions, and septal movement in 
the presence of significant tricuspid regurgitation 
and a flow velocity in the ascending aorta of less 
than 0.7 m/sec.; 

	— Partial subjective assessment, with right ventricular 
size and function assessed utilizing tissue Doppler 
imaging and tricuspid annular plane systolic ex-
cursion (TAPSE); 

2.	 Functional NYHA class ≥III or hospitalization for heart 
failure (HF);

3.	 Atrioventricular block, sick sinus syndrome, or ar-
rhythmia requiring pacemaker implantation; at least 
moderate TVR, assessed in Doppler echocardiography 
by an experienced cardiologist or catheterization with 
angiography; 

4.	 Comparison of the number of patients operated with 
Mustard and Senning procedure.
Studies with no estimates of the association between 

risk factors and survival were excluded. We excluded stud-
ies that focused on specific subgroups of patients with 
D-TGA e.g., pregnant women, studies including D-TGA 
with other complex heart defects e.g., tetralogy of Fallot, 
and patients after double-switch surgery. Other exclusion 
criteria were studied groups <5 patients, language of the 
manuscript other than English, and other studies from 
the same research site describing the same cohort again.

Study process and search strategy 
We investigated the MEDLINE database from its inception 
date to April 30, 2021 to find cohort studies describing 
long-term mortality and/or SCD risk factors in patients with 
D-TGA after atrial switch repair. While searching for suitable 
abstracts, we did not establish any language restrictions 
or filters. The search terms we used were (transposition of 
the great arteries OR TGA OR dTGA OR cTGA OR cctg OR 
systematic right ventricle OR atrial switch OR arterial switch 
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OR mustard procedure OR senning procedure) AND (death 
OR sudden death OR cardiac death OR sudden cardiac death 
OR outcome OR prognosis OR risk factors) AND (adults OR 
adolescents). One investigator (SN) analyzed the entire 
database searching for suitable articles and simultaneously 
excluded duplicates, from which 168 articles were selected 
for full-text eligibility assessment (Figure 1). After 36 records 
were excluded due to language other than English and no 
full-text availability, two investigators (SN and EJ) reviewed 
132 potentially relevant full articles. Finally, we excluded 
110 manuscripts for the reasons listed in Figure 1. Eventu-
ally, 22 records met the inclusion criteria. Additionally, we 
verified the references of the included articles in search of 
potential new studies. The studies included in the analysis 
were approved by an appropriate institutional review board 
or ethics committee and patients provided written informed 
consent to participate in the study. All extracted relevant 
information was double-checked by the investigators. Other 

team members (AC, PR, SG, ML, OT) were responsible for 
substantive oversight and resolving uncertain decisions.

Data extraction and quality assessment 
The quality of the included studies was assessed by two re-
viewers (EJ and SN) with the use of the Quality Assessment 
Tool for Observational Cohort and Cross-Sectional Studies 
(Supplementary material, Table S1) [12]. We checked if the 
information about study patient loss, their number, and 
reasons for exclusion (including the safety outcome data) 
was provided. We extracted data describing study charac-
teristics such as country, study design, length of follow-up, 
number of patients in each research group, and number of 
study sites. The patient population characteristics included 
age, percentage of females and males, mean or median 
follow-up time, and percentage of patients with complex 
D-TGA, sinus node dysfunction, baffle obstruction, and in 
need of reintervention or pacemaker implantation. We also 

3006 records identi�ed through 
PubMed database

3006 records screened
(titles and abstracts)

36 records excluded due to:

132 potentially relevant full articles 
reviewed for eligibility 110 abstracts excluded due to not meeting 

the inclusion criteria:

22 records included 
in the meta-analysis

168 records selected 
for full-text eligibility assessment

2838 records excluded

• no estimates of the association of risk factors and 
survival (45)

• lack of information e.g. cause of death, time from the 
surgery to death (25)

• lack of long-term follow up or control group (10)
• studied group <5 patients (1)
• mean age <18 years old (15)
• focused on speci�c subgroups of patients with D-TGA 

e.g., pregnant women; including D-TGA with other 
complex heart defects e.g. tetralogy of Fallot and 
patients after double-switch surgery (6)

• another study from the same research site (8) 
• description of the same cohort (8)
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Figure 1.  The study flowchart

Abbreviations: D-TGA, D-transposition of the great arteries
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considered the numbers of n-SCD, SCD, aborted cardiac 
arrests, and appropriate ICDs.

Statistical analysis
The included research data were meta-analyzed using 
Review Manager 5.4. The random-effects model and in-
verse variance method were used to estimate the odds 
ratio (OR) of the combined endpoint of n-SCD, SCD, or 
SCD equivalent events. A total of 22 retrospective or 
prospective observational cohort studies were included 
in this meta-analysis [7–9, 11, 13–30]. There were seven 
main comparisons, which included: (1) NYHA functional 
class ≤II vs. NYHA ≥III/HF hospitalization [9, 11, 26]; (2) TVR 
<moderate vs. ≥moderate [8, 9, 11, 13, 16, 20, 21, 28, 31]; 
(3) Mustard vs. Senning procedure [7–9, 11, 14, 19, 20, 22, 
28]; (4) complex vs. simple D-TGA [8, 9, 13, 16, 20, 21, 24, 
27–29, 31]; (5) RVD vs. no RVD [8, 9, 11, 13, 15, 16, 18–23, 
28]; (6) history of SVT vs. no history of SVT [7, 9, 13, 14, 16, 
19, 21, 23, 27, 28, 30, 31]; (7) pacemaker vs. no pacemaker 
implantation [8, 9, 11, 16, 21, 23, 30]. The secondary end-
point was defined as SCD or SCD equivalent events and the 
random-effects model and inverse variance method were 
used to estimate the OR. The P-value <0.05 was considered 
as statistically significant.

The χ2 test was used to assess the significance of het-
erogeneity between the results of different research and 
presented as the I2 test. Significant heterogeneity was de-
fined as I2 >50%, and I2 <25% was defined as non-significant 
heterogeneity [32].

RESULTS

Study characteristics
The included studies examined a total of 3067 patients, 
73 of whom were lost to follow-up and 82 died within 
30 days of the atrial switch repair. A total of 2912 patients 
were finally enrolled, of whom 351 met the combined 
endpoint of n-SCD, SCD, or SCD equivalent events. Twenty 
of included studies were single-center types from sites 
in 12 countries [7, 9, 11, 13–19, 21–24, 26–31]. The re-
maining 2 studies were multi-center international studies 
with 2 to 3 involved countries and 7 clinical sites each [8, 
20]. In the described research groups, the average age 
ranged from 13.9 to 35 years, and men accounted for 
51.3%–89.2%, with an average follow-up time from AtrSR 
of 9.9–30 years. The mean age at the time of AtrSR ranged 
from 6.9 to 46 months; 1321 patients were operated on by 
the Mustard method and 1340 by the Senning method; 
251 cases were described as AtrSR without exact numbers 
on the procedure method. The proportion of patients 
with the D-TGA complex ranged from 0% to 49.4%, with 
one study also including one patient representing 1% 
of the study population with the Taussig-Bing anomaly 
[26]. Of 351 deaths, 142 (40.4%) were n-SCD, 194 (55.3%) 
were SCD, and 15 (4.3%) were SCD-equivalent events. The 

characteristics of the included studies are summarized in 
Supplementary material, Table S2.

Meta-analysis
A meta-analysis of the reported risk factors was performed 
(Figure 2A–B). Data on RVD was available from the highest 
number of publications (13 articles with a total number of 
1489 patients); data on procedure type in 8 articles with 
1348 patients; data on SVT in 12 articles with a total num-
ber of patients equaled 1339; complex vs. simple D-TGA 
was evaluated in 11 articles with 1257 patients; at least 
moderate TVR in 9 articles with 870 patients; implanta-
tion of pacemaker in 5 articles with 526 patients; NYHA 
class ≥III/HF hospitalization in 3 articles with 251 patients 
(Table 1).

A statistically significant relationship was found be-
tween at least moderate NYHA class ≥III HF hospitalization 
(P <0.001), TVR (P <0.001), type of surgical procedure (P 
<0.001), complex D-TGA (P = 0.005), and the combined 
endpoint of n-SCD, SCD, and SCD-equivalent events. We ob-
served an association of borderline statistical significance 
between RVD (P = 0.05) and the primary endpoint. We did 
not observe statistically a significant (P = 0.09) relationship 
between SVT or pacemaker implantation (P = 0.29) and the 
primary endpoint (Figure 2A–B). We performed an addition-
al analysis in which we assessed SVT separately for n-SCD 
and SCD/SCD equivalent events (Figure 3) [33]. The me-
ta-analysis showed that SVT is associated with SCD (odds 
ratio [OR], 2.74; 95% confidence interval [CI], 1.36–5.53; 
P = 0.005). To confirm that SVT is a risk factor for SCD, we 
performed a separate meta-analysis for SVT as an n-SCD 
risk factor (Figure 3). We did not find a significant (OR, 1.5; 
95% CI, 0.37–6.0; P = 0.57) relationship between SVT and 
n-SCD, which confirms that SVT is a risk factor only for SCD. 

The overall heterogenity of particular analysis was 
considered significant for RVD (I² = 60%), SVT (I² = 53%) and 
pacemaker implantation (I² = 68%). The analysis of NYHA 
class ≥III/HF hospitalization (I² = 0%), and type of procedure 
(I² = 18%) had non-significant heterogeneity. The analysis 
for at least moderate TVR (I² = 49%) and complex D-TGA 
(I² = 48%) showed intermediate heterogeneity.

DISCUSSION
This meta-analysis demonstrated that at least moderate 
tricuspid valve regurgitation, NYHA class ≥III/heart failure 
hospitalization, right ventricular dysfunction, complex 
D-TGA, and the Mustard procedure are risk factors for long-
term mortality in patients after AtrSR.

NYHA class
NYHA functional class appeared to be a significant risk 
factor for the combined endpoint of long-term mortali-
ty. Since assessment of right ventricular dysfunction by 
echocardiography is not standardized, we decided to 
evaluate the clinical status of patients with the use of 
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NYHA class/HF hospitalization as a risk factor for death in 
patients after AtrSR. Although recent guidelines do not 
recommend to use the NYHA functional status in adults 
with congenital heart defects, this parameter has been 
used in numerous older publications on the survival in 
this group of patients [1]. Most of the patients with  NYHA 
class I and II function are well adapted and report no 
clinical symptoms like dyspnea despite the objectively 
reduced exercise capacity in cardiopulmonary tests [11, 
34]. Of the 251 patients included in the studies compar-
ing NYHA class/HF hospitalization in living and deceased 
patients, as many as 54 (21.5%) patients were hospitalized 

for HF or were in the functional NYHA class ≥III. Previous 
articles, which did not show the relationship between the 
NYHA class and mortality, did not involve in the analysis 
a more objective tool, which is hospitalization for heart 
failure [11, 34]. In our study, clinical deterioration related 
to systemic ventricular dysfunction turned out to be a sig-
nificant risk factor for death, which confirms that NYHA 
class ≥III/HF hospitalization reflects the disturbance of 
temporal RV compensation. Popelova et al. [11] showed 
a correlation between N-terminal pro-B-type natriuretic 
peptide (NT-proBNP) concentration and mortality, while 
not showing a statistically significant relationship be-

Figure 2A. Forest plots showing pooled odds ratios of NYHA >II/heart hospitalization (A), at least moderate TVR (B), Mustard procedure (C), 
Complex D-TGA (D). D-TGA indicates D-transposition of the great arteries

Abbreviations: D-TGA, D-transposition of great arteries; NYHA, New York Heart Association; LTM, long-term mortality;TVR, tricuspid valve 
regurgitation

A

B

C

D
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Figure 2B. Forest plots showing pooled odds ratios of RVD (E), history of SVT (F), and pacemaker implantation (G) for long-term mortality 
using a random effects meta-analysis approach

Abbreviations: RVD, indicates right ventricular dysfunction; SVT, supraventricular tachyarrhythmia

E

F

G

Table 1. Summary of pooled odds ratios results in the random-effect model

Comparison Odds ratio 95% Cl P-value

NYHA functional class ≥III/HF hospitalization vs. NYHA Class ≤II 7.25 2.67–19.7 <0.001

At least moderate TVR vs. no TVR 4.64 1.95–11.05 <0.001

Mustard vs. Senning procedure 2.15 1.37–3.35 <0.001

Complex vs. simple D-TGA 2.41 1.31–4.43 0.005

RVD vs. no RVD 1.94 0.99–3.79 0.05

History of SVT vs. no history of SVT 2.07 0.88–4.85 0.09

Pacemaker vs. no pacemaker 2.37 0.48–11.69 0.29

Abbreviations: CI, confidence interval; HF, heart failure; other — see Figure 2
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tween the NYHA class and mortality. This may suggest 
that a combination of NT-proBNP and hospitalization for 
heart failure might be a more sensitive tool in assessing 
the clinical status and risk of death in patients after AtrSR.

Tricuspid valve regurgitation
Tricuspid valve regurgitation turned out to be the strong-
est risk factor for death in our review. The systematic 
tricuspid valve becomes progressively incompetent in 
patients with operated D-TGA. In most cases, TVR results 
from ring dilatation caused by enlargement of the failing 
systemic RV, but occasionally it can also be caused by 
surgical injury [35]. TVR is often commensurate with RVD, 
but it is not a constant or linear relationship as severe TVR 
does not develop in all patients with dysfunctional RV. The 
results on the use of TVR severity as an indirect parameter 
in assessing systematic ventricular impairment are contra-
dictory [36, 37]. However, TV replacement/repair surgery 
showed stabilization of RV function and improvement of 
NYHA functional class [38]. In addition, TVR severity has 
been shown to correlate with exercise capacity of these pa-
tients assessed in cardiopulmonary tests [39]. The severity 
of TVR may not necessarily correspond to RVD, but it has 
a significant impact on the clinical status of patients with 
corrected D-TGA and is therefore a significant risk factor 
for death in this group. 

Right ventricular dysfunction 
To date, cohort studies have shown a statistically signif-
icant association between RVD and long-term mortality 
[15, 18, 21, 40]. Our meta-analysis has shown that there is 
a statistical tendency between RVD and long-term mortal-
ity in patients with operated D-TGA. However, a previous 
review article by Venkatesh et al. [33] did not confirm such 
results. The difference between the outcomes may be due 
to the discrepancy between exercise capacity, symptomatic 
HF, and RVD subjectively assessed by echocardiography 
[16, 19, 24, 41]. Additionally, systemic failure of the right 
ventricle due to its triangular structure and different ori-
entation of myocardial fibers seems to have a significant 
diastolic component [36]. Due to this fact and the RV 
volume and its mechanism of adaptation to systemic load, 
echocardiographic assessment of RV systolic function does 
not always have to deteriorate. It seems that RVD evaluat-
ed by cardiac magnetic resonance will be a more reliable 
measure. However, the current studies, surprisingly, do 
not show an association between CMR parameters and 
patients’ clinical status or exercise capacity with corrected 
D-TGA [42, 43]. 

Surgery procedure type 
Mustard surgery proved to be a significant risk factor for 
death compared to the Senning procedure, which is in line 

Figure 3. Forest plots showing pooled odds ratios of SVT for SCD (A) and n-SCD (B) using a random effects meta-analysis approach. n-SCD 
indicates non-sudden cardiac death

Abbreviations: SCD, sudden cardiac death; other — see Figure 2

A

B
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with the previous publications [7, 22, 33]. The use of arti-
ficial material to create baffles requires more sutures lines 
within the atria, poses a higher risk of baffle obstruction 
and thus the risk of reoperation. The articles we included 
were published between 1991 and 2017 reflect different 
surgical experiences, quality of extracorporeal circulation 
technology, hypothermia, use of cardioplegia, and peri-
operative care. All those factors could impact long-term 
results in this group. Right after introduction of the Mustard 
procedure, patients were operated on without the use of 
cardioplegia and cardioprotection, which also could have 
impacted outcomes. In the current era, the treatment of 
choice is arterial switch operation, but too few available 
data prevented us from comparing long-term mortality 
between AtrSR and ASO subgroups.

Complexity
The complexity of the defect turned out to be an important 
risk factor for the combined endpoint of long-term mortal-
ity. This can be related to the greater extent of anatomical 
abnormalities subsequently requiring a more extensive 
surgical repair, which prominently translates into worse 
clinical conditions. Moreover, chronic hypoxia associated 
with delayed AtrSR can cause myocardial ischemia and 
scarring. A greater extent of the surgical procedure may 
contribute to the excessive scar formation predisposing 
to iatrogenic right bundle branch block. It may also pre-
dispose to the subsequent SVT and RVD [3, 22]. The lack of 
a unified definition of complex TGA among the included 
studies may bias the outcomes of our meta-analysis. Still, 
previous research also described the complexity of TGA as 
a risk factor for death [31, 33]. 

Supraventricular tachyarrhythmia 
We have not shown that SVT is a risk factor for the com-
bined endpoint consisting of n-SCD and SCD with equiv-
alent events. Since previous investigators showed such an 
association [33], we performed a separate analysis of SVT as 
a risk factor for SCD that showed a statistically significant 
relationship between them [33]. Additionally, the analysis 
of SVT as an n-SCD risk factor did not confirm such a rela-
tionship. The most common SVT occurring in patients after 
D-TGA correction is a cavo-tricuspid isthmus-dependent 
flutter, followed by a macro-reentry circuit related to 
surgical scars. The incidence of SVT increases with aging 
and affects up to a third of these patients [36, 44], with 
atrial fibrillation typically occurring at older age [1]. Due 
to the presence of stiff baffles impairing the capability to 
increase the preload, the high heart rate is poorly tolerated 
hemodynamically and can be fatal [1]. In addition, SVT may 
contribute to SCD with 1:1 conduction through the healthy 
atrial node but also because of potential ischemia of the 
systemic ventricle supplied by only one coronary vessel 
which is the right coronary artery [13, 16]. Cohort studies 
showed a significant statistical relationship between SVT 

and SCD and a poor relationship between tachyarrhythmias 
and overall mortality [7, 16]. Our meta-analysis confirmed 
these findings. However, even if SVT was found to be related 
only to SCD and not to the combined endpoint, it is worth 
emphasizing that arrhythmia may be a surrogate marker 
for dysfunctional systemic ventricles and indirectly may 
also lead to n-SCD [45]. 

Pacemaker
Pacemaker implantation did not show a statistically 

significant relationship with long-term mortality in patients 
after AtrSR. Due to altered heart anatomy and frequent 
secondary atrioventricular conduction disturbances, 
we assumed that this might have an impact on survival 
in patients with corrected D-TGA [3, 30, 46]. However, 
similarly to other authors, implantation of a pacemaker 
was not a statistically significant predictive risk factor for 
death [11, 30, 47]. This finding confirms that pacemaker 
therapy is an effective treatment for various conduction 
system disorders.

Study limitations
The studies included in this meta-analysis are characterized 
by large discrepancies in the era and quality of medical 
services, such as cardiac surgery, extracorporeal circulation, 
or postoperative care. In addition, not all studies used 
cardioplegia, and patients differed in comorbidities and 
socioeconomic conditions. This results in a very high het-
erogeneity of the studies included in this meta-analysis. As 
these were mainly retrospective studies, it should be un-
derlined that all of them differed in study design, risk factor 
definitions, and endpoints. We were unable to produce 
a unified definition for the D-TGA complex. Additionally, we 
also adopted an RVEF cutoff point of <45% as a criterion for 
RVD, though the majority of publications defined RVD as 
RVEF <40%. Importantly, the rated and analyzed outcomes 
parameters, such as TVR, RVD, or NYHA class, were based 
on our subjective judgment and clinical experience. No 
prospective screening with echocardiography, electro-
cardiography, or other modality was performed, and the 
outcomes may be incorrectly estimated. In our opinion, the 
results describing the outcomes, such as right ventricular 
dysfunction or tricuspid valve regurgitation, may have the 
largest error because of our subjective assessment. Lastly, 
as the risk factors included in our study are derived from 
univariate analyses, the multicollinearity between them 
may occur, which should be kept in mind in clinical practice.

CONCLUSIONS
Heart failure decompensation and at least moderate tricus-
pid valve regurgitation have the biggest impact on long-
term survival in patients after the atrial switch procedure 
for D-transposition of the great arteries. Right ventricular 
dysfunction, the complexity of the congenital heart defect, 
and Mustard procedure are also risk factors for mortality in 
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these patients. Supraventricular tachyarrhythmia is a risk 
factor for sudden cardiac death but does not affect all-cause 
mortality in this group.  

Supplementary material
Supplementary material is available at https://journals.
viamedica.pl/kardiologia_polska

Article information
Conflict of interest: None declared.

Funding: None.

Open access: This article is available in open access under Creative 
Common Attribution-Non-Commercial-No Derivatives 4.0 Interna-
tional (CC BY-NC-ND 4.0) license, allowing to download articles and 
share them with others as long as they credit the authors and the 
publisher, but without permission to change them in any way or use 
them commercially. For commercial use, please contact the journal 
office at kardiologiapolska@ptkardio.pl.

REFERENCES
1.	 Baumgartner H, De Backer J, Babu-Narayan SV, et al. 2020 ESC Guidelines 

for the management of adult congenital heart disease. Eur Heart J. 2021; 
42(6): 563–645, doi: 10.1093/eurheartj/ehaa554, indexed in Pubmed: 
32860028.

2.	 Moe TG, Bardo DME. Long-term outcomes of the arterial switch operation 
for d-Transposition of the great arteries. Prog Cardiovasc Dis. 2018; 61(3-4): 
360–364, doi: 10.1016/j.pcad.2018.08.007, indexed in Pubmed: 30227186.

3.	 Gelatt M. Arrhythmia and mortality after the Mustard procedure: a 30-year 
single-center experience. J Am Coll Cardiol. 1997; 29(1): 194–201, doi: 
10.1016/s0735-1097(96)00424-x, indexed in Pubmed: 8996314.

4.	 Ashraf MH, Cotroneo J, DiMarco D, et al. Fate of long-term survivors of 
Mustard procedure (inflow repair) for simple and complex transposition 
of the great arteries. Annals Thoracic Surgery. 1986; 42(4): 385–389, doi: 
10.1016/s0003-4975(10)60541-3, indexed in Pubmed: 3767511.

5.	 Outcomes after the Mustard, Senning and arterial switch operation for 
treatment of transposition of the great arteries in Finland: A nationwide 
4-decade perspective. Abstract. Europe PMC. https://europepmc.org/ar-
ticle/med/28444256 (June 28, 2022).

6.	 Turley K, Hanley FL, Verrier ED. The Mustard procedure in infants (less 
than 100 days of age). Ten-year follow-up. J Thorac Cardiovasc Surg. 1988; 
96(6): 849–853, doi: 3193798.

7.	 Sarkar D, Bull C, Yates R, et al. Comparison of long-term outcomes of atrial 
repair of simple transposition with implications for a late arterial switch 
strategy. Circulation. 1999; 100(Suppl 2): II176–181, doi: 10.1161/01.
cir.100.suppl_2.ii-176, indexed in Pubmed: 10567300.

8.	 Kammeraad JAE, van Deurzen CHM, Sreeram N, et al. Predictors of sudden 
cardiac death after Mustard or Senning repair for transposition of the 
great arteries. J Am Coll Cardiol. 2004; 44(5): 1095–1102, doi: 10.1016/j.
jacc.2004.05.073, indexed in Pubmed: 15337224.

9.	 Wheeler M, Grigg L, Zentner D. Can we predict sudden cardiac death in 
long-term survivors of atrial switch surgery for transposition of the great 
arteries? Congenit Heart Dis. 2014; 9(4): 326–332, doi: 10.1111/chd.12145, 
indexed in Pubmed: 24151816.

10.	 Janousek J, Paul T, Luhmer I, et al. Atrial baffle procedures for complete 
transposition of the great arteries: natural course of sinus node dysfunc-
tion and risk factors for dysrhythmias and sudden death. Z Kardiol. 1994; 
83(12): 933–938, doi: 7846933.

11.	 Popelová JR, Kotaška K, Tomková M, et al. Usefulness of N-terminal pro-
brain natriuretic peptide to predict mortality in adults with congenital 
heart disease. Am J Cardiol. 2015; 116(9): 1425–1430, doi: 10.1016/j.
amjcard.2015.07.070, indexed in Pubmed: 26404943.

12.	 Study Quality Assessment Tools | NHLBI, NIH. https://www.nhlbi.nih.
gov/health-topics/study-quality-assessment-tools (June 28, 2022).

13.	 Agnetti A, Carano N, Cavalli C. Long-term outcome after senning operation 
for transposition of the great arteries. Clin Cardiol. 2004; 27(11): 611–614, 
doi: 10.1002/clc.4960271107, indexed in Pubmed: 15562930.

14.	 Birnie D, Tometzki A, Curzio J, et al. Outcomes of transposition of the great 
arteries in the ear of atrial inflow correction. Heart Br. Card. Soc. 1998; 
80(2): 170–173, doi: 10.1136/hrt.80.2.170, indexed in Pubmed: 9813565.

15.	 Dennis M, Kotchetkova I, Cordina R, et al. Long-term follow-up of adults 
following the atrial switch operation for transposition of the great arteries 
— a contemporary cohort. Heart Lung Circ. 2018; 27(8): 1011–1017, doi: 
10.1016/j.hlc.2017.10.008, indexed in Pubmed: 29525133.

16.	 Dos L. Late outcome of Senning and Mustard procedures for correction 
of transposition of the great arteries. Heart. 2005; 91(5): 652–656, doi: 
10.1136/hrt.2003.029769, indexed in Pubmed: 15831655.

17.	 Genoni M, Vogt P, Segesser L. Extended follow-up after atrial repair for 
transposition of the great arteries: A younger age at surgery improves late 
survival. J Card Surg. 1999; 14(4): 246–251, doi: 10.1111/j.1540-8191.1999.
tb00988.x, indexed in Pubmed: 10874608.

18.	 Ebenroth ES, Hurwitz RA. Long-term functional outcome of patients fol-
lowing the mustard procedure: the next decade of follow-up. Congenit 
Heart Dis. 2007; 2(4): 235–241, doi: 10.1111/j.1747-0803.2007.00103.x, 
indexed in Pubmed: 18377474.

19.	 Helbing WA, Hansen B, Ottenkamp J, et al. Long-term results of atrial 
correction for transposition of the great arteries. Comparison of Mustard 
and Senning operations. J Thorac Cardiovasc Surg. 1994; 108(2): 363–372, 
indexed in Pubmed: 8041184.

20.	 Khairy P, Harris L, Landzberg MJ. Sudden death and defibrillators in 
transposition of the great arteries with intra-atrial baffles: A multicenter 
study. Circ Arrhythm Electrophysiol. 2008; 1(4): 250–257, doi: 10.1161/CIR-
CEP.108.776120, indexed in Pubmed: 19808416.

21.	 Kirjavainen M, Happonen JM, Louhimo I. Late results of Senning operation. 
J Thorac Cardiovasc Surg. 1999; 117(3): 488–495, doi: 10.1016/s0022-
5223(99)70329-6, indexed in Pubmed: 10047652.

22.	 Lange R, Hörer J, Kostolny M, et al. Presence of a ventricular septal defect 
and the Mustard operation are risk factors for late mortality after the atrial 
switch operation: thirty years of follow-up in 417 patients at a single 
center. Circulation. 2006; 114(18): 1905–1913, doi: 10.1161/CIRCULATIO-
NAHA.105.606046, indexed in Pubmed: 17060385.

23.	 Meijboom F, Szatmari A, Deckers JW, et al. Long-term follow-up (10 to 
17 years) after Mustard repair for transposition of the great arteries. J 
Thorac Cardiovasc Surg. 1996; 111(6): 1158–1168, doi: 10.1016/s0022-
5223(96)70217-9, indexed in Pubmed: 8642816.

24.	 Merlo M, de Tomassi SM, Brunelli F, et al. Long-term results after atrial 
correction of complete transposition of the great arteries. Ann Thorac 
Surg. 1991; 51(2): 227–231, doi: 10.1016/0003-4975(91)90791-n, indexed 
in Pubmed: 1989536.

25.	 Moons P, Gewilig M, Sluysmans T, et al. Long term outcome up to 
30 years after the Mustard or Senning operation: A nationwide multi-
centre study in Belgium. Heart Br Card Soc. 2004; 90(3): 307–313, doi: 
10.1136/hrt.2002.007138, indexed in Pubmed: 14966055.

26.	 Puley G, Siu S, Connelly M, et al. Arrhythmia and survival in patients 
>18 years of age after the mustard procedure for complete transpo-
sition of the great arteries”. Am J Cardiol. 1999; 83(7): 1080–1084, doi: 
10.1016/s0002-9149(99)00019-3, indexed in Pubmed: 10190524.

27.	 Roubertie F, Thambo JB, Bretonneau A, et al. Late outcome of 132 Senning 
procedures after 20 years of follow-up. Ann Thorac Surg. 2011; 92(6): 
2206–2214, doi: 10.1016/j.athoracsur.2011.06.024, indexed in Pubmed: 
21962265.

28.	 Schwerzmann M, Salehian O, Harris L, et al. Ventricular arrhythmias and 
sudden death in adults after a Mustard operation for transposition of 
the great arteries. Eur Heart J. 2009; 30(15): 1873–1879, doi: 10.1093/eu-
rheartj/ehp179, indexed in Pubmed: 19465439.

29.	 Segesser LK, Fry M, Senning A, et al. Atrial repair for transposition of the 
great arteries: Current approach in Zürich based on 24 years of follow-up. 
Thorac Cardiovasc. Surg. 1991; 39(Suppl 2): 185–189, doi: 10.1055/s-2007-
1020016, indexed in Pubmed: 1788856.

30.	 Wilson NJ, Clarkson PM, Barratt-Boyes BG, et al. Long-term outcome after 
the mustard repair for simple transposition of the great arteries. 28-year 
follow-up. J Am Coll Cardiol. 1998; 32(3): 758–765, doi: 10.1016/s0735-
1097(98)00309-x, indexed in Pubmed: 9741524.

31.	 Myridakis DJ, Ehlers KH, Engle MA. Late follow-up after venous switch op-
eration (Mustard procedure) for simple and complex transposition of the 
great arteries. Am J Cardiol. 1994; 74(10): 1030–1036, doi: 10.1016/0002-
9149(94)90854-0., indexed in Pubmed: 7977042.

http://dx.doi.org/10.1093/eurheartj/ehaa554
https://www.ncbi.nlm.nih.gov/pubmed/32860028
http://dx.doi.org/10.1016/j.pcad.2018.08.007
https://www.ncbi.nlm.nih.gov/pubmed/30227186
http://dx.doi.org/10.1016/s0735-1097(96)00424-x
https://www.ncbi.nlm.nih.gov/pubmed/8996314
http://dx.doi.org/10.1016/s0003-4975(10)60541-3
https://www.ncbi.nlm.nih.gov/pubmed/3767511
https://europepmc.org/article/med/28444256
https://europepmc.org/article/med/28444256
http://dx.doi.org/3193798
http://dx.doi.org/10.1161/01.cir.100.suppl_2.ii-176
http://dx.doi.org/10.1161/01.cir.100.suppl_2.ii-176
https://www.ncbi.nlm.nih.gov/pubmed/10567300
http://dx.doi.org/10.1016/j.jacc.2004.05.073
http://dx.doi.org/10.1016/j.jacc.2004.05.073
https://www.ncbi.nlm.nih.gov/pubmed/15337224
http://dx.doi.org/10.1111/chd.12145
https://www.ncbi.nlm.nih.gov/pubmed/24151816
http://dx.doi.org/7846933
http://dx.doi.org/10.1016/j.amjcard.2015.07.070
http://dx.doi.org/10.1016/j.amjcard.2015.07.070
https://www.ncbi.nlm.nih.gov/pubmed/26404943
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://dx.doi.org/10.1002/clc.4960271107
https://www.ncbi.nlm.nih.gov/pubmed/15562930
http://dx.doi.org/10.1136/hrt.80.2.170
https://www.ncbi.nlm.nih.gov/pubmed/9813565
http://dx.doi.org/10.1016/j.hlc.2017.10.008
https://www.ncbi.nlm.nih.gov/pubmed/29525133
http://dx.doi.org/10.1136/hrt.2003.029769
https://www.ncbi.nlm.nih.gov/pubmed/15831655
http://dx.doi.org/10.1111/j.1540-8191.1999.tb00988.x
http://dx.doi.org/10.1111/j.1540-8191.1999.tb00988.x
https://www.ncbi.nlm.nih.gov/pubmed/10874608
http://dx.doi.org/10.1111/j.1747-0803.2007.00103.x
https://www.ncbi.nlm.nih.gov/pubmed/18377474
https://www.ncbi.nlm.nih.gov/pubmed/8041184
http://dx.doi.org/10.1161/CIRCEP.108.776120
http://dx.doi.org/10.1161/CIRCEP.108.776120
https://www.ncbi.nlm.nih.gov/pubmed/19808416
http://dx.doi.org/10.1016/s0022-5223(99)70329-6
http://dx.doi.org/10.1016/s0022-5223(99)70329-6
https://www.ncbi.nlm.nih.gov/pubmed/10047652
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.606046
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.606046
https://www.ncbi.nlm.nih.gov/pubmed/17060385
http://dx.doi.org/10.1016/s0022-5223(96)70217-9
http://dx.doi.org/10.1016/s0022-5223(96)70217-9
https://www.ncbi.nlm.nih.gov/pubmed/8642816
http://dx.doi.org/10.1016/0003-4975(91)90791-n
https://www.ncbi.nlm.nih.gov/pubmed/1989536
http://dx.doi.org/10.1136/hrt.2002.007138
https://www.ncbi.nlm.nih.gov/pubmed/14966055
http://dx.doi.org/10.1016/s0002-9149(99)00019-3
https://www.ncbi.nlm.nih.gov/pubmed/10190524
http://dx.doi.org/10.1016/j.athoracsur.2011.06.024
https://www.ncbi.nlm.nih.gov/pubmed/21962265
http://dx.doi.org/10.1093/eurheartj/ehp179
http://dx.doi.org/10.1093/eurheartj/ehp179
https://www.ncbi.nlm.nih.gov/pubmed/19465439
http://dx.doi.org/10.1055/s-2007-1020016
http://dx.doi.org/10.1055/s-2007-1020016
https://www.ncbi.nlm.nih.gov/pubmed/1788856
http://dx.doi.org/10.1016/s0735-1097(98)00309-x
http://dx.doi.org/10.1016/s0735-1097(98)00309-x
https://www.ncbi.nlm.nih.gov/pubmed/9741524
http://dx.doi.org/10.1016/0002-9149(94)90854-0.
http://dx.doi.org/10.1016/0002-9149(94)90854-0.
https://www.ncbi.nlm.nih.gov/pubmed/7977042


w w w . j o u r n a l s . v i a m e d i c a . p l / k a r d i o l o g i a _ p o l s k a 47

Sonia Alicja Nartowicz et al., Meta-analysis of factors affecting survival in patients with D-TGA

32.	 Cochrane Handbook for Systematic Reviews of Interventions. Chapter 10: 
Analysing data and undertaking meta-analyses. https://training.cochrane.
org/handbook/current/chapter-10 (June 28, 2022).

33.	 Venkatesh P, Evans AT, Maw AM, et al. Predictors of late mortality in 
d-transposition of the great arteries after atrial switch repair: Systematic 
review and meta-analysis. J Am Heart Assoc. 2019; 8(21): e012932.

34.	 Westhoff-Bleck M, Podewski E, Tutarel O, et al. Prognostic value of 
NT-proBNP in patients with systemic morphological right ventricles: a sin-
gle-centre experience. Int J Cardiol. 2013; 169(6): 433–438, doi: 10.1016/j.
ijcard.2013.10.014, indexed in Pubmed: 24169536.

35.	 Warnes CA. Transposition of the great arteries. Circulation. 2006; 114(24): 
2699–2709, doi: 10.1161/CIRCULATIONAHA.105.592352, indexed in 
Pubmed: 17159076.

36.	 Love BA, Mehta D, Fuster VF. Evaluation and management of the adult 
patient with transposition of the great arteries following atrial-level 
(Senning or Mustard) repair. Nat Clin Pract Cardiovasc Med. 2008; 5(8): 
454–467, doi: 10.1038/ncpcardio1252, indexed in Pubmed: 18594551.

37.	 De Caro E, Bondanza S, Calevo MG, et al. Tricuspid annular plane systolic 
excursion for the assessment of ventricular function in adults operated 
on with mustard procedure for complete transposition of the great ar-
teries. Congenit Heart Dis. 2014; 9(3): 252–258, doi: 10.1111/chd.12135, 
indexed in Pubmed: 24010728.

38.	 Koolbergen DR, Ahmed Y, Bouma BJ, et al. Follow-up after tricuspid valve 
surgery in adult patients with systemic right ventricles. Eur J Cardiotho-
rac Surg. 2016; 50(3): 456–463, doi: 10.1093/ejcts/ezw059, indexed in 
Pubmed: 26984988.

39.	 Salapa K, Okolska M, et al. Clinical evaluation of exercise capacity in adults 
with systemic right ventricle. Tex Heart Inst J. 2019; 46(1): 14–20, doi: 
10.14503/THIJ-17-6408, indexed in Pubmed: 30833832.

40.	 Dobson R, Danton M, Nicola W, et al. The natural and unnatural history 
of the systemic right ventricle in adult survivors. J Thorac Cardiovasc 

Surg. 2013; 145(6): 1493–1503, doi: 10.1016/j.jtcvs.2013.02.030, indexed 
in Pubmed: 23490252.

41.	 Cuypers JA, Eindhoven JA, Slager MA, et al. The natural and unnatural 
history of the Mustard procedure: Long-term outcome up to 40 years. Eur 
Heart J. 2014; 35(25): 1666–1674, doi: 10.1093/eurheartj/ehu102, indexed 
in Pubmed: 24644309.

42.	 Ladouceur M. Impaired atrioventricular transport in patients with transpo-
sition of the great arteries palliated by atrial switch and preserved systolic 
right ventricular function: A magnetic resonance imaging study: LADOU-
CEUR. Congenit Heart Dis. 2017; 12(4): 458–466, doi: 10.1111/chd.12472, 
indexed in Pubmed: 28508510.

43.	 Samyn MM, Yan Ke, Masterson C, et al. Echocardiography vs cardiac mag-
netic resonance imaging assessment of the systemic right ventricle for 
patients with d-transposition of the great arteries status post atrial switch. 
Congenit Heart Dis. 2019; 14(6): 1138–1148, doi: 10.1111/chd.12861, 
indexed in Pubmed: 31816182.

44.	 Murphy DJ. Transposition of the great arteries: long-term outcome 
and current management. Curr Cardiol Rep. 2005; 7(4): 299–304, doi: 
10.1007/s11886-005-0052-0, indexed in Pubmed: 15987628.

45.	 Gatzoulis MA. Late arrhythmia in adults with the Mustard procedure for 
transposition of great arteries: A surrogate marker for right ventricular 
dysfunction? Heart. 2000; 84(4): 409–415, doi: 10.1136/heart.84.4.409, 
indexed in Pubmed: 10995411.

46.	 Chaix MA, Chergui M, Leduc C, et al. Sudden death in transposition of the 
great arteries with atrial switch surgery: Autopsy evidence of acute myo-
cardial ischemia despite normal coronary arteries. Int J Cardiol. 2019; 288: 
65–67, doi: 10.1016/j.ijcard.2019.02.026, indexed in Pubmed: 30808604.

47.	 Flinn CJ, Wolff GS, Dick M, et al. Cardiac rhythm after the Mustard opera-
tion for complete transposition of the great arteries. N Engl J Med. 1984; 
310(25): 1635–1638, doi: 10.1056/NEJM198406213102504, indexed in 
Pubmed: 6727935.

https://training.cochrane.org/handbook/current/chapter-10
https://training.cochrane.org/handbook/current/chapter-10
http://dx.doi.org/10.1016/j.ijcard.2013.10.014
http://dx.doi.org/10.1016/j.ijcard.2013.10.014
https://www.ncbi.nlm.nih.gov/pubmed/24169536
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.592352
https://www.ncbi.nlm.nih.gov/pubmed/17159076
http://dx.doi.org/10.1038/ncpcardio1252
https://www.ncbi.nlm.nih.gov/pubmed/18594551
http://dx.doi.org/10.1111/chd.12135
https://www.ncbi.nlm.nih.gov/pubmed/24010728
http://dx.doi.org/10.1093/ejcts/ezw059
https://www.ncbi.nlm.nih.gov/pubmed/26984988
http://dx.doi.org/10.14503/THIJ-17-6408
https://www.ncbi.nlm.nih.gov/pubmed/30833832
http://dx.doi.org/10.1016/j.jtcvs.2013.02.030
https://www.ncbi.nlm.nih.gov/pubmed/23490252
http://dx.doi.org/10.1093/eurheartj/ehu102
https://www.ncbi.nlm.nih.gov/pubmed/24644309
http://dx.doi.org/10.1111/chd.12472
https://www.ncbi.nlm.nih.gov/pubmed/28508510
http://dx.doi.org/10.1111/chd.12861
https://www.ncbi.nlm.nih.gov/pubmed/31816182
http://dx.doi.org/10.1007/s11886-005-0052-0
https://www.ncbi.nlm.nih.gov/pubmed/15987628
http://dx.doi.org/10.1136/heart.84.4.409
https://www.ncbi.nlm.nih.gov/pubmed/10995411
http://dx.doi.org/10.1016/j.ijcard.2019.02.026
https://www.ncbi.nlm.nih.gov/pubmed/30808604
http://dx.doi.org/10.1056/NEJM198406213102504
https://www.ncbi.nlm.nih.gov/pubmed/6727935

