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The arterial switch operation (ASO) is considered the gold standard for repair of D-transposition of the
great arteries. However, when patients present after the third week of life, the early operative outcomes
may be less predictable. Current guidelines recommend extra corporeal membrane oxygenation
(ECMO) availability when the arterial switch is performed on patients between 3 to 6 weeks of age.
Controversy remains regarding the safe upper age limit for a successful arterial switch operation. An
objective assessment of the efficacy of a treatment requires a comparison of the treatment outcome
with the natural history. We reviewed the literature and used the most externally valid data to create a
composite survival curve that facilitates the comparison of surgical outcome and natural history. The
data suggest that, where ECMO is available, the ASO is the best option for patients at any age up to 14
weeks old. The ASO is also the best option for patients up to 2 weeks of age where ECMO is not
available. The atrial switch operation (AtSO) is the best option for patients between 2 weeks and 14
weeks of age where ECMO is not available. The ASO or the AtSO should be offered as soon as possible
after birth; surgery after 14 weeks of age may not improve 10 year survival compared to the natural
history.
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INTRODUCTION

The introduction of the atrial switch operation (AtSO)
improved the long-term survival of patients with D-
transposition of the great arteries (D-TGA) (Wells, 2000).
Later, the arterial switch operation (ASO) was introduced;
this provided better long-term survival than the AtSO and
is considered the gold standard for repair of D-TGA
(Kiener et al., 2018). However, when patients present
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after the third week of life, the early operative outcomes
may be less predictable (Bigdelian and Sedighi, 2020).
Current recommendations advise that the ASO be offered
to patients who present up to 6 weeks of age; extra-
corporal life support (ECLS) support should be available
for patients over 3 weeks of age (Sarris et al., 2017). This
is a class lla recommendation and Level B evidence;
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Table 1. Proximal similarity model parameters.
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Area of threat to external

NH studies: parameters

SO studies: parameters used to assess

validity used to assess validity validity

Subjects D-TGA; LSS D-TGA; LSS; AAS

Geography Unrestricted locations Only sites with ECMO availability for ASO

Time Any time Papers published after the year 1995
AAS= age at surgery; D-TGA=D-Transposition of great arteries; ECMO=extra corporal membrane

oxygenation;LSS=large sample size; NH=natural history; SO=surgical outcome.

Table 2. Search strategy.

Search number and terms

Transposition, great,
Transposition, great,
Transposition, great,
Transposition, great,
Transposition, great,
Transposition, great,
Transposition, great,
Transposition, great,
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13.

arteries,
arteries,
arteries,
arteries,
arteries,
arteries,
arteries, long, term, results(GS)
arteries, long, term, survival(P)
Transposition, great, arteries,
Left, ventricular, retraining(GS)
Arterial, switch, operation, outcomes(GS,P)
Arterial, switch, operation, years(GS)

Arterial, switch, operation, long, term, outcome(P)

natural, history(GS,P)
unoperated(GS,P)
survival(GS)

natural, survival(P)
outcome(GS)

long, term, outcome(P)

left, ventricular, retraining(P)

Key: GS = Goggle scholar, P = Pubmed

the level of evidence for surgical options after 3 weeks of
age is essentially Level C. Controversy remains regarding
the safe upper age limit for a successful arterial switch
operation. The goal of surgery is to improve the quality
and quantity of life. Reliable and valid surgical outcome
data, applied in the context of reliable and valid natural
history data, optimises surgical decision making. We
reviewed the literature to find the most reliable and valid
natural history data for D-TGA and to find the most
reliable and valid surgical outcome data for repair of D-
TGA. A pilot study suggested that there would be
insufficient data to conduct a credible meta-analysis or
receiver operator curve analysis. For this reason we used
the ‘Proximal Similarity Model’(PSM) to determine which
natural history and surgical outcomes studies had the
greatest external validity (Polit and Beck, 2010). As the
observed survival from a natural history curve is an
estimate of the probability of survival, it can be directly
compared with the postoperative Kaplan-Meier survival
curves (http://ocw.jhsph.edu/courses/fundepi/pdfs/
Lecture9.pdf). We used the most externally valid studies
to generate a composite survival curve. This curve
graphically demonstrates the surgical survival benefit as
a function of age at the time of surgery.

PATIENTS AND METHODS
The proximal similarity model

According to this model, there are essentially 3 major threats to
external validity; these relate to the study subjects, the study
location and the study time. The proximal similarity model
endeavours to establish which study most closely resembles the
population of interest (that is, which study has the greatest external
validity). Table 1 shows which parameters were used to choose the
most externally valid natural history and surgical outcome studies.

A paper was chosen to construct the surgical outcome curve for
one or more of the following reasons:

1. It was the largest study retrieved.

2. It examined surgical outcomes in neonates

3. It examined surgical outcomes in infants older than 60 days of
age

4. It was from a surgical era that reflects current surgical practice
and outcomes.

5. It followed up a sufficient number of patients to detect 10 year
mortality rate of 9.3% with a 90% confidence level.

Search strategy and selection criteria

PUBMED and Google Scholar were searched systematically from
January 1% 1966 until October 11" 2021. Table 2 shows the search
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1234 results
Retrieved

Titles & Abstracts

Read

77 Full texts
Read

26 Full texts
Included

Figure 1. Search flow diagram.

terms and strategy. Google scholar searches used “all in title”
option; PUBMED searches used “title/abstract” option. All search
terms were combined with “AND”. Titles and abstracts were
reviewed and full-text articles were obtained when the abstract
indicated that there was a possibility that data pertaining to natural
history or long-term surgical outcomes might be present. Papers on
congenitally corrected transposition were excluded expect for
assessment of left ventricular retraining (LVR). Non-English
language studies and non-human studies were also excluded. A
recent large study by Santens et al. (2020) showed that the late
surgical mortality rate was 9.3%. In view of this, we only considered
surgical outcome studies that examined a sufficient number of
patients to detect this degree of late mortality with a 90%
confidence Level. This essentially meant that studies with a sample
size of less than 92 patients at 10 years follow-up were excluded.
This sample size ‘cut-off was determined using a free online
sample size calculator (https://www.calculator.net/sample-size-
calculator.html). The search flow is shown in Figure 1.

Creation of the composite graph

The most externally valid natural history data were used to create a
natural history curve. We then examined the long-term
postoperative survival data of relevant retrieved full-texts. The most
externally valid studies were used to generate the composite graph.
The chosen surgical outcome curve was then superimposed on the
natural history curve by sliding its origin along the natural history
curve until the survival predicted by the curve at 10 years post
repair could be said to be the same as that predicted by the natural
history curve.

RESULTS

The search yielded 1,234 results; 77 relevant full-texts
were obtained after examining titles and abstracts. Nine
full-texts related to the natural history of D-TGA and 68
related to the surgical outcome of repair. The references

1157 results
excluded

51 Full texts
Excluded

of these full texts were examined for additional relevant
references. The important details of the studies included
for consideration when developing the postoperative
survival branch of the composite survival curve are
shown in Table 3. A list of excluded full texts that may
have followed-up enough patients for 10 years, but
survival data could not be determined from the texts, are
shown in Table 4. A list of the retrieved natural history full
texts is included in Table 5. The list of papers used to
examine the results of techniques used to improve late
ASO outcomes is shown in Table 6. The natural history
curve for D-TGA is shown in Figure 2; the composite
graph is shown in Figure 3.

There are two methods used to determine the natural
history of a disease:

1. Follow-up a group of live patients to determine when
patients die.

2. Perform an autopsy study on a group of patients
thought to have died from the disease to determine the
age pattern at the time of death.

Despite an extensive search, only 2 studies were found
that could potentially be used to generate our natural
history curve. The first study followed 946 patients with
congenital heart disease (CHD) over 27 years (Samanek,
1992). This study was conducted in the Central Bohemia
of the Czech Republic under circumstances that may not
occur again. At that time, in Central Bohemia, all
congenital heart disease was managed at one institution.
Minimal surgery was performed locally and patients did
not travel abroad for surgery. Patient follow-up was
rigorous and post-mortems in children were mandatory.
These factors combined to provide an ideal opportunity to
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Study

Study vear YOES TN(a/b) AAS (a/b) OM (a/b;%) 10 YS (a/b;%) N10OYPO (a/b)
Koubsky et al 2021 1990 605/0 7% 3.3 94.9 308
Van der Palen et al 2021 1977 490/0 8 8.8 89.1 275
Tyson et al 2020 1983 1033/0 10* 3.3 96 621
Santens et al 2020 1981 318/0 7* 7.5 90.7 161
Fraser et al 2020 1995 394/0 gx 1.3 97.8 187
Kieneret al 2018 1982 259/295 7%/167* 21.6/12.9 82/84 133/194
Vejlstrup et al 2015 1967 0/468 694* 20 70 312
Bisoi et al 2014 2003 109/0 60* 8.2 - -
Khairy et al 2013 1983 400/0 5 8 91.2 306
Odacet al 2012 1984 387/0 19+ 3.4 92.2 186
Gorleret al 2011 1973 80/222 67"/517" 11.3/3.2 86/90 43/114
Roubertie et al 2011 1977 0/132 353" 5.3 89 109
Horer et al 2009 1974 417/512  73%295" 6.4/4.6 92.2/89.1 217/360
Moons et al 2004 1970 0/339 110 16.5 75.2 194
Williams et a 2003 1985 516/285 15%/15* 14.9/10.5 82/84 334/221
Wells et al 2000 1985 0/281 15* 10 84 177

AAS= age at surgery; a=arterial switch operation; b= atrial switch operation; * median in days; # mean in days; N10YPO= number of
patients 10 years postoperatively; OM=operative mortality; TN=total number of patients; YOES= year of earliest surgery.

Table 4. Surgical outcome that may have followed up enough patients postoperatively to 10 years.

Study Authors Study Year Number of patients Type of surgery
1 Swartz et al 2012 120 ASO
2 Co-Vuetal 2012 124 ASO
3 Angeli et al 2010 119 ASO
4 Dibardino et al 2004 125 ASO
5 Hutter et al 2002 195 ASO
6 Daebritz et al 2000 312 ASO
7 Genoniet al 1999 239 ASO
8 Birnie et al 1998 109 AtSO
9 Wilson et al 1998 113 AtSO

study the natural history of CHD. We used the data from
this study to develop our natural history curve for the first
15 years of life. There were 100 patients with TGA in this
study (Samanek, 1992; Samanek et al., 1988). The 15
year natural history mortality was 62% (+/- 9.5%; 95%
confidence interval). The second study was by Liebman
study (Liebman et al., 1969); although it was larger,
patients were free to leave the study area; 25% of the
patients included in the study had surgery;16.4 % of the
mortalities were surgically related and 6.8% of patients
who died did not have an autopsy. We thought that these
factors could significantly distort the natural history data,
so we did not use this data.

The largest contemporary ASO outcome series was
that of Fricke (Tyson et al.,, 2020); the median age at
surgery was 10 days and it followed up a sufficient

number of patients up to 10 years postoperatively. The
study by Fraser (Fraser et al., 2020) was the most
contemporary study that followed a sufficient number of
patients up to 10 years postoperatively. We thought this
study had the most externally valid ASO outcome data,
for patients up to 14 days old at the time of surgery; we
used it to generate the ASO arm of the composite
survival curve. Although we examined 14 full-text articles
on the surgical outcome of the AtSO, only 2 of these
papers had patients with a median age at surgery of 30
days or less. These papers were published during the
same era and gave an identical 10 year survival figure of
84% (Williams et al., 2003; Wells, 2000). Both papers
showed that the longterm outcome after the Mustard
AtSO was better than that following the Senning AtSO.
The paper by Wells (2000) showed the survival figures
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Table 5. Natural history full texts retrieved.

Author Study year Study type Max age*of patient(s)
Fedrigo et al 2020 Case report 68
Narcissi-Alvarez et al 2019 Case report 31"

Asfalou et al 2013 Case report 117

Talwar et al 2010 Case report 26"
Samanek 1992 Descriptive cohort 15

Van der Horst and Gotsman 1973 Descriptive cohort -

Liebman et al 1969 Descriptive cohort -

*years; " age at time of surgery.

Table 6. Studies on left ventricular retraining.

Author Study year Re-training type N Age* of youngest patient  Successful ASO (%)
Malanker et al 2020 LVAD 6 45 100

Leong et al 2019 PDAS 11 0.8 82
Sologashvili et al 2018 PAB 20 15 95
Mainwaring et al 2018 PAB 25 8 48
Watanabe et al 2015 PAB 32 60 56

Maet al 2014 PAB 31 1 90.3
Kothariet al 2011 PDAS 6 3 66
Lacour-Gayet et al 2001 PAB 22 0.3 86.4

*Age in months; ASO=arterial switch operation; LVAD=left ventricular assist device;

artery banding; PDAS=patent ductus arteriosus stenting.

N= number of patients studied PAB=pulmonary

Figure 2. The natural history curve for D-TGA

for the Mustard and Senning techniques separately; we
used their Mustard data to generate the AtSO survival
arm of our composite graph. The natural history and
surgical outcome studies did not distinguish between D-
TGA with an intact ventricular septum (D-TGA IVS) and
D-TGA with a VSD; however for most surgical outcome
studies, D-TGA IVS (also referred to as simple D-TGA)
accounted for about 60 to 70% of patients. Eight studies
on left ventricular retraining (LVR), representing 153

patients, were retrieved. Three techniques of LVR were
represented; Pulmonary Artery Band (PAB) was the most
prevalent.

Although not depicted by the composite graph, all the
curves (except the one for ASO after 60 days of age)
essentially remain flat up to 15 years of age or 15 years
after surgery. This means that the composite graph
essentially shows almost identical short-term and long-
term outcomes for the ASO and the AtSO performed
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Figure 3. The composite graph

before 2 weeks of age; the ASO curve is superimposed
on the AtSO curve. For patients up to 14 days old at the
time of surgery, we used the curves provided by Fraser
(Fraser et al., 2020) and Wells (2000) to draw the ASO
and AtSO curves respectively. The short-term and long-
term outcomes of the ASO and the AtSO are slightly
worse when they are performed on patients older than 60
days old; even with ECMO availability for the ASO. For
patients over 60 days old at the time of surgery, we used
the curves provided by Bisoi (2014) and Williams (2003)
for ASO and AtSO respectively. ASO operative mortality
was 1.3% for patients up to 2 weeks of age and 8.3% for
patients older than 60 days (Fraser et al., 2020; Bisoi et
al., 2014). The AtSO operative mortality was 4% for
patients up to 2 weeks of age and 5.7% for patients older
than 60 days (Roubertie et al., 2011; Wells, 2000). When
the ASO was performed on patients older than 60 days
old, 20% (+/- 7.5%; 95% CI) required ECMO (Bisoi et al.,
2014). The ECMO requirement post ASO in patients up
to 2 weeks of age was 3.9 %(+/-1.2%; 95% CI) (Tyson et
al., 2020). By 2 weeks of age, about 20% of unoperated
patients with D-TGA have died and by 8 weeks of age
50% have died. Three out of four of the chosen surgical
survival curves follow-up a sufficient number of patients
for 10 years to give a confidence level of 95% for the
long-term mortality. The curve for ASO surgical outcomes
on patients older than 60 days is the exception, it has a
mean follow up of 28 months (range 18-84 months); as
this was the most externally valid data on this subset of
patients we used to generate the composite curve.

Comment

A meta-analysis of randomized clinical trials (RCT’s) or
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observational studies is the preferred method of
reviewing scientific literature. Our search did not yield any
RCT's and the observational studies found had
insufficient data for a meta-analysis or receiver-operator
curve analysis. We chose the PSM technique to examine
each study’s attempt at minimising bias and confounding.
The most externally valid studies where then used to
create the composite curve.
The composite curve clearly demonstrates 3 things:

1. A delay in offering surgery results in a higher mortality:
if surgery is delayed to 14 days of age, over 20% of
patients with D-TGA will have died.

2. The ASO after 60 days of age has short-term and long-
term mortality that are essentially the same as an AtSO,
provided that ECMO is available post ASO.

3. Surgery after 14 weeks of age may not improve 10
year survival compared to the natural history.

A major argument against the AtSO is that a

morphologically right ventricle supporting the systemic
circulation will eventually fail. Another concern is the high
likelihood that patients will require a permanent
pacemaker after the AtSO. Although some literature
suggests that an ASO in older patients may be
associated with poorer short-term outcomes (Bisoi et al.,
2014), the argument that ‘the superior long-term outcome
of an ASO mitigates the inferior short-term outcome of a
late ASQO’ is often cited as a reason for striving to perform
an ASO in older patients (Kiener et al., 2018). One of the
only 2 large studies on the AtSO performed in neonates
found that 60% of patients are still in NYHA class 1 up to
12 years postoperatively; the vast majority of the rest
were in NYHA class 2 (Wells, 2000). The other study
found that the need for a pacemaker was 11% at 15
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years (Williams et al., 2003). Another large AtSO study,
where the median age at surgery was 6 months, reports
6 patients alive 40 years after their AtSO (Raissadati et
al., 2017). In this study, the survival curve had essentially
remained flat from 20 years post- surgery; 159 patients
had been followed for 20 years and 6 patients for 40
years, the mortality over this period was 3%. The
mortality One other large study, where the AtSO was
performed in infants, supports these findings; the 20 year
survival was about 87% (Gorler et al.,, 2011). Although
concerns about the RV in the systemic circulation are
valid, results from these 4 large studies show that the
right ventricle, in the systemic position, can reliably
maintain a patient in NYHA class 1 or 2 for the long-term.

Attempts have been made to identify the upper age
limit for a “low risk” successful ASO. Morphological
parameters such as ventricular wall thickness, ventricular
muscle mass and the ‘position’ of the interventricular
septum have been proposed as predictors of a successful
‘low risk’ ASO (Lacour-Gayet et al., 2001). A period of left
ventricular retraining (LVR), either by banding the main
pulmonary artery or stenting a patent ductus arteriosus
(PDA) have also been advocated as a means of
increasing the likelihood that the left ventricle will support
the systemic circulation after the ASO (Raissadati et al.,
2017; Leong et al., 2019). Postoperative mechanical
support of the left ventricle has also been proposed as
method of increasing the chance that the left ventricle will
tolerate an ASO (Malankar et al., 2020). We examined
available evidence for the support of these techniques;
our results are summarised in Table 6. We found 8
studies representing 153 patients; in none of these
studies did LVR deliver better short-term outcomes
compared to an ASO or AtSO in patients over 60 days of
age. Taken as a homogenous group, assuming that all
techniques are based on exposing the left ventricle to a
pressure load, 115 out of 153 patients (75.2% +/- 6.84%;
95% CI) had a successful ASO. Although the number of
patients represented is small, the available evidence
suggests that LVR may be inferior to ASO with ECMO
availability or the AtSO in patients older than 60 days of
age.

Almost 4% (3.9%) of patients who have an ASO up to 2
weeks of age will require ECMO. It is assumed that if
ECMO was not available, these patients would die. It is
reasonable to infer that if the ASO switch was performed
on patients up to the age of 2 weeks in a centre that did
not have ECMO, the operative mortality would be a least
4%. This is very similar to the operative mortality of 4% of
the AtSO on patients up to the age of 2 weeks old.

Similarly, 20% of patients who have an ASO operation
after 60 days of age will require ECMO. If the ASO is
performed, on this subset of patients, in a centre that
does not have ECMO, the operative mortality would be a
least 20%. This level of operative mortality is significantly
higher than the 5.7% associated with the AtSO in patients
older than 60 days of age. Although the composite curve
does not examine surgical outcomes of patients between

the ages of 2 weeks and 60 days; it would be reasonable
to extrapolate that the ECMO requirement after an ASO
would rise with increasing age up to the level seen after
an ASO on patients older than 60 days old. The operative
mortality for the AtSO operation may not be significantly
different between the ‘up to 2 week’ old group and the
‘over 60 days of age’ group (4 and 5.7%, respectively).
Available evidence suggests that the Mustard procedure
offers superior short-term and long-term outcomes
compared to the Senning procedure (Williams et al.,
2003; Wells, 2000). Interestingly, our search strategy
yielded one study that suggested that delaying the ASO
past 3 days of age increased operative morbidity
(Anderson et al.,, 2014) and yielded two studies that
suggested that delaying the ASO past 6 days of age
increased operative mortality (Kirklin et al., 1992; O'Byrne
et al., 2018). The study by O'Byrne (O'Byrne et al., 2018)
is particularly noteworthy as it examined 2159 neonates
from 40 hospitals.
Our results suggest the following:

1. The best option for a patient presenting at any age up
to 14 weeks old, where ECMO is available, would be the
ASO.

2. The best option for a patient presenting up to 2 weeks
of age, is the ASO, even if ECMO is not available.

3. The best option for patients after 60 days of age,
where ECMO is not available, is the AtSO.

4. The best option for patients between 2 weeks old and
60 days old, where ECMO is not available, is probably
the AtSO.

5. Surgery for D-TGA should be offered as soon as
possible, preferably within the first 3 days of life.

6. The best option, in terms of survival, for patients
presenting anywhere after 14 weeks of age, may not be
surgical.

In conclusion, we have examined the literature to find
the most externally valid data regarding surgical
outcomes for repair D-TGA. Available evidence suggests
that the ASO, where ECMO is available, is the best
option for patients at any age up to 14 weeks old. The
AtSO is the best option for patients between 2 weeks and
14 weeks of age where ECMO is not available. Surgery
should be offered as soon as possible after birth; surgery
after 14 weeks of age, may not improve 10 year survival.
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